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General Introduction

Over the last 50 years, there has been a growing interest in materials with size dimensions in the nanometer region, as scientists have observed the novel properties that come with the decreased size. Some of the changes observable in nanomaterials are mechanical, optical, magnetic, electrical and chemical, and as such, the field of nanotechnologies crosses every scientific discipline, and has created new branches of science. One such branch is nanomedicine: the use of nanomaterials and nanotechnologies in medical practices. During the last two decades, researchers have been particularly interested in nanomaterials for cancer applications. [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF][2][START_REF] Li | Cancer nanomedicine: mechanisms, obstacles and strategies[END_REF][4] Cancer continues to be a major global health challenge, ranking as the 1st or 2nd leading cause of death in over 97 countries. [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF] As synthesis of nanomaterials, specifically nanoparticles, have become simpler and more robust, they have been used as contrast agents and bio-probes to improve the detection limits and signal-to-background ratios of existing cancer diagnostic techniques. Additionally, the enhanced permeability and retention (EPR) effect which is believed to be (though now heavily debated [START_REF] Shi | The EPR effect and beyond: Strategies to improve tumor targeting and cancer nanomedicine treatment efficacy[END_REF] ) the preferential uptake of nanoparticles in tumors as a result of the tumors' poor, leaky vascular system, [START_REF] Rakesh K Jain | Molecular regulation of vessel maturation[END_REF] results in greater accumulation of these particles at tumor sites. This in theory gives nanoparticles specific utility as vehicles for cancer therapies.

Many of these nanoparticles that have already been integrated into medicinal applications are prepared via wet-chemistry methods. Though there are ongoing studies on the importance of each synthesis parameter on the final nanoparticles formed, there are still many ambiguities in the process which leads to various inhomogeneities (size, shape, morphology) and lower than desired reproducibility rates. This, in addition to nanoparticle aggregation tendencies, the formation of protein coronas around the particles in-vivo, as well as the lack of data on long-term toxicity effects, are some of the barriers in moving from the lab to the clinic. Despite these challenges, nanoparticles are still viewed as viable tools in cancer therapies as they have been demonstrated at both the laboratory and clinical levels to provide multi-functional cancer therapies and diagnostics at the nanoscale, and when active targeting is incorporated, they can provide a more disease-localized treatment solution, minimizing the dangerous side-effects of traditional therapies. [START_REF] Onaciu | Theranostic Nanoparticles and Their Spectrum in Cancer[END_REF] The categories of nanoparticles most commonly used in nanomedicine can be classed by their composing materials. They are polymeric nanoparticles, liposomes and inorganic nanoparticles which can be further broken down to semiconductor, noble metal and metal oxide nanoparticles. Focusing on the inorganic nanoparticles, their synthesis can be readily achieved via wet-chemistry procedures such as sol-gel synthesis, solvothermal synthesis, co-precipitation, micro-emulsion, self-assembly and seed-mediated synthesis. Importantly, these wet chemistry procedures have been shown to provide control on the shapes, sizes, and surface properties of these nanoparticles. It is widely accepted and shown in the literature that the reaction conditions (pH, concentration of reacting species, temperature etc) determines the final nanoparticle form and changing one such parameter can produce an entirely different nanoparticle. Therefore, synthesis procedures of nanoparticles must be clearly defined and the nanoparticles produced must be well characterized.

Nanoparticles that can provide diagnostic and therapeutic functionalities simultaneously, termed theranostics nanoparticles, are the next phase in nanomedicine cancer therapies, however few have been developed and to date even fewer have made it to clinical trials. The combining of at least two materials, keeping their independently different properties at the nanoscale is one approach to designing theranostic nanoparticles. The term nanohybrids is used to describe such designs, and they are usually made up of a metal or metal-oxide core, with another metal, metal oxide or polymer covering the core particle. In choosing the materials to combine, one must firstly consider what type of diagnostic and therapeutic approach intended. In medical diagnostics, nanoparticles have been investigated for magnetic resonance imaging (MRI), ultrasound and photoacoustic imaging, computed X-ray tomography (CT), and optical based imaging. Nanoparticles have also been investigated for their applications in cancer therapeutic approaches, serving as drug delivery platforms, radiation sensitization, photodynamic therapy (PDT) and photothermal therapy (PTT) agents.

In this thesis, we are interested in the fundamental studies on the synthesis of core-shell nanohybrids with the potential to be used as cancer theranostic nanoparticles. The bio-imaging functionality envisioned for these nanohybrids is non-linear optic from the nanohybrid core, comprised of LiNbO 3 .

For the therapeutic functionality, we aim for plasmonic photothermal therapy to be achieved by depositing a gold shell on the LiNbO 3 core.

In chapter one, we firstly will present an introduction into the utility of nano-materials, discussing how and why they exhibit a change in their properties when compared to their bulk counterparts.

The chapter then continues with a review of the literature pertaining to the use of nanoparticles for cancer imaging techniques and cancer therapeutic techniques. The chapter continues to focus on hybrid nanoparticles and their development for cancer theranostics, focusing on core-shell hybrid nanoparticles. Finally, the definitive objectives of the thesis are outlined.

In chapter two, the main characterization methods for nanoparticles and nanoparticle dispersions used throughout this work are presented. The characterization techniques outlined are transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS), dynamic light scattering (DLS), laser doppler velocimetry, UV-visible absorption spectroscopy, inductive coupled plasma atomic emission spectroscopy (ICP-AES) and time-of-flight secondary ion mass spectroscopy (TOF-SIMS). The chapter presents a balanced discussion on the advantages and limitations of these listed techniques, along with specific examples pertaining to this work. This includes a discussion, comparing and contrasting the complementary techniques.

Finally, the calculations pertaining to the evaluation of nanoparticle concentration used in this work are detailed.

In chapter three, the results of our work on the attachment of small spherical gold nanoparticles called AuSeeds, to the core LiNbO 3 nanoparticles is presented. Therein we detail the synthesis protocols, and present the results of their characterizations at different protocol steps. The physical and chemical properties of the nanoparticles were determined by XRD, XPS, TEM, EDS, DLS and laser doppler velocimetry. Finally, the nanoparticles formed were evaluated for their non-linear properties by performing Hyper Rayleigh Scattering experiments.

In chapter four, the work on the growth of the gold shell via seeded-growth methods, is presented.

Along with the synthesis protocols, the characterizations of the nanoparticles produced at various steps of the synthesis is presented. As we were interested in the influence of experimental parameters such as pH, initial seed density, and concentration of the gold salt to be reduced, we present our results investigating these parameters which are then discussed in detail. Finally, we present our general conclusions based on this work, along with our perspectives.

Chapter 1

State of the Art 1.1 Moving from bulk to nano

Decreasing the size of matter from the bulk regime (>1 µm) to the nanoscale regime (1 to 100 nm in at least one dimension), has led to significant scientific progress over the last 50 years. In fact, nanotechnologies have been applied to almost every industry and impacted every aspect of our daily lives as illustrated in fig. 1.1. In the electronics industry it has led to the design of smaller, lighter electronics with higher data storage capacities. In the textiles industry it has advanced the development of materials with flame retardant, anti-bacterial, UV-protecting, self-cleaning properties and more. In the food industry it has allowed for prolonged food storage, addition of artificial flavoring and the encapsulation of nutrients in food. In the chemical industries, its applications vary from the development of novel chemical sensors and catalysts for detection and removal of pollutants in air and water, to nano-engineering novel properties for paints. In the medical industry, it has allowed for the development of optical tweezers for surgery, bio-sensors, bio-imaging probes, drug delivery platforms and other therapeutic advancements. Focusing on the use of nanomaterials and nanotechnology to medicine, we can plot its rise in importance over the last 4 decades by looking at the trend in number of research publications devoted to the topic. A search on the scopus journal database for the keywords "nanoparticles for cancer" reveals an exponential rise in publications from 1980 to 2019 (fig. 1.2), and we still have not reached the saturation point regarding its benefits and applicability across industries. To understand why this field has garnered so much attention and grown so rapidly, the changes upon moving from bulk to nano will be discussed, with focus placed on nanomaterials such as nanoparticles (NPs).

The physicochemical properties of nanomaterials, like nanoparticles, tend to differ from that of their bulk form. Although the property changes observable upon moving from bulk to nano vary for different materials, the factors that contribute to these changes are i) size, ii) shape, iii) surface chemistry/charge and iv) interactions with its environment (eg. particle-particle interactions, particle-solvent interactions). The technique chosen to obtain the nanomaterials is important as it influences these factors. The fabrication of nanomaterials is grouped into two categories: top-down techniques such as lithography, and bottom-up approaches such as self-assembly (fig. 1.3). For the context of this work, we will focus the discussion on the literature concerning nanoparticles that have been synthesized by bottom-up methods. Now let us first examine the impact of changing size and why this leads to a change in physical/chemical properties. In bulk matter, the atoms at the material's core are in a different physical and chemical environment than the atoms located at the material's surface. The atomic network in the material (whether metallic, ionic or covalent) will determine physical properties such as melting and boiling points, elasticity, and also optical properties. The surface atoms, located at the interface of the material and its surrounding matter (air/liquid/solid), are distinguishable from the bulk atoms; they experience a break in the symmetry and spatial geometry with respect to the bulk atoms.

Consequently, we can make a distinction between the properties of the surface atoms and the bulk atoms. In the bulk regime, only a small proportion of the material's atoms are located at the surface, and so the material's properties are defined by the properties of the bulk atoms. However, as we start decreasing the size of the material to nanometer dimensions, the ratio of surface atoms to bulk/core atoms increases as is illustrated by fig. 1.4, and the material can no longer be defined by bulk properties. [START_REF] Thandapani Gomathi | Impact of Nanoparticle Shape, Size, and Properties of the Sustainable Nanocomposites[END_REF] For example, there is consensus in the literature, that decreasing the size to the nano regime, generally improves catalytic performance. A notable example of this is seen with the gold element. In its bulk form, it is chemically inert, however, when it is in the form of nanoparticles and, in most examples, supported on oxide surfaces, gold becomes a highly active catalyst. [START_REF] Marie | Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and Applications Toward Biology, Catalysis, and Nanotechnology[END_REF][START_REF] Zhou | Size-Dependent Catalytic Activity and Dynamics of Gold Nanoparticles at the Single-Molecule Level[END_REF] Figure 1.4: Percentage of bulk and surface atoms upon increasing particle size. [START_REF] Klabunde | Nanocrystals as Stoichiometric Reagents with Unique Surface Chemistry[END_REF] Along with the absolute size, the absolute shape of nanoparticles also impacts their physicochemical properties. This is best illustrated by examples. If we examine the optical properties of nanoscale gold, we observe the impact of changing shape: spherical gold nanoparticles (AuNPs), gold nanorods (AuNRs), and gold nanostars all have characteristic extinction bands, which are then further tuneable by varying their sizes. [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF][START_REF] Loo | Nanoshell-enabled photonics-based imaging and therapy of cancer[END_REF][START_REF] Liu | Tuning Plasmon Resonance of Gold Nanostars for Enhancements of Nonlinear Optical Response and Raman Scattering[END_REF][START_REF] Zeng | A Comparison Study of the Catalytic Properties of Au-Based Nanocages, Nanoboxes, and Nanoparticles[END_REF] In fig. 1.5, the relationship between the aspect ratio of AuNRs and their corresponding extinction spectra, as well as that for core-shell SiO 2 @Au NPs is presented. [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF][START_REF] Loo | Nanoshell-enabled photonics-based imaging and therapy of cancer[END_REF] Another example in the literature is on the cellular uptake of chitosan-capped AuNPs, AuNRs and gold nanostars. The authors Lee et. al [START_REF] You | Shape-dependent cytotoxicity and cellular uptake of gold nanoparticles synthesized using green tea extract[END_REF] concluded that changing the core nanoparticles' shape impacted their cytotoxicity and cellular uptake.

Although it was mentioned earlier when discussing the size effect, the surface properties of nanoparticles deserve a closer examination on how it impacts its properties. All particles and surfaces have a natural surface charge. This charge is acquired by the adsorption of surrounding molecules or ions to their surface, and/or as a result of a "loose" bond as the surface atoms will not be bonded to the same number of the same kind of atoms as the bulk atoms. The surface state of the nanoparticles will affect its stability and its aggregation. [START_REF] Thandapani Gomathi | Impact of Nanoparticle Shape, Size, and Properties of the Sustainable Nanocomposites[END_REF] The environment of the NPs will also play a role in these surface effects. For example, by changing the ionic concentration of the medium the nanoparticles are dispersed in, it can shield the intra-particle surface charge repulsions and cause rapid aggregation, as shown in several studies of the effect of salt concentration on AuNPs. [START_REF] Han | Role of Salt in the Spontaneous Assembly of Charged Gold Nanoparticles in Ethanol[END_REF] So Figure 1.5: Illustration of the colour changes along with their corresponding extinction spectra of Au-nanorods and Au-nanoshells. (A) TEM image of Au-nanorods of different aspect ratios. (B) The colour changes observed upon changing aspect ratio of Au-nanorods and (C) the extinction spectra showing the SPR wavelengths of Au-nanorods of different aspect ratios. [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] (D) The change in colour and the extinction spectra corresponding to the variation of the core diameter/shell thickness ratio of Au nanoshells. [START_REF] Loo | Nanoshell-enabled photonics-based imaging and therapy of cancer[END_REF] in designing and characterizing nanoparticles, it is necessary for the researcher to detail clearly the composition, the shape, the size and the surface properties where possible and to understand the role the dispersing media will also have on its physical and chemical properties.

With all the advantages and novelty that nanoparticles bring, it is easy to understand why they have been employed to biological applications. Cellular uptake of molecules is a strictly regulated process that occurs primarily by diffusion or active transportation through the cellular membrane which is a lipid bi-layer. The nature of the bi-layer therefore limits the type and size of molecules permitted to cross the membrane. This has direct implications on drug development. Cellular uptake for nanoparticles however is charge, shape and size dependent and can be done through endocytic pathways, where the particles can be encapsulated in lysosomes and endosomes. [START_REF] Mosquera | Cellular Uptake of Nanoparticles versus Small Molecules: A Matter of Size[END_REF] This has provided drug developers with a new pathway for introducing drug molecules into the cell, that would have been forbidden entry on its own. Nanoparticles have also been shown to collect in the tumor microenvironment. This preferential uptake has been termed the enhanced permeability and retention (EPR) effect. Additionally, by grafting and attaching biomolecules to their surface, nanoparticles can be made bio-compatible, can avoid detection by the body's immune response and therefore have longer circulation times (particularly useful for in-vivo imaging probes), can become a platform for active disease targeting, and can be used for controlled drug release. [START_REF] Kango | Surface modification of inorganic nanoparticles for development of organic-inorganic nanocomposites-A review[END_REF] In the following sections, the literature concerning the application of nanoparticles for cancer di-agnostics and treatment will be reviewed, with particular focus on plasmonic and non linear optic active nanoparticles and the synthesis of hybrid and core-shell nanoparticles.

Nanoparticles for cancer imaging

Cancer therapies are most effective when initiated at an early stage of the cancer's development.

Therefore, the diagnostic tools used must be able to quickly and accurately identify the cancers.

There are two complementary approaches for diagnosis: ex-vivo analysis (such as biopsies analysis and blood analysis), and in-vivo medical imaging. In-vivo medical imaging is an invaluable tool in the diagnosing and the post-treatment monitoring of cancers. There are imaging techniques that use ionizing radiation, radio frequency pulses, fluorescence signals, and ultrasound frequencies.

Each technique however, has its inherent limitations that may prevent sufficient contrast between different organs and tissues, inhibit tissue depth penetration or impinge the spatial resolution. In the table 1.1, the spatial resolution, which informs the size objects that can be observed, and the depth penetration of the most common clinical imaging techniques are given. As we see from the data, magnetic resonance imaging (MRI) and computer tomography (CT) imaging, give the best resolution among these clinical techniques (resolving objects as small as 0.25 mm), which is ideal for observing tissue lesions and tumor masses of the mm dimensions. However, we know that cancerous events commence at the cellular level and as such, imaging techniques such as confocal microscopy imaging and optical coherence tomography, which are capable of spatial resolutions of the order of 0.1 µm are employed (fig. 1.6). The reality is no singular technique is complete with all the required capabilities, and they are often used in a complementary fashion to each other, the goal being to detect the earliest signs of abnormalities.

Besides the technological advancements of the imaging equipment itself, one strategy to improve upon the images obtainable and the information extractable from these techniques has been the use of nanoparticles as bio-imaging probes and contrast agents. In this way, an enhancement of the modalities such as sensitivity, resolution and depth penetration are achieved. In this section we will review the literature pertaining to the use of nanoparticles in the main cancer imaging techniques.

There are many examples of nanoparticles that have been studied for their imaging functionalities and it is not the goal of this work to list them all, but focus is given to special classes and specific nanoparticles that will give us a full appreciation for what has been done. Some key scientific reviews and articles that discuss the nanoparticles in more details have been referenced in table 1 1.1: A list of nanoparticles in the literature that have been used for different medical-imaging techniques. PFOB NPs= Perfluorooctylbromide nanoparticles, SPION= superparamagnetic iron oxide NPs, MSN= mesoporous silica nanoparticle, SPECT= single-photon emission computed tomography. The data on resolution and depth penetration was obtained from Sim and Parker, Chem. Soc. Rev, 2015. [START_REF] Sim | Critical design issues in the targeted molecular imaging of cell surface receptors[END_REF] 

Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a routinely used clinical imaging technique, based upon the absorption and emission of radio frequency (RF) waves when subjected to an external magnetic field. Protons under the influence of this external magnetic field will precess at a specific frequency called the Larmor Frequency. In MRI, the static magnetic field is set so that the Larmor frequency of the protons are in the RF region. Then an RF pulse is supplied, which, if matched to the Larmor frequency of the protons, will cause excitation and phase matching. The magnetic field is sectioned into different magnetic strengths by a field gradient coil which means that the protons in the different regions of examination will be precessing at different Larmor frequencies. One way imaging contrast is achieved, is by the difference in the T 1 and T 2 relaxation times. The T 1 relaxation time refers to the time it takes to recuperate the net longitudinal magnetization of the protons which is a result of having more protons occupying the lower energy state when not excited. The T 2 relaxation time refers to the decay of the phase coherence achieved with the matching RF excitation pulse. The depth penetration and spatial resolution of common imaging techniques. MRI= magnetic resonance imaging, PET= positron emission tomography, CT= computed X-ray tomography, OCT= optical coherence tomography, MPM= multiphoton microscopies. Image taken from reference. [START_REF] Wang | Advanced Fiber Soliton Sources for Nonlinear Deep Tissue Imaging in Biophotonics[END_REF] The strengths of the MRI technique is its ability to provide high contrast between soft tissues and lesions and its 3D imaging functionality. Additionally, as the imaging is based on magnetic fields and not on ionizing radiation like some other techniques, it is a low risk, non-invasive diagnostic tool. Though when compared to other clinical imaging techniques like PET, it has a greater spatial resolution, it is still within the range of millimeters. This is a disadvantage particularly for cancer diagnosis as a millimeter sized tumor already consists of billions of cancer cells. In addition to this, the results of some studies have revealed the low specificity of MRI for breast cancer diagnosis, reporting false-positive rates of 10% and as high as 40% in some cases. [START_REF] Selvi Radhakrishna | Role of magnetic resonance imaging in breast cancer management[END_REF][START_REF] Ritse | Contrast-enhanced MRI for breast cancer screening: Breast MRI for Screening[END_REF] The use of superparamagnetic iron oxide NPs (SPIONs) have improved the sensitivity of MRI as they "disturb" the magnetic field, causing the relaxation of the protons of water to occur faster, working as T2 weighted contrast agents, and have found particular application in the imaging of cancers of the liver, many of which are commercially available like Feridex, Endorem and Resovist. [START_REF] Blasiak | Applications of Nanoparticles for MRI Cancer Diagnosis and Therapy[END_REF] Gadolinium oxide nanoparticles have also been used but the toxicity of the free Gd ions is non-negligible.

To further improve the specificity of MRI imaging for cancer, modifications of the NPs to have specific biomolecules attached to their surface has been done to give an active targeting. Some groups of biomolecules already successfully attached to the NPs surface are anti-bodies, proteins, peptides and aptamers. [START_REF] Bin | Inorganic Nanoparticles for MRI Contrast Agents[END_REF] 

Ultrasound (US) & Photoacoustic Imaging

Ultrasound (US) imaging, is another common medical diagnostic tool which employs high-frequency sound waves (frequencies higher than 20,000 Hz) to produce an image. [START_REF] Frangioni | New Technologies for Human Cancer Imaging[END_REF][START_REF] Perlman | MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis[END_REF] The ultrasound waves are generated by a transducer and directed to the area of the subject to be imaged. The transducer also detects the US waves reflected back. The US reflection occurs when the sound wave contacts tissues, bones, and bodily fluids. The time for each US wave reflection to contact the transducer is based on the frequency of US signal used and the acoustic resistances of what it contacts. Then, it is possible to determine the distance between the transducer and the tissues/bones/bodily fluids that caused the reflection and a 2D image can be generated. Photoacoustic (PA) imaging is also imaging based upon sound waves, but these sound waves are generated by the subject or material absorbing light. By using a pulsed laser, the subject is irradiated. This irradiation is absorbed and causes an increase in temperature of the absorber which then quickly dissipates this heat to its environment. Its environment then experiences thermal expansion followed by contraction to return to its original state. It is with this contraction that an acoustic wave is generated, which is then detected by a transducer, and finally generates an image much like the US imaging described above.

Though US imaging does not require contrast agents to work (as opposed to PET & SPECT), nanoparticles have been included to provide active targeting (attaching specific biomolecules to the surface) and/or to improve the contrast achievable. Microbubbles allow for higher contrast US imaging and so, nanoparticles with air cavities are the design prototypes for this technique. One study showed the improved imaging contrast observed when using gas-filled polymer nanobubbles in mice. Not only was the contrast improved but the contrast imaging duration was longer when compared to the clinically approved microbubbles. [START_REF] Perlman | MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis[END_REF] Photoacoustic imaging contrast is very dependent on the degree of optical absorbance, and this has been used to its advantage. For example, one of the major proteins found in blood, haemoglobin, is a strong optical absorber and as such, PA is useful for studying the blood. With respect to cancer diagnosis, it has been used for the imaging of tumor neoangiogenesis and monitoring antiangiogenic therapy. [START_REF] Wilson | Nanoparticles for Photoacoustic Imaging of Cancer[END_REF] Though PA imaging is possible without the need of exogenous markers and contrast agents, nanoparticles have been employed as their size make them ideal for observing biological scale events (cellular processes), and there are groups of nanoparticles like noble metal nanoparticles that can be tailored to have enhanced optical absorption.

Positron Emission Tomography (PET)

Positron emission tomography falls under the category of nuclear medical imaging. Nuclear imaging employs radionuclides, which are atoms possessing excess nuclear energy making them unstable. These radionuclides, also called radio tracers or PET tracers when applied to PET imaging, are administered in small concentrations to the subject (usually on the scale of nM or pM). To become stable atoms, they undergo a decay process. In the case of PET, the PET tracers emit positron particles in their decay process which quickly combine with a nearby electron, resulting in the annihilation of the two particles and the formation of two γ-photons that then proceed to travel in opposite directions. The PET cameras then detect, collect and measure these photons to create a 3D image. Traditionally, the radiotracers such as 18 F, 11 C, [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] N and [START_REF] Liu | Tuning Plasmon Resonance of Gold Nanostars for Enhancements of Nonlinear Optical Response and Raman Scattering[END_REF] O are attached to a biomolecule to be safely administered to the patient. The biomolecule chosen would depend upon the purpose of the imagery. For example, since a high uptake of glucose is often associated with cancer tumors, a sugar biomolecule may be chosen as the carrier for the radionuclide. This tailoring of the carrier molecule is what makes PET imaging unique, but due to the radiotracers used for PET, it is a time consuming procedure. It is time consuming because of the short half-lives of the PET radiotracers, which means that they are prepared on site and linked to its carrier molecule approximately two hours before being administered to the patient. In addition to this, there is a required waiting time to allow the compounds to arrive at the target location in the body. Nevertheless, PET is routinely performed as there is no limit to the depth from which the signal will originate and therefore in principle, any part of the body can be imaged.

There are advantages to using nanoparticles as platforms for delivering radionuclides for PET imaging. Radio-labeled nanoparticles can enhance the contrast and sensitivity of the imaging modality as they can act as signal amplifiers. [START_REF] Chakravarty | Radiolabeled inorganic nanoparticles for positron emission tomography imaging of cancer: an overview[END_REF] The high specific surface of nanoparticles make it possible to graft a multitude of biomolecules for multiple targeting. This is particularly useful for cancer screenings when the doctor is unsure as to which cell receptors are over-expressed. Nanoparticles are a platform that can allow for multimodal imaging, for example MRI/PET scans. Radio-labeled nanoparticles can also be designed to include a therapeutic functionality.

Nanoparticles that have already been used to encapsulate or attach radionuclides for PET analysis are mesoporous silica nanoparticles, gold nanoparticles, and a particularly interesting group of nanoparticles called ultrasmall nanoparticles (less than 10 nm) have been used to study metabolic pathways and have sparked interest for more targeted therapies. [START_REF] Marie-Caline | Nanoparticles for PET Imaging of Tumors and Cancer Metastasis[END_REF] 

Single-Photon Emission Computed Tomography (SPECT)

This is also a nuclear medical imaging technique quite similar to PET. It differs from PET as the signal is not due to a radionuclide decay by positron annihilation, but rather by single photon emitters, emitting single γ-rays. Due to this difference, SPECT is a less sensitive technique because geometrical constraints are placed on the location of the collimators for the emitted photons and therefore not all the photons emitted will be detected. However, the life-time of these single photon emitting radionuclides are longer than those used for PET and as such allows for longer observational times.

The advantages for using SPECT radiolabeled nanoparticles is identical to the reasons listed in the PET subsection. The common SPECT radionuclides include 99m Tc, 125 I, 131 I, [START_REF] Bi | Realizing a Record Photothermal Conversion Efficiency of Spiky Gold Nanoparticles in the Second Near-Infrared Window by Structure-Based Rational Design[END_REF] In, [START_REF] Guo | Multiphoton Excited Fluorescent Materials for Frequency Upconversion Emission and Fluorescent Probes[END_REF] Fe and [START_REF] Mott | A Study on the Plasmonic Properties of Silver Core Gold Shell Nanoparticles: Optical Assessment of the Particle Structure[END_REF] Lu. Tang et al speak about the benefits of multimodal MRI/SPECT imaging as it provides both anatomical and molecular imaging modalities. [START_REF] Tang | PET/SPECT/MRI Multimodal Nanoparticles[END_REF] Iron oxide nanoparticles chelated with the radionuclides are the most common examples of this multimodal imaging platform.

Computed X-ray Tomography (CT)

This is an imaging modality that uses X-rays to anatomical image the body. CT differs from classical X-ray imaging in one aspect; the X-ray emitter and the detector are not in a fixed position but rotate about the subject to provide a 3D image. CT is limited in its ability to distinguish between soft tissues of similar densities. As such, CT contrast agents are used to improve vascular contrast between these different tissues. CT contrasts agents are mostly made up with iodine containing molecules as iodine is a sufficient absorber of X-rays. However, due to the high atomic number of Au and the ability to introduce Au in the form of AuNPs into the body, it has become an attractive CT contrast agent. [START_REF] Dreifuss | Theranostic Gold Nanoparticles for CT Imaging[END_REF] Other high atomic weight (high-Z) based nanoparticles have also been used as CT agents such as bismuth nanoparticles. Although X-rays are ionizing radiation, meaning they can possess the energy required to destroy matter (such as DNA), the X-ray energies used for CT are considered to be in a safe range for human contact. Still, the subject is exposed to these rays and absorbs them. Nanoparticles however have a higher interaction cross-section for higher energy X-rays than the soft tissue, and one advantage to using NP contrast agents is the possibility of filtering out the lower energy X-rays (as opposed to exposing the subject to all of the X-rays generated) thereby potentially reducing the effective radiation dose absorbed by the subject.

Conventional Linear Optical Imaging

The techniques discussed above, while capable of detecting lesions and abnormalities among healthy tissues and organs, have spatial resolutions that remain on the macroscopic level. Optical imaging techniques based on the single photon absorbance, fluorescence and scattering, are considered unique as they provide microscopic spatial resolution which can reveal finer details on dynamic cell processes such as cell signalling, intracellular transport and cell migration. [START_REF] Peter | Two-Photon Excitation Fluorescence Microscopy[END_REF] In this manner, the study of diseases at the cellular level can be achieved. This is advantageous for cancer diagnosis as it allows for earlier detection and monitoring of cancerous cells and tumors. Fluorescence based optical imaging is widely applied for biomedical analysis as it has a high sensitivity and uses relatively inexpensive equipment. [START_REF] Jarmo | A Review of Indocyanine Green Fluorescent Imaging in Surgery[END_REF] These techniques are however limited by the short tissue depth penetration distances of light (illustrated in fig. 1.7), and as such, they have been adapted to ex-vivo analysis such as biopsies, and blood tests which can include cell tracking, protein analysis and gene detection among other exams. [START_REF] Han | Applications of nanoparticles in biomedical imaging[END_REF] Having 3-dimensional images of the tumor or cells can provide the doctor with further information for cancer diagnosis. The nature of these single photon optical techniques results in a large excitation volume (i.e there is excitation of the sample beyond the mere focal point of the light source), and as such, it makes optical sectioning for 3-dimensional image construction difficult. Confocal microscopes have been developed to address this problem as it filters the excitation beam to a pinhole, allowing a small volume to reach the sample, and by scanning the sample, 3-dimensional image reconstruction can be done. Other tomographic techniques such as optical coherence tomography (OCT) have also been developed to aid in this image reconstruction but has been mainly applied to the field of ophthalmology. [START_REF] Thomas | Optical coherence tomography-a review of the principles and contemporary uses in retinal investigation[END_REF] Focus will be given to single photon optical fluorescence imaging for the rest of this section.

To provide image contrast, dye molecules such as indocyanine green (ICG) and methylene blue (MB) [START_REF] Hong | Near-infrared fluorophores for biomedical imaging[END_REF] have served as organic fluorescent markers, however, these molecules are subject to undesirable effects such as photo-bleaching, quenching and blinking. Simultaneously, the autofluorescence of tissues, impedes the contrast and reduces the signal obtainable from these markers. These are the main challenges that have hindered the application of optical imaging as a full-body diagnostic tool. Recent advances in reducing photon scattering, light absorption and autofluorescence, have made in-vivo, human optical imaging a reality. The 2017 review by Hong et. al shows the research done specifically on NIR in-vivo optical imaging. In the works reviewed, it was demonstrated that by applying technological advances in imaging instrumentation, using the NIR-I (700-900 nm) and NIR-II (1000-1700 nm) biological windows, and fluorophores adapted for in-vivo use, are key components to obtaining these images. [START_REF] Hong | Near-infrared fluorophores for biomedical imaging[END_REF] Clinical use of in-vivo optical imaging for real-time image guided surgery [START_REF] Troyan | The FLARE Intraoperative Near-Infrared Fluorescence Imaging System: A First-in-Human Clinical Trial in Breast Cancer Sentinel Lymph Node Mapping[END_REF][START_REF] Joost | Near-infrared fluorescence-guided resection of colorectal liver metastases: Fluorescence Imaging of Liver Cancer[END_REF][START_REF] Quirijn | First Experience on Laparoscopic Near-Infrared Fluorescence Imaging of Hepatic Uveal Melanoma Metastases Using Indocyanine Green[END_REF] and imaging of the two legs of a patient [START_REF] Burrows | Lymphatic abnormalities are associated with RASA1 gene mutations in mouse and man[END_REF] have also been reported. While these are noteworthy progressions in this technique, in-vivo optical imaging is yet to be widely applied. Nanoparticles have aided in overcoming many of these challenges to optical imaging. For example, using a core-shell design, organic fluorescent molecules can be encapsulated in a wide range of materials (eg. SiO 2 ), resulting in higher fluorescent molecule loading and consequently a higher signal from these probes, enhancing the image contrast. [START_REF] Tavernaro | Bright fluorescent silica-nanoparticle probes for high-resolution STED and confocal microscopy[END_REF] This can also protect the fluorescent molecules from rapid photobleaching. Again, the ability of nanoparticles to provide both passive (through the EPR effect) and active (through surface-functionalization of nanoparticles) cancer targeting is used. Quantum dots, due to their inorganic nature, have greater photo-stability than their organic counterparts. They also exhibit higher fluorescence quantum yields (the parameter used to describe how much of the absorbed light is re-emitted as fluorescence), thereby providing a higher fluorescent signal. [START_REF] Resch-Genger | Quantum dots versus organic dyes as fluorescent labels[END_REF] Fluorescent nanoparticles have been applied in pre-clinical and clinical studies for detecting early stage breast cancer, monitoring therapeutic drug delivery, and cellular uptake of nanoparticles and detecting lymph nodes.

Conclusions

The goal of cancer imaging is to provide early detection and accurate diagnosis of cancers, and to be used as effective tools for disease monitoring. The prominent imaging techniques clinically used have been discussed. They all have their strengths and weaknesses and as such are usually used in a complementary manner. Ultimately, the most desirable techniques are those that are minimally invasive, with low side effects, high sensitivity and high accuracy. We have seen how the incorporation of nanoparticles have improved cancer diagnosis because of their EPR effect pro-viding a passive targeting. In many of these techniques, nanoparticles have also allowed for active cancer targeting, increasing the imaging contrast. In other techniques such as CT, nanoparticles have helped to lower the risks of the harmful effects of ionizing radiation. The materials used for these nanoparticles have ranged from organic (polymers, micelles), to inorganic (SiO 2 , quantum dots) to metals (noble metals such as Au). Surface functionalizations of these nanoparticles with polymers and biomolecules have helped to improve their bio-compatibility and increase their blood circulation times. While all the techniques discussed have their utility to cancer diagnosis, optical imaging techniques remain very promising as they have the potential for cancer diagnosis at the cellular level, though challenged by the scattering and autofluorescence of tissues.

Non linear optical (NLO) imaging for cancer diagnosis

In the previous section (section 1.2.6), optical imaging techniques based on fluorescence were discussed. These techniques are useful because they can image biological tissues at a cellular level, which can lead to earlier cancer diagnosis. The challenges regarding these techniques however, are the susceptibility of organic fluorescent dyes to photo-bleaching and blinking effects, as well as the short penetration depths of light through the human body, limiting their application to ex-vivo analysis. Even though nanoparticles have helped to improve the image contrast and the sensitivity of these fluorescence imaging techniques, there is still the competition from the auto-fluorescence of biological tissues. In light of these challenges, microscopy based on non-linear optical processes have risen to prominence as an alternative. In this section, the principles of non-linear optical (NLO) processes will be presented, as well as the imaging techniques based on NLO processes, with a deeper look at the role of nanoparticles in improving these techniques and their applications to cancer diagnosis.

Principles of NLO

Before we can discuss non-linear imaging, let us better understand the physics behind non-linear optical responses of light interacting with a medium. When describing this interaction, there are four main macroscopic properties to be considered: the polarization of the medium (P ), the electric field (E), the electric susceptibility (χ) and the vacuum permittivity ( 0 ). We can write the equation for a linear response to light as shown in eq. 1.1 where the polarization of the material is directly proportional to the applied electric field.

P = 0 χ (1) E (1.1)
When there is a non-linear response to the EM wave, we include on the right side of the equation additional tensor terms as seen in eq. 1.2, where the χ (2,[START_REF] Li | Cancer nanomedicine: mechanisms, obstacles and strategies[END_REF] terms represent the second and third order non-linear susceptibilities. In fig. 1.8 a graphical representation of the change in the polarization response of matter to the electric field, moving from a linear response to a second and third order non-linear response is depicted. It is simple to understand the mathematics of a linear and non-linear response, but what is the physics responsible for the deviation from linearity in materials? The first non-linear responses, discovered in the late 1800's, were the Kerr and Pockels effects, that showed changes in the refractive index (n = 1 + χ [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF] ) of materials, upon application of a strong DC electric field. Then years later, with the birth of the laser providing a source of intense, coherent radiation, more non-linear effects were observed. The understanding is that non-linear responses are a result of strong electric fields interacting with the medium causing perturbations to the inherent electric fields inside the atoms and molecules. Typically, an optical medium with an electric field inferior to 10 4 V/m imposed on it, will exhibit linear optical responses. At electric fields of magnitude 10 8 V/m, dielectric breakdown sets in. [START_REF] Murti | Essentials of Nonlinear Optics[END_REF] So, most non-linear effects can be safely observed with electric fields greater than 10 4 V/m and up to magnitudes of 10 8 V/m.

P = 0 (χ (1) E + χ (2) E 2 + χ (3) E 3 ...) (1.2)
In addition to the strong electric field, the symmetry in the spatial arrangement of the optical medium will also govern the non-linear processes. The electric susceptibilities (χ [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF] , χ (2) etc) are macroscopic tensors comprised of several elements that consider the spatial symmetry of the optical material. They relate all of the different fields' directions and frequencies to the direction and amplitude of the induced polarization. [START_REF] Cid B De Araújo | Techniques for nonlinear optical characterization of materials: a review[END_REF] The tensor elements provide information on the optical medium. For example, χ [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF] is comprised of 2 to 9 elements, whereas χ (2) is comprised of 3 to 27 elements, therefore being potentially richer in information and χ [START_REF] Li | Cancer nanomedicine: mechanisms, obstacles and strategies[END_REF] comprising of a maximum of 81

elements, even richer in information.

There is a symmetry constraint for observing SHG and all even-numbered non-linear electric susceptibility events. SHG is observed in non-centrosymmetric materials and environments. This can be easily understood by inspection of the relationship between polarization and the second electric susceptibility, both of which are vector quantities. Since the SHG wave is also a vector quantity, its induced polarization in all directions in a centrosymmetric material, which is accounted for by the electric non-linear susceptibility, will be equal but opposite, summing to zero. However in noncentrosymmetric materials or at phase boundaries where centrosymmetry is broken (e.g membrane surfaces), this is not the case. Therefore, as a rule, only non-centrosymmetric materials allow second order (χ (2) ) and to go further, even electric susceptibility tensor processes (χ (n) , n = 2, 4...).

Non-centrosymmetric materials however, are not a requirement for odd χ (n) tensors but there are other requirements for such materials that will be discussed further in the text.

There are numerous non-linear effects resulting from the second order and third order susceptibilities. From the second order non-linear susceptibility, we get Second Harmonic Generation (SHG), Parametric Mixing and Amplification (PMA) and Pockels Effect to name a few. From the third order non-linear susceptibility, there are effects such as Third Harmonic Generation (THG), Two Photon Excited Fluorescence (TPEF), Coherent Anti-Stokes Raman Scattering (CARS), Stimulated Raman Scattering (SRS) and more. It is not the goal of this work to detail each of these NLO effects, but focus will be placed on those that have been incorporated into biomedical microscopies, directly applicable to this work: SHG and TPEF.

SHG is a result of the second order non-linear susceptibility, and therefore is exhibited in noncentrosymmetric materials. At the risk of oversimplification, SHG is a two photon process, where two photons of equal energy, simultaneously interact with a medium, and undergo a frequency summation inside the material, to produce a single photon, double in energy/frequency (fig. 1.9,b).

Note that the photons do not sum up to a real energy-level of the material, i.e the frequency summation does not require that the new photon be equivalent in energy to any of the energy orbitals of the material. SHG effects can therefore be observed over a range of incident photon energies. TPEF is a result of the third order non-linear susceptibility. It is also a two photon process, but unlike SHG, the two photons simultaneously absorbed, sum up to a real energy level of the material, allowing for the molecule to transition to an excited state followed by emission in the form of fluorescence (fig. 1.9,a). While in principle there are no symmetry conditions for third-order non-linear susceptibility processes, there are certain classes of molecules that exhibit higher two photon absorption (TPA) and consequently higher TPEF efficiencies than others, namely π conjugated donor-acceptor molecules which will be discussed later in this text.

NLO Characterization

NLO materials have utility for opto-electronics, lasers and more pertinent to this work, spectroscopies, microscopies and imaging. It is therefore important to be able to characterize the NLO properties and efficiency of the materials. In characterizing the non-linearity of optical media, we move from the macroscopic property, electric susceptibility, to the microscopic equivalent, the optical hyperpolarizability (β). This is achieved by averaging the response over a volume with a length much smaller than the wavelength of incident light. The first established method for NLO characterization was electric-field induced second harmonic generation (EFISH). This method was generally used on liquids and gases and uses a strong static electric field to direct the orientation of the molecules being examined, disrupting the isotropic arrangement of the molecules and resulting in a strongly coherent frequency conversion, allowing the collection of a strong SHG signal. However this method did not allow for an independent determination of β. Additionally, there were restrictions to the type of molecules that could be investigated; they required a strong dipole moment and could not be ionic to prevent electrolysis events.

As laser technology advanced to include pulsed lasers, a more direct method for obtaining the β of a material became possible. Hyper Rayleigh Scattering (HRS) experiments rose to prominence as they allow for an independent determination of the β, unlike the EFISH method. HRS is the non-linear scattering of light by particles that are smaller in size than the incident wavelength probing the particle, confining it to the Rayleigh regime. The general set-up for these HRS experiments is to collect the HRS signal at a 90°angle to the incident beam.

The HRS method can give additional information on the symmetry of the material being studied by varying the light polarization, given by the depolarization coefficient ratio. The depolarization ratio is derived by performing the HRS measurements with vertically and then horizontally polarized light, and the ratio in the HRS intensities gives us the depolarization ratios. From these experiments, it is possible to determine the independent coefficients of the hyperpolarizability tensors. Another important advantage of these multi-photon microscopies is the limitation of the two photon signal (being SHG or TPEF) to a single pinpoint volume giving us a higher spatial resolution compared to single photon microscopies as illustrated in fig. 1.11. This is because the signal is proportional to the square of the excitation intensity. [START_REF] Bonacina | Nonlinear Nanomedecine: Harmonic Nanoparticles toward Targeted Diagnosis and Therapy[END_REF] As a result, the event occurs at the focal point where the photon flux is highest, constraining the signal to a region smaller than the diffraction limited spot and allowing for 3D sectioning like that achieved with confocal microscopy, but intrinsically.

SHG and TPEF imaging

Figure 1.11: Image of the laser excitation volume from a (left) single photon excitation and a (right) two photon excitation. [START_REF]Two-Photon fluorescence microscopy[END_REF] An important feature in all imaging modalities is the signal-to-noise ratio, that is, how well is the technique in distinguishing the signal from the background. In single photon fluorescence experiments, the wavelengths of excitation and the wavelengths of emission are spectrally close to each other, and to prevent the excitation light from also being detected, the bandpass filters often cut out a part of the emission. However, in the multi-photon microscopies, there is greater discrimination between the excitation and emission wavelengths. Additionally, because of the greater excitation volume in single photon microscopy, the autofluorescence signal of the tissues will be detected, reducing the image contrast as both the area of the specimen being observed and the surrounding tissue can produce an almost identical signal. The pinpoint excitation volume and consequently pinpoint signal from multi-photon microscopies eliminates this problem.

For these reasons stated, multi-photon microscopies are advantageous for bio-medical imaging. This would not be a balanced discussion without recognizing the potential drawbacks to multi-photon microscopies. In table 1.2 a comparision between single photon and multi-photon microscopy is presented. As NLO effects are observed when we have strong electric fields, and in the case of TPEF and SHG, two photon events occurring simultaneously, it requires the use of ultrafast lasers with pulse durations lower than 100 fs which is traditionally a more expensive set-up with higher maintenance cost than single photon fluorescence microscopy set ups, including confocal microscopy.

Advances in laser technology has seen a reduction in these laser costs over the last decade. Another challenge is the variety of NLO active materials suitable as bio-imaging probes. This will be discussed further in the next section. 

Probes for SHG and TPEF microscopies

Microscopy based on multi-photon processes can be used directly for cellular imaging as there are endogenous non linear active biological structures such as collagen [START_REF] Freund | Connective tissue polarity. Optical second-harmonic microscopy, crossed-beam summation, and small-angle scattering in rat-tail tendon[END_REF] and NADH, however not all tissues and organs will have high enough levels of these structures and molecules present, and so, relying on the naturally ocurring NLO properties of the body will not be sufficient, particularly when used for specific disease discovery such as cancer. Consequently, exogenous organic and inorganic probes have been developed specifically for these biological multi-photon microscopies. The SHG and TPEF efficiencies, biocompatibilities and cytotoxicities are necessary parameters to be known for incorporating these probes into regular clinical use. In this section, some of the organic and inorganic exogenous probes applied to these microscopies will be reviewed.

NLO Organic probes

There has been extensive research on two photon absorption materials that exhibit high TPEF efficiencies. [START_REF] Guo | Multiphoton Excited Fluorescent Materials for Frequency Upconversion Emission and Fluorescent Probes[END_REF][START_REF] He | Multiphoton Absorbing Materials: Molecular Designs, Characterizations, and Applications[END_REF][START_REF] Hwan Myun Kim | Two-photon absorption properties of hexa-substituted benzene derivatives. Comparison between dipolar and octupolar molecules[END_REF] Organic, π conjugated molecules that have intramolecular charge transfer capabilities have exhibited a strong correlation to two-photon absorption (and consequently TPEF) efficiency.

That is to say, molecules consisting of a strong π-electron donor, a polarizable π-bridge and a π- In the work of Campagnola et. al , 62 they tested several naphthylstyryl (ANEP) dyes for their SHG bio-imaging efficiency. In addition to these organic molecules, organic liquid crystals like alkylcyanobiphenyls and Schiff bases, dendrimers (organometallic and all organic), fullerenes, metalligand organometallics and porphyrines are among the classes of organic materials that have also demonstrated multiphoton functionality.

electron

NLO Inorganic probes

A special class of inorganic probes termed harmonic nanoparticles (HNPs) have been developed

specifically to address the flaws with traditional fluorescent probes. These nanoparticles are used for their SHG properties. They are non-centrosymmetric, non-fluorescent, crystal materials. As opposed to fluorescent probes, HNPs are photostable (no blinking or photobleaching). An additional advantage of HNPs is the additional information that can be extracted from their signal based on the polarization of the incident light and the orientation of the HNP. [START_REF] Bonacina | Nonlinear Nanomedecine: Harmonic Nanoparticles toward Targeted Diagnosis and Therapy[END_REF] The inorganic crystals proposed as SHG bio-imaging probes to date are KNbO 3 , 63 LiNbO 3 , 64 BaTiO 3 , 65-67 KTP 68, 69 and ZnO [START_REF] Aliaksandr | Zinc Oxide Nanocrystals for Nonresonant Nonlinear Optical Microscopy in Biology and Medicine[END_REF][START_REF] Johnson | Near-Field Imaging of Nonlinear Optical Mixing in Single Zinc Oxide Nanowires[END_REF] based on their non-centrosymmetry and SHG efficiencies, given by their hyperpolarisability values. It must be noted however, that SHG signal is volume scaled, and as such, unlike their fluorescent probe counterparts, the ultimate size of the HNP will impact its signal. In the table 

Applications to cancer diagnosis

While the efficiency of generating a SHG signal is an important factor in choosing a material as a bioimaging probe, an equally important factor is its biocompatibility. The published work of Staedler et. al [START_REF] Staedler | Harmonic Nanocrystals for Biolabeling: A Survey of Optical Properties and Biocompatibility[END_REF] provides data on parameters such as HNPs stability, cytotoxicity and hemolytic analysis (analysis of its ability to break-down blood cells). To analyze the stability of the nanoparticles, they followed the same protocol of dispersing the nanoparticles in deionized water, adjusting the pH so as to have high absolute zeta potential values based on the relationship they determined, between pH and zeta potential as shown in fig. 1.13. The link between zeta potential and nanoparticle stability is explained in more details in section 2.1.5 of this manuscript, but in summary, an absolute zeta potential of 30mV and higher is considered to be a stable dispersion. All the nanoparticle dispersions were maintained at pH 7 except for BaTiO 3 which was maintained at pH 3. Being stable dispersions in the range of physiological pH is desirable for their biological applications.

In leaving the dispersions to sediment over a period of 7 days, they observed that LiNbO 3 and KNbO 3 exhibited greater nanoparticle stability than the other HNPs. They attributed this to a higher polydispersity along with the formation of aggregates in the other HNPs. This argument was corroborated upon examining the images obtained from transmission electron microscopy (TEM).

Polyethylene glycol (PEG) is routinely used to coat particles to improve the biocompatibility, giving particles a "stealth" feature which can promote longer blood circulation times, and improve the efficiency of nanoparticle delivery to target cells and tissues. [START_REF] Soo | PEGylation as a strategy for improving nanoparticle-based drug and gene delivery[END_REF] Staedler et. al [START_REF] Staedler | Harmonic Nanocrystals for Biolabeling: A Survey of Optical Properties and Biocompatibility[END_REF] were able to coat the NPs with PEG and observed that for all the HNPs studied, it improved their stability. The cytotox- µg/mL of HNPs was used, showed that BaTiO 3 was the least cytotoxic, with LiNbO 3 and KNbO 3 exhibiting a very weak cytotoxicity. Indeed after 24 hours of incubation, a sufficiently high percentage of cells survived across each cell line for these 3 HNPs. KTP had a high cytotoxicity and ZnO caused a high percentage of cell death after as little as 5 hours incubation time. Therefore, BaTiO 3 , LiNbO 3 and KNbO 3 were considered most viable for further biological analysis. The results of the hemolytic analysis concluded that these HNPs hemolyzed blood within a range of 4-7%, which is comparable to that of mesoporous silica nanoparticles (MSN), but the PEGylated HNPs exhibited a higher hemolytic function that PEGylated MSN. The takeaway from this point was that it may be possible to decrease the hemolytic ability of these nanoparticles if an appropriate polymer coating is given. In their article they also demonstrated the SHG cell imaging ability of the HNPs.

Silicon carbide (SiC) is another NLO active material that has been proposed for biological applications. [START_REF] Boudard | In vitro cellular responses to silicon carbide particles manufactured through the Acheson process: Impact of physicochemical features on pro-inflammatory and pro-oxidative effects[END_REF][START_REF] Sophia Ponraj | SiC Nanostructures Toward Biomedical Applications and Its Future Challenges[END_REF][START_REF] Barillet | In vitro evaluation of SiC nanoparticles impact on A549 pulmonary cells: Cyto-, genotoxicity and oxidative stress[END_REF] 

Conclusion

Multi-photon microscopies based on non-linear processes were discussed as an improved alternative to single photon microscopies. Though they require more expensive instrumentation, they have higher spatial resolution and improved optical sectioning ability, facilitating easily 3-dimensional image reconstruction, and a greater discrimination between the excitation wavelengths and the emission wavelengths. Additionally, NIR wavelengths can be used, which allows for greater tissue penetration, as well as a lower risk of photodegradation due to the lower energy photons. The literature pertaining to organic and inorganic nanoparticles proposed as suitable NLO bio-imaging tools was discussed, and we were introduced to the special class of inorganic nanoparticles called harmonic nanoparticles. These nanoparticles were studied for the SHG properties and noteworthy biological results were discussed. SiC, KNbO 3 , LiNbO 3 and BaTiO 3 were the most promising materials for SHG microscopy.

General conclusion on nanoparticles for cancer imaging

After this systematic review of the existing medical imaging techniques used for cancer diagnosis, it is evident that there is no one imaging modality suited for every type analysis. Ultimately, the choice of imaging used will depend in part on what is the suspected nature of, and where the suspected cancer is located in the body. However, incorporating nanoparticles into these imaging techniques have increased the sensitivity, whether by designing the nanoparticles to actively target specific cell receptors, or by the passive EPR effect, or by the inherent composition of the nanoparticle to enhance the technique.

With early detection being a main goal in cancer diagnostics, though they are not adapted to in-patient examination, optical imaging techniques are advantageous as the resolutions attainable, allow for a greater occurrence to detect cellular abnormalities before large tumor growth. More specifically, NLO imaging techniques like SHG, allows for tuneability to longer wavelengths, and therefore greater depth penetration as well as reduced risk of photodamage. With the development of harmonic nanoparticles and an evaluation of their cytotoxicity, they can be considered as highly efficient exogenous imaging probes, that should be considered for future clinical applications.

Nanoparticles for cancer therapy

Traditionally, cancer therapy has been a three-pronged approach: surgery, chemotherapy and radiation therapy. Though they are still the most widely applied, tumor resection by surgery is invasive with long recovery times, chemotherapy drugs attack both the cancer cells and healthy cells, weakening the immune system and also causing a wide range of side effects, and radiation therapy exposes the patient to ionizing radiation which can lead to radiation burns and other long-term negative effects. With the objective of minimizing, and where possible, eliminating the adverse effects of cancer therapy, attention has been devoted to nanotechnology based solutions. The field of nanomedicine has allowed for the development of more precise, targeted therapeutic options, as well as improving the aforementioned techniques. 

Radiation Sensitization

Radiotherapy uses ionizing radiation to destroy the cancer cells. The challenge with radiotherapy is that it is as dangerous for the healthy cells as well as the cancer cells. Exposure to ionizing radiation destroys the cells by generating breaks in DNA, and while this is desirable in the cancerous cells, in healthy cells this can possibly lead to the generation of further genetic abnormalities that can become cancerous. Nevertheless, it is a powerful and effective tool in cancer therapy. Strategies to reduce the harm to the healthy cells, and to limit the exposure to ionizing radiation are being researched. One outcome of this research has been the use of nanomaterials as radiation sensitization tools. Gold nanoparticles have been the most widely studied for this application due to their high Z-value as well as their known biocompatibility, and the NPs investigated range in size from 2 nm in diameter to 50 nm in diameter. [START_REF] Devika | Gold nanoparticles as radiation sensitizers in cancer therapy[END_REF] The effectiveness of this technique is dependent on the concentration (number) of AuNPs taken up in the cell. The EPR effect lends to this increased preferential uptake, but also it has been shown to be dependent on the size of the NP.

Drug Delivery, Immunotherapy & Hormone Therapy

Using nanoparticles as carrier vectors for drug delivery, immunotherapy and hormone therapy allows for greater discrimination between healthy cells and cancer cells, for a more targeted therapy.

This is due to the many advantages of nanoparticles already discussed in this work (the increased specific surface area, the EPR effect, the surface modifications for improved biocompatibility and biodistribution, the ability to embedded high concentration of molecules into the particles etc).

Attaching to the surface of NPs, biomolecules such as anti-bodies, has been useful in developing hormone therapy of cancers. Many cancer cells have an over-expression of hormones. A prominent example is the family of Epidermal growth factor (EGF) hormones, that are proteins that when bound to their receptor, signal instructions for cell growth and differentiation. The strategy is to therefore target the EGF receptors. In a similar fashion to drug delivery, nanoparticle platforms are used to deliver adjuvant molecules, i.e molecules that increases immunogenicity, which is sometimes lacking in tumor antigens.

Photodynamic Therapy

Photodynamic therapy (PDT) for cancer, is a minimally invasive technique that uses the activation of photo-sensitizing agents (PSA) by visible light in the presence of molecular oxygen, to initiate a chemical reaction generating reactive oxygen species (ROS), reactive nitrogen species (RNS) and other cytotoxic species in its local environment. These cytotoxic species then attack the cancer cells resulting in cell damage and ultimately cell death by apoptotic or necrotic pathways. [START_REF] Krammer | Molecular Biological Mechanisms in Photodynamic Therapy[END_REF][START_REF] Thomas | Photodynamic Therapy[END_REF][START_REF] Steiner | Fundamentals of Photophysics, Photochemistry, and Photobiology. In Photodynamic Therapy[END_REF] Though we have historical proof of phototherapy as far back as the ancient Egyptian civilizations, 93 modern phototherapy, specifically PDT as a cancer treatment, gained prominence in the early 1900's when it was observed by first Policard in 1924 and then Kordler, the preferential uptake of porphyrin molecules in the tumor upon UV light irradiation, by using the fluorescence signal of the molecules. [START_REF] Abdel-Kader | History of Photodynamic Therapy[END_REF] This was further corroborated by the experiments of Auler and Banzer in 1942, where they injected hematoporphyrin into tumor-bearing rats, and found the preferential accumulation in the metastic tumors and lymph nodes. In actuality, the true cancer fighting strength of PDT is due to three inter-related mechanisms: the direct cytotoxicity to the cancer cells, the damage inflicted on the tumor vasculature and lastly the inflammatory response which evokes a systemic immune system response to the cancer site. [START_REF] Agostinis | Photodynamic therapy of cancer: An update[END_REF] The effectiveness of PDT is determined by the quantity and location of the phototoxic species generated. According to the American Cancer Society, PDT is a less expensive treatment, with precise, localized targeting and no long-term side effects. [START_REF]Getting Photodynamic Therapy[END_REF] However, as visible light cannot penetrate deep into the body (it is completely attenuated within short distances due to the high extinction coefficients of biomolecules such as haemoglobin, melanin and protein as shown in fig. 1.10, section 1.3.3), PDT has been mostly limited to treating skin cancers. Unfortunately, one of the advantages of PDT, the localized precision, is also a disadvantage as it is not an efficient treatment for metastic cancers, which are the most frequent cause of death for cancer patients. In addition to this, the photosensitizing effect leaves the subject vulnerable to sunlight for some time. PDT is more commonly applied as a complementary therapy along with the three traditional treatments.

The classical PSAs used are based on a tetrapyrrole structure very similar to the porphyrin structure.

Nanoparticles have been incorporated in PDT as they can serve as PSA carriers, or as the PSA themselves or as energy transducers to catalyse the reactions to form the cytotoxic species. Noble metal nanoparticles like AuNPs, AuNRs and AuNCs have found utility in PDT therapy as their high absorption cross-section at their plasmon wavelengths allows for energy transfer reactions to occur to form the ROS species. [START_REF] Vankayala | Metal Nanoparticles Sensitize the Formation of Singlet Oxygen[END_REF][START_REF] Pasparakis | Light-Induced Generation of Singlet Oxygen by Naked Gold Nanoparticles and its Implications to Cancer Cell Phototherapy[END_REF][START_REF] Vankayala | Morphology dependent photosensitization and formation of singlet oxygen (1δg) by gold and silver nanoparticles and its application in cancer treatment[END_REF] The plasmon extinction wavelengths of these noble metal NPs can also be tuned to the NIR region. In this way, tumors located deeper than skin level can be treated, while also allowing for plasmonic photothermal therapy (discussed in greater detail in a later section, 1.5). In addition to these metal nanoparticles, single-walled carbon nanotubes (SWNTs), graphene oxide (GO) and upconversion nanoparticles (UCNPs) have all proven to have function for PDT. [START_REF] Kim | Near-infrared light-responsive nanomaterials for cancer theranostics: NIR light-responsive nanomaterials for cancer theranostics[END_REF] 1.4.4 Photothermal Therapy (PTT)

The idea to apply thermal remedies for disease treatment can be traced back thousands of years.

In fact, there is a famous quote by Hippocrates which translates to "those who cannot be cured by medicine, can be cured by surgery. Those who surgery cannot cure, can be cured by heat. Those who cannot be cured by heat are truly incurable". [START_REF] Denardo | Update: Turning the Heat on Cancer[END_REF] In the 1927 dissertation of Nils Westermark, he suggested based on his experimental work on tumors in rats that tumor cells were more sensitive to heat than healthy cells. [START_REF] Dahl | A Century With Hyperthermic Oncology In Scandinavia[END_REF] Advances in thermal cancer therapy was placed on hold with the advent of ionizing radiation, however there has been a return to thermal therapy as it has been definitively proven that healthy cells can withstand temperatures up to 45°C whereas cancer cells cannot, therefore allowing a more selective cancer therapy as opposed to ionizing radiation which is harmful to both cancer cells and healthy cells (fig. 1.14).

Photothermal therapy (PTT) employs photothermal conversion agents (PTAs) to absorb light, and through their relaxation processes, deposit thermal energy to its local environment. Ideal PTAs should have a larger absorption cross section in any of the two biological windows mentioned in section 1.3.3, depicted in fig. 1.10. They should also have a high photothermal conversion efficiency (percentage of absorbed light converted to heat), good photothermal stability, be non-toxic and allow for easy surface modifications. [START_REF] Cheng | Functional Nanomaterials for Phototherapies of Cancer[END_REF] The NIR light source for PTAs activation can be with a pulsed laser as seen in the works of Zharov et al. [START_REF] Zharov | Photothermal detection of local thermal effects during selective nanophotothermolysis[END_REF][START_REF] Zharov | Self-assembling nanoclusters in living systems: application for integrated photothermal nanodiagnostics and nanotherapy[END_REF][START_REF] Zharov | Synergistic enhancement of selective nanophotothermolysis with gold nanoclusters: Potential for cancer therapy[END_REF] or a continuous wave (CW) laser as seen in works of Elsayed and other research groups. [START_REF] Terentyuk | Laserinduced tissue hyperthermia mediated by gold nanoparticles: toward cancer phototherapy[END_REF][START_REF] Hleb | LANTCET: elimination of solid tumor cells with photothermal bubbles generated around clusters of gold nanoparticles[END_REF][START_REF] Elsayed | Selective laser photo-thermal therapy of epithelial carcinoma using anti-EGFR antibody conjugated gold nanoparticles[END_REF][START_REF] Li | In vitro cancer cell imaging and therapy using transferrin-conjugated gold nanoparticles[END_REF][START_REF] Khlebtsov | Optical amplification of photothermal therapy with gold nanoparticles and nanoclusters[END_REF] The examples of PTAs found in the literature can be classified as noble metal based nanoparticles, semiconductor nanocrystals, carbon based nanoparticles and organic semiconducting polymeric nanoparticles. In table 1.5, a list of PTAs, along with their photothermal conversion efficiency values is provided.

The carbon based PTAs have demonstrated excellent light-to-heat conversion efficiency. As a result pathways is in competition with their luminescence de-excitation pathways. This luminescence (fluorescence) de-excitation can be quenched by the interaction between carbon layers, and as a consequence, especially in MWCNTs, it can be assumed that all the absorbed energy is transferred into heat. [START_REF] Jaque | Nanoparticles for photothermal therapies[END_REF] The absorption efficiencies of these carbon based PTAs however have been shown to be solvent dependent, exhibiting 100% efficiencies in toluene, but then dropping by 50% in other solvents such as water.

The noble metal PTAs, particularly the Au based nanostructures are very attractive as Au has been extensively studied for its biocompatibility. Additionally, they have excitation wavelength tunability depending on their shape and morphology. The Au nanostructures that are interesting for PTT are the AuNRs, AuNSs and Au-nanostars. Of these, the AuNS is particularly interesting as it is inherently a hybrid nanoparticle and can be combined with other materials to provide multifunctional applications (for example a gold shell encapsulating a material used for imaging).

These noble metal PTAs have a special mechanism controlling their light-to-heat conversion. This is discussed in greater detail in the following section, 1.5.

Plasmonic photothermal therapy (PPTT)

Plasmonic photothermal therapy (PPTT), a subsect of PTT, refers to the photothermal nanoagents, that owe their high absorption cross-section to the presence of a localized surface plasmon resonance. Then, through their relaxation process, they release to their local environment a large deposit of thermal energy. Studies on PPTT look at the effectiveness of these plasmonic nanomaterials based on their size, shape, concentration and composition. Before we review the pertinent literature pertaining to PPTT, let us firstly have an understanding of the principle and theory of plasmons and nanoplasmonics.

Principles of nanoplasmonics

Noble metal nanoparticles such as Cu, Ag and Au in particular have unique optical responses to light when compared to their bulk components, called a localized surface plasmon resonance (LSPR).

To understand fully the LSPR observed in noble metal nanoparticles, we will first have a cursory review of electromagnetic (EM) wave propagation and surface plasmons in bulk metals.

Considering the free electron gas model of metals, we can imagine that there is a natural electron density flux present throughout the metal. At the metal's surface boundary (between itself and air or another dielectric medium), this natural flux takes the form of waves which can be classically derived from Maxwell's equations of electromagnetism:

∇ • D = ρ ext (1.3) ∇ • B = 0 (1.4) ∇ × E = ∂B ∂t (1.5) ∇ × H = J ext + ∂D ∂t (1.6)
where D is the dielectric displacement, B is the magnetic flux density, E is the electric field, H is the magnetic field and ρ ext and J ext are the external charge and current densities.

It is not in the scope of this thesis to show the derivations of all the equations pertaining to the interaction of light at a metal-dielectric surface, however, some key equations derived will be discussed. Firstly, the equations for the wave vectors formed from an incoming EM wave at the interface of two surfaces, surface 1 and surface 2 (shown in eq. 1.7) are of importance as they reveal how the dielectric constants of the two materials impact the wave propagation.

k x = ω c 1 2 1 + 2 and k yi = ω c i 1 + 2 (1.7)
where ω is the angular frequency of the EM wave, c is the speed of light, 1 & 2 are the dielectric constants of the two materials and i equals 1 or 2. Now consider surface 2 to be a metal, where there is an infinite number of electrons. There is a natural frequency for the movement of these electrons called the plasma frequency, ω p which is determined by eq. 1.8.

ω p = 4πn e e 2 /m e (1.8)
where n e is the free electron density, and e and m e are the charge and mass of the electron respectively.

As a result of this plasma frequency, when ω < ω p , the dielectric constant of the metal ( 2 ) given by eq.1.9, is negative, meaning that these frequencies of EM waves cannot propagate through the metal.

2 (ω) = 1 - ω 2 p ω 2 (1.9)
Of greater interest to our purposes, if 2 > -1 , the k yi interface becomes imaginary whereas the k x interface remains real (eq. 1.7), resulting in a EM wave propagating along that x interface, called the surface plasmon, depicted in fig. 1.15. As we reduce the size of the metal to that of nanoparticles, the length of the incident EM wave becomes considerably larger than the particle itself. The electric field of the EM wave polarizes the particles, pushing the conduction band electrons towards one side of the particle (depicted in figure 1.15). These electrons continue to oscillate at their natural plasma frequency, bound by the particle's surface. When the frequency of the incident EM wave matches this oscillation, it causes optical excitation or amplification of the frequency. This is observable by the absorption of the incident EM wave, and this specific frequency/wavelength is called the localized surface plasmon resonance (LSPR) wavelength which is dependent on the particle's size and geometry along with its inherent composition. 

Mechanism of light-to-heat conversion

The last thing for us to understand is how these plasmonic nanostructures are able to convert the absorbed light to heat. When radiative energy is absorbed by any material, it is in an unstable, excited state. As such, the de-excitation can follow radiative and non-radiative decay pathways.

In plasmonic structures, when the light absorbed is at the maximum of its plasmon resonance, the non-radiative decay pathways, which result in the conversion and transfer of heat to the environment of the plasmonic nanostructure, are quite rapid (fig. 1.18). With more details, after the light absorption, there is a rapid non equilibrium heating, followed by non-radiative relaxation by electron-electron collisions, which increases the temperature at the surface of the material. It then returns to equilibrium temperature via energy exchanges between electron-phonon and phononphonon interactions, which dissipates the thermal energy in its local environment. It must be noted that radiative decay processes can also occur simultaneously and as such, the photothermal efficiency values will depend also on the luminescence quantum yield of the material. The discussion has been focused on the light absorbed by these plasmonic nanostructures but we must not neglect that they can also be efficient light scatterers. Their absorbance cross-section (σ abs ) and scattering cross-section (σ scat ) combine to give us their extinction spectra (σ ext ). The relative efficiency of either process in plasmonic nanostructures is dependent on morphology. [START_REF] Baffou | Thermo-plasmonics: using metallic nanostructures as nano-sources of heat: Thermoplasmonics[END_REF] An interesting and use-ful physical response that can occur during this light-to-heat conversion process is the formation of microbubbles. The work of Baffou et. al [START_REF] Baffou | Super-Heating and Micro-Bubble Generation around Plasmonic Nanoparticles under cw Illumination[END_REF] revealed that irradiating plasmonic gold nanostructures with a continuous wave laser (CW) produced microbubbles that consisted of air with lifetimes up to several minutes. The formation and then dissolution of these microbubbles have been flagged as a means for cell destruction as they can impose a mechanical force on the cell membranes, causing rupture. 120 

PPTT nanoparticles for cancer therapy

Photothermal, and more specifically, PPTT cancer therapy has had recent noteworthy human clinical trial success. The AuNSs, which were developed by the Halas group and were the first hybrid nanoparticles used to demonstrate photothermal therapy of cancer, have passed to phase two of a clinically trial for prostate cancer therapy. [START_REF] Ardeshir | Gold nanoshell-localized photothermal ablation of prostate tumors in a clinical pilot device study[END_REF] The AuNSs are delivered intravenously and rely on the EPR effect to accumulate at the site of the prostate tumor. The various methods of synthesis of AuNSs will be discussed further in section 1.7.2. Photothermal therapy will remain an important research area in cancer therapy as it utilizes non-ionizing radiation, can deposit the heat in the local tumor environment, and can be achieved with materials with a proven biocompatibility and easy surface modification like gold. Gold as PTAs is desirable as its light-heat conversion efficiency can be tailored by changing its size and shape, and structures like the aforementioned AuNS, does not only allow for PTT, but can also be used to encapsulate other materials to deliver a complementary therapeutic function or even an imaging modality.

General conclusion on nanoparticles for cancer therapy

Nanoparticle-mediated cancer therapy has been included in all the main therapeutic techniques.

They have been used as sensitizers for radiotherapies, as platforms for drug and hormone delivery as well as performing the roles as agents for photodynamic and photothermal therapy. They have, in most cases, improved the targeting efficiency of these therapies as they can be modified on their surface to target specific cell-receptors. Nanoparticle assisted photothermal therapies are particularly attractive as they can convert light wavelengths that are themselves, not dangerous to the body, into heat which can locally increase the temperature of its environment. It is however limited by the penetration depth of the light sources. Though the effective use of nanoparticles as cancer therapy agents requires detailed studies on the bio-compatibility, toxicity and clearance of nanoparticles, they are more and more passing clinical trials and becoming incorporated into the treatment options offered worldwide.

Nanohybrids with gold shell for cancer theranostics

Theranostics, the combination of diagnostics and therapeutic modalities in a single platform using nanotechnology, is a growing area of research. Theranostic nanoparticles not only allow one to condense the number of steps between diagnosis and therapy, but has the potential to provide realtime multi-modal monitoring of disease treatment. Theranostics nanoparticles are most often hybrid nanoparticles or nanohybrids. They combine at minimum two materials that keep their individual functionality when coupled together (although we have in the literature examples of AuNPs used for both optical imaging via light scattering as well as PPTT, [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] and iron oxide NPs used for magnetic hyperthermia and MRI contrast agent [START_REF] Sánchez-Cabezas | Combining magnetic hyperthermia and dual T1/T2 MR imaging using highly versatile iron oxide nanoparticles[END_REF] ). The design of theranostic nanoparticles can be placed into two categories: i) encapsulation (imaging agent inside therapeutic agent and vice-versa) or ii) attaching therapeutic agent to the surface of imaging agent or vice-versa. There are many imaging and therapeutic combinations imaginable, the main restriction being that they must be compatible and not interfere with their individual functioning. A list of some of the cancer theranostic nanoparticles found in the literature at the stage of clinical trials, is given in table 1.6, but we will focus the rest of this section on nanohybrids where one component is a gold shell. Firstly, we will have a general look at the synthesis methods for spherical gold nanoparticles and some of the anisotropic shapes. Then we will look specifically at the classic gold nanoshells (AuNSs) on dielectric SiO 2 core, and then how varying the core has impacted the synthesis procedures. Finally we will discuss combining NLO materials with gold as a potential theranostic probe, which will lay the foundation for the objectives of this thesis.

Synthesis of gold nanostructures

As was mentioned in section 1.1, this work is focused on bottom up synthesis methods, where precursor atoms/molecules assemble via physical interactions and/or chemical reactions to form the nanoparticle. We aim to control the synthesis conditions so as to have monodisperse nanoparticles,

i.e nanoparticle distribution that is homogenous in both size and shape. A school of thought on what controls the degree of homogeneity obtained is the Lamer theory. [START_REF] Victor | Theory, Production and Mechanism of Formation of Monodispersed Hydrosols[END_REF] Schiffrin method [START_REF] Brust | Synthesis of thiol-derivatised gold nanoparticles in a two-phase Liquid-Liquid system[END_REF] (a two phase synthesis and thiol stabilizing method), variations on this method using other stabilizing ligands, as well as the seeded-growth method. The review also covers physical chemistry methods of AuNP synthesis such as performing the gold salt reduction under UV irradiation. Since that 2004 review, a large volume of methods have been published for the synthesis of gold nanoparticles varying parameters such as i) the reducer, [START_REF] Deraedt | Sodium borohydride stabilizes very active gold nanoparticle catalysts[END_REF][START_REF] Pandey | 3-Aminopropyltrimethoxysilane and graphene oxide/reduced graphene oxide-induced generation of gold nanoparticles and their nanocomposites: electrocatalytic and kinetic activity[END_REF][START_REF] Brown | Hydroxylamine Seeding of Colloidal Au Nanoparticles in Solution and on Surfaces[END_REF][START_REF] Wang | Citrate-Regulated Surface Morphology of SiO 2 @Au Particles To Control the Surface Plasmonic Properties[END_REF] ii) the reaction media, [START_REF] Martin | Charged gold nanoparticles in non-polar solvents: 10-min synthesis and 2D self-assembly[END_REF][START_REF] Harada | Formation Mechanism of Gold Nanoparticles Synthesized by Photoreduction in Aqueous Ethanol Solutions of Polymers Using In Situ Quick Scanning X-ray Absorption Fine Structure and Small-Angle X-ray Scattering[END_REF] iii) the pH [START_REF] Martin | Charged gold nanoparticles in non-polar solvents: 10-min synthesis and 2D self-assembly[END_REF][START_REF] Patungwasa | pH tunable morphology of the gold nanoparticles produced by citrate reduction[END_REF] iv) the stabilizers 139 v) the concentration [START_REF] Martin | Charged gold nanoparticles in non-polar solvents: 10-min synthesis and 2D self-assembly[END_REF][START_REF] Nikhil | Seeding Growth for Size Control of 5-40nm Diameter Gold Nanoparticles[END_REF] vi) the reaction temperature, [START_REF] Andreescu | Stabilizer-free nanosized gold sols[END_REF][START_REF] Mountrichas | Effect of Temperature on the Direct Synthesis of Gold Nanoparticles Mediated by Poly(dimethylaminoethyl methacrylate) Homopolymer[END_REF] to control the size [START_REF] Nikhil | Seeding Growth for Size Control of 5-40nm Diameter Gold Nanoparticles[END_REF][START_REF] Ziegler | Seeded Growth Synthesis of Uniform Gold Nanoparticles with Diameters of 15-300 nm[END_REF][START_REF] Rodríguez-Fernández | Seeded Growth of Submicron Au Colloids with Quadrupole Plasmon Resonance Modes[END_REF] and shape [START_REF] Millstone | Iodide ions control seed-mediated growth of anisotropic gold nanoparticles[END_REF][START_REF] Nikhil | Gram-Scale Synthesis of Soluble, Near-Monodisperse Gold Nanorods and Other Anisotropic Nanoparticles[END_REF][START_REF] Murphy | Anisotropic metal nanoparticles: Synthesis, assembly, and optical applications[END_REF][START_REF] Sau | Room Temperature, High-Yield Synthesis of Multiple Shapes of Gold Nanoparticles in Aqueous Solution[END_REF][START_REF] Cao | Formation mechanism of nonspherical gold nanoparticles during seeding growth: Roles of anion adsorption and reduction rate[END_REF][START_REF] Jana | Seed-Mediated Growth Approach for Shape-Controlled Synthesis of Spheroidal and Rod-like Gold Nanoparticles Using a Surfactant Template[END_REF][START_REF] Hao | A Versatile Route to the Controlled Synthesis of Gold Nanostructures[END_REF] of the resulting nanoparticles.

As was stated in the 2008 review by Liz-Marzan et. al [START_REF] Grzelczak | Shape control in gold nanoparticle synthesis[END_REF] on the synthesis of anisotropic gold nanostructures, when focused on spherical nanoparticle formation, a one pot, rapid burst nucleation and growth (as described by the Lamer model) will suffice, however, when trying to favour the growth of specific facets to produce anisotropic geometries, a two step process is necessary. The first step is the formation of the gold nuclei. The second step is where the myriad of variations are reported, but can be summarized as the step of gold reduction in the presence of the nuclei. The conditions under which this reduction is done is varied. For example, one reaction parameter that is often changed is the reducer. NaBH 4 , sodium citrate, formaldehyde and hydroxylamine hydrochloride are a few of the reducing agents used.

The main technique applied to enlarge the diameter of spherical gold nanoparticles is to use a seeded-growth method. In the work of Rodriguez-Fernandez, [START_REF] Rodríguez-Fernández | Seeded Growth of Submicron Au Colloids with Quadrupole Plasmon Resonance Modes[END_REF] they demonstrated the ability to control the shape morphology of pure gold nanoparticles by performing the gold reduction reaction at a higher temperature (35°C), but also by performing a purification step to remove non isotropic geometries after the first gold reduction. They also attributed greater control of nanoparticle size to other experimental parameters such as the concentration of the capping ligand (in their work it was CTAB) and the reducer.

Undoubtedly, all the literature on gold nanoparticle synthesis cannot be covered in the scope of this thesis manuscript. However, knowledge of the experimental factors (already stated) that have been manipulated in gold nanoparticle synthesis and their reported impact on the formation of stable nanoparticles, is important know-how for branching off into the synthesis of hybrid gold nanostructures.

Synthesis of gold nanoshells on dielectric SiO 2 core

AuNSs were first synthesized on a SiO 2 dielectric core by the team of Halas in 1997. [START_REF] Averitt | Plasmon resonance shifts of Au-coated Au 2 S nanoshells: insight into multicomponent nanoparticle growth[END_REF] The optical properties of AuNSs make them ideal candidates for bio-medical applications. [START_REF] Eustis | Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes[END_REF] AuNSs, like their spherical and rod-shaped pure gold counterparts, have localized surface plasmon resonances (LSPR).

Similar to AuNRs, the plasmon resonance of AuNSs is tuneable. For AuNSs, this tuneability is a result of the ratio of the inner core radius with respect to the radius of the entire core shell particle.

For a given inner core radius, r i , (as depicted in fig. 1.20) if the entire core-shell radius is decreased, i.e the gold shell thickness decreases, then the plasmon resonance is red-shifted. [START_REF] Oldenburg | Nanoengineering of optical resonances[END_REF] AuNSs plasmon resonance can be red-shifted well into the NIR region (728 nm was the reported value by the team of Halas 156 ), which has already been discussed for its biological advantages. where tetraethyl orthosilicate (TEOS) is hydrolyzed and condensed under alkaline conditions (usually involving the use of ammonium and performed in ethanol solvent) to form monodisperse nanoparticles, usually around 100 nm in diameter. [START_REF] Stöber | Controlled growth of monodisperse silica spheres in the micron size range[END_REF][START_REF] Han | Unraveling the Growth Mechanism of Silica Particles in the Stöber Method: In Situ Seeded Growth Model[END_REF] Variations on the sequence of reactant addition [START_REF] Oldenburg | Surface enhanced Raman scattering in the near infrared using metal nanoshell substrates[END_REF][START_REF]Nanobiotechnology protocols[END_REF] have been reported but in most variations, the reaction time remains a lengthy process, most requiring overnight reactions. [START_REF] Liu | A Facile Approach to the Synthesis of Gold Nanoshells with Near Infrared Responsive Properties[END_REF]162 The resulting nanoparticles have a negative surface charge, usually having a zeta potential value ranging between -70 mv and -80 mV. [START_REF] Park | Relative Contributions of Experimental Parameters to NIR-Absorption Spectra of Gold Nanoshells[END_REF] The silica nanoparticles are modified to have amine groups present on their surface to facilitate the adsorption of small gold nanoparticles. This surface modification usually involves a process of overnight silanization, the most common silane used being APTES (3-aminopropyl-triethoxysilane). This process can also inculde a reflux step to ensure the condensation of the organosilane molecules onto the silica surface which promotes better gold adsorption in the latter steps. [START_REF] Oldenburg | Nanoengineering of optical resonances[END_REF] The preparation of the silica nanoparticles is one step, but as the gold shell synthesis is a seededgrowth method, the preparation of the "seeds" and subsequent gold plating solutions is required.

The established Duff protocol [START_REF] Daniel | A new hydrosol of gold clusters. 1. Formation and particle size variation[END_REF] using THPC (tetrakis(hydroxymethyl)phosphonium chloride), NaOH and HAuCl 4 solution, for the preparation of negatively charged gold nanoparticles, approximately 2-3 nm in diameter, is commonly used for seed preparation. There is at minimum, a one day aging process, in the dark to allow the speciation of the gold. The adsorption of the "seeds" to the amine-functionalized silica surface is facilitated by electrostatic interactions as well as coordination bonding between the nitrogen atoms of the amine group and the gold. [START_REF] García-Soto | Synthesis of silica-core gold nanoshells and some modifications/variations[END_REF] In trying to probe the influence of the gold "seeds" on the gold shell growth, some researchers have performed the synthesis of the gold shell using differently aged gold seed dispersions. The findings were that freshly prepared "seeds" and aged "seeds" (up to 3 weeks aging) can attach to the amine-functionalized silica surface.

However, the aged seeds facilitate gold coalescence upon the further reduction of gold species in the presence of the nanoparticles wheras the fresh seeds seemed to promote the dettachment of the gold from the silica nanoparticle. This is believed to be a result of the oxidation of the residual THP-Au(I) promoting a rearrangement that has a stronger affinity to the amine groups. [START_REF] Oldenburg | Light Scattering from Gold Nanoshells[END_REF] Due to the amine groups, the gold adsorption was preferred in lower pH (less than 8) as this ensures the positive charge of the amine group. [START_REF] Park | Relative Contributions of Experimental Parameters to NIR-Absorption Spectra of Gold Nanoshells[END_REF] The process of the gold shell growth requires putting the gold-seeded silica nanoparticles in contact with an aqueous solution of chloroauric acid containing potassium carbonate, which is called a Kgold solution. As reported in the thesis of Oldenburg, 166 the K-gold solution in contact with the silica nanoparticles needed to be aged in the dark for a minimum of 12 hours, to allow a thorough distribution of the gold species around the surface of the silica nanoparticles. With gold "seeds" acting as nucleation sites, reduction with NaBH 4 produces Au atoms which then attach and cause the coalescing of the gold "seeds". In later variations of this synthesis, the reducer was changed to formaldehyde [START_REF] Pham | Preparation and Characterization of Gold Nanoshells Coated with Self-Assembled Monolayers[END_REF] and also to carbon monoxide. [START_REF] Brinson | Nanoshells Made Easy: Improving Au Layer Growth on Nanoparticle Surfaces[END_REF] In practice, an excess of the reducer quantity necessary to cause the complete reduction of the gold species was used, to ensure a faster and complete reduction. The gold ion concentrations have been varied, keeping the reducer quantity the same to observe the effect on the gold shell and it was found that low concentrations did not promote the complete shell coverage (31% surface covered) whereas high concentrations promoted complete shell coverage and then further shell thickening (99% surface covered). [START_REF] Preston | Growth and optical properties of gold nanoshells prior to the formation of a continuous metallic layer[END_REF] While these early synthesis protocols allowed the formation of a continuous smooth gold shell, the synthesis is time consuming. Variations to reduce the time to produce AuNSs on silica have been published. They involve skipping the step of gold seeding by providing another surface on the silica such as tin, to promote the nucleation of gold. [START_REF] Taik Lim | Gold nanolayer-encapsulated silica particles synthesized by surface seeding and shell growing method: near infrared responsive materials[END_REF] Others proposed depositing Au(OH) 3 over the either bare, or aminated silica nanoparticles which will serve as the nucleation sites instead of the gold "seeds". [START_REF] James | Synthesis of gold nanoshells based on the depositionprecipitation process[END_REF][START_REF] Phonthammachai | Synthesis of Contiguous Silica-Gold Core-Shell Structures: Critical Parameters and Processes[END_REF] The results of these variations have remained similar to that of the original procedure, producing silica nanoparticles with continuous gold shell coatings.

Synthesis of gold nanoshells changing the core material

While the synthesis of AuNSs on silica nanoparticles is well-developed, there are some challenges when using them for biological applications. Firstly, the final size of these nanoparticles are usually within the range of 100-150 nm, which may not be optimal size for efficient cellular uptake.

However, in trying to make these nanoparticles smaller, it can affect the ratio between core radius and core-shell radius which impacts the optical properties. As the tuneability of the plasmonic gold shell has a proven therapeutic benefit, there is also an interest in changing the core material to provide additional functionality to the nanoparticle (multi-therapeutic pathways or theranostic functioning). The question to be answered therefore is, is the synthesis procedure of AuNSs on silica core transferable to the synthesis of AuNSs on other core materials? We must first consider the geometry of the silica core. Perfectly spherical nanoparticles are used, that are also monodisperse in size. If one aims to reproduce the synthesis on other cores, this may be a crucial starting point.

Another factor to consider is the silanization process to give the silica nanoparticle a positive surface charge which is a process highly sensitive to the presence of water. Therefore, the nanoparticles need to be suited to stable dispersion in a non-aqueous environment. In the literature, there are examples of gold shells on different cores such as BaTiO 3 , 80 KNbO 3 , 172 iron oxide [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF][START_REF] Xu | Magnetic Core/Shell Fe 3 O 4 /Au and Fe 3 O 4 /Au/Ag Nanoparticles with Tunable Plasmonic Properties[END_REF] and other magnetic core, [START_REF] Bao | Preparation of functionalized and gold-coated cobalt nanocrystals for biomedical applications[END_REF][START_REF] Pita | Synthesis of cobalt ferrite core/metallic shell nanoparticles for the development of a specific PNA/DNA biosensor[END_REF] silver nanoparticles, 177 polystyrene, 178 semiconductor 179 and more. We will now look more specifically at some examples in the literature.

In the work of Wang et. al , [START_REF] Wang | Polyelectrolyte coated BaTiO 3 nanoparticles for second harmonic generation imaging-guided photodynamic therapy with improved stability and enhanced cellular uptake[END_REF] they synthesised a gold shell on spherical barium titanate (BaTiO 3 ) nanoparticles, approximately 63 nm in diameter. They were able to start with core particles of sub-100 nm diameter (50 nm to be exact). By treating the nanoparticles to H 2 O 2 , they hydroxylated the surface, and then converted the OH groups to amine groups with APTES. They proceeded to use the seed-mediated growth method for the gold shell. They also used the same gold seed dispersion as described by Duff et. al , 164 but they consistently chose 2 weeks aged seed dispersions. They performed the same process of seed attachment to the aminated silica nanoparticles, and also reduced HAuCl 4 solution with formaldehyde in the presence of these nanoparticles to form the gold shell.

They were finally stabilized by polyethylene glycol (PEG). Their result was a homogenous core-shell structure, confirmed by Transmission Electron Microscopy (TEM) analysis, with a gold shell thickness of approximately 10nm, and a maximum plasmon absorbance at 800 nm. The photothermal capability of the nanoshells was observed by measuring the temperature change of the nanoparticle dispersion upon a 10 minutes irradiation with a 808 nm, 1 W/cm 2 CW laser in comparison to the same irradiation of equal volume of water. In this work, they also examined the in-vitro cellular uptake of these core-shell nanoparticles by human glioblastoma U87 cells and since BaTiO 3 is a NLO active material, SHG imaging was performed as well as photothermal experiments. The particles exhibited both functionalities. The in-vivo PPTT of these particles were tested in a mouse 4T1 breast adenocarcinoma cell tumor model. They injected 50 µl of 12 mg/mL nanoparticle dispersion and then irradiated with an 808 nm, 1.2 W/cm 2 CW laser for 3 minutes, and then measured the temperature using an IR camera 6 hours later. The tumor temperature was elevated from 26.4°C to 58.4°C.

The synthesis of gold shells on iron oxide nanoparticles has been explored for biological applications because of the potential imaging and therapeutic applications. The gold shell is furthermore attractive as it promotes the stabilization of the iron oxide core in biological media. [START_REF] Xu | Magnetic Core/Shell Fe 3 O 4 /Au and Fe 3 O 4 /Au/Ag Nanoparticles with Tunable Plasmonic Properties[END_REF] In an effort to have great control on the gold shell formation, a layer-by-layer shell growth protocol was designed by Lee et. al . [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF] In their synthesis, negatively charged iron oxide particles, approximately 100 nm in diameter, were coated with a positive polymer branched polyethylenimine (BPEI), causing a complete surface charge reversal evidenced by the changing of the zeta potential from negative to positive values. The polymer with its abundant amine groups facilitated the adsorption of separately synthesized gold "seeds" to the surface. The negative gold seeds caused the surface charge to reverse once more to a negative zeta potential. Then another BPEI polymer coating was performed. At this step, they performed the reduction of HAuCl 4 solution in the presence of the polymer coated nanoparticles with the reducer hydroxylamine hydrochloride which they termed the ion-reducible step. They would then wash the particles, coat with BPEI polymer and repeat the ion-reducible step until a gold shell was attained. They reported that after repeating this process 6 times, they were able to attain a gold shell, 14.1 nm thick, of a rough topography. Indeed, using an amine based polymer instead of an aminosilane is attractive as it reduces the time for surface functionalization.

Attempts to synthesis a gold shell on LiNbO 3 nanoparticles were performed during the internship of Eloise Millet in our laboratory (Institute of Nanotechnologies). The silanization functionalization was tested and compared to BPEI functionalization. It was found that the BPEI functionalization resulted in a low polydispersity of the nanoparticles, and was a simpler synthesis process as compared to the silanization. The seeded growth method was tested, and gold "seeds" were attached to the polymer functionalized LiNbO 3 nanoparticles. Further tests on the efficacy of different reducers for the gold shell growth step was done and the results from that work concluded that hydroxylamine hydrochloride promoted the reduction of the HAuCl 4 solution, and allowed for the coalescing of the gold nucleation spots on the nanoparticle. However, a complete gold shell was not attainable in one step.

Combining NLO and plasmonic nanomaterials for cancer theranostics

Researchers Boksebeld et al demonstrated the proof of concept for combining NLO nanoparticles (in their case SiC) and plasmonic gold (AuNRs). [START_REF] Boksebeld | Nonlinear plasmonic nanohybrids as probes for multimodal cell imaging and potential phototherapeutic agents[END_REF] In their work, AuNRs, (aspect ratio 3:9, 47.6 ± 3.9 nm in length and 12.3 ± 1.2 nm in width) were attached to SiC NPs approximately 150 nm in diameter to have a cancer theranostic hybrid nanoparticle. The important result from this work was that the hybrid nanoparticles were capable of both SHG and TPEF imaging when incubated with 3T3-L1 healthy cells. Using an IR camera, the photothermal effect of the hybrid nanoparticles was observed by noting the temperature increase upon irradiation with 808 nm CW laser, 40 mW/cm 2 , from 17°C to 45°C. No temperature increase was observed with bare SiC nanoparticles, but a temperature increase was observed for the pure AuNRs dispersion. Therefore the photothermal activity could be attributed to presence of the gold nanorods. When the cell toxicity analysis was done on these hybrid nanoparticles, it was seen that they were non-toxic, however the gold nanorods themselves, which are stabilized by the surfactant CTAB, has non-negligible cell toxicity. The toxicity of the nanorods is attributed to the presence of the CTAB ligands. In using these SiC-AuNR nanohybrids, it will be essential to ensure that the AuNRs are securely attached.

Though, the nanohybrids exhibited the ability to perform cellular SHG and TPEF imaging, as well as demonstrate its photothermal activity, combining the NLO material with gold in a more secure manner will avoid the possible toxicity challenges that can arise from detached AuNRs.

We have discussed the advantages of NLO microscopy techniques, such as SHG, for cancer diagnostic applications and discussed the exogenous nanoparticles already tested for this purpose. However, the strength of the SHG signal is scaled to volume. As such, small nanoparticles sizes result in weak SHG signals. However, it has been consistently demonstrated in the literature that sub-100 nm nanoparticles, ideally between 10-60 nm diameter, have an enhanced cellular uptake. [START_REF] Han | Applications of nanoparticles in biomedical imaging[END_REF] Though a SHG active nanoparticle of this size may be ideal for cellular uptake, it means sacrificing the Figure 1.21: Simulation results of the SHG enhancement of KNbO 3 nanowires with a gold shell coating at different excitation wavelengths (700, 800 and 900 nm) as a function of gold shell thickness. The x-axis is the gold shell thickness in nanometers and the y-axis is the SHG enhancement intensity. [START_REF] Richter | Plasmonic Core-Shell Nanowires for Enhanced Second-Harmonic Generation[END_REF] strength of the SHG signal from a single particle. To combat this volume scaling effect, researchers Richter et al, demonstrated the SHG signal enhancement of KNbO 3 nanowires by coating with a gold shell. [START_REF] Richter | Plasmonic Core-Shell Nanowires for Enhanced Second-Harmonic Generation[END_REF] The nanowire coating with Au was achieved via a seeded growth method. The nanowires underwent a silanization process with an aminosilane, to give it a positive surface charge to facilitate the attachment of the separately synthesized negative gold "seeds". Then, once the gold "seeds" were attached, Au(OH) 3 was added and the reduction to Au 0 performed with hydroxylamine. With simulations based on the electrostatic approximation, they demonstrated the SHG signal enhancement possible with varying thickness of gold shell, with a maximum enhancement factor of 4 × 10 4 (fig. 1.21) using the formula in equation 1. 10.

Γ SHG = | E shell E bare | 4 (1.10)
From the results of that work, we can plausibly hypothesis the enhancement of the SHG signal of a harmonic nanoparticle by coating it with a gold shell for a more sensitive SHG microscopy. In addition to this possible SHG enhancement, such a nanoparticle will also exhibit PPTT giving it a therapeutic modality. The biological potential of these NLO and plasmonic nanomaterials have yet to be further explored. There is no literature on combining LiNbO 3 and gold nanostructures for biological applications to date.

Conclusion

Gold nanoparticle synthesis is on the surface a simple procedure, but it indeed requires a balancing of many experimental parameters such as pH, temperature, concentration of reactants, choice of reducers and possible stabilizing agents. There are many reported protocols for moving from the spherical nanoparticle to anisotropic shapes. The hybrid gold shell structure is interesting as it can allow for the encapsulation of various materials, protecting it with the bio-compatible gold shell surface, which is also easily modified (for example PEG addition), and allows one to take advantage of its unique optical properties for therapeutic functions.

Objectives of thesis

In light of the literature discussed, we can draw the following conclusions.

1. Optical bioimaging techniques are desirable as they permit microscopic spatial resolutions which can lead to early cancer diagnosis.

NLO based bioimaging further improves the spatial resolution of traditional optical imaging

techniques and can perform imaging at NIR wavelengths of light.

3. NIR wavelengths are ideal as they have greater tissue depth penetration than visible light, and also has lower photon energies, minimizing the risk of photodegradation.

4. Photothermal therapies are attractive as there is a window of thermal resistivity exhibited by healthy cells that does not exist for cancer cells, thereby allowing for a selective heat destruction of cancer cells.

5. Plasmonic photothermal therapies are attractive options as they rely on the enhanced light absorbance of plasmonic nanostructures which can be tuned to the NIR region by size and shape.

6. Synthesis of gold shells on various core materials is possible.

7. Literature points towards the possibility of SHG signal enhancement by coupling the material with plasmonic materials.

8. Coupling NLO active SiC with plasmonic AuNRs allowed for simultaneous SHG cell imaging as well as photothermal activity.

As such, the goal of this work is to synthesize nanohybrids of a core-shell structure, combining the NLO active material LiNbO 3 as the core, with a gold shell. The gold shell will be synthesized by a seeded-growth method and the parameters that can possibly influence the shell growth process such as gold seed attachment, the pH, the reducing agent, and the concentration of the HAuCl 4 solution to be reduced with respect to the concentration of the core nanoparticles will be investigated. The gold shell morphology, the plasmon resonance, the NLO efficiency and the photothermal property of these nanoparticles will be examined.

In this work, many nanoparticle characterization techniques will be used in both a complementary and comparative nature. The characterization of nanoparticles in literature can vary significantly, making comparisons between different studies a challenge at times. As such, this work also aims to provide a guide to understanding what information is obtained from the various techniques and how to better compare the various results presented in literature.

Chapter 2

Characterization Methods

Nanomaterials present characteristics that are often an enhancement of, or even novel to, the intrinsic properties of their bulk counterparts. [START_REF] Goesmann | Nanoparticulate Functional Materials[END_REF] Their optical, 182 magnetic, 183 mechanical 184 and chemical [START_REF] Marie | Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and Applications Toward Biology, Catalysis, and Nanotechnology[END_REF] properties can vary significantly by changing their size, shape and composition. As such, nanomaterials have found applications in material development, electronics, catalysis, optics/photonics, and biology and nanomedicine. In the fields of biology and nanomedicine in particular, over the last two decades, nanoparticles have been demonstrated as vectors for drug delivery, [START_REF] Kumar Patra | Nano based drug delivery systems: recent developments and future prospects[END_REF][START_REF] Moghimi | Nanomedicine: current status and future prospects[END_REF] as in-vivo bio-imaging probes, [START_REF] Hahn | Nanoparticles as contrast agents for in-vivo bioimaging: current status and future perspectives[END_REF] as probes in bio-sensors [START_REF] Yongdong | Multifunctional Compact Hybrid Au Nanoshells: A New Generation of Nanoplasmonic Probes for Biosensing, Imaging, and Controlled Release[END_REF][START_REF] Zhong | Nanomaterials in fluorescence-based biosensing[END_REF] and as vectors for other mechanisms of disease therapy. [START_REF] He | Hybrid nanoparticles for combination therapy of cancer[END_REF] The interactions that occur between the nanoparticles and the biological medium are primarily dependent on their surface chemistry and their size, so it is vital to have these nanoparticles well characterized.

To date, there is no one analytical technique that can provide a comprehensive characterization of nanoparticles. As such, multiple techniques that probe different properties of the nanoparticles are used to obtain a complete characterization. The characteristics that are considered to be important will depend on the intended application of the nanoparticles, but the features that are always characterized are their size and shape. Further characteristics such as surface, optical and magnetic properties as well as stability in a given dispersing media can also be of interest. In working with more complex hybrid nanoparticles in this thesis work, which are also referred to as nanohybrids, it became evident that a clear understanding of the characterization techniques was needed to interpret the sometimes differing results obtained via complementary techniques. This This chapter will firstly give a general overview of the routine techniques used, and then we will look at the specific application of these techniques to the nanohybrids of this work, comparing tech-niques when applicable, and discussing all the limitations, assumptions and approximations applied.

General theory of main analytical techniques 2.1.1 Transmission Electron Microscopy (TEM)

The principle of transmission electron microscopy (TEM) is based upon the wave-particle duality of electrons. Instead of a light source, as used in conventional optical microscopy, an accelerated beam of electrons is used to produce an image. As the De Broglie wavelength of an electron (1.22 nm for a 1 eV electron), which is calculated by the equation shown in eq. 2.1, is much smaller than the wavelengths of visible light, an electron source can visualize objects with nanometer precision and higher spatial resolution. The two common electron sources for TEM microscopes are thermionic (such as tungsten filament or a LaB 6 filament), and field emission gun (FEG), and with improvements to these electron sources, TEMs are nowadays able to achieve a resolution of better than 4 ¦

A in both hard and soft materials. [START_REF] Ercius | Electron Tomography: A Three-Dimensional Analytic Tool for Hard and Soft Materials Research[END_REF] The electrons are accelerated at high voltages (typically 100 kV and higher), [START_REF] Williams | Transmission electron microscopy: a textbook for materials science[END_REF] and the beam is then focused and aligned onto the sample by a series of electromagnetic lenses. Finally, the sample image is magnified usually onto a fluorescent screen, and the image capturing is performed by a digital camera system incorporated into the microscope.

λ = 1.22 E 1/2
, where λ is in nm and E is in eV

(2.1)
TEM imaging is a staple tool in the characterization of 1-dimensional, 2-dimensional and 3-dimensional nanostructures. One must, however, be mindful of the challenges in interpreting these electron images. TEM imaging provides us with a 2-dimensional image of 3-dimensional objects viewed in transmission mode, and while our brains and eyes can easily "translate" a 2-dimensional image of our everyday surroundings into the 3-dimensional reality, we are ill-equipped to do this with TEM images of nano-objects. [START_REF] Ercius | Electron Tomography: A Three-Dimensional Analytic Tool for Hard and Soft Materials Research[END_REF] This becomes more evident when trying to decipher the top and bottom of objects in the image, particularly when the objects are stacked as seen in fig. 2.1.

As TEM images are obtained by averaging the electron volume densities that are transmitted through the entire depth of the objects, it is not possible to retrieve depth information from the final image, i.e TEM has no real depth sensitivity. [START_REF] Williams | Transmission electron microscopy: a textbook for materials science[END_REF] Electron tomography is a technique developed to combat this challenge, which compiles images of the object taken at different angles and in small slices, into a single 3-dimensional image. [START_REF] Ercius | Electron Tomography: A Three-Dimensional Analytic Tool for Hard and Soft Materials Research[END_REF] In some TEM microscopes, the sample holders can be tilted, allowing one to view the sample from a different angle. The TEM samples in this work however were always loaded onto a single-tilt sample holder, with no tilt angle used.

Another challenge lies with the potential of electron beam damage to the samples, more commonly observed with polymers and organic materials. One must therefore consider which operating voltage of the microscope is best suited for a given sample. However, even when working at an appropriate voltage, sample beam damage can occur. In fig. TEM imaging requires that the objects to be imaged are transparent to electrons, such that a sufficient intensity of electrons can contact the photographic plate/CCD camera to project the image. The objects must therefore be sufficiently thin, which in practice means objects of the order of hundreds of nanometers and less are considered suitable (although depending on the material and operating voltage of the microscope, objects of a thickness of 1 µm can be used). As a result of this, the stacking of objects to be imaged by TEM will impact the image quality as shown in fig.

2.3. In addition to the thickness of the sample, the surface of the TEM grid must also be suited for the even deposition of the sample. In this work, as the nanohybrids were dispersed in water, The TEM imaging for this work was performed with a JEOL-2100HT microscope, with a LaB 6

electron source, at a 200 keV operating voltage. The microscope was also equipped with a bottom mount Orius SC1000 CCD camera (Gatan). To prepare the nanoparticle samples for imaging, a carbon-coated 400 mesh copper alloy grid from TED PELLA INC, underwent UV-ozone etching at 25°C for 30 minutes. Then 2 µL of nanoparticle dispersion, ranging in concentration between 0.03 and 0.06 mg/mL for LN and hybrid LN nanoparticles, and 0.035 mg/mL for the pure AuSeeds dispersions, was dropped onto the grid and allowed to first air dry and then placed in an oven at 50°C for 10 minutes. All of the TEM images were analyzed with the ImageJ software.

X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) is an analytical technique used to quantify and characterize the elements (except hydrogen and helium) at the surface of a sample. Although the X-rays beam used interacts with the surface as well as can penetrate deeper into a sample, XPS is surface sensitive because the photoelectrons generated have a fixed travel distance within a solid before losing their kinetic energy. This is called the inelastic mean free path (IMFP). As a result, there is a definite "escape depth" for the photoelectrons generated during XPS analysis. This escape depth is calculated as shown in equation 2.2, where λ e is the IMFP, and θ is the angle of photoelectron detection from normal to the surface.

escape depth = 3λ e cosθ (2.2)
The IMFP ranges between 4 and 30 ¦

A depending on the material and the kinetic energy of the electrons. It not only gives the elemental composition of the sample's surface, but also provides information concerning the chemical environment (eg. chemical bonds, oxidation state etc). It is an effective surface technique compatible with a wide range of organic and inorganic materials, however the samples must be compatible with an ultra high vacuum environment.

In this work, XPS measurements were performed at two locations. The first instrumentation used a VSW spectrometer at INL, equipped with a monochromatic X-ray source (Al Kα 1486.6 eV) in which the angle between the incident beam and the detector was the magic angle. The angular resolution was 3°and the take-off angle was 90°relative to the substrate surface. The energetic resolution was 0.2 eV. The data analysis was performed with CasaXPS software. C1s binding energy was set at 285 eV. A Shirley background was subtracted on Si2p and O1s spectra when coming from bulk elements while a linear background was subtracted on C1s and N1s spectra as surface elements. Peaks were fitted by a Gauss-Lorentz curve and the Scofield cross sections were used for quantification.

The second instrumentation was performed at the JRC Nanobiotechnology laboratory, Italy, using a Axis Ultra-DLD from Kratos. The X-ray source was Al Kα 1486.6 eV, operating at a power of 225 W. Wide scan spectra were recorded from 0 to 1200 eV binding energy in hybrid mode, "slot" (400 x 700 µm 2 analysis area) and FoV2 (100 µm spot) at 80 eV and 160 eV pass energy, whereas core level spectra were recorded in "hybrid" mode using pass energy of 40 eV. The take-off angle respect to the sample normal was 0°for survey and high-resolution (HR) spectra and operating pressure was 1.5 Ö 10 -8 mbar. Surface charging was compensated using low energy (3.8 eV) electrons and adjusted using the charge balance plate on the instrument. All the spectra were processed with CasaXPS. Spectra were calibrated setting hydrocarbon C1s at 284.6 eV and Au 4f 5/2 at 84.00

eV. The surface composition was evaluated from the survey spectra, after background subtraction, using Relative Sensitivity Factors (RSF) based on Scofield cross sections and corrected for magic angle emission, electron mean free path and spectrometer's transmission functions. Peak fitting was performed with no preliminary smoothing. Lorentzian finite functions, LF(a,b,w,n), were used to approximate the line shapes of the fitting components after a background substraction.

Energy Dispersive X-Ray Spectroscopy (EDX/EDS)

Energy dispersive X-ray spectroscopy (EDX/EDS), uses the characteristic X-rays emitted from a sample upon bombardment by electrons or X-ray beam, to have an elemental characterization.

When electrons or X-ray beam are focused onto a sample, the inner shell electrons of the atoms can be excited and subsequently ejected (fig. 2.4). This ejection leaves an electron hole, which can be filled by another electron located in a higher energy shell. During this process, an X-ray can be emitted, which will be equivalent to the energy difference between the two shells. The energies of the X-rays emitted will be characteristic of the elements present.

EDS uses electron beam bombardment to cause the expulsion of core electrons. This allows EDS to probe the entire depth of the sample and not be limited to surface analysis as was seen for XPS .

However, for the determination of the relative abundances of the elements present, it is necessary to probe a thin area of the sample (on the order of a few hundred nanometers) so that the characteristic X-rays produced throughout the entire depth of the sample can escape to the detector and not be absorbed. The accuracy of the relative element abundances in the sample is therefore dependent on i) the composition of the sample, as there are some elements with overlapping X-ray energies, and ii) the thickness of the sample, which can prevent produced X-rays from exiting the sample for detection. In addition to this, EDS technique is not useful for low atomic number elements. EDS detectors are generally combined in electron microscopes, and so by scanning the sample, elemental mapping images, indicative of the spatial variations of a given element, can be produced along with the corresponding electron image. Though the detection limit for EDS spectroscopy is dependent on the sample surface conditions (roughness of sample etc), generally, EDS can detect elements once they are between 1-10 % wt and is not suited for trace element analysis. [START_REF] Nasrazadani | Modern analytical techniques in failure analysis of aerospace, chemical, and oil and gas industries[END_REF] In this work, the electron beam was focused on different spots on the sample, and the characteristic X-rays emitted, were detected and used to give an element spectrum, an example of which is shown in fig. 2.5. The risks in focusing the electron beam on a singular spot was the electron damage to the sample itself. It was therefore necessary to collect all TEM images first, and then proceed to do the EDS analysis. The electron beam would then be focused on multiple spots on the grid in an attempt to minimize sample beam damage. The EDS analysis in this work was used for qualitative analysis to confirm which elements were present, which we used to prove the attachment of gold seeds to LN (discussed further in chapter 3) and the presence of gold shells (discussed further in chapter 4).

The EDS analysis for this work was performed with the JEOL-2100HT microscope equipped with 

Dynamic Light Scattering (DLS)

The random motion of particles in a dispersing medium (gas or liquid) is called Brownian motion. b is a constant dependent on the instrument and optic settings, D t is the translational diffusion coefficient and q is the scattering vector. 195

G(τ ) = 1 + b.e -2Dtq(τ ) (2.3)
Once D t is known, using the Stokes-Einstein equation (equation 2.4), the hydrodynamic radius (R H ), can be calculated.

D t = k B T 6πηR H (2.4)
where k B is the Boltzman constant (1.38 × 10 -23 JK -1 ), T is temperature, and η is the absolute visocosity.

The results of a DLS measurement are based on the intensity correlation, an example of which is shown in fig 2 .6. The terms used to describe the results of a DLS measurement is explained below. The Z-avg, also known as the cumulants mean is the primary result and considered as the most reliable obtained from the measurements. According to the National Institute of Standards and Technology (NIST), at minimum the average Z-avg and average PDI of at least three measurements, with their standard deviations, should be reported. [START_REF] Vincent | Measuring the Size of Nanoparticles in Aqueous Media Using Batch-Mode Dynamic Light Scattering[END_REF] The Z-avg is the harmonic In this work, the Malvern nanoseries zetasizer ZS was used to obtain the hydrodynamic radii of the various nanoparticle dispersions. The nanoparticles were dispersed in water and concentrations were kept between 0.03 and 0.06 mg/mL for LN and hybrid LN nanoparticles, and 0.035 mg/mL for the pure AuSeeds dispersions. All measurements were done at 173°back-scattering angle with DTS1070 disposable folded capillary cells. The Z-avg values reported were the average of triplicate measurements.

Laser Doppler Velocimetry & Electrophoresis

Particles dispersed in liquid media develop a net charge at their surface due to either the presence of ionizable compounds and/or the adsorption of charged species from the liquid onto the particles' surface or the self-dissociation of surface molecules. This surface charge impacts the distribution of the particles in the media, and results in a high concentration of tightly bound, oppositely charged species in a sphere around the particles, forming an electrical double layer. There are two main liquid regions around the particle; the Stern layer, which is the region comprising of the tightly held oppositely charged species, and the Diffuse layer where the charged species are more loosely bound to the particle. The zeta potential is the electrical potential at the hypothetical plane within the diffuse layer, which separates the mobile liquid region from the liquid region that remains fixed to the particle, called the slipping plane. [START_REF] Tomaszewska | Detection Limits of DLS and UV-Vis Spectroscopy in Characterization of Polydisperse Nanoparticles Colloids[END_REF][START_REF] Bhattacharjee | DLS and zeta potential -What they are and what they are not?[END_REF] The electrical double layer is illustrated in fig. Laser Doppler Velocimetry (LDV) is a technique that is used to determine the velocity of moving particles in a fluid flow. To extract the zeta potential of the particle from this technique, it is combined with electrophoresis: applying an electric field which causes the migration of charged particles towards the oppositely charged electrode. By performing LDV during the electrophoresis, one can determine the electrophoretic mobility of the particles from equation 2. 5.

µ e = V E (2.5)
where V is velocity (µm s -1 ) and E is electric field strength (V cm -1 ). Once the µ e is known, the ζ can be determined from the equation 2.6

µ e = 2 r 0 ζ 3η (2.6)
where r is the relative permittivity/dielectric constant, 0 is permittivity of vacuum, η is viscosity at experimental temperature and ζ is the zeta potential.

In this work, the Malvern nanoseries zetasizer ZS was used to obtain the zeta potential of the various nanoparticle dispersions. The dispersing media was water and the sample temperature was set at 25°C. The sample concentrations were kept between 0.03 and 0.06 mg/mL for LN and hybrid LN nanoparticles, and 0.035 mg/mL for the pure AuSeeds dispersions. The data were fitted by the Smoluchowski model. All measurements were done with DTS1070 disposable folded capillary cells fitted with gold electrodes for applying an electric field. The zeta potential values reported were the average of triplicate measurements.

UV-visible Absorption Spectroscopy

UV-visible absorption spectroscopy is an optical characterization technique used in chemistry, physics and biology, based on the absorption of UV-visible light of molecules. As the molecular orbitals of a compound are of discrete energies, only a specific wavelength of light will permit the temporary electronic transition of an electron from its current orbital to the next available orbital.

When a photon of given energy, that corresponds to the energy difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) interacts with the compound, an absorption phenomenon occurs, temporarily promoting the electron(s) of the HOMO to the LUMO. Compounds whose HOMO to LUMO energy difference is within the UV-visible region of the electromagnetic spectrum, can be examined with UV-visible spectroscopy.

Spectroscopists use UV-visible absorption spectra to elucidate the structure of a compound, the kinetics of a reaction, the concentration of a compound in a solution, the impact on changing surrounding environment of a compound (examining shifts in known peaks) and other information.

The absorbance values of a compound in solution (or a gas) at any wavelength of light is the logarithm of the monochromatic intensity of light entering the compound (I 0 ) as a ratio of the intensity of light transmitted through the compound (I) (eq. 2.7).

A = log I 0 I = log 1 T = -logT (2.7)
where A is absorbance and T is transmission.

The relationship between the absorbance of a compound to its concentration is described by the Beer-Lambert law, given in eq. 2.8, where A = absorbance, = extinction coefficient for the wavelength of light, l = the path length of the light through the sample and c = concentration.

A = × l × c (2.8)
While the classical use of UV-visible spectroscopy probes the electronic transitions of compounds, it has been used to characterize the plasmon resonances of gold (and other) nanoparticles. As explained in section 1.5.1, if the incident light contacting the plasmonic nanoparticles is at the plasmon frequency of the nanoparticles, this light will be absorbed. Nanoparticles are also light scattering objects, and as such the attenuation of light observed is due to both absorption and scattering events. The propensity of a nanoparticle to absorb or scatter a specific wavelength of light is given by its absorbance and scattering cross-sections. These cross-sections can be deduced mathematically for spherical geometries but become more complex for anisotropic nanoparticle shapes. As such, when the absorbance and scattering cross-sections are unknown, the raw data obtained from performing the UV-visible spectroscopy, is no longer called absorbance, but extinction. The growth of gold nanoshells can be followed by UV-visible spectroscopy as its optical properties (wavelength at which the plasmon resonance occurs), vary with respect to the completeness of the gold shell and then when a complete shell is obtained, it varies with respect to the ratio of the thickness of the shell to the radius of the core particle.

The UV-visible absorption spectroscopy for this work was performed with a SAFAS-UV mc2, double beam spectrometer. The spectra acquisition was done by scanning the wavelengths from 400 to 1000 nm, using a bandwidth of 2 nm and a wavelength step of 1 nm. The samples were placed in a quartz cell with 1.0 cm path length.

Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

Inductive coupled plasma atomic emission spectroscopy (ICP-AES), also known as inductive coupled plasma optical emission spectroscopy (ICP-OES), is an elemental quantification technique. The sample is firstly digested in an acidic medium. A plasma is produced through the inductive coupling method, and the digested sample is introduced into the plasma. The atoms immediately collide with the charged particles of the plasma leading to a process of electron loss and recombination which produces radiation of wavelengths characteristic of the elements present. The intensity of this radiation is compared to that produced from known concentrations of the element and therefore the exact concentrations of the element in the sample is determined. ICP-AES is suited for the analysis of almost 70 elements, and can determine concentration values in the range of µg/L. ICP-AES is not suited for the halogens as there is no wavelength of analysis that can bring sufficient sensitivity. Due to the mineralization of sulphur, its analysis tends to be complex and so ICP-AES is not generally used for its concentration determination. As our samples consist mainly of Li, Nb, O, Au, ICP-AES was able to give the quantification of these elements present in our samples easily.

ICP-AES analysis was performed by CREALINS laboratory Lyon, who is equipped with an ICP-AES ICAP 6300 and an ICP-AES ICAP 6500 analyser by Thermofisher Scientific. The samples were digested in a solution comprised of 4% H 2 SO 4 , 4% HNO 3 and 4% HCl. The HCl was used for our samples containing gold.

Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a surface-sensitive analytical technique which provides detailed elemental and molecular information on the topmost layer of a solid surface (1-3 nm). In this technique, the solid is bombarded by a pulsed primary ion beam, with a few keV in energy. Upon collision, the ion penetrates into the solid, all the while losing its kinetic energy. The penetrating ion collides with the nuclei of the atoms of the solid, which in turn causes collision cascades that imparts energy and momentum sufficient enough for the surface atoms to escape as molecular ions and their fragments, referred to as secondary ions. These secondary ions are what are detected. The different secondary ions produced are distinguished by their mass-tocharge ratio, but in order to do this, the ions are accelerated by a fixed voltage so that their kinetic energy is also fixed. Their velocity will then be solely dependent on their masses, lighter mass ions will arrive at the detector first, and the heavier mass ions later, resulting in a mass spectrum. [START_REF] Bertrand | Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)[END_REF] As it is necessary for the ions produced to be detected without interference by other bombarding molecules, the analysis is done under ultra high vacuum. In this work, the TOF-SIMS was performed at the JRC Nanobiotechnology laboratory, Italy, using a TOFSIMS IV from IONTOF GmbH (Munster, Germany), equipped with a bismuth nanoprobe (Bi 3 ++ ) 25 keV ion beam as primary ion gun in high-current bunched mode. The sample was deposited on a silica substrate. The raster area was set to 200 x 200 µm in random mode to minimise sample charging. The primary ion dose was kept under the static limit (10 

Discussion of analytical techniques for nanohybrid characterization

The techniques described in the previous sections allow one to characterize the properties of nanoparticles. A summary of the extractable characteristics of nanoparticle dispersions from each technique is given in table 2.1. In the following sections, we will discuss and compare the data obtained from the techniques specific to the nanoparticles studied in this work.

Characteristic of the nanoparticles Technique

Size Elemental Composition

Concentration Colloidal Stability Surface Properties DLS X X X EDS X X X X ICP-AES X X X LDV/Electrophoresis X X X TEM X X X TOF-SIMS X X X UV-Vis X X X XPS X X X Table 2.1:
The extractable characterization data from the various analytical techniques, specific to the nanoparticle dispersions of this thesis work.

Comparison of techniques used to determine nanoparticle size

The nanoparticles used in this work are lithium niobate nanoparticles (LN), nanohybrids that are gold decorated LN (LN@BPEI@AuSeeds), and core-shell gold coated LN nanohybrids (LN@Au).

To characterize the nanoparticles' sizes, TEM and DLS method were frequently used. It should be stated that for LN, the nanoparticle size was also determined by X-ray diffraction (XRD) analysis, however as this was only performed on LN and not all the nanoparticle categories listed above, the XRD analysis will be discussed specifically in chapter 3, section 3.2.1, page 90.

TEM provides us with images of the nanoparticles, and as such, the size determination represents the size using the grain boundaries of the nanoparticles. We can consider it as the real particle size, although, as discussed in the section 2.1.1, we must be careful in identifying the boundaries of each particle, particularly in cases where there is nanoparticle stacking. This was the major challenge with the TEM imaging of the nanoparticles in this work, as there were many regions of interest in the images where the stacking of nanoparticles made it difficult to perform accurate size analysis. To combat this, a two-fold complementary approach was employed. Firstly, a hydrophilic TEM grid surface was prepared by exposing it to a UV/ozone treatment for 30 minutes at 25°C.

This promoted an even wetting of the grid by the nanoparticle dispersions. The difference was noticeable by the eye. On the non-treated grid, a droplet of the nanoparticle dispersion would not wet the surface, whereas on the treated grid, the droplet would immediately spread. A comparison was also made between a slower and faster drying process by allowing the sample to dry at room temperature, or directly placing the grid with the sample in the oven at 50°C. There was no marked difference between the images obtained from the two drying methods. As such, it was decided to allow the grid to dry at room temperature until the liquid was no longer visible by the eye, all the while covered by a clean glass lid to protect from dust contamination, and then to complete the drying in an oven for 10 minutes at 50°C.

The second approach was to increase the number of images taken to have the highest count of nanoparticles possible for the analysis. Typically, 15-20 images per sample were taken. This however meant longer exposure time of the sample to the electron beam and also long sessions with the microscope for image acquisition. TEM suffers from statistically low sample sizing and depending on the magnification at which the imaging was performed, the number of nanoparticles that could be visualized in a single image was at most a few tens of particles. This therefore required many images to be taken to have a large enough sample size for determining the geometric mean diameter. The magnification used for the TEM images of this work varied between 10 kX and 80 kX.

The LN NPs used in this work was determined to be of a quasi-spherical geometry (further discussed in chapter 3, section 3.2.1, page 90), and as such had two diameters (an example is shown in fig.

2.9). For simplification of the calculations however, the particles were considered to be of spherical geometry. As such, the mean diameter determined from TEM was the geometric mean of the longer diameter of the particles. It was acknowledged that as there was no control over the orientation at which the particles were deposited on the grid, we cannot say whether the longer diameter always corresponded to the same crystallographic direction. The number of particles counted for the mean diameter determination was 100 particles. As it was stated, the equations used to calculate the particle size assumes perfect spherical geometry of the nanoparticles. Though the LN in this work was determined to be of a quasi-spherical geometry, we made no adjustments to the calculation to reflect this, working with the assumption that the deviation in size due to the particle shape was negligible (the degree of sphericity was determined to be 0.8, detailed in chapter 3, section 3.2.1). We acknowledge that there should be some modifications to account for the true geometry of the particles. However, as the sizing data received from the DLS analysis was used to qualitatively identify particle growth from one step of the synthesis to the next and as an indication of aggregation in the nanoparticle dispersions, the absolute number value of the diameter was of lesser importance, and we were more interested in the difference in the number value moving from one step in the synthesis to the other.

Comparison of techniques used to determine surface properties of nanoparticles

The chemical and physical properties of the surface was important to characterize for the nanoparticles in this work. As was shown in table 2.1, there were 5 techniques used to obtain data on the surface of these nanoparticles. We will first discuss the techniques that provided information on the physical nature of the nanoparticles.

As we moved from LN to LN@BPEI@AuSeeds to LN@Au nanoparticles, due to the plasmonic properties of nanoscale gold, it was expected that the optical properties of the nanoparticles in the UV-visible region would evolve. Indeed, monitoring the UV-visible spectra of these different nanoparticle categories, allowed us to infer whether the LN nanoparticles were coated in gold. When the amount of gold on the LN surface increased, this was also reflected by the UV-visible spectra.

In fig. 2.10, an example of the UV-visible spectra for different nanoparticle dispersions is given.

TEM imaging provided the complementary physical characterization of the morphology of the nanoparticles. An example of this is shown in fig. 2.11 where LN@Au nanoparticles where the Au coating can be described as a raspberry shell, a smooth shell and a mix between the raspberry and smooth. In chapter 4 we will go into more details about what can be infered about the nanoparticle structure from the the UV-Visible spectrum shape.

The surface chemical properties of the nanoparticles is firstly qualitatively assessed by the zeta potential analysis. The positive or negative value of the zeta potential was used as an indicator of the surface charge. For example, the bare LN, which is an oxide nanoparticle, had a negative zeta potential when dispersed in water. When the nanoparticles were coated with a cationic polymer, branched polyethylenimine (BPEI), the zeta potential reflected this by becoming positively charged. This however was not able to tell us which chemical species on the surface were responsible for the positive or negative zeta potential values. To obtain this information, XPS and TOF-SIMS analysis was used. Indeed, the XPS and TOF-SIMS analysis provide similar information on the surface nature of the nanoparticles and were used in a corroborative manner in this work. XPS also allowed for semi-quantitative determination of the amount of given species on the surface of the nanoparticles, and was used to determine the amount of polymer molecules coated onto each nanoparticle (detailed in chapter 3). The combined results of these analytical techniques provided a full comprehension of the surface properties of these nanoparticles, useful for predicting their future applications. 

Comparison of techniques used to determine LN and nanohybrid concentrations

Upon the synthesis of the LN nanoparticles, the powder is weighed and then dispersed in water. In this manner, we obtain the mass concentration of the nanoparticle dispersion. UV-visible analysis was then used at this point to have a concentration calibration curve for LN, by performing a series of dilutions and recording the spectra which are shown in fig. 2.12. Using the LN diameter as determined from XRD analysis, we could easily convert the mass concentration to a nanoparticle per mL concentration (calculation detailed in section 2.2.4). When the LN were transformed to hybrid nanoparticles containing gold, this changed the optical response and as such, the calibration curve was no longer used for determining the concentration of the nanoparticle dispersion. Additionally, we wanted to know the concentration of gold per nanoparticle in the LN@BPEI@AuSeeds dispersions, so to do this, we used two techniques, TEM imaging and ICP-AES analysis, which we will now discuss. The extinction value at 350 nm was used to plot the concentration calibration curve.

The first method was to use the TEM images of these LN@BPEI@AuSeeds nanoparticles and, using the ImageJ software, physically count the number of AuSeeds seen attached. There are a number of assumptions that were made. First assumption was that the face of the nanoparticles visualized in the TEM image is a complete hemisphere of the nanoparticles. Based on this assumption, if we count all the AuSeeds we see on a single nanoparticle and multiply it by two, we obtain the number of AuSeeds attached to the entire nanoparticle. This required the additional assumption that the distribution of AuSeeds on each hemisphere of the nanoparticle is equivalent. We again encountered the same statistical limitations previously discussed with respect to the use of TEM images to perform size analysis. Another challenge unique to the TEM imaging of the LN@BPEI@AuSeeds nanohybrids, is the blurring of the seeds at the boundaries of the nanoparticles. From the mean number of AuSeeds per LN, we could then determine the percentage of the LN surface covered by the AuSeeds. Using this method, we are more prone to underestimating the true mean of AuSeeds on the LN (which was observed in the results that will be discussed in chapter 3). However, the advantage of this technique was to have directly a number of AuSeeds per nanoparticle.

The second approach to determine the concentration of AuSeeds on the LN was by ICP-AES analysis. ICP-AES provided the absolute concentrations of each element (Au and Nb) in the sample in parts per million. We then converted the concentrations to mol/L and, using the stoichiometric ratio of the molecular formula of LiNbO 3 , we could calculate the mass of LiNbO 3 which is present in the sample. Then using the average diameter of LN as determined by XRD analysis, assuming spherical geometry, and with the density and molar mass of LiNbO 3 , we could calculate the concentration of LN nanoparticles in NPs/mL (calculations precised in section 2.2.4). In also having the same data for gold (the diameter of the AuSeeds, the density of Au and molar mass), we could also calculate the number of AuSeeds in the sample. Assuming a homogenous distribution of the AuSeeds to the LN, we could determine the number of AuSeeds per LN, and similarly as with the TEM approach, the percentage of the LN surface covered by the AuSeeds.

Calculations for the determination of particle concentrations and the percentages of LN surface covered by AuSeeds

Here we present the step-by-step calculations for converting from mass concentrations to concentration in NPs/mL as well as the calculations to determine the number of AuSeeds attached per LN using ICP-AES analysis and the calculation to determine the percentage of the LN surface covered by the AuSeeds. This provides the necessary context for the conclusions that will be drawn in the subsequent chapters 3 and 4 of this work.

In table 2.2 the density, molar mass, and diameters of the LiNbO 3 and AuSeeds nanoparticles are provided.

Assuming spherical geometry of the nanoparticles the following equations are applied:

V olume of a sphere = 4 3 πr 3 (2.9) Density (g cm 

Conclusion

The complete characterization of nanoparticles requires one to be able to use and interpret multiple Chapter 3

Gold Seed Attachment to LiNbO 3

Nanoparticles

The aim of this chapter is to present the work on gold seeds (AuSeeds) attachment to the LiNbO 3 core nanoparticle. After the review of the literature, it was concluded that a seeded-growth method was the best suited synthesis route for core-shell gold nanohybrids as it relies on providing fixed nucleation sites for gold atoms to coalesce and grow on the surface of the core particles (discussed in section 1.7). In this chapter, we will detail the synthesis procedure for attaching small spherical gold nanoparticles (AuSeeds) onto the LiNbO 3 core, to serve as the template for gold shell growth which will be discussed in chapter 4. Two methods of AuSeeds attachment will be presented (the general scheme of both methods is depicted in fig. 3.1). Aside from the AuSeeds attachment, we will also discuss the attempts to control the density of gold seeds on the LiNbO 3 surface detailing the characterization of the nanoparticles at each step of the synthesis protocol as well as the non-linear optical properties, determined by Hyper Rayleigh Scattering spectroscopy.

Figure 3.1: Scheme of protocol for preparation of Au-decorated LiNbO 3 nanoparticles (LN@BPEI@AuSeeds).

Materials and methods of synthesis

The following materials were used for the synthesis procedures detailed below 

Synthesis of LiNbO 3 NPs

The LiNbO 3 NPs (LN) were synthesized by a solvothermal process at the SYMME laboratory in Annecy. Inside an autoclave equipped with a 23 mL Teflon cup, 2.25 mL lithium niobium ethoxide, 1.25 mL butane-1,4-diol and 25 µL distilled water were added. The mixture was then heated in an oven (Memmert) increasing the temperature by 5°C intervals every ten minutes until the temperature of 235°C was attained, and this temperature was maintained for three days. After cooling to room temperature, the precipitate was transferred to Nalgene centrifuge tubes. Three centrifugation rounds at 13500 rpm for three minutes were carried out to collect the powder which was washed with ethanol and ultrasonicated for ten minutes. The final LiNbO 3 NPs were dried at 75°C. The LiNbO 3 NPs were dispersed in deionized water to give a concentration of 1 mg/mL.

The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the resulting nanoparticles. The zeta potential and hydrodynamic diameter were determined using a zetasizer by Malvern Instruments, protocol detailed in sections 2.1.4 and 2.1.5.

BPEI adsorption on LiNbO 3 NPs (LN@BPEI)

BPEI polymer was used to coat the LiNbO 3 NPs. Firstly, approximately 5 mg of BPEI was weighed into a glass reactor vessel and dissolved in 5 mL of deionized water while heating at 90°C. The temperature was maintained at 90°C with continuous stirring and 0.5 mL of the 1 mg/mL LiNbO 3 NPs dispersion was added to the reactor and left for 4 hours. The mixture was allowed to cool to room temperature and then the resulting BPEI coated LiNbO 3 NPs (LN@BPEI) were separated from any BPEI excess by performing six, 10 minutes centrifugation washing steps at 10°C and 9103g.

The NPs were re-dispersed in deionized water to give a final concentration of ∼0.35 mg/mL, and the zeta potential value and hydrodynamic diameter were determined using a zetasizer by Malvern Instruments, protocol detailed in sections 2.1.4 and 2.1.5.

3.1.3 Preparation of Au-decorated LN nanoparticles (LN@BPEI@AuSeeds)

3.1.3.1 Direct reduction of HAuCl 4 onto LN@BPEI Two methods for preparing LN@BPEI@AuSeeds were attempted. The first method is an in-situ preparation of AuNPs in the presence of LN@BPEI and the subsequent attachment of the AuNPs to the LN@BPEI surface. The protocol is as follows. A 20 mL solution of 30 mM HAuCl 4 was prepared and kept in a falcon tube and out of direct light. A 5 mL solution of 0.17 M Na 3 Cit was also separately prepared. Then 1 mL of the 0.35 mg/mL LN@BPEI NPs was added to 19.7 mL of the HAuCl 4 solution. The mixture was placed in an ice-bath and the temperature was controlled at 4°C. While stirring and still in the ice bath, 0.12 mL of the Na 3 Cit solution was added, followed by 1.18 mL of a freshly prepared NaBH 4 and the reagents were allowed to react for 6 minutes. Finally, the mixture was subjected to centrifugation for 10 minutes at 20°C and 9103g. The supernatant was removed and the Au-decorated LN nanoparticles, LN@BPEI@AuSeeds, formed were re-dispersed in 1 mL of water. The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the resulting NPs, and the zeta potential value and hydrodynamic diameter were determined using a zetasizer by Malvern Instruments, protocol detailed in sections 2.1.4 and 2.1.5.

Attachment of preformed AuSeeds onto LN@BPEI

The second method for preparing LN@BPEI@AuSeeds was a two-step process. Firstly, gold seeds (AuSeeds) were synthesized using the protocol reported by Duff et al . [START_REF] Daniel | A new hydrosol of gold clusters. 1. Formation and particle size variation[END_REF] In brief, 540 µL of 0. To attach the AuSeeds to LN@BPEI, we tested the following theoretical ratios of AuSeeds to LN nanoparticles, 100:1, 300:1, 700:1, 1000:1, 2000:1 and 3000:1. To do so, a series of dilutions of the AuSeeds dispersion with water was completed (given in table 3.1), with a final volume of 10.588 mL in each case, and placed in a 50 mL falcon tube. Then, while under stirring, 1 mL of LN@BPEI (∼0.35 mg/mL or 1.58 × 10 12 NPs/mL) NPs were added to the AuSeeds dispersions and allowed to mix for 30 minutes. The nanoparticle dispersion was then kept for 24 hours at 4°C, after which, two 10 minutes rounds of centrifugation at 10°C and 9103 g were done to remove the unattached AuSeeds. The resulting nanoparticles, LN@BPEI@AuSeeds, were redispersed in 1 mL of deionized water to obtain again a final concentration of ∼0.35 mg/mL. The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the resulting LN@BPEI@AuSeeds NPs. The zeta potential value and hydrodynamic diameter were determined using a zetasizer by 

Fluorescence spectroscopy for BPEI concentration determination

Standard BPEI solutions of concentration 0.1, 0.5, 0.25, 0.1 and 0.05 mg/mL were prepared in water. For each BPEI solution separately, 100 µL of the BPEI solution was added to 2.9 mL of 0.05 M sodium borate buffer solution at pH 9. 1 mL of 0.3 mg/mL fluorescamine in acetone solution was added to the buffered BPEI solution and the mixture was allowed to react for 12 hours in the dark. Finally, fluorescence measurements of the solutions were realized using a FLS920 Edinburgh Photonics spectrofluorometer. The fluorescence intensities at the emission maximum of 472 nm (excitation at 388 nm) were extracted from the data and used to plot a concentration calibration curve for BPEI. Then 100 µL of the supernatant after each of the 6 washing steps of the BPEI polymer adsorption procedure (detailed in section 3.1.2) was added to 2.9 mL of 0.05 M sodium borate buffer solution at pH 9. Finally, 1 mL of 0.3 mg/mL fluorescamine in acetone solution was added and the mixture was allowed to react for 12 hours in the dark and fluorescence measurements were performed to determine the concentration of BPEI using the calibration curve.

Hyper Rayleigh Scattering measurements of nanoparticle dispersions

The SHG properties of LiNbO 3 NPs as well as LN@BPEI@AuSeed NPs were evaluated at laboratory Institute Lumiere Matiere (ILM), Lyon, using a Hyper Rayleigh scattering (HRS) experimental setup as shown in fig. 

Results & Discussions

Synthesis and characterization of LiNbO 3 nanoparticles

The LN used in this work were defined by five characteristics: their crystalline phase, average diameter, size distribution, morphology and extent of aggregation. The synthesis as well as the X-ray diffraction (XRD) characterization were completed by the research group in the SYMME laboratory, Annecy France. In the thesis manuscript of Mathias Urbain, 2020, it was shown that in the synthesis of LN, varying the ratios of the precursor, lithium niobium ethoxide, to the cosolvent, butane-1,4-diol, as well as changing the co-solvent, resulted in marked variations in the five aforementioned properties of the final nanoparticles. Under the given synthesis conditions reported in this work (section 3.1.1), the LN formed were of monocrystalline trigonal structure, determined by their XRD analysis (fig. 3.3). We recall that the width of the XRD peaks of a crystalline material is characteristic of its crystalline size. As these are monocrystalline particles, the average LN diameter was calculated by the Scherrer formula (eq. 3.1) which uses the full width at half maximum (FWHM) of the associated XRD peaks.

t hkl = K × λ l × cos θ (3.1)
where t is the mean size of the ordered crystal domain, h,k,l are the Miller indices that define each family of crystal planes, K is a dimensionless constant called the Scherrer constant, and is equal to 0.9, λ is the wavelength of the incident X-rays, l is the FWHM of the diffraction peak, and θ is the Bragg angle also known as the half-angle of diffraction. LN NP diameter of 45 nm was determined using the value of Scherrer diameter along [110] crystallographic direction, which corresponds to the direction along which the maximum Scherrer diameter value is obtained. Along with the XRD analysis, TEM analysis was also used to determine the average diameter of the particles. Using a sample size of 300 nanoparticles, the ImageJ software was used and the average diameter of LN was determined to be 34 ± 12 nm. It was noted from the TEM images in fig. 3.4, the presence of larger and smaller LN nanoparticles. The TEM images allowed us to define the morphology of the nanoparticles. In all the nanoparticles sampled by TEM, we observed a major and minor diameter, which was measured using the ImageJ software. By measuring these two diameters, we were able to determine the degree of sphericity, r, by calculating the ratio between the major and minor diameters minor diameter/major diameter for each particle. The average r value for LN is 0.8, and as such we have described these particles as having a pseudo-spherical morphology. As the nanoparticles are deposited in random orientations on the TEM grid, and the nanoparticles are pseudo-spherical, when measuring the diameters from the TEM images, we do not control along which crystallographic direction the measurement is taken. However, using the XRD data, we chose to use the diameter corresponding to the [110] direction, which gave the largest diameters. As such, the diameter reported by XRD is larger than that obtained from TEM analysis.

Additionally, the TEM size determination is limited by the relatively small sample size where as the XRD determination takes into account all of the particles used for the analysis. It was therefore decided that throughout this work, the LN diameter determined by XRD analysis would be used.

The hydrodynamic diameter of LN nanoparticles, as determined by the Malvern Zetasizer (ZS) was 135 ± 15.7 nm. This reported value is the average of the three measurements consisting of 30 runs.

The hydrodynamic diameter is significantly greater than both the average diameters determined by XRD and TEM analysis as it considers the entire solvation sphere consisting of the ions in the Stern layer and diffuse layer around the nanoparticles as opposed to XRD and TEM that only consider the boundaries of the crystal nanoparticles. The hydrodynamic diameter however is important as it has been used in a qualitative manner to indicate the aggregation dynamics of the nanoparti- The effectiveness of each method to reverse the negative surface charge of the LN nanoparticles was determined by zeta potential measurements, and it was concluded from this work that the BPEI was best adapted to reversing the surface charge of the LN nanoparticles. In addition to this, PEI and its variants are already widely used in biology. The high cationic charge make them suitable for complexation with nucleic acids, 202 its pH buffering nature supports gene and drug delivery [START_REF] Nishikawa | Glycosylated Cationic Liposomes for Carbohydrate Receptor-Mediated Gene Transfer[END_REF] and the high reactivity of the amino groups ensures a wide range of possible chemical modifications. 204 There have been many studies on the toxicity of PEI coated nanoparticles, which have determined that PEI is a non-toxic polymer. More specifically, the study by Xia et. al [START_REF] Xia | Polyethyleneimine Coating Enhances the Cellular Uptake of Mesoporous Silica Nanoparticles and Allows Safe Delivery of siRNA and DNA Constructs[END_REF] used MTS assay to determine the in-vitro cytotoxicity of PEI coated silica nanoparticles and what they found was a low PEI molecular weight (<8 kDa) rendered the silica nanoparticles completely non-toxic at all PEI concentrations tested, but when the molecular weight was increased to 10 and 25 kDa, there were cytotoxic effects exhibited at polymer concentrations of 50 µg/mL. When they performed in-vivo toxicity analysis, all PEI molecular weights showed no signs of toxicity and as such we consider the BPEI polymer to be a safe polymer to coat our LN nanoparticles.

In addition to its already established biological uses, BPEI has been used to successfully coat metal oxide nanoparticles. [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF][START_REF] Lu | Facile synthesis and characterization of polyethylenimine-coated Fe3O4 superparamagnetic nanoparticles for cancer cell separation[END_REF] Additionally, it has been shown to facilitate the attaching of small, negatively charged, spherical gold nanoparticles to larger metal oxide nanoparticles (due to the presence of amino groups), and depending on the molecular weight (MW) of BPEI with respect to the size of the core particle, it can improve the colloidal stability of these coated NPs. In a study on the effect of the MW of BPEI polymer on the colloidal stability of 50 nm diameter, spherical, magnetite nanoparticles, it was shown that among BPEI of MW 25, 600 and 800 kDa, the 25 kDa BPEI allowed for the best colloidal dispersion, and prevention of particle aggregation. [START_REF] Goon | Fabrication and Dispersion of Gold-Shell-Protected Magnetite Nanoparticles: Systematic Control Using Polyethyleneimine[END_REF] As the core LN particles in this work is 45 nm in diameter, it was decided to also use the 25 kDa BPEI polymer to coat the particles.

Working with the hypothesis that the AuSeeds loading capacity of LN@BPEI would be primarily dependent on the number of protonated NH 2 groups present on the surface, which can be altered by changing pH of the solution, it was important to consider under which conditions the AuSeed attachment would be performed. The degree of protonation of the NH 2 moieties of BPEI polymer (2.5 kDa) is approximately 44% at neutral pH (pH 7.5) [START_REF] Curtis | Unusual Salt and pH Induced Changes in Polyethylenimine Solutions[END_REF] and increases as the pH decreases. As the protonation of subsequent amine groups in the polymer chain is affected by the already protonated amine moieties, we can assume that this degree of protonation remains approximately the same for 25 kDa polymer. Balancing this with the desired further biological applications imagined for these 94 particles, the BPEI attachment was carried out in neutral pH conditions. The LN@BPEI NPs had an average zeta potential of +36.05 ± 2.9 mV. The average hydrodynamic diameter by intensity of LN@BPEI is 159.6 ± 34.1 nm. It was important to have no free BPEI in the nanoparticle dispersion so as to ensure all AuSeeds would be attached to LN and not form BPEI-AuSeed composite particles. To determine the num- ). When the BPEI calibration measurements were performed, to obtain this standard concentration curve, a deviation from the linear relationship between BPEI concentration and fluorescence emission was observed for BPEI concentrations of 1 mg/mL and higher, seen in fig. 3.7, most likely due to self quenching between the fluorescamine-BPEI groups and as such this method would be inappropriate for quantifying BPEI concentrations greater than 1 mg/mL.

The fluorescence spectrum of the supernatant of each washing step after BPEI coating of LN showed a large decrease in fluorescence intensity immediately after the first wash, and by the third wash, a total suppression of the 472 nm band was observed (fig. 3.8). The supernatant from the first washing had the highest quantity of fluorescamine-BPEI and the concentration determined from its emission spectrum was 0.69 mg/mL, well below the upper limit of quantification. While this method of analysis is sensitive, as the concentration of fluorescamine-BPEI decreases, the emission spectra become noisy. By the third washing, the concentration of fluorescamine-BPEI in the su-pernatant was found to be 0.03 mg/mL, and this value remained constant for all the subsequent washing. We must then consider that there is a lower limit of detection for the fluorescamine-BPEI concentration. However, what was evident from this analysis was that there is a significant amount of unbound BPEI present in the supernatant of the first washing step. We do not neglect to consider the possibility of LN@BPEI nanoparticles being present in the supernatant to then form LN@BPEIfluorescamine nanoparticles, but we attempt to minimize this risk by our centrifugation protocol that causes the nanoparticles to form a pellet at the bottom of the centrifugation tube which is then redispersed by vigorous shaking and sonication. Using this fluorescence based analysis, the concentration and then mass of BPEI present in the supernatants was determined and consequently the mass of BPEI that remained was assumed to be coating the nanoparticles. From this method, we determined that approximately 1000-1600 BPEI polymer chains were attached to a single LN nanoparticle.

XPS analysis also provided a quantification of BPEI molecules on the surface of LN. The XPS spectra allowed for the determination of atomic percentages of each element present relative to all the elements identified. Furthermore, it is a surface specific technique that allows analysis of a depth of approximately 10 nm depending on the angle. Extracting the data from the spectra shown in fig. 3.9, the atomic ratio of Nb to N was obtained 5.26:3.09. Taking the XPS maximum analysis path to be 10 nm, and assuming spherical LN geometry with a diameter 45 nm, the surface area of a single NP is 6362 nm 2 , and the volume of each LiNbO 3 NP analyzed by XPS was determined to be 6.36 × 10 -4 nm 3 using eq. 3.2.

volume of LN analyzed per particle = XP S analysis depth × surf ace area of LN (3.2) Figure 3.9: XPS spectra of the LN@BPEI NPs.

Then using the density of LiNbO 3 (4.65 g/cm 3 ), the mass of LiNbO 3 per particle that was analyzed by XPS was calculated to be 2.96 × 10 -16 g. The mass ratio of Li, Nb and O as percentages in LiNbO 3 compound is 5%, 63% and 32% respectively, and so using the mass of LiNbO 3 , the mass of Nb atoms per LN particle seen by the XPS experiment was calculated to be 1.85 × 10 -16 g or 1,204,922 atoms.

The molecular structure of BPEI is shown in fig. 3.6. The molecular weight of a polymer is the summation of all the molar masses of the atoms present in one polymer chain. Therefore, starting from the MW of the BPEI, 25,000 g/mol, the number of monomer units that comprises of a single chain was calculated as shown in eq. 3. Finally, the results from both methods of analysis, the fluorescamine based titration and XPS, are in good agreement, further validating the fluorescence determination which is a simpler, less expensive method of quantification.

Attaching AuSeeds to BPEI polymer modified LiNbO 3 NPs

The first method to prepare LN@BPEI@AuSeeds nanoparticles was adapted from the work of Wang et. al . [START_REF] Wang | Citrate-Regulated Surface Morphology of SiO 2 @Au Particles To Control the Surface Plasmonic Properties[END_REF] The protocol, detailed in section 3.1.3.1, page 88, uses NaBH 4 as the gold ions' reducing agent as opposed to NH 2 OH.HCl. They reported a rapid reduction of the HAuCl 4 , with the AuNPs formed being approximately 4 nm in diameter and uniformly distributed on the surface of the aminated SiO 2 NPs as seen in the TEM image in fig. 3.10(a). When applied to the BPEI coated LiNbO 3 , while there were indeed gold spheres attached to the LN@BPEI surface, it resulted in an unhomogenous decoration of AuNPs much larger than 4 nm in diameter (AuNPs ca. 18 nm in diameter) on the LN@BPEI surface as seen in fig. 3.10(b). In addition to this, the zeta potential measured for this sample was -15.5 ±0.6 mV, indicating that there may not be sufficient electrostatic repulsion to keep the particles dispersed in water. The hydrodynamic diameter determined from DLS measurements by Malvern Zetasizer was 159.6 ± 5.8 nm with a PDI value of 0.37. This value indicated to us a high degree of size inhomogeneity. As such, it was concluded that this in-situ gold-seeding method was not suited to the LN@BPEI nanoparticles. The second method (protocol in section 3.1.3.2, page 88) required a separate synthesis of AuSeeds and then adding them to the LN@BPEI NP dispersions to achieve the attachment. We will first discuss the AuSeeds synthesis. The method for the synthesis of the AuSeeds had been established since 1993 by Duff et. al [START_REF] Daniel | A new hydrosol of gold clusters. 1. Formation and particle size variation[END_REF] to produce homogenous, spherical nanoparticles, 2-3 nm in diameter.

In this method, the reaction to produce the gold seeds is done at a pH of 11.1. It is accepted that the presence of the OH -ions is necessary for the neutralization reaction of the THPC to give THP, tris(hydroymethyl) phosphine and formaldehyde. The HAuCl 4 , already dissolved in water hydrolyzes to give different AuCl x OH 4-x species. [START_REF] Wang | Influence of Speciation of Aqueous HAuCl 4 on the Synthesis, Structure, and Property of Au Colloids[END_REF] The basic pH of the solvent causes the Au(OH) 4 -to be the predominant gold ion species (fig. 3.12). When the Au salt solution is added to the mixture of THP and formaldehyde, the THP is able to partially reduce the Au(III) to form THP-Au(I) complexes, and the formaldehyde, a known reducer, reduces these Au(I) species to form Au(0) nanoparticles. The possible reactions are shown in figure 3.11 below. [START_REF] García-Soto | Synthesis of silica-core gold nanoshells and some modifications/variations[END_REF] Due to the complexation that occurred between the THP and the gold, the phosphine groups are incorporated onto the gold nanoparticles, which we would expect to result in positively charged particles. However, our zeta potential measurements show a negative charge of -25.3 ± 8.0 mV, which is in agreement with the negative zeta potential values reported by Park et al. [START_REF] Park | Relative Contributions of Experimental Parameters to NIR-Absorption Spectra of Gold Nanoshells[END_REF] This negative charge is therefore thought to be due to the continued presence of AuCl 4 -ions, a hypothesis well supported by the literature. [START_REF] Pei | Formation process of two-dimensional networked gold nanowires by citrate reduction of AuCl4-and the shape stabilization[END_REF][START_REF] Li | Site-Selective Assemblies of Gold Nanoparticles on an AFM Tip-Defined Silicon Template[END_REF] Spherical gold nanoparticles with diameter of 2.5 nm do not have a characteristic UV-visible absorption band, and the typical spectrum for these particles was obtained (fig. 3.13 c). Using the TEM images of the AuSeeds (fig. 3.13), and the ImageJ software, the geometric mean diameter of the spherical AuSeeds synthesized in this work was determined to be 2.5 ±0.5nm.With the mean diameter, and the spherical geometry, the volume of each seed was calculated to be 8.2 nm 3 . The mass of Au in one AuSeed was also calculated using the density of Au (19.3 g/cm 3 ) to give a mass of 1.58 × 10 -19 g. Assuming all the Au 3+ from the HAuCl 4 , in the seed synthesis is reduced to Au 0 and consumed to form the AuSeeds, the total mass of Au 0 present was calculated to be 1.78 × 10 -3 g. From this, the theoretically expected concentration of AuSeeds was determined to be 0.037 mg/mL or 2.32 × 10 14 NPs/mL, which is in agreement with the order of magnitude of particles reported in the literature for this synthesis. In the review article by García-Soto et. al , [START_REF] García-Soto | Synthesis of silica-core gold nanoshells and some modifications/variations[END_REF] the concentration in particles is reported to be between 10 14 and 10 15 particles per mililitre.

ICP-AES analysis determined the concentration of Au 0 present in the AuSeeds nanoparticle dispersion to be 0.028 mg/mL. By using the method outlined in section 2.2, using the diameter determined by TEM, the ICP-AES mass concentration was converted to concentration in NPs/mL which is 1.77 × 10 14 NPs/mL. The order of magnitude for the concentration of the AuSeeds dispersion determined by the both methods are of the same magnitude, with the theoretical value obtained differing from the experimentally obtained value by ∼20%. ICP-AES analysis provides accurate, experimental atomic quantification. The difference between the theoretical and experimental values, can be inferred as proof that not all the Au 3+ ions in the reaction are reduced to Au 0 . The theoretical calculation therefore provides an acceptable estimation of the true concentration of the AuSeeds.

The attachment of AuSeeds to the LN@BPEI NPs was then achieved by way of electrostatic and coordination interactions between the positive surface charge of the LN@BPEI (+36.05 ± 2.9 mV) and the negative surface charge of the AuSeeds (-25.3 ± 8.0 mV). The controlled attachment of the AuSeeds to the LN is facilitated by the primary amine groups of the BPEI, in addition to the electrostatic interactions between the protonated amines and the negative AuSeeds surface. It also allows for complexation reactions between the gold ion complexes (found at the surface of the AuSeeds). [START_REF] Kumar | Investigation into the Interaction between Surface-Bound Alkylamines and Gold Nanoparticles[END_REF] Considering the fact that at neutral pH, BPEI is 44% charged, there are 213 NH 2 moieties per polymer chain, and XPS analysis gave an estimation of 1210 polymer chains per LN, theoretically a maximum of 257,620 NH 2 sites are available for AuSeed attachment on each LN.

There are however, additional considerations for the availability of these attachment sites such as the conformation of the BPEI molecule on the LN surface, steric hindrances, and the electrostatic repulsion between two negatively charged gold seeds that will determine the minimum inter-particle distance allowed on the LN surface.

We aimed to determine the maximum surface coverage achievable with the AuSeeds on the LN@BPEI surface. Working with the hypothesis that fixing the number of LN@BPEI nanoparticles, and varying the number of AuSeeds present in the dispersion, we could observe whether the number of AuSeeds that attach to the LN@BPEI surface will also vary. To test this hypothesis, the following AuSeeds to LN@BPEI nanoparticles dispersions were prepared-100:1, 300:1, 700:1, 1000:1, 2000:1 and 3000:1 (see table 3.1 in section 3.1.3.2). The samples corresponding to these ratios were labeled LN@BPEI@AuSeeds100, LN@BPEI@AuSeeds300, LN@BPEI@AuSeeds700, LN@BPEI@ AuSeeds1000, LN@BPEI@AuSeeds2000 and LN@BPEI@AuSeeds3000 respectively.

TEM analysis showed a random distribution of the AuSeeds on the LN nanoparticle surface for all AuSeed concentrations, with only the AuSeeds densities changing (fig. 3.14). These results can be compared by those reported by De Silva Indrasekara et. al [START_REF] Agampodi | Tailoring the Core-Satellite Nanoassembly Architectures by Tuning Internanoparticle Electrostatic Interactions[END_REF] where they showed that the architecture of AuNPs attached to a core SiO 2 nanoparticle was controllable by pH when the AuNPs diameter was greater than 5 nm. In their work, when the condition for attaching separately synthesized citrate-capped AuNPs of 5, 10 and 15 nm in diameter, to amine terminated SiO 2 60 nm in diameter, was at neutral pH, they observed a random orientation of the AuNPs on the SiO 2 core. This random orientation was observed regardless of pH for the 5 nm AuNPs. As our AuNPs (AuSeeds in our work) are 2.5 nm in diameter, we believe that the random distribution we observed is coherent with their observations. TEM imaging and ICP-AES analysis techniques were both employed for the quantification of the number of AuSeeds attached to each LN@BPEI and consequently to determine the percentage of the LN@BPEI surface covered. For the quantification based on TEM imaging (fig. 3.14), the ImageJ software was used to count the number of AuSeeds per particle. The sample size for the statistical analysis was 50 LN, of which, the average number of AuSeeds per particle was calculated. The ICP-AES analysis however, determined the total concentration of the Nb and Au atoms in the samples, which allowed for the determination of the concentration of LN@BPEI NPs (in mg/mL and NPs/mL), and the concentration of AuSeeds (in mg/mL and NPs/mL). From the NPs/mL concentrations, it was then possible to calculate the number of LN@BPEI and AuSeeds particles present, and assuming that all the gold that was detected by the ICP-AES was from AuSeeds attached to the LN@BPEI, the average number of AuSeeds per LN particle was determined. Calculation is shown in equation 3.5 below. The plot of percentage of LN@BPEI surface covered as a function of the concentration of AuSeeds as determined by TEM and ICP-AES is presented in fig. 3.15 below. From TEM analysis, the number of gold nanoparticles attached to each LN@BPEI core was determined to vary with a positive linearity with respect to the concentration of the AuSeeds dispersion. TEM determined the LN@BPEI@AuSeeds3000 sample to have a percentage surface coverage of 21%. The linear trend however indicated a potential to increase the percentage of the surface covered by increasing the concentration of AuSeeds. There must however be a maximum percent of the LN surface that (a) LN@BPEI@AuSeeds100, (b) LN@BPEI@AuSeeds300, (c) LN@BPEI@AuSeeds700, (d) LN@BPEI@AuSeeds1000, (e) LN@BPEI@AuSeeds2000 and (f) LN@BPEI@AuSeeds3000 can be covered by the AuSeeds. This limit is a result of the summation of effects acting upon the particles such as the electrostatic repulsion between particles, the VDW attractive forces between the particles, the hydrophobic forces and steric forces due to the polymer and solvation forces, as well as the conformation of the BPEI molecules on the LN core which impacts the positioning of NH 2 groups on the surface. These factors determine the optimal radial distance between two neighbouring AuSeed particles and prevent control on the spatial arrangement of the seeds on the particles. It was expected that the estimation obtained from TEM would be undervalued because we are firstly limited statistically, i.e, we performed the imaging of the LN NPs at a higher magnification so as to better visualize the AuSeeds on the surface, which reduced the nanoparticle count per image and consequently the sample size for the statistical analysis. Additionally, we assume that there is homogeneity in the number of AuSeeds attached to the visualized hemisphere of LN and the un-visualized hemisphere. By multiplying the number of seeds we can count on the 2-D projection of the 3-D image by two, we presume to have accounted for the unseen hemisphere. This approach is however a simplification of the reality, as the AuSeeds located at the curved boundaries of LN appear blurred and does not permit a true count of the AuSeeds located in those regions. Figure 3.15: Theoretical ratio of AuSeeds to LN@BPEI as a function of the percentage of the LN@BPEI surface covered by the AuSeeds as determined by TEM analysis and ICP-AES analysis.

Concentration of LN

The plot based on the ICP-AES results revealed an asymptotic trend among the data points, with LN@BPEI@AuSeeds3000 achieving the highest surface coverage of 31.5%, corresponding to a 29% wt of Au. In the work of Goon et. al , 208 they reported 47.7 wt% of Au on their Fe 3 O 4 50 nm cubic nanoparticles, as determined by ICP-AES analysis. To better compare these results, we used their reported mass percentage to calculate the percent of Fe 3 O 4 surface covered by the AuNPs, and determined this percentage to be 74%. An explanation for the difference in these achievable percentage surface coverages can be due to the shape of the nanoparticles. In the literature, Fe 3 O 4 cubic shaped nanoparticles were used, which is firstly a greater surface area than the spherical nanoparticles, although the AuNPs being attached in both works are approximately the same diameter. In addition to this, the cubic shape may possibly contribute to a different (possibly less compact) BPEI polymer conformation than that on the spherical nanoparticles. This different con-figuration could then lead to the availability of more NH 2 terminal groups to facilitate the AuSeeds attachment and therefore we have varied maximum percentage of surface covered. Indeed the data showed that by the LN@BPEI@AuSeeds1000 sample, it was already close to covering the maximum surface of LN and increasing the concentration no longer increased the coverage significantly. This was also noted during the experimental process, where in the samples LN@BPEI@AuSeeds100 to LN@BPEI@AuSeeds700, after centrifugation, the supernatant was colourless to the eyes, however from the samples LN@BPEI@AuSeeds1000 to LN@BPEI@AuSeeds3000, the supernatant had the colour of the AuSeeds dispersion (refer to fig 3.13). A possible limitation to the accuracy of percentage surface LN@BPEI covered for the ICP-AES method is linked to the size polydispersity of the samples. However, as is presented in fig. 3.16, the PDI measured by the Malvern zetasizer was below 0.3 for all the LN and LN@BPEI@AuSeeds samples except for LN@BPEI@AuSeeds100 which experienced significant, visible aggregation. For this work, these PDI values were considered to be acceptable. Figure 3.16: Z-avg and PDI values for LN, AuSeeds, LN@BPEI and LN@AuSeeds nanoparticles. The Z-avg value obtained for sample LN@AuSeeds100 was greater than 1000 nm due to aggregation and not representative of individual nanoparticle size and was therefore omitted from the graph.

The zeta potential values as well as the hydrodynamic diameters of LN, AuSeeds, LN@BPEI, and LN@BPEI@AuSeeds samples were measured by Malvern Zetasizer. The values reported by the Zetasizer are themselves an average of 30 measurements, and then an average of these averages were taken for each sample and used to plot the graph shown in fig. 3.17 below. The change in the surface of the LN particles is qualitatively assessed by regarding the change in sign of the zeta potential value. As is shown in figure 3.17, after each surface modification (with BPEI and then with AuSeeds), we reverse the surface charge of the nanoparticles. From the zeta potential data, we expected samples from LN@BPEI@AuSeeds100 to LN@BPEI@AuSeeds700 to be prone to aggregation. This was indeed observed during the experimental process as the nanoparticles in those dispersions would quickly sediment at the bottom of their storage container after a few minutes (roughly 10 to 15 minutes), whereas the LN@BPEI@AuSeeds1000 to LN@BPEI@AuSeeds3000 samples remain well dispersed as observed by the naked eye. This was important in determining what samples would be used for attempting to grow the gold shell (further discussed in chapter 4). Now that we have demonstrated the ability to control the surface coverage of LN nanoparticles with AuSeeds, we will characterize the non-linear optical properties of these particles in the following section.

Figure 3.17: Zeta potential for LN, LN@BPEI and LN@BPEI@AuSeed nanoparticles. Graph shows the alternating negative and positive zeta potential upon changing the surface of the nanoparticles.

Hyper Rayleigh Scattering Results

As discussed in section 1.3.2, the microscopic entity used to quantify the SHG response of nanoparticles is β. The Hyper Rayleigh Scattering (HRS) intensities of a nanoparticle dispersion can be expressed as the following:

I HRS = G(N s < β 2 s > +N np < β 2 np >) (3.6)
where I HRS is HRS intensity, G is an experimental proportionality constant, N s is the solvent concentration, β s , is the solvent hyperpolarisability, N np is the concentration of the nanoparticles, and 

β
I HRS = 1 + < β 2 LN > N W < β 2 W > N LN (3.7)
The hyperpolarisability (β) could then be extracted from the slope using the internal reference method. The solvent's (in our case water) HRS intensity was known for N W = 55.56 mol/L, with a < β 2 W > value of 0.087 × 10 -30 esu and N LN is the concentration of the nanoparticles. The HRS intensity were also measured for the samples LN@BPEI@AuSeeds300, LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000, as well as for AuSeeds dispersion, and their normalized HRS intensities as a function of nanoparticle concentration are shown in fig. 3.19. The β values for the AuSeeds as well as LN@BPEI@AuSeeds nanoparticles are presented in table 3.2. As the determination of β is dependent on one knowing precisely the nanoparticle concentration, it is necessary to state that the LN initial concentration was determined by weighing the dry powder and dispersing in it the necessary volume of water to give the desired mass concentration, whereas the LN@BPEI@AuSeeds initial concentration was determined by ICP-AES analysis (refer to calculation in section 3.2.3 equation 3.5). The dispersions were then further diluted to have the different concentrations. In determining β, there are some assumptions that were made. Firstly, by taking the mean nanoparticle volume of LN, we assume particle size monodispersity, thereby discounting the influence of the size polydispersity on the I HRS . In the same article by Joulaud et. al , [START_REF] Joulaud | Characterization of the nonlinear optical properties of nanocrystals by Hyper Rayleigh Scattering[END_REF] they demonstrated that by assuming monodispersity of the sample, there is indeed an overestimation of the NLO response. We also fail to account for possible aggregation effects. The aggregation effects would have been more Sample < β 2 >esu AuSeeds (3.42 ± 2.8) e-28 LN@BPEI@AuSeeds300 (0.535 ± 0.2) e-24 LN@BPEI@AuSeeds1000 (0.129 ± 0.04) e-24 LN@BPEI@AuSeeds3000 (0. ) for AuSeeds, LN@BPEI@AuSeeds300, LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds3000, LN used in this work (45 nm diameter) and reference LN found in the literature (125 nm diameter). [START_REF] Joulaud | Characterization of the nonlinear optical properties of nanocrystals by Hyper Rayleigh Scattering[END_REF] pronounced for the sample LN@BPEI@AuSeeds300, whose zeta mean potential value is -18.0 mV (fig. 3.17), which leads to a dispersion that is less stable, and more prone to aggregating. Although these assumptions are made, we have a high degree of confidence in our measurements.

The second observation was that the non-linear efficiency of LN decreases upon attaching AuSeeds to its surface. This was an unexpected yet interesting result as it probes the question, why do AuSeeds impact the SH response of LN. One hypothesis is that the surface contributions to the HRS intensity of LN is significant, and therefore changing the surface changes the response. To further probe this occurrence, we decided to take polarization resolved measurements of the samples, where the input polarization angle is rotated and the output intensity vertically polarized. Then using the intensities obtained for vertically and horizontally polarized fundamental light, I V HRS and I H HRS respectively, we can introduce the depolarization ratio, D, which is given in equation 3.8 below. Table 3.3 gives the depolarization values of the samples.

D = I H HRS I V HRS (3.8)
Sample D LN 0.16 ± 0.01 LN@BPEI@AuSeeds100 0.2 ± 0.02 LN@BPEI@AuSeeds300 0.17 ± 0.02 LN@BPEI@AuSeeds1000 0.18 ± 0.03 LN@BPEI@AuSeeds3000 0.18 ± 0.03 AuSeeds 0.43 ± 0.1 Table 3.3: Depolarization values for LN, AuSeeds and LN@BPEI@AuSeeds Theoretically, the depolarization ratio for a purely 1D single tensor element molecule is 0.2. Conversely, planar symmetric molecules of point group D 3h have depolarization ratio of 2/3. [START_REF] Boyd | Nonlinear Optics[END_REF] Lithium niobate, which belongs to the point group C 3v has a strong non-linearity along a single axis. This results in there being a non-vanishing independent element that is largely dominant, and as such, one can expect a depolarization value close to that of a pure single tensor element (0.2). We do in fact observe this for the samples of LN and LN@BPEI@AuSeeds, as they all have a value close to 0.2. The AuSeeds however have a depolarization value closer to that of the D 3h system. A reason for this could be the highly spherical geometry of the AuSeeds, which results in there being an (c) LN@BPEI@AuSeeds100, (d) LN@BPEI@AuSeeds300, (e) LN@BPEI@AuSeeds1000 and (f) LN@BPEI@AuSeeds3000.

Conclusion

The synthesis protocol to produce pseudo-spherical LN nanoparticles of 45 nm in diameter was outlined. The most suitable means of permanently reversing the surface charge was determined to be with BPEI 25,000 g/mol polymer, which is also a biocompatible polymer. Its abundance of NH 2 groups make it suitable for the attachment of AuSeeds by means of both covalent bonds and electrostatic attraction. It was further demonstrated that there is variability in the percentage of the LN@BPEI surface that can be covered by the AuSeeds, with a maximum surface coverage of 31%, determined by ICP-AES analysis. When the percent of the surface covered is inferior to 19%, the LN@BPEI@AuSeeds dispersions are not stable, marked by the observation of aggregation and sedimentation processes. Conversely, at the maximum surface coverage of 31%, the dispersions are stable. The non-linear characteristics of the nanoparticles were determined from Hyper Rayleigh Scattering experiments. The hyperpolarisability as well as the depolarization ratio values revealed that the non-linear response of the LN nanoparticles decreases upon the attachment of AuSeeds to its surface.

Chapter 4

Synthesis of Gold Shell on LiNbO 3

Nanoparticles (LN@Au)

In this final chapter of this manuscript, we detail the synthesis of a gold shell around lithium niobate core to give LiNbO 3 /Au core-shell nanoparticles (LN@Au), commencing from LN@BPEI@AuSeeds nanoparticle dispersions. This chapter is the realization of the main objective of this thesis work, i.e, the synthesis of core-shell hybrid nanoparticles, with the potential to be used as cancer therapeutic and bio-imaging probes. In sections 1.3.2 and 1.3.4.2, pages 36 and 40, we discussed non-linear optical (NLO) properties of non-centrosymmetric materials such as LiNbO 3 . We showed that these materials at the nanoscale can be used for NLO bio-imaging techniques, even though the NLO response is volume scaled. In section 1.7.2, page 57, we introduced gold nanoshells (AuNSs) focusing on their tuneable plasmonic properties and why this makes them excellent candidates for photothermal energy conversion. The goal therefore, was to prepare hybrid core-shell nanoparticles, whose plasmonic response from its gold shell would be centered on 800 nm, which is within the biological optical window, while retaining the NLO properties of the LN core. To achieve this, it was desired to have a protocol for gold shell synthesis that provided sufficient control on the thickness of the gold shell, with a shell morphology suited for the intended biological applications.

We present in this chapter, the protocols of LN@Au NPs synthesis that were tested, based on a seeded-growth approach. A scheme of the main synthesis protocols detailed in this chapter is shown in fig 4 .1. The accompanying discussion is focused on the influence of experimental parameters such as the pH, initial gold seed density, and gold salt concentration. In addition to presenting the LN@Au NPs formed, we will provide the surface characterization data of these LN@Au NPs at different steps of the synthesis process, as well as our study on the impact of ageing on the properties of the nanoparticle dispersions. Finally, the non-linear optical characterization along with the photothermal properties of the final nanoparticle dispersions are presented. 

Materials and methods of synthesis

The following materials were used for the synthesis procedures detailed below. Lithium niobium ethoxide (LiNb(OEt) 6 ), (99+% metal basis, 5% w/v in ethanol) was obtained from Alfa Aesar, 

Layer-by-layer synthesis of LN@Au NPs

A layer-by-layer method was used to synthesize LN@Au NPs. The general protocol is detailed below and depicted in fig. 4.1 (b).

BPEI, 4 mg, was weighed in a reaction vessel and dissolved in 5 mL of water at 60°C. Upon complete BPEI dissolution, 1 mL of 0.35 mg/mL LN@BPEI@AuSeeds was added and left to mix for two hours while maintaining the 60°C temperature. The nanoparticle dispersion was cooled to room temperature, and transferred to a centrifuge tube, where two centrifugation rounds of 10 minutes at 10°C and 9103g were conducted, removing the supernatant and replacing it with water between each centrifugation. The nanoparticles were then re-dispersed in 1 mL of water. In a 50 mL Nalgene tube, 18 mL of water was added. Depending on the experiment, the pH of the water was kept as it is (approximately pH 7.7) or adjusted to pH 11.5 using 0.1 M NaOH. Then, while under stirring, the 1 mL NP dispersion was added to the 18 mL of water and allowed to homogenize for one minute, followed by 50 µL of HAuCl 4 solution and lastly 75 µL of 0.2 M NH 2 OH.HCl. The contents of the Nalgene tube was left under stirring for 10 minutes after which two centrifugation rounds of 10 minutes at 10°C and 9103g were performed, removing the supernatant and replacing it roughly by 5 mL of water between each centrifugation. The final nanoparticles were again dispersed in 1 mL of water. This entire procedure was then repeated two more times. The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the NPs, and the zeta potential values and hydrodynamic diameters were determined using a zetasizer by Malvern Instruments. UV-visible spectra of all the nanoparticle dispersions were obtained using a SAFAS-UV mc2 spectrometer in a quartz cell with 1.0 cm path length.

The above protocol was modified to examine the influence of pH, initial gold seed coverage, and HAuCl 4 concentration on the final hybrid nanoparticles. The experimental parameters changed are detailed in table 4.2.

Experimental Variable

Experimental Conditions pH 1) LN@BPEI@AuSeeds3000, pH 11.5, HAuCl 4 = 30 mM 2) LN@BPEI@AuSeeds3000, pH 7.7, HAuCl 4 = 30 mM LN@BPEI@AuSeeds 1) LN@BPEI@AuSeeds3000, pH 7.7, HAuCl 4 = 30 mM 2) LN@BPEI@AuSeeds1000, pH 7.7, HAuCl 4 = 30 mM HAuCl 4 concentration 1) LN@BPEI@AuSeeds1000, pH 7.7, HAuCl 4 = 3 mM 2) LN@BPEI@AuSeeds1000, pH 7.7, HAuCl 4 = 10 mM 3) LN@BPEI@AuSeeds1000, pH 7.7, HAuCl 4 = 30 mM 4) LN@BPEI@AuSeeds1000, pH 7.7, HAuCl 4 = 100 mM Table 4.2: Experimental conditions for layer-by-layer gold shell growth. 

Photothermal measurements of nanoparticle dispersions

A home-made laboratory laser set-up (see fig. 4.2) was configured for conducting the photothermal evaluation of the nanoparticle dispersions. In brief, a sample holder was fixed inside a black box.

A F110SMA-780 lens from Thorlabs was attached to an 808 nm continuous wave (CW) laser, with a beam spot size of 1.36 mm by way of a fiber optic cable. The measured output power was 47 mW/cm 2 . The laser was then positioned at 0°with respect to the normal of the liquid surface. An IR-thermographic camera (THERMOPRO TPS8S), was positioned at 90°with respect to the laser beam, at a distance of 10 cm from the sample. For each experiment, 200 µL of the sample was placed in a 2 mL eppendorf tube. The IR-thermographic camera was used to capture images of the eppendorf tube in real time. An image was taken before switching on the laser to have the baseline temperature for the tube and its contents. Then the laser was switched on and the IR images with the temperature data embedded was taken at one minute intervals for 30 minutes. Upon extracting the temperature data from the images using the software Guide IRAnalyser V1.9, the temperature versus time profile for the samples were plotted.

Results & Discussion

Synthesis of LN@Au using sodium citrate

In an attempt to control the deposition of Au on the LN@BPEI NPs, a growth solution of sodium citrate (Na It was already demonstrated in chapter 3, section 3.2.3, page 98, that adapting the in-situ goldseeding method using NaBH 4 as reducer to our LN@BPEI NPs, resulted in an inhomogeneous deposition of gold spheres with an average diameter of 18 nm on the LN surface, and a polydispersity index (PDI) value of 0.37. Consequently, we concluded that this gold seeding method was not suited to our LN@BPEI NPs. Instead, we opted to use the successful gold seeding method which was also presented in chapter 3 section 3.2.3 page 98. The LN@BPEI@AuSeeds3000 nanoparticle dispersions were chosen as they were stably dispersed in water with a zeta potential of -31.8 ± 20.3 mV, and a PDI value of 0.2.

The LN@BPEI@AuSeeds3000 NPs were placed in gold growth solutions with Na 3 Cit to HAuCl 4 mole ratios 1:1, 8:1 and 40:1. The absolute molar quantity of HAuCl 4 was set at 1.5 ×10 -6 moles in all the growth solutions. This number of moles was ultimately determined to be 8% less than the molar quantity theoretically needed to completely cover the surface of 1 mL of 0.35 mg/mL LN NPs using 2.5 nm diameter gold seeds. The reducer was used in excess, to promote complete Au 3+ reduction. In both the 1:1 and 8:1 solutions, upon addition of the reducer, the solution visibly changed colour from the red-brown of the LN@BPEI@AuSeeds dispersion (same colour as the AuSeeds dispersion displayed in chapter 3, fig. 3.13, page 101) to a purple coloured dispersion.

UV-visible spectroscopic analysis revealed that both dispersions had a single extinction band, with their maxima at 535 and 526 nm respectively. This is close to the characteristic absorption peak of 520 nm for a dispersion of spherical gold nanoparticles. [START_REF] Eustis | Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes[END_REF] The z-avg and PDI values reported in table 4.3 however, allowed us to conclude that the nanoparticle dispersions consisted of one size population. With this data, we strongly hypothesized that the nanoparticles formed were indeed LN@Au hybrid nanoparticles, and that the Au attached to the LN core are gold islands, sufficiently distanced from each other so as to not have any plasmon coupling effects. As such, what we observed was the collective plasmonic response of isolated gold islands. This is in agreement with the mechanism of gold shell growth proposed by Wang et. al , [START_REF] Wang | Citrate-Regulated Surface Morphology of SiO 2 @Au Particles To Control the Surface Plasmonic Properties[END_REF] who reported that at low Na 3 Cit to HAuCl 4 ratios, the reduced Au atoms favoured the attachment directly at the AuSeeds to ripen/grow them. We therefore decided to test a higher Na 3 Cit to HAuCl 4 ratio to observe the impact on the hybrid nanoparticles formed.

Growth Solution Zeta Potential (mV) Z-Avg (nm) PDI 1:1 -24.0 ± 0.62 169.9 ± 1.00 0.198 8:1 -40.9 ± 0.70 138.0 ± 0.60 0.187 Table 4.3: Zeta Potential, Z-Avg and PDI values for LN@Au nanoparticles synthesized after dispersing LN@BPEI@AuSeeds3000 in a 1:1, and 8:1 Na 3 Cit to HAuCl 4 solution followed by reduction with NH 2 OH.HCl.

When LN@BPEI@AuSeeds3000 NPs were placed in the 40: proximately 7). [START_REF] Curtis | Unusual Salt and pH Induced Changes in Polyethylenimine Solutions[END_REF] The Na 3 Cit has a pH regulating function from its three carboxyl groups (see fig.

4.5). When we increase its molar quantity, we increase the basicity of the solution. This however lowers the degree of protonation of the NH 2 moieties of BPEI. As such, we favor the attachment of the AuNPs formed to the existing AuNPs on the LN core and not on the Au-free, amine surface.

It was therefore concluded that this protocol was not suited for the formation of a gold shell on LN@BPEI@AuSeeds nanoparticles. 

Layer-by-layer gold shell growth

A layer-by-layer (LbL) synthesis technique was investigated for its utility in controlling the gold shell growth on the LN core. Based on what is seen in the literature, the process of alternate charge reversal in a LbL manner, is a versatile nanoscale synthesis technique that is used to control the deposition of thin films. [START_REF] Whitaker | Layer-by-Layer Synthesis of Mechanically Robust Solvent-Permeable Silica Nanoshells[END_REF][START_REF] Kwadwo | Modulating Layer-by-Layer Assembly of Oppositely Charged Nanoparticles Using a Short Amphiphilic Molecule[END_REF] While there are examples of seeded-growth, iterative reduction of Au ions to form core-shell nanoparticles as in the work of Goon et. al , [START_REF] Goon | Fabrication and Dispersion of Gold-Shell-Protected Magnetite Nanoparticles: Systematic Control Using Polyethyleneimine[END_REF] it often results in the uncontrolled and undesired encapsulation of multiple core particles in a single gold shell resulting in a heterogeneous size dispersity of the core-shell particles. A LbL protocol for gold shell growth on spherical iron oxide NPs built upon this iterative reduction method was proposed by Lee et.

al . [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF] In their protocol, between each gold reduction step, a layer of the cationic polymer BPEI was used to completely coat the NPs. Their protocol was loosely adapted to our work detailed in this chapter, but we went further in the optimization process to observe the role of pH, initial gold seed density on the core particles and HAuCl 4 concentration. In the following sections, we will discuss the effect of changing these parameters on the final nanoparticles formed.

Investigating the role of pH during the gold shell synthesis

In the protocol outlined by Lee et. al , [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF] they performed the Au 3+ reduction under basic conditions, bringing the pH of the reaction medium to 11.5 before adding their gold-seeded iron oxide nanoparticles to the aqueous solution. Although the pH at which the gold reduction is performed controls the particle growth of AuNPs [START_REF] Nguyen | Mechanisms of Nucleation and Growth of Nanoparticles in Solution[END_REF] and by consequence the gold shell morphology obtained, this is balanced against the optimal pH for the functioning of the BPEI polymer. As was already discussed in section 3.2.2 page 93, BPEI is 44% charged in neutral conditions, with this percentage decreasing upon increasing pH. We therefore decided to test both basic and neutral pH conditions for the gold reduction reaction in the presence of our LN@BPEI@AuSeeds NPs, to observe its effect on the LN@Au NPs obtained.

At both pH conditions, we observed the progressive red-shifting of the UV-visible extinction pro- In examining the UV-visible spectra of the nanoparticles formed under the neutral pH conditions (see fig. 4.6 (b)), at the first reduction step, the extinction profile was a single peak spectrum, maximum at 557 nm. This peak is believed to be the plasmon response corresponding to individual, spherical gold nanoparticles on the LN surface. However, after the second and third reductions, it became a double peak spectra with the first peak centered on 550 nm, and the second peak progressively red-shifted into the NIR region. At the third reduction step, the UV-visible spectrum had a narrower peak width as compared to that of the basic conditions, spanning from 700-900 nm, with the maximum centered on 776 nm. As the targeted extinction maximum for these core-shell nanoparticles is centered on 800 nm, the nanoparticles synthesized under these neutral pH conditions were closer to this goal than the nanoparticles produced in the basic pH conditions. ) and what we observed in our basic synthesis conditions. Indeed, in seeded-growth methods, pH 7 is often the pH selected as it promotes an even deposition of the AuCl(OH) - 3 nanocrystals (the gold species predominant at this pH depicted in fig. 3.12 on page 100) on the desired surface, which upon subsequent reduction to Au 0 produces a more homogenous Au coating. [START_REF] García-Soto | Synthesis of silica-core gold nanoshells and some modifications/variations[END_REF] The diameter of these LN@Au nanoparticles as determined by TEM were in two size categories: 80-120 nm and 200 nm and greater. As such, we believe that the gold coating may involve both single and multiple LN core encapsulation.

Further evaluation of the LN@Au nanoparticles formed under the neutral conditions by EDS analysis revealed a co-localization of the Nb, O and Au elements further confirming the core-shell structure.

EDS chemical mapping showed the distribution of the elements Nb, O and Au in a single LN@Au nanoparticle, presented in fig. 4.9.

Though a gold deposition was achieved on the LN@BPEI@AuSeeds NPs at both basic and neutral pH conditions, the neutral conditions appeared to be more favourable for the following reasons: the narrower UV-visible band centered at 776 nm, the predominance of single LN core encapsulation by gold, and lastly conducting the synthesis under conditions closer to that of physiological pH which would allow us to collect data on the stability and behaviour of the nanoparticles in this environment. As such, the neutral pH conditions was selected as the optimal condition. Figure 4.9: EDS chemical mapping of Au, Nb and O elements in LN@Au nanoparticle after 3 reduction steps. The synthesis conditions for the nanoparticle was LN@BPEI@Auseeds3000, neutral pH, HAuCl 4 30 mM.

Investigating the role of initial AuSeeds density on LN@BPEI NPs in the synthesis of LN@Au NPs

Having concluded that the neutral pH conditions were better suited for the gold shell synthesis, the influence of the initial AuSeed density on the LN surface was the next parameter investigated. The work of Bastús et. al [START_REF] Neus | Kinetically Controlled Seeded Growth Synthesis of Citrate-Stabilized Gold Nanoparticles of up to 200 nm: Size Focusing versus Ostwald Ripening[END_REF] indicates that in a seeded growth mechanism, the ratio between gold seeds and the Au species precursor to be reduced is a factor to be optimized as it influences the type of AuNP growth observed (homogenous or inhomogeneous). From the results discussed in section 3.2.3 we see from the ICP-AES analysis (fig. 3.15 page 105), that from the LN@BPEI@AuSeeds1000 sample, we are already approaching the maximum LN surface coverable by the AuSeeds. Balancing this against the stability of the LN@BPEI@AuSeeds dispersion, as determined by the zeta potential values displayed in figure 3.17 on page 107, nanoparticle stability in water is achieved in the LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds2000, LN@BPEI@AuSeeds3000 samples. As the LN surface coverage was firstly evaluated by TEM analysis, the 13.8% difference between the AuSeeds density in the LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000 led us to choose these two samples as varied seed densities. The other synthesis conditions (pH and HAuCl 4 concentration) were kept constant and have been precised in table 4.2 on page 117. The characterization data of the nanoparticles after each reduction step is given in table 4. In comparing the two initial seeding conditions, it was observed that after three gold ion reduction steps, both the LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000 samples produced nanoparticle dispersions with a double peak UV-visible extinction profile. For both samples, the first peaks were centered at 538 and 557 nm respectively after the first reduction step. These peaks are attributed to the plasmon response of the individual spherical AuNPs on the core nanoparticle, and is present in the double peak spectra of the nanoparticle dispersions after the second and third reduc- HCl in the presence of LN@BPEI@AuSeeds1000 or LN@BPEI@AuSeeds3000.

(a) (b)

Figure 4.10: UV-Visible spectra corresponding to LN@Au nanoparticles after each HAuCl 4 reduction step, where the initial LN@BPEI@AuSeeds samples were (a) LN@BPEI@AuSeeds1000 or (b) LN@BPEIAuSeeds3000.

tion steps. The extinction maximum of the second peaks at the second reduction step was 690 nm for both samples, and finally at the third reduction step, the second peaks were centered at 803 nm for LN@BPEI@AuSeeds1000 and 776 nm for LN@BPEI@AuSeeds3000 respectively. As there was a similar progressive red-shifting of the wavelength of extinction maximum in both samples, we can assume that the mechanism of gold shell growth is similar in both samples. The peak widths of both samples at the third reduction step spanned from 700 to 900 nm. This was a desirable wavelength span when considering the intended applications for these nanoparticles as in-vivo photothermal agents upon irradiation with a NIR laser. From the UV-visible analysis, one might assume that the two samples are nearly identical. Indeed, when taking into account the LN surface covered by the AuSeeds as determined by ICP-AES (refer to fig. 3.15, page 105), we see that the difference between the two LN@BPEI@AuSeeds samples is less than 1%.

Although based on the UV-visible analysis, we may be led to infer that both samples are very similar, the zeta potential, Z-avg and PDI values tell a different story. As is seen from table 4.4, the LN@BPEI@AuSeeds3000 samples' zeta potentials had an absolute value of less than 20 mV at each step. This is usually an indication of lower colloidal, or in our case, nanoparticle dispersion stability, prone to aggregation. The LN@BPEI@AuSeeds1000 samples' zeta potentials however became progressively more positive after each reduction step, with the final LN@Au NPs having a zeta potential of +30.2 mV. Further to this point, the Z-avg and PDI values of LN@Au NPs corresponding to the LN@BPEI@AuSeeds3000 samples were higher than that of the LN@BPEI@AuSeeds1000 samples.

By the final reduction step, the LN@Au dispersion from the LN@BPEI@AuSeeds3000 sample had a PDI of 0.349 (0.118 for the LN@BPEI@AuSeeds1000). This increasing PDI can be rationalized as a result of the increasing number of free AuNPs in the sample, which is evidenced by the TEM image in fig. 4.11 (c). This too can explain the zeta potential values as the free AuNPs will have also contributed to its quantification. The TEM imaging of LN@Au corresponding to each reduction step starting from LN@BPEI@AuSeeds-3000 showed the same progression of gold shell growth as the LN@Au corresponding to LN@BPEI@Au-Seeds1000 sample (see fig. 4.12). However, in the latter, we observed no free AuNPs on the TEM grids. This is corroborated by the low PDI value of 0.118 for the final LN@Au NPs. The question therefore is why does the LN@BPEI@AuSeeds3000 sample produce both LN@Au and free AuNPs whereas the LN@BPEI@AuSeeds1000 sample produces only LN@Au? If we look at the data in table 4.5, we see clear differences in the initial LN@BPEI@AuSeeds samples. Although the absolute number of seeds per LN as determined by ICP-AES analysis vary by less than 1%, the absolute number of AuSeeds used to prepare the LN@BPEI@AuSeeds3000 is three times the amount used for the LN@BPEI@AuSeeds1000 preparation. It is therefore probable that excess AuSeeds remain in the dispersion, held by the positive surface charge of the BPEI polymer, but not securely attached to the NP, having a place in the solvation sphere around the NPs. As the reducer is added, the gold seeds, in the presence of the LN oxide surface, catalyze the reduction of the Au 3+ to Au 0 , but there is insufficient surface area for each individual AuSeed to grow, and the loosely held AuSeeds separate completely from the LN NPs, forming free AuNPs. For the LN@BPEI@AuSeeds1000 sample, the amount of AuSeeds added to prepare the sample seems to be sufficient such that all the AuSeeds present attach securely, without leaving much AuSeeds excess in the aqueous media.

Sample

Zeta Potential (mV) Z-Avg (nm) PDI LN@BPEI@AuSeeds3000 -31.8 ± 20.8 204.9 0.24 LN@BPEI@AuSeeds1000 -31.5 ± 0.28 161.3 0.11 Table 4.5: Zeta potential, Z-Avg and PDI values for LN@BPEI@AuSeeds3000 and LN@BPEI@AuSeeds1000.

Further analysis of the TEM images revealed that both the LN@BPEI@AuSeeds1000 and LN@BPEI@-AuSeeds3000 samples, produced the same raspberry-like shell morphology. Using the ImageJ software, the average diameter of these attached gold spheres on the LN core was measured at each reduction step. For both samples, at each gold reduction step, the AuNP diameter progressively increased. The average diameters measured were 12.5 ± 2.5, 19.0 ± 4.1 and 26.0 ± 5.6 nm after the 1 st , 2 nd and 3 rd reduction steps respectively for LN@BPEI@AuSeeds1000. When the gold spheres were 26 nm in diameter, it was possible to position the electron beam in EDS to obtain a response from both the gold sphere and the LN core as in fig. 4.13 (a) or solely a response from the gold sphere as shown in fig. 4

.13 (b).

In considering all of the data presented above, we concluded that starting with the LN@BPEI@-AuSeeds1000 sample, allowed for more homogeneity, producing a single population of LN@Au NPs than the LN@BPEI@AuSeeds3000 sample that produced both LN@Au NPs and free AuNPs. 

Investigating the role of HAuCl 4 concentration on the LN@Au NPs synthesis

We have at this point concluded that our LN@BPEI@AuSeeds1000 are the optimal gold-seeded LN NPs for our gold shell synthesis, and furthermore that performing the gold ion reduction in neutral pH conditions allows for more control on the deposition of the reduced gold atoms onto the desired core surface. The final parameter we opted to test was that of the gold salt concentration used at each reduction step. Varying the molar quantity of the HAuCl 4 to be reduced, is effectively experimenting with the kinetics of the gold reduction reaction. In the works of Zhao et. al , [START_REF] Zhao | Formation and Stability of Gold Nanoflowers by the Seeding Approach: The Effect of Intraparticle Ripening[END_REF] they experimented with the reaction kinetics in their gold-seeded growth of AuNPs by changing the concentration of the reducer (which changes the [reducer]/[HAuCl 4 ] ratio) and found that upon increasing their reducer concentration, they were able to change the shell morphology from smooth spheres to what they called "nanoflowers". Their nanoflowers, have a likeness in appearance to our raspberry-like morphology already attained.

As the reducer NH 2 OH.HCl was always used in excess, making the HAuCl 4 the limiting reagent, we decided to play with the gold chloride concentration instead. The default gold ion concentration of 30 mM was based on the work of Goon et. al [START_REF] Goon | Fabrication and Dispersion of Gold-Shell-Protected Magnetite Nanoparticles: Systematic Control Using Polyethyleneimine[END_REF] and Lee et. al . [START_REF] Kyu | Preparation of concave magnetoplasmonic core-shell supraparticles of gold-coated iron oxide via ion-reducible layer-by-layer method for surface enhanced Raman scattering[END_REF] We therefore decided to test three more HAuCl 4 concentrations, 3 mM, 10 mM and 100 mM, keeping the other experimental parameters (pH and LN@BPEI@AuSeeds) fixed (detailed in table 4.2, page 117). Upon the first reduction using the 100 mM HAuCl 4 concentration, a rapid aggregation of the nanoparticles was observed, forming large aggregates that quickly settled to the bottom of the reaction vessel. As such, for the rest of this section, we will be discussing the results from the 3 mM, 10 mM and 30 mM HAuCl 4 concentrations. Figure 4.14: UV-visible spectra of LN@Au NPs formed after 1 st , 2 nd and 3 rd reduction with 3 mM HAuCl 4 and 0.2 M NH 2 OH.HCl beginning with LN@BPEI@AuSeeds1000 NPs.

From the UV-visible spectra for the LN@Au NPs produced using the 3 mM HAuCl 4 concentration shown in fig. 4.14, we observed a red-shifting of the single peak extinction profile upon each reduction step. The single peak spectral profile already distinguishes the 3 mM synthesis from the double peak spectral profile of the 30 mM synthesis (already discussed in the previous section). Furthermore, after the third reduction the extinction peak for the 3 mM synthesis was at 693 nm, 110 nm blue-shifted as compared to the extinction peak at the equivalent number of reduction steps but using the 30 mM HAuCl 4 .

In figure 4.15, we provide the TEM images of the LN@Au NPs after the third reduction using 3 mM HAuCl 4 . What was observed from the images was an incomplete filling of the LN nanoparticle surface. We also marked an elongation of the gold deposition on the LN, as opposed to spherical Au deposits as was seen in our particles formed using 30 mM HAuCl 4 . This difference in shell morphology helps us to better interpret the UV-visible spectra. Indeed, in our 30 mM HAuCl 4 synthesis, we observed distinct gold spheres, attached to the LN core. This then resulted in a double band spectral profile, the first peak located between 530-570 nm corresponding to the plasmon response of the gold spheres, and the progressively red-shifting, second band, due to the plasmon coupling in- 4.15: TEM images of LN@Au NPs after 3 rd reduction with 3 mM HAuCl 4 , starting with LN@BPEI@AuSeeds1000, and reducing with 0.2 M NH 2 OH.HCl teractions between these gold spheres. However, in the case of the 3 mM HAuCl 4 , the gold deposits are elongated and flattened along the surface of the LN, hence eliminating the plasmon response pertaining to gold spheres and resulting in a progressively shifting, single peak plasmon response.

We therefore believe that the mechanism of the gold shell growth in the 3 mM case is different from that of the 30 mM case. Real-time analysis of the synthesis, by taking aliquots of the dispersion at different points of the synthesis, as was done by Zhao et. al [START_REF] Zhao | Formation and Stability of Gold Nanoflowers by the Seeding Approach: The Effect of Intraparticle Ripening[END_REF] process could allow us to determine what species are present in the dispersion at different points. What we hypothesis is that in the 30 mM synthesis, we have the AuCl(OH) - 3 on the surface of the LN as well as throughout the aqueous media, and upon addition of the reducer, there is a burst formation of Au 0 that quickly agglomerate to the most thermodynamically stable form, which is a sphere. In the 3 mM case, we suspect that due to the lower molar quantity of the AuCl(OH) - 3 , upon reduction, the Au 0 atoms arrange and re-arrange themselves on the LN surface. Real-time UV-visible analysis, similar to those performed by Natan et. al [START_REF] Brown | Hydroxylamine Seeding of Colloidal Au Nanoparticles in Solution and on Surfaces[END_REF] and other groups, has also been discussed as future experiments to investigate this, but due to time restraints for the thesis, were not conducted.

Zeta Potential Z-Avg(nm) PDI 1 st reduction +27.2 ± 0.29 166.6 0.141 2 nd reduction +19.9 ± 0.90 188.9 0.188 3 rd reduction +26.1 ± 0. 49 198.1 0.260 Table 4.6: Zeta potential, Z-avg and PDI values of the LN@Au NPs after the 1 st , 2 nd and 3 rd reduction steps using 3 mM HAuCl 4 , 0.2 M NH 2 OH.HCl and starting from LN@BPEI@AuSeeds1000 NPs.

In table 4.6 the additional characterization data (zeta potential, Z-avg and PDI values) are provided to enhance our qualitative assessment of the nanoparticle dispersions. From the zeta potential values, we can infer that, generally, this synthesis results in nanoparticles that are stably dispersed in the aqueous media. The Z-avg values show that the particles measured in the solution are increasing in their hydrodynamic diameter upon each reduction step, though from the PDI, the size polydispersity is also increasing. We never neglect that there is a degree of size dispersity in the initial LN NPs, and this is possibly an influencing factor in the increasing PDI value upon growing the shell. The UV-visible spectra for the LN@Au NPs produced using the 10 mM HAuCl 4 concentration is shown in fig. 4.16. At the first reduction, the spectrum is similar to that obtained at the same step for the 3 mM and 30 mM: single band, with a peak centered within the 530-550 nm range. Then at the second reduction step, a red-shifted band appeared at 690 nm, with a visible shoulder at 550 nm. We can qualitatively describe it as in between the UV-visible spectra obtained at the same step for the 3 mM and 30 mM HAuCl 4 concentrations. Finally, at the third reduction step, we observed a wide single band, ranging from 550-1000 nm. We must point out that our spectral acquisition ended at 1000 nm as it is the upper wavelength limit of our spectrometer. In figure 4.17, we present the UV-visible spectra of the LN@Au after the third reduction step for all three HAuCl 4 concentrations tested. What we can safely conclude is that the 30 mM HAuCl 4 concentration exhibits a narrower plasmon response centered around 800 nm in comparison to the other two concentrations.

Figure 4.17: UV-visible extinction spectra of LN@Au nanoparticles after the third HAuCl 4 reduction steps using 3 mM, 10 mM and 30 mM HAuCl 4 , and 0.2 M NH 2 OH.HCl, beginning with LN@BPEI@AuSeeds1000 NPs and neutral pH.

In table 4.7, the additional characterization data (zeta potential, Z-avg and PDI values) pertaining to the 10 mM HAuCl 4 concentrations is given. The data is not as clear to interpret as was the case for the 3 mM and the 30 mM and so we relied on the TEM images of these nanoparticles to provide greater clarity. The TEM images are provided in fig. 4.7: Zeta potential, Z-avg and PDI values of the LN@Au NPs after the 1 st , 2 nd and 3 rd reduction steps using 10 mM HAuCl 4 , 0.2 M NH 2 OH.HCl and starting from LN@BPEI@AuSeeds1000 NPs.

(a) (b)

Figure 4.18: TEM images of LN@Au NPs after 3 rd reduction with 10 mM HAuCl 4 , starting with LN@BPEI@AuSeeds1000, and reducing with 0. at each reduction step. The initial nanoparticles were LN@BPEI@AuSeeds1000 and 0.2 M NH 2 OH.HCl reducer was used.

In table 4.8, a summary of the differentiating characteristics of the nanoparticles produced using 3, 10 and 30 mM HAuCl 4 is provided. In conclusion, the 3 mM HAuCl 4 concentration, allowed the reaction rate to be sufficiently slow to obtain a flatter, elongated gold deposition on the LN core, however as our desired application is to use them as NIR photothermal conversion probes, having the plasmon response in the NIR region is more attractive than a smoother gold shell. It is possible that continued reduction steps with this concentration may indeed lead to LN@Au NPs with a characteristic plasmonic response around 800 nm, but this balanced against the experimental time and the increasing PDI value was not considered to be the optimal parameters for the gold shell growth. The 10 mM, produced a mixed gold shell morphology that we could not control and so this was not considered the optimal concentration. The final LN@Au NPs produced with the 30 mM HAuCl 4 concentration had a plasmon response centered on 800 nm, with a PDI value of 0.11, and was stably dispersed in its aqueous media making it an acceptable nanoparticle dispersion.

We ultimately concluded that when taking into consideration the intended application of these coreshell nanoparticles, the parameters in this LbL synthesis that produced the most suitable LN@Au NPs were: LN@BPEI@AuSeeds1000, neutral (unaltered) pH, 30 mM HAuCl 4 concentration reduced with 0.2 M NH 2 OH.HCl, with a total of three gold reduction steps.

Physical and chemical characterization to analyze the Au shell growth on LN NPs

Calculation of gold shell thickness using ICP-AES analysis

ICP-AES analysis was used to determine the concentration of each element present in the LN@Au NPs dispersion, corresponding to the optimized synthesis parameters, i.e, starting with LN@BPEI@-AuSeeds1000 NPs, performing three HAuCl 4 reductions with 0.2 M NH 2 OH.HCl under neutral pH conditions. From the analysis, the Au concentration was determined to be 0.017 mg/mL. Using the density of Au (19.3 g/cm 3 ), we were able to calculate the volume of Au present in 1 mL of the LN@Au sample (8.808 × 10 14 nm 3 ). Then using the ICP-AES determined concentration of Nb (0.016 mg/mL), we calculated the mass of LiNbO 3 in 1 mL to be 0.025 mg/mL which we converted to 1.126 × 10 11 NPs/mL using the mass of LN NP (2.22 × 10 -13 mg). Then using the formula for surface area of a sphere, we calculated the total surface area of LN. Assuming homogenous deposition of Au on each LN, we took the total volume of Au in 1 mL and divided it by the total surface area of LN in 1 mL, to give us a gold shell width of 1.2 nm.

Surface characterizations by XPS and TOF-SIMS

XPS and TOF-SIMS characterization were used in a complementary fashion to provide further analysis on the surface of the nanoparticles at different key steps in the synthesis. The samples analyzed were LN, LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds3000, LN@BPEI@AuSeeds1000-@BPEI, LN@BPEI@AuSeeds3000@BPEI, LN@Au (3 rd reduction from LN@BPEI@AuSeeds1000) and LN@Au (3 rd reduction from LN@BPEI@AuSeeds3000). TOF-SIMS PC1 and PC2 loadings for LN, LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds3000, LN@BPEI@AuSeeds1000@BPEI, LN@BPEI@AuSeeds3000@BPEI, LN@Au (3 rd reduction from LN@BPEI@AuSeeds1000) and LN@Au (3 rd reduction from LN@BPEI@AuSeeds3000) trum for LN NPs is given while fig. 4.22 displays the XPS survey spectra of the LN@Au NPs at different steps of their synthesis for starting with LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000 NPs. In the table 4.9 the calculated XPS atomic percentages (at%) are given.

From the LN NPs XPS spectra, the following photoelectrons were observed: O1s (531 eV), Nb 3s (472 eV), Nb 3p (3p3/2 365 eV; 3p1/ 381 eV), C 1s (285 eV), Nb 3d (207 eV), Nb 4s (60 eV), Nb 4p (1/2 and 3/2 at 35 eV) and Nb 5p/O 2s(21. eV). The Nb 3d doublet shows a spin-orbit splitting of 2.73 eV in agreement with published work. [START_REF] Aufray | New synthesis of nanosized niobium oxides and lithium niobate particles and their characterization by XPS analysis[END_REF][START_REF] Hu | Crystal growth and characterization of heavily MgO-doped LiNbO3[END_REF] The photoelectron Li 1s is observed with a low intensity at 55 eV due to its low cross section of photo-ionization. Additional photoelectrons assigned to Si 2s and Si 2p (150 and 100 eV, respectively) were also observed and corresponded to the substrate on which the nanoparticles were casted. A contribution related to hydrocarbon is also observed at 285 eV.

The Nb at% to Li at% is close to the expected value of 1 (1.3). Deviation from the theoretical value can be to some part attributed to the low signal of Li1s and its low RSF (0.057) leading to high variation in the calculation of Li at %. The O at% over the one of Nb is 2.7 (theoretical= 3). The contribution of silicon oxide to the O1s is very low as the atomic percentage of Si is 2-3%. This discrepancy may be attributed to a higher contribution of the silicon substrate (SiO 2 ). The atomic percentage of carbon and nitrogen are increased due to the BPEI coating from 16.3% to 36% and from 1.5% to 3.9%, respectively. Similar trends are observed for LN@BPEI@AuSeeds3000. The atomic percentages of gold are 8.5% in the case of LN@BPEI@AuSeeds1000 and 11.05% in the case of LN@BPEI@AuSeeds3000. The ratio Au/Nb atomic percentage would suggest that the surface coverage is increased when the AuSeeds to LN@BPEI ratio is increased from 1000 to 3000 contrary to the ICP-AES result (Chapter 3, fig. 3.15, page 105). However, this coverage is not a linear function of the AuSeeds to LN@BPEI ratio as suggested by TEM. For sample LN@BPEI@AuSeeds1000, TOF-SIMS PCA principle component 1 (PC1) scored negatively while its score was nearly 0 for LN@BPEI@AuSeeds3000. It suggest that organic compounds containing nitrogen contribution are higher for LN@BPEI@AuSeeds1000. The discrepancy with XPS results (atomic percentage of C 36.6 and 39%) may arise from the sampling depth of the two techniques: 1-3 nm for TOF-SIMS and 10 nm for XPS. LN@BPEI@AuSeeds1000 scores negatively for PC2 while LN@BPEI@AuSeeds3000 scores positively. Gold related ions contribute positively to PC2 and organic compound negatively. Therefore, TOF-SIMS results suggested that the amount of gold used for the synthesis of LN@BPEI@AuSeeds3000 was sufficient to reduce the signal coming from the BPEI. Figure 4.22: XPS spectra of LN, LN@BPEI@AuSeeds, LN@BPEI@AuSeeds@BPEI and LN@Au. (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (starting from LN@BPEI@AuSeeds1000@BPEI) and (f) LN@Au (starting from LN@BPEI@AuSeeds3000@BPEI)

Coating of LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000, with BPEI, lead to a clear increase of the C1s and N1s contributions while those of Au (Au 4f, Au4d) and Nb (Nb3d, Nb3p) were drastically reduced in the XPS wide scans. The N atomic percentage is increase to 21 % and the C at% to 67%. The C at%/N at% ratio is just above 3. The theoretical ratio for BPEI is 2 suggesting some organic contamination. However, on the C1s core spectrum (provided in the appendix), only a very low intensity contribution at 285 eV was observed suggesting a low hydrocarbon contamination. The N1s core spectra for both LN@BPEI@AuSeeds1000 and LN@BPEI@AuSeeds3000 (given in the appendix), show two contributions at 399 and 400 eV suggesting that the amine function is using ICP-AES analysis determined to be 1.2 nm. From the TEM images however, we measured AuNPs that comprised the gold shell with diameters of greater than 20 nm. A possible argument for this inconsistency between what was observed by TEM and calculated from XPS and ICP-AES is that the TEM images do not permit us to determine the depth of these AuNPs. Ionic abrasion experiments were considered to slice the particles, and then permit imaging of a cross-section, to determine the width of the layer of gold.

Table 4.9: Atomic percentages as determined from XPS. Standard deviations are shown in brackets. 1 signifies LN@Au formed using LN@BPEI@AuSeeds1000, 2 signifies LN@Au formed using LN@BPEI@AuSeeds3000. 

LN@BPEI@AuSeeds1000@BPEI 0.37 

Analysing the effect of aging on LN@Au nanoparticle dispersions

The characterization of the optimized LN@Au NPs, i.e, LN@Au formed after 3 reduction steps with 30 mM HAuCl 4 and 0.2 M NH 2 OH.HCl at neutral (unaltered pH), and using LN@BPEI@-AuSeeds1000 as the starting nanoparticles was performed over a period of 33 days. This data was From the UV-visible spectra, it was observed that the first band, centered on 550 nm, was unchanged from the day of synthesis to day 33 post-synthesis, and the second band in the NIR region underwent a blue-shifting at day 5 of the synthesis, but remained unchanged after day 5. As we have already attributed this double band to the spherical morphology of the AuNPs on the LN NPs and the plasmon coupling of these spherical NPs, we can conclude that this spherical AuNP morphology is maintained upon ageing. It is seen in the literature, that non-isotropic gold nanoparticles such as nanostars and nanoflowers, tend to undergo rearrangement of the Au over time to give a more isotropic, spherical morphology. [START_REF] Wu | Direct synthesis of branched gold nanocrystals and their transformation into spherical nanoparticles[END_REF][START_REF] Kuo | Synthesis of branched gold nanocrystals by a seeding growth approach[END_REF] However, as our LN@Au NPs are made up of spherical AuNPs, we believe that this is a thermodynamically stable configuration, and as such we remain with the as synthesized morphology, confirmed by TEM imaging post synthesis. Atomic rearrangements however could explain the blue-shifting of the second band observed however, this is one hypothesis and has not been shown for our samples.

The data depicted by the zeta potential, Z-avg and PDI values, are an indicator of the colloidal stability of the nanoparticle dispersions in water. We observed a trend of decreasing stability of the nanoparticles dispersed in water after 20 days (fig. 4.23 (b-d)). Additionally, the Z-avg of the NPs was decreasing until day 20, then the Z-avg began to rapidly increase between days 20 to 30.

Finally, the PDI value was stable until day 20, at which point the value was seen to significantly increase. The de-stabilization of the nanoparticles observed from day 20 is believed to be a result of two phenomenon. Firstly, it is suspected that some of the AuNPs on LN@Au are dettaching after time, which was corroborated by TEM imaging that showed a higher population of free AuNPs as compared to the initial imaging. The second phenomenon is aggregation dynamics. Nevertheless, a stability of 20 days is still greater than that reported in literature. In the work of Sangnier et.

al [START_REF] Anouchka Plan | Raspberry-like small multicore gold nanostructures for efficient photothermal conversion in the first and second near-infrared windows[END_REF] they report that their core-shell, Fe@Au raspberry shaped nanoparticles were stable up to two days in phosphate buffer solution which is a sufficient test for biological applications. We should also conduct our stability experiments, transferring the NPs to a biological approximate such as phosphate buffer solution. We believe that adding a final polymer coating on the gold shell can help prolong the stability of these nanoparticles in its dispersed media. NLO object is coupled to a plasmonic entity. [START_REF] Gürdal | Enhancement of the second harmonic signal of nonlinear crystals by self-assembled gold nanoparticles[END_REF][START_REF] Jassim | Plasmon assisted enhanced second-harmonic generation in single hybrid Au/ZnS nanowires[END_REF][START_REF] Linnenbank | Second harmonic generation spectroscopy on hybrid plasmonic/dielectric nanoantennas[END_REF] These results presented are from preliminary analysis and require further investigation. As is seen in fig. 4.25(b), there is an absorbance peak at around 575 nm, corresponding to the λ 0 /2 of the 1150 nm excitation. A hypothesis is that this enhancement observed at that excitation wavelength can possibly be attributed to this absorption band that we postulate has an impact on the near-field response of the hybrid nanoparticles, but further experiments must be completed, complemented by simulations modeling the near-field and far-field response of these nanohybrids similar to what was done by authors Madzharova et.

al [START_REF] Fani Madzharova | Gold-and Silver-Coated Barium Titanate Nanocomposites as Probes for Two-Photon Multimodal Microspectroscopy[END_REF] when studying the SHG response of their gold coated barium titanate nanoparticles. It is worth noting that this SHG enhancement is in opposition to the SHG response observed with LN@BPEI@AuSeeds. Reasons for this difference is not fully understood but as the most obvious difference is the size of the gold nanoparticles (and consequently their intraparticle interactions), we

suspose that the answer lies in examination of the size dependent optical properties. Though there is not an extensive volume of literature on such core-shell NLO, gold nanoparticles, their work leads us to believe there can be a link between the excitation wavelength and the SHG signal obtained for such NLO-gold composites. Not only this, there is a possibility that the presence of the Au on the NLO nanomaterial can lead to new opportunties for probing of the local environment using Raman scattering. To compare the LN@Au nanoparticles to PTT agents found in literature, the light-to-heat conversion efficiency (η), was calculated. The calculations were adapted from Jiang et. al [START_REF] Jiang | Size-Dependent Photothermal Conversion Efficiencies of Plasmonically Heated Gold Nanoparticles[END_REF] capacity of water, P 0 = incident laser power, A= absorbance of sample at 808 nm and B= the constant rate of heat dissipation from the solution to the environment and is calculated using equation 4.2.

e -Bt = T t -T 0 T m -T 0 (4.2)
where T t = temperature at some time t, T 0 = initial temperature before turning laser on, and T m = maximum temperature.

Using the above equations, the η of LN@Au nanoparticles was determined to be 40%. Using the same method for determining η, Sangnier et. al [START_REF] Anouchka Plan | Raspberry-like small multicore gold nanostructures for efficient photothermal conversion in the first and second near-infrared windows[END_REF] reported a photothermal efficiency of 65% for their gold nanoraspberries, i.e, AuNPs with a raspberry morphology. They also presented the η reported in the literature for different gold nanostructures which we present in table 4.10. We see that η for our LN@Au NPs is 25% lower than that of AuNRs, but 5% higher than that reported for the AuNSs synthesised by authors Cole et. al [START_REF] Cole | Photothermal Efficiencies of Nanoshells and Nanorods for Clinical Therapeutic Applications[END_REF] and gold nanostars reported by authors Espinosa et. al . [START_REF] Espinosa | Magnetic (Hyper)Thermia or Photothermia? Progressive Comparison of Iron Oxide and Gold Nanoparticles Heating in Water, in Cells, and In Vivo[END_REF] We can therefore conclude that our AuNSs are comparable to that in the literature.

AuNP shape nanoraspberries nanorods nanostars nanoshells η 65 [START_REF] Anouchka Plan | Raspberry-like small multicore gold nanostructures for efficient photothermal conversion in the first and second near-infrared windows[END_REF] 65 [START_REF] Cole | Photothermal Efficiencies of Nanoshells and Nanorods for Clinical Therapeutic Applications[END_REF] 35 [START_REF] Espinosa | Magnetic (Hyper)Thermia or Photothermia? Progressive Comparison of Iron Oxide and Gold Nanoparticles Heating in Water, in Cells, and In Vivo[END_REF] 35 [START_REF] Cole | Photothermal Efficiencies of Nanoshells and Nanorods for Clinical Therapeutic Applications[END_REF] Table 4.10: Photothermal conversion efficiencies for various gold nanostructures.

What has not been studied is the separate absorption and scattering cross-sections of our LN@Au NPs. When we perform the UV-visible spectroscopy, what in fact we obtain is the extinction spectra which is a summation of both absorption and scattering phenomenon. It would be of interest to us to model the absorption contribution and the scattering contributions. This has been done for silver metallic nanoparticles in the shape of spheres and cubes, reported by authors Grand et. al, however it requires the use of multiple electromagnetic modeling tools. [START_REF] Grand | Combined Extinction and Absorption UV-Visible Spectroscopy as a Method for Revealing Shape Imperfections of Metallic Nanoparticles[END_REF] Nevertheless, if we were to find that at 808 nm, the scattering contribution is high, this would be impacting the proportion of light that is being absorbed and then consequently converted to heat. In chapter 1, section 1.4.4, page 47, we noted that in the work of authors Bi et. al , 111 a record high photothermal conversion of 78.8%

for their gold nanostars is reported which they attributed to optimizing the size of the core and the number of spikes to minimize the scattering contributions at their chosen excitation wavelength of 980 nm. Further optimization of our LN@Au NPs could be a future avenue to improve η.

It was mentioned in chapter 1 section 1.4.4 page 47 that in traditional photothermal therapies, the temperature is usually increased within the 41 to 45 °C temperature range. ?, 101 However, when we are considering PPTT by nanoparticles, the heat is dissipated locally and studies have shown that the local temperature increase can rise by tens or hundreds of degrees. [START_REF] Abadeer | Recent Progress in Cancer Thermal Therapy Using Gold Nanoparticles[END_REF] We intend to incorporate nanothermometry functionality in our nanoparticles by embedding Er 3+ in the LiNbO 3 lattice structure. Er 3+ has a temperature dependent luminescence [START_REF] Oleksandr | Benefits of Silica Core-Shell Structures on the Temperature Sensing Properties of Er,Yb:GdVO 4 Up-Conversion Nanoparticles[END_REF] and it is possible to utilize the fluorescence intensity ratio (FIR) to elucidate the local temperature.

Conclusion

In this chapter, we discussed two seeded growth synthesis methods for the preparation of LN@Au NPs. The layer-by-layer was proven to be suited to our nanoparticles. An optimization of the experimental conditions was conducted. We determined that starting with LN@BPEI@AuSeeds1000

General Conclusions and Perspectives

Strategies that combine imaging and therapeutic functionalities into a single theranostic platform at the nanoscale is an attractive approach in cancer research, however, it requires an investment in fundamental research experiments. This thesis work detailed the fundamental studies in material science, in designing potential cancer theranostic multi-material, core-shell nanohybrids, and serves as the primary step before moving towards biological investigations.

Optical bio-imaging techniques allow us to achieve imaging at the cellular level, which can help us to identify cellular abnormalities before large tumor growth has occurred. More specifically, non-linear optical bio-imaging based on the second order non-linear susceptibility, such as SHG imaging, does not rely on electronic transitions of the imaging probe, and as such, we can achieve wavelength tuneable imaging. This among the other advantages such as high spatial resolution, lack of blinking or photodegradation as is observed in their fluorescent counterparts, as well as the cytotoxic studies performed on NLO nanomaterials such as LiNbO 3 nanoparticles are strong arguments for continued research on NLO bio-imaging. Plasmonic photothermal therapy as a cancer treatment has been flagged as a method of destroying cancer cells that is non-lethal to healthy cells. Based on the existing literature, the goal was to combine NLO imaging and plasmonic photothermal therapy into a singular nanoparticle platform.

The characterization of nanoparticle dispersions were performed using an array of techniques that probed both the physical and chemical nature of the nanoparticles as well as different surface depths.

A deeper comparative study of these techniques outlining their advantages and their limitations allowed for a robust assessment of the various nanoparticles used throughout this work. It was concluded that to fully characterize nanoparticles, the size, shape and morphological characterizations are essential, and when handling nanoparticles dispersed in aqueous media, their hydrodynamic diameter and zeta potential values are strong indicators of the dispersion stability.

From this work we concluded that the LN nanoparticles synthesized by the solvothermal process (performed at SYMME laboratory) produced pseudo-spherical nanoparticles, with a sphericity of 0.8, and a diameter of 45 nm (as determined by XRD analysis). These LN nanoparticles have a natural zeta potential of -43.2 ± 3.6 mV when dispersed in aqueous media confirming their negative surface charge. Surface modifications of these LN NPs with BPEI polymer successfully reversed the negative charge to +36.05 ± 2.9 mV. From XPS analysis and corroborated by fluorescence based analysis, the BPEI coating was determined to consist of 1259 polymer chains per LN particle, which corresponds to 24% wt of polymer to LN nanoparticle.

Spherical gold nanoparticles (AuSeeds), 2.5 nm in diameter with a zeta potential of -25.3 ± 8.0 mV were attached to the BPEI coated LN NPs, primarily through electrostatic interactions. We demonstrated the variability in the density of the AuSeeds coverage on the LN@BPEI NPs by both TEM and ICP-AES analysis. The maximum percentage of the LN@BPEI surface covered was determined to be 21.1% and 31.5% by TEM and ICP-AES respectively. Additionally, TEM analysis showed a linear correlation with the amount of AuSeeds mixed with the LN@BPEI NPs to the percentage of surface covered, whereas ICP-AES showed a asymptotic correlation. Using the ICP-AES results, the maximum AuSeeds that could be attached to LN corresponded to a 29% wt of Au per LN.

The effect of the attachment of AuSeeds to LN@BPEI NPs on the LN core's non-linear optical (NLO) properties was evaluated by the hyperpolarisability values, obtained by performing HRS experiments. It was finally observed that the hyperpolarisability of these LN@BPEI@AuSeeds nanoparticles (hyperpolarisability values ranging from 0.129 to 0.535 ×10 -24 ) was diminished with respect to the bare LN NPs (hyperpolarisability value of 0.768 ×10 -24 ). Depolarization evaluation of the LN and LN@BPEI@AuSeeds NPs however did not reveal any significant differences between the samples. Further studies on the impact of the density of AuSeeds on the hyperpolarisability of LiNbO 3 is still to be performed. This will also include further polarization studies, as well as modeling to better understand the observed result of decreased NLO function of our LN@BPEI@AuSeeds nanoparticles. Although our focus was on biological applications, the literature points to the use of hybrid NLO and plasmonic nanomaterials as nanoantennas for confining incoming radiation, and enhancing the local fields to then be used for non-linear processes such as SHG enhancement. [START_REF] Hentschel | Linear and nonlinear optical properties of hybrid metallic-dielectric plasmonic nanoantennas[END_REF] We believe that our LN@BPEI@AuSeeds structures should be further studied for the application to confining light.

In this work, we also presented two seeded-growth protocols for gold shell synthesis starting from LN@BPEI@AuSeeds. We reported that using varied ratios of HAuCl 4 . to Na 3 Cit did not promote a homogenous growth of gold around the core nanoparticles. A layer-by-layer (LbL) approach was demonstrated to be more successful in coating the core particles. We performed synthesis, varying the experimental parameters pH, initial AuSeed density and HAuCl 4 concentration. We showed that generally, the LbL method produced nanoparticle dispersions with a plasmon resonance band in the NIR region after three gold ion reduction steps. It was also demonstrated that the optimal synthesis conditions for gold shell on LN@BPEI@AuSeeds was to start with LN@BPEI@AuSeeds1000 NPs (30% surface coverage), to perform the gold reduction at around pH 7, and to use 30 mM HAuCl 4 at each reduction step. These conditions produced LN@Au nanoparticles with a plasmon band peak at 803 nm. Additionally, the zeta potential (+30.2 mV), Z-avg (163.3 nm) and PDI (0.118) values determined the final nanoparticle dispersion to be sufficiently dispersed, not prone to aggregation forces. The nanoparticles were analyzed by UV-visible spectroscopy, DLS, zetametry, TEM, EDX, ICP-AES, XPS and TOF-SIMS analysis. The final morphology of the shell of these nanohybrids has been determined to be raspberry shaped. It is envisioned to prepare similar core-shell NLOplasmonic structures applying this same synthesis protocol but changing the NLO core. In our laboratory, we have already begun working on bismuth ferrite (BFO).

In preliminary investigations of the SHG response of these LN@Au nanoparticles, we observed an enhancement of the SHG response as opposed to the bare LiNbO 3 nanoparticles at the wavelengths 1150 and 1250 nm. Conversely, a decrease in the SHG response was observed for LN@BPEI@AuSeeds nanoparticles. More experiments are to be completed to better explain these preliminary results.

An initial hypothesis is that there is a link between the plasmon extinction peaks of the nanoparticle dispersion and the SHG enhancement. This early observation is nevertheless an encouraging observation as it can potentially help us to improve upon the volume scaled SHG response observed for NLO nanoparticles. It is also possible that this raspberry shell structure, can present other interesting functionalities such as Raman and hyper Raman scattering that can be used for sensing. [START_REF] Fani Madzharova | Gold-and Silver-Coated Barium Titanate Nanocomposites as Probes for Two-Photon Multimodal Microspectroscopy[END_REF] In our reported optimization process, we leave the final nanoparticle with a gold surface (as was evidenced by TOF-SIMS analysis). This is useful for future biological applications as the gold chemistry can be used to then perform further surface functionalization of the nanoparticles to include bio-molecules that can enhance bio-compatibility and/or provide active bio-targeting.

Finally, we demonstrated that our LN@Au NPs have a photothermal energy conversion efficiency of 40%. This was found to be 5% more than that reported in the literature for core-shell nanoparticles. [START_REF] Cole | Photothermal Efficiencies of Nanoshells and Nanorods for Clinical Therapeutic Applications[END_REF] AuNRs, the benchmark nanoparticle for photothermal activity can have photothermal conversion efficiencies of 65% which have been used for destroying cancer cells. Future works will include performing photothermal experiments varying the concentration of Au (i.e the concentration of LN@Au NPs), to determine at what concentration we can achieve an overall heating of 40°C, which has been shown to be sufficient to kill cancer cells. It is also envisioned as future work, the cytotoxic evaluation of the nanoparticles. Once completed, it is envisioned to also perform photothermal experiments with the nanoparticles incubated with cancer cells, and further in animal studies.

Although the rough raspberry structure is hypothesized based on the literature to have strong local field enhancements, we are also interested in the light-to-heat conversion of smooth gold shell surface. It has been demonstrated in literature, heat treatment to gold nanoparticles to cause intraparticle ripening processes to produce smoother surfaces. [START_REF] Ziegler | Seeded Growth Synthesis of Uniform Gold Nanoparticles with Diameters of 15-300 nm[END_REF] This is a possible approach to change the final LN@Au structure.

The results presented in this work on controlling the density of gold seeding on LN@BPEI NPs, is now serving as the starting point for a new PhD thesis in our laboratory, that began in November of 2019, in collaboration with RMIT university Australia. These LN@BPEI@AuSeeds nanoparticles will be used for catalytic studies. It has been observed that LN@BPEI@AuSeeds NPs have peroxidase activity, and that their catalytic properties are enhanced compared to dispersions of LN and AuSeeds, as well as mixed dispersions of unlinked LN and AuSeeds. When used for such enzymatic activity, these nanoparticles are termed nanozymes. [START_REF] Jiang | Nanozyme: new horizons for responsive biomedical applications[END_REF] Further studies on these nanoparticles and their catalytic function is being conducted within our laboratory. (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (from LN@AuSeeds1000) and (f) LN@Au (from LN@AuSeeds3000) samples. (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (from LN@AuSeeds1000) and (f) LN@Au (from LN@AuSeeds3000) samples. 

Imagerie optique non linéaire pour le diagnostic du cancer

Lorsqu'un milieu répond de façon non linéaire à l'excitation par une onde électromagnétique, il acquiert une polarisation 𝑃𝑃 s'écrivant : 𝑃𝑃 = 𝜀𝜀 0 (𝜒𝜒 [START_REF] Webb | Emerging advances in nanomedicine with engineered gold nanostructures[END_REF] 𝐸𝐸 + 𝜒𝜒 (2) 

Conclusion sur les nanoparticules pour la thérapie du cancer

Les nanoparticules sont maintenant inclues dans l'ensemble des techniques thérapeutiques du cancer, que ce soit en tant qu'agents radio-ou photo-sensibilisants, ou pour la délivrance de principes actifs. La possibilité de les modifier en surface permet d'améliorer leur capacité de ciblage. En particulier, la thérapie photothermique est attractive car les nanoparticules d'or présentent de bonnes efficacités de conversion photon-chaleur. 1. 2).

Caractéristique des nanoparticules

     EDS      ICP-AES      LDV/Electrophorèse      TEM      TOF-SIMS      UV-Vis      XPS     
Cette mesure spectroscopique est bien entendu complétée par des images TEM. 

Matériel et méthodes

Les nanoparticules de LN ont été synthétisées au laboratoire SYMME d'Annecy par un procédé solvothermal en faisant réagir l'éthoxyde de lithium niobium en présence de butane- une valeur maximale de 45 nm pour le diamètre de Scherrer des nanoparticules a été calculée. La microscopie TEM a également été utilisée pour déterminer un diamètre moyen des nanoparticules de 34 ± 12 nm (Figure 4). Ces nanoparticules ont une morphologie pseudo-sphérique avec un degré de sphéricité moyen (rapport du petit diamètre sur le grand diamètre) de 0,8 Nous avons cherché à déterminer le pourcentage maximum de couverture des AuSeeds sur les LN@BPEI en faisant varier la quantité de AuSeeds présents dans la dispersion (Table 2). Les images TEM montrent une distribution aléatoire des AuSeeds sur les nanoparticules L'analyse ICP-AES révèle une tendance asymptotique avec un pourcentage de surface maximum de 31,5% pour un pourcentage massique de Au de 29%. Dans la littérature, un pourcentage massique de 47,7% de Au a été obtenu pour des nanoparticules cubiques d'oxyde de fer de 50 nm, ce qui correspond à un pourcentage de surface de 74% [Goon 2009]. Le pourcentage plus faible obtenu dans notre cas peut être expliqué par la forme cubique des nanoparticules de Fe ans la publication de Goon qui offre une plus grande surface spécifique que la forme pseudo-sphérique de nos nanoparticules de LN. De plus, la forme cubique modifie la conformation du BPEI, rendant peut-être plus accessible les fonctions amines pour l'interaction avec les AuSeeds. Dans notre cas, le maximum atteint à partir de LN@BPEI@AuSeeds1000 a également été observé à l'oeil nu lors de la centrifugation, le surnageant ayant la couleur des AuSeeds dans ce cas, alors qu'il était incolore pour LN@BPEI@AuSeeds100 et LN@BPEI@AuSeeds700.

Les valeurs de potentiel zeta attestent qualitativement de la modification de surface des nanoparticules (Figure 6) : à chaque modification, la charge de surface est inversée. Les nanoparticules LN@BPEI@AuSeeds100 et LN@BPEI@AuSeeds700 sédimentent au bout de quelques minutes tandis que les nanoparticules LN@BPEI@AuSeeds1000 et LN@BPEI@AuSeeds3000 demeurent bien dispersées comme l'indiquent les valeurs de potentiel zeta. L'hyperpolarisabilité (𝛽𝛽) peut être extraite de la pente en utilisant la méthode de la référence interne. L'intensité HRS du solvant (ici W signifie que le solvant est de l'eau)

est 𝑁𝑁 𝑊𝑊 = 55.56 mol/L avec une valeur �〈𝛽𝛽 𝑊𝑊 2 〉 de 0.087×10 -30 esu. 𝑁𝑁 𝐿𝐿𝐿𝐿 est la concentration des nanoparticules de LN. L'intensité HRS a aussi été mesurée pour les échantillons LN@BPEI@AuSeeds300, LN@BPEI@AuSeeds1000 et LN@BPEI@AuSeeds3000, ainsi que pour la dispersion de AuSeeds. Intensités maximales corrigées en fonction de la concentration de LN (b).

Les valeurs de 𝛽𝛽 obtenues sont présentées dans la Table 3, ainsi que les valeurs des coefficients de seconde harmonique moyens < 𝑑𝑑 > qui prennent en compte l'effet du volume des nanoparticules selon l'équation 3. LN@BPEI@AuSeeds300 0.535×10 -24 4.7

LN@BPEI@AuSeeds1000 0.129×10 -24 1.1 LN@BPEI@AuSeeds3000 0.140×10 -24 1.2 LN 0.768×10 -24 6.7

Référence LN 16.3×10 -24 6.7

Table 3. Hyperpolarisabilités déterminées à partir de la pente des graphes donnant l'intensité HRS en fonction de la concentration en nanoparticules pour les AuSeeds, LN@BPEI@AuSeeds300, LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds3000, LN utilisé dans ce travail (diamètre 45 nm) et le LN de référence (diamètre 125 nm) issu de la littérature [Joulaud 2013]. Dans la deuxième colonne sont donnés les coefficients de seconde harmonique moyens < 𝑑𝑑 > correspondants.

On LN@BPEI@AuSeeds100 0.2 LN@BPEI@AuSeeds300 0.17 LN@BPEI@AuSeeds1000 0.18 LN@BPEI@AuSeeds3000 0.18 AuSeeds 0.43 Synthèse de LN@Au en utilisant une approche « couche par couche ».

Matériel et méthodes

La première étape de la synthèse des LN@Au consiste en l'immobilisation de AuSeeds sur les nanoparticules LN en présence de BPEI comme présenté dans le Chapitre 3. L'étape suivante (formation de la coquille de Au) a été testée avec les deux protocoles suivants.

Synthèse des LN@Au en utilisant une solution de citrate de sodium pour la croissance.

Des solutions de croissance composées de Na3Cit:HAuCl4 avec des rapports molaires de 1:1, 8:1 et 40:1 ont été préparées. A chaque solution de croissance a été ajouté 1 mL de LN@BPEI@AuSeeds3000 suivi de 10,7 µL de NH2OH, HCl à 0,2 M. Après réaction pendant 10 min, les mélanges ont été centrifugés pendant 10 min à 20°C et 9103g et redispersés dans 1 mL d'eau après élimination du surnageant.

Synthèse « couche par couche » des LN@Au. Les nanoparticules LN@BPEI@AuSeeds (1 mL à 0,35 mg/mL) sont mélangées à 4 mg de BPEI dissous dans 5 mL d'eau à 60°C 5 présente les différentes conditions expérimentales qui ont été testées avec ce protocole.

Variable expérimentale

Conditions expérimentales pH 1) LN@BPEI@AuSeeds3000, pH 11,5, HAuCl4 = 30 mM 2) LN@BPEI@AuSeeds3000, pH 7,7, HAuCl4 = 30 mM chapitre précédent, cette méthode n'a pas fonctionné sur les LN@BPEI. Par conséquent, ce sont les nanoparticules LN@BPEI@AuSeeds qui ont été utilisées ici, plus particulièrement les LN@BPEI@AuSeeds3000 qui sont stables dans l'eau avec un potentiel zeta de -31,8 ± 20,3 mV et un indice de polydispersité de 0,2. On constate la présence de deux pics pour tous les spectres à chaque étape de réduction avec un décalage progressif du deuxième pic vers le rouge au fil des étapes de réduction comme observé précédemment. Les LN@Au ainsi formées présentent une bande plasmon large entre 700 et 900 nm, ce qui correspond aux objectifs souhaités. Les mesures de potentiel zeta et de diamètre hydrodynamique montrent cependant des différences notables entre les deux échantillons. Alors que les LN@Au formées à partir des LN@BPEI@AuSeeds3000 ont un potentiel zeta toujours inférieur à 20 mV en valeur absolue quelle que soit l'étape de réduction, les LN@Au formées à partir des LN@BPEI@AuSeeds1000 ont un potentiel zeta positif qui augmente progressivement au cours des étapes de réductions jusqu'à +30,2 mV. Ceci est également associé à des valeurs de diamètre hydrodynamique et d'indice de polydispersité plus faibles pour LN@BPEI@AuSeeds1000 que pour LN@BPEI@AuSeeds3000, montrant une moindre agrégation. Les images TEM montrent aussi que les LN@Au préparées à partir de LN@BPEI@AuSeeds1000 ne présentent aucune nanoparticule d'or libre (Figure 12). Ceci est corroboré par un faible indice de polydispersité (0,118) pour les LN@Au finales. Ces résultats très différents obtenus avec les LN@BPEI@AuSeeds1000 et les LN@BPEI@AuSeeds3000 peuvent être expliqués par le fait que dans le cas des LN@BPEI@AuSeeds3000, l'excès de AuSeeds reste dans la dispersion même après centrifugation, possiblement attaché au BPEI dans la sphère de solvatation des nanoparticules. Les nanoparticules LN@Au produites avec une concentration de 3 mM en HAuCl4 présentent une bande plasmon unique après la 3 ème réduction contrairement à celles produites avec une concentration de 30 mM. La bande est centrée à 693 nm, décalée vers le bleu de 110 nm par rapport à celle obtenue avec une concentration de 30 mM (Figure 13). Les images TEM montrent une couverture incomplète de la surface de LN avec des nanoparticules d'or de morphologie allongée et aplaties sur la surface, ce qui explique peut- 6. Résumé des caractéristiques des dispersions finales de nanoparticules LN@Au obtenues en utilisant des concentrations en HAuCl4 de 3, 10 et 30 mM à chaque étape de réduction. Les nanoparticules initiales sont LN@BPEI@AuSeeds1000 et une concentration de 0,2 M en NH2OH, HCl a été utilisée.

En conclusion, les nanoparticules optimales LN@Au obtenues par la méthode « couche par couche » sont celles préparées à partir de LN@BPEI@AuSeeds1000, à pH neutre, avec

[HAuCl4] = 30 mM. Les spectroscopies XPS et TOF-SIMS ont été utilisées pour caractériser les nanoparticules aux différentes étapes de la synthèse. Les échantillons analysés sont les suivants : LN, LN@BPEI@AuSeeds1000, LN@BPEI@AuSeeds3000, LN@BPEI@AuSeeds1000@BPEI, LN@BPEI@AuSeeds3000@BPEI, LN@Au (obtenu après la 3 ème réduction de LN@BPEI@AuSeeds1000) et LN@Au (obtenu après la 3 ème réduction de LN@BPEI@AuSeeds3000).

L'étude des données TOF-SIMS a été réalisée après analyse par composantes principales. 

LN@BPEI@AuSeeds1000@BPEI 0,37 Après ajout de la deuxième couche de BPEI sur LN@BPEI@AuSeeds1000 et LN@BPEI@AuSeeds3000, on observe une augmentation nette des contributions de C et où 𝛿𝛿𝑇𝑇 est l'augmentation de la température en °C, 𝑚𝑚 𝑠𝑠 la masse de l'échantillon en g, 𝐶𝐶 𝑤𝑤 la chaleur spécifique de l'eau, 𝑃𝑃 0 la puissance du laser incident, 𝐴𝐴 l'absorbance de l'échantillon à 808 nm et 𝐵𝐵 le taux de dissipation de chaleur de la solution à l'environnement qui est calculé selon l'équation 6.

𝑒𝑒 -𝐵𝐵𝐵𝐵 = 𝑇𝑇 𝐵𝐵 -𝑇𝑇 0 𝑇𝑇 𝑚𝑚 -𝑇𝑇 0 

Conclusion

Ce travail de thèse a concerné la mise au point de nanoparticules coeur-coquille avec des applications théranostiques potentielles. L'imagerie optique non linéaire est utilisée pour la fonction diagnostique, plus particulièrement la SHG, qui permet de faire varier la 
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Glossary

  AuNPs: gold nanoparticles BPEI: branched polyethylenimine CW: continuous wave DC: direct current DLS: dynamic light scattering EDX/S: energy dispersive X-ray spectrscopy EM: electromagnetic FWHM: full width at half maximum HNPs: harmonic nanoparticles HRS: Hyper Rayleigh Scattering ICP-AES: inductive coupled plasma atomic emission spectroscopy LN: LiNbO 3 nanoparticles LN@Au: gold shell LiNbO 3 nanoparticles LN@BPEI: BPEI coated LiNbO 3 nanoparticles LN@BPEI@AuSeeds: BPEI coated LiNbO 3 nanoparticles with AuSeeds attached NADH: nicotinamide adenine dinucleotide reduced form NCs: manocages NH 2 OH.HCl: hydroxylamine hydrochloride NLO: non-linear optics NPs: nanoparticles NRs: nanorods NSs: nanoshells PDT: photodynamic therapy PPTT: plasmonic photothermal therapy RSF: relative sensitivity factor SPR: surface plasmon resonance TEM: transmission electron microscopy TOF-SIMS: time-of-flight secondary ion mass spectroscopy XPS: X-ray photelectron spectroscopy and empathy displayed to me during the unprecedented time of the Covid-19 pandemic. I cannot say it enough: thank you, thank you, thank you!
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 1112 Figure 1.1: A categorization of some of the applications of nanomaterials and nanotechnologies to various essential industries. (POC= point of care)
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 13 Figure 1.3: Illustration of the change in size and specific surface area of materials upon moving from bulk to nano and vice versa, detailing the common bottom up and top down techniques used.
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 16 Figure 1.6:The depth penetration and spatial resolution of common imaging techniques. MRI= magnetic resonance imaging, PET= positron emission tomography, CT= computed X-ray tomography, OCT= optical coherence tomography, MPM= multiphoton microscopies. Image taken from reference.[START_REF] Wang | Advanced Fiber Soliton Sources for Nonlinear Deep Tissue Imaging in Biophotonics[END_REF] 
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 17 Figure 1.7: The propagation of light through tissues with respect to the wavelength of light: blue light ( 450-495 nm), green light ( 520-560 nm) and red light ( 635-700 nm) 44
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 18 Figure 1.8: Graphical representation of the linear and non-linear responses of the polarization in a medium to the electric field. (a) The linear response is represented by the dotted line , (b) the second order quadratic response is represented by a solid line and (c) the third order cubic response is represented by a solid line.52
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 19 Figure 1.9: Illustration of the absorption and emission processes in (a) two photon excited fluorescence (TPEF) and (b) second harmonic generation (SHG) non-linear processes.55

  photons, resulting in a reduced photo-degradation. In addition to this, the absorption coefficients and light scattering of biological tissues are lower for these longer NIR wavelengths in comparison to UV-visible wavelengths. The absorption and scattering curves for some biological molecules is shown in fig.1.10. This means greater depth penetration and a reduced attenuation by scattering and absorption effects from the surrounding tissues.

Figure 1 . 10 :

 110 Figure 1.10: The absorption and scattering coefficients of various biomolecules as a function of wavelength. 56

  acceptor tend to demonstrate high TPEF efficiencies. Some examples of common TPEF molecules used are shown in fig. 1.12.
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 112 Figure 1.12: Examples of TPEF active organic molecules.60

Figure 1 . 13 :

 113 Figure 1.13: Zeta potential values for KNbO 3 , LiNbO 3 , BaTiO 3 , KTP and ZnO nanoparticles dispersed in deionized water and varying pH.72

Figure 1 . 14 :

 114 Figure 1.14: Stages of cell destruction by thermal effects in cancer tumors. 101
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Figure 1 . 15 :

 115 Figure 1.15: Illustration of the surface plasmon waves propagating along the x interface of a metal and a dielectric surface.116

Figure 1 . 16 :

 116 Figure 1.16: Illustration of the amplification of the oscillation of the electrons on the surface of a nanoparticle when interacting with incident light of resonance frequency.116

Figure 1 . 17 :

 117 Figure 1.17: Graphical representation of the real and imaginary parts of the dielectric function of Au. The dots correspond to data from the literature of the dielectric function and the solid line corresponds to the dielectric function of the free electron gas Drude model.117

Figure 1 . 18 :

 118 Figure 1.18: Figure describing the principle of photothermal conversion process in plasmonic nanostructures. 1

  First proposed in the 1950's by Lamer and his colleagues, it outlines that the homogeneity of the nanoparticles formed, is a result of the kinetics of the assembling of the atoms, controlled by the atom concentration.When the atom concentration is increased rapidly, past its saturation concentration, to what is called the minimum nucleation concentration, we observe burst nucleation-the formation of tiny nuclei comprised of the atoms. They will continue to form until the concentration of the atoms drops below this minimum nucleation concentration. At this point, the concentration of the atoms is still above saturation concentration. This is the growth point, where the additional atoms attach to already formed nuclei. The Lamer model of nanoparticle growth is depicted in fig.1.19. Various research groups have devoted their work to studying the formation of nuclei and the subsequent balance between the concentration of the atoms being added to the nuclei present, with the hope of elucidating how to control the homogeneity of the nanoparticles. What in-situ techniques have revealed is that the nucleation process is more complicated than originally outlined by Lamer's classical approach.[START_REF] Koerner | In Situ UV/Vis, SAXS, and TEM Study of Single-Phase Gold Nanoparticle Growth[END_REF] Lamer's model still remains a useful guide, highlighting the role the kinetics of nanoparticle formation (driven by changing concentration) plays in the homogeneity of the nanoparticles formed. The 2004 review by authors Daniel and Astruc, 10 though almost two decades old, provides a solid background on the established spherical gold nanoparticle synthesis techniques. The methods covered in their review article include the citrate (Turkevich) reduction of gold chloride, 130 the Brust-

Figure 1 . 19 :

 119 Figure 1.19: Lamer diagram depicting the kinetics of the formation of nanoparticles upon changing atomic/monomer concentration 129 C s = atom saturation concentration, C min nu = minimum atom concentration for nucleation, C max nu = atom concentration at which supersaturation occurs and C crit = atom critical concentration, maximum nucleation.

Figure 1 . 20 :

 120 Figure 1.20: Depiction of a silica-gold core-shell nanoparticle of inner radius r i and outer radius of r 0 .

  allowed for a working knowledge on what information could be obtained, what are the limitations of each technique, and what, if any, assumptions must be made when analysing the results. The conclusions derived from this work is hinged on the interpretation of these data sets, and therefore, it is necessary to dedicate a chapter of this thesis to the characterization techniques used in this work.

  2.2, an example is given of damage done to a holey carbon grid by the electron beam.

Figure 2 . 1 :

 21 Figure 2.1: TEM image of LN nanoparticles. Red circles on image highlights sections where it is challenging to distinguishing the top and bottom of these 3-D particles in the 2-D representation as well as the challenge in delineating the boundaries of each particle.

Figure 2 . 2 :

 22 Figure 2.2: TEM image of a section of a TEM grid, damaged from the electron beam.

Figure 2 . 3 :

 23 Figure 2.3: TEM image of lithium niobate NPs with AuNP decorated surface. In the images, the darker spots are due to the greater thickness of the sample as a result of the stacking of NPs on top of each other. (a) NPs deposited on a UV-ozone etched carbon holey grid and (b) on an untreated carbon holey grid.

Figure 2 . 4 :

 24 Figure 2.4: Representation of the electron transitions in an atom upon an external X-ray stimulation.The electron ejection leaves an electron hole which is filled by an electron in another energy orbital. An X-ray is emitted as the electron fills the electron hole, corresponding to the difference of the energy orbitals. (Kα, Kβ etc.). The characteristic X-rays emitted from the electron transitions are labeled using the Siegbahn notation.

Figure 2 . 5 :

 25 Figure 2.5: EDS spectrum of the elements identified by the characteristic X-rays emitted (using the Siegbahn notation) upon a focused spot electron beam on the sample shown in the TEM image included. Spectrum shows the peaks for Nb at 16.6 and 18.6 keV, Au at 9.7 and 11.4 keV. The spectrum also shows peaks for O, Cu, Cr and Fe, which are from the TEM grid.

  The combined work of Einstein on Brownian particles, and Stokes on the mobility of spherical particles in a fluid, produced an equation that shows the relationship between the diffusion coefficient of particles to their radius. The dynamic light scattering (DLS) technique uses the fluctuations in the intensity of scattered light detected upon irradiating particles dispersed in a liquid medium, to determine the particles diffusion coefficient and subsequently their hydrodynamic radius. The DLS software of devices such as the Malvern nanoseries, generates an intensity auto-correlation function of the light scattering, G(τ ), within a short decay time as shown in equation 2.3, where

  intensity averaged particle diameter, and is used to describe the average hydrodynamic radius of the nanoparticle sample. It is possible to convert the intensity distributions to volume and number distributions based on Mie theory, but it assumes that the particles are spherical, homogenous and all optical properties are well known (absorption value of the sample at the wavelength of light used is known). The next term is the polydispersity index (PDI) which is a dimensionless number, derived from a 2 parameter fitting of the correlation data, used to indicate the dispersion of the particles' diameters distribution in the sample. It is scaled so that values above 0.7 indicate a broad size d of the sample and values below 0.05 are rarely observed. In this work, a PDI value of 0.2 and lower is indicative of an acceptable size distribution of the nanoparticles.
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 26 Figure 2.6: Example of a correllogram created during a DLS measurement.

  2.7.

Figure 2 . 7 :

 27 Figure 2.7: Graphical representation of the electrical double layer around a particle, showing the Stern layer, diffuse layer and the slipping plane, with an illustration included depicting at which boundary zeta potential is measured. Taken from Malvern Panalytical Zetasizer ZS brochure.

  A simplified schematic representation of TOF-SIMS is shown in fig. 2.8.

Figure 2 . 8 :

 28 Figure 2.8: A Simplified diagram of a general TOF-SIMS experimental set-up. 199

Figure 2 . 9 :

 29 Figure 2.9: TEM image of LN@AuSeeds NPs used in this work. The quasi spherical shape of the LN is evidenced by the varied lengths of the particle. The red line is equal to 54.8 nm whereas the blue line is equal to 50.2 nm.
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 210 Figure 2.10: UV-visible spectra of LN and LN@Au dispersions. Inset images are a representation of the nanoparticles present in the dispersions corresponding to the UV-visible spectra. (a) LN, (b) LN@Au formed after one reduction of HAuCl 4 , (c) LN@Au formed after two reductions of HAuCl 4 and (d) LN@Au formed after three reductions of HAuCl 4 .
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 211 Figure 2.11: TEM images showing the varied gold shell morphology on LN NPs. (a) Raspberry gold shell, (b) continuous smooth shell and (c) mixed shell.

Figure 2 .

 2 Figure 2.12: (a) UV-visible spectra and (b) corresponding concentration calibration curve for LN. The extinction value at 350 nm was used to plot the concentration calibration curve.

  techniques. Use of the techniques discussed in this chapter allows one to obtain both a physical and chemical characterization of the nanoparticles. We have demonstrated a clear acknowledgment of the drawbacks and challenges associated to the various techniques and shown how we use the techniques in either a complementary or corroboratory manner to draw conclusions on the nanoparticle dispersions.

1 M

 1 NaOH was added to 45.5 µL of deionized water followed by 2.14 µL of a 4.2 mM solution of THPC. While stirring, 360 µL of 25 mM HAuCl 4 solution was added to the mixture and the stirring was continued for ten minutes, with the mixture undergoing a colour change from colourless to brown-red in under 30 seconds. The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the resulting AuSeeds. The AuSeeds dispersion was stored at 4°C and used for further procedures up to two months post synthesis. The AuSeeds dispersion's concentration was calculated based on the concentration of gold determined by ICP-AES analysis (refer to sections 2.1.7 and 2.2.4) and the AuSeed volume as determined by TEM evaluation of their diameter.

3 . 2 .

 32 A femtosecond pulsed laser, wavelength 800 nm, with a repetition rate of 80 MHz pulses for 140 femtoseconds was used. The laser beam was polarized using a half-wave plate and focused onto the sample with the use of a 10X microscope objective lens. In a 0.5 × 0.5 cm 2 quartz cell, 1 mL of the sample was placed and the harmonic light produced was collected at a 90°angle, passing through the analyzer. A photomultiplier tube working in the photon counting regime was used to record the photons of light and was placed after a spectrometer for wavelength selection.

Figure 3 . 2 :

 32 Figure 3.2: Illustration of a general set-up of a Hyper Rayleigh Scattering experiment for obtaining the first hyperpolarizability.

Figure 3 . 3 :

 33 Figure 3.3: X-ray diffractogram of LiNbO 3 (LN) obtained under the given synthesis protocol detailed in section 3.1.1. Diffractogram retrieved from thesis of Mathias Urbain, 2020. LiNbO 3 reference diffractogram taken from ICSD pattern #80628 for LiNbO 3 bulk crystal of stoichiometric composition. 200

Figure 3 . 4 :

 34 Figure 3.4: TEM images of LN used in this work, synthesis protocol detailed in 3.1.1, showing the pseudo-spherical morphology of LN.

Figure 3 . 5 :

 35 Figure 3.5: Zeta potential graph for LN, synthesis protocol detailed in section 3.1.1, dispersed in water. Three measurements were taken, each measurement consisting of 30 runs.
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 22 BPEI polymer surface modification of LiNbO 3 NPsIn order to attach the AuSeeds to LN, LN had to undergo surface modifications. In the published works of authors Westcott et. al ,[START_REF] Westcott | Formation and Adsorption of Clusters of Gold Nanoparticles onto Functionalized Silica Nanoparticle Surfaces[END_REF] they investigated the influence of three coating materials on spherical silica nanoparticles and how it impacted the ability of gold nanoparticles to attach to the core nanoparticle. The three materials investigated were (3-Aminopropyl)trimethoxysilane (APTMS), 2-(diphenylphosphino)ethyltriethoxysilane (DPPETES), and 3-mercaptopropyl-trimethoxysilane (MPTMS), whose surface groups are amino, phosphine and thiol respectively. Their results showed that both the amino and thiol groups facilitated the gold nanoparticle attachment to the core particle. In addition to this study, different methods of surface modification of LiNbO 3 nanoparticles were tested in our laboratory during the master internship of Eloïse Millet (2017): two silanization methods using (3-Aminopropyl)triethoxysilane (APTES) in aqueous and organic media respectively, adsorption of polyelectrolytes poly-L-lysine (PLL) and BPEI (fig.3.6), and lastly adsorption of Sn 2+ ions to favour the reduction of Au at the surface of LN nanoparticles.

Figure 3 . 6 :

 36 Figure 3.6: Molecular formula of branched polyethylenimine (BPEI). Image retrieved from Sigma Aldrich BPEI product information website. 206

Figure 3 . 7 :

 37 Figure 3.7: (a) Fluorescence spectra of fluorescamine bound to BPEI at different standard BPEI concentrations, excitation at 388 nm and (b) calibration plot of fluorescence intensity at 472 nm of the fluorescamine-BPEI standard solutions.

Figure 3 . 8 :

 38 Figure 3.8: Fluorescence spectra of the BPEI present in the supernatants bound to fluorescamine collected from each washing step after the BPEI coating of LN. Excitation wavelength set at 388 nm.
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 35333 monomer units = (25000 -((2 × molar mass N H 2 ) + (2 × molar mass CH 2 ) molar mass of one repeat unit = (25000 -60) 473 = From the number of monomer units per polymer chain, the number of N atoms per polymer chain could then be calculated as shown in eq. 3.4. # N atoms per polymer chain = (#monomer units × 11) + 2 = 585 (3.4) Returning to the stoichiometric ratio between Nb and N as determined by XPS, (5.26:3.09 ), and having calculated the number of Nb atoms per LN analyzed by XPS to be 1,204,922, the number of N atoms per LN was calculated to be 7.08 × 10 5 . As the only source of N atoms is from BPEI, we can calculate the number of polymer chain molecules present on the surface of LN by dividing this value by the number of N atoms in one polymer chain. From this calculation we obtain 1210 polymer chains per LN particle, which corresponds to 23% wt of polymer to LN nanoparticle. In the work of Rosenholm et. al , 211 they report 18% wt of PEI polymer on their SiO 2 NPs, determined by thermogravimetry. The surface sensitivity of XPS analysis made it well adapted to quantifying the amount of BPEI adsorbed to the surface of the LN nanoparticles, and the results are reliable.
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 310 Figure 3.10: TEM images of in-situ formation of (a) Au-decorated SiO 2 NPs taken from Wang et. al 135 and (b) Au-decorated LiNbO 3 NPs formed by reduction of HAuCl 4 by NaBH 4 .

Figure 3 . 11 :

 311 Figure 3.11: Scheme of chemical reactions during the AuSeed formation. The first reaction is the neutralization of THPC to form THP and formaldehyde. Both compounds are further used for Au 3+ reduction to Au 0 . The last reaction is the complexation reaction between THP and Au + .

Figure 3 . 12 :Figure 3 .

 3123 Figure 3.12: The speciation of HAuCl 4 with respect to pH of the aqueous medium.165

63 #

 63 (mg/mL) = Concentration of N b (mg/mL) 0.of LN per mL = Concentration of LN (mg/mL) mass of 1 LN # of AuSeeds per mL = Concentration of Au (mg/mL) M ass of 1 AuSeed # AuSeeds per LN = # AuSeeds # LN N P s (3.5) The concentrations of Nb and Au were obtained directly from the ICP-AES results, 0.63 is the mass contribution of Nb based on the empirical formula of LiNbO 3 , and the mass of 1 LN as well as the mass of 1 AuSeed was calculated based on the volume and density of a single LN and AuSeed nanoparticle respectively.

Figure 3 . 14 :

 314 Figure 3.14: TEM images of gold seeds attached to LiNbO 3 nanoparticles, at different gold seed loading densities.(a) LN@BPEI@AuSeeds100, (b) LN@BPEI@AuSeeds300, (c) LN@BPEI@AuSeeds700, (d) LN@BPEI@AuSeeds1000, (e) LN@BPEI@AuSeeds2000 and (f) LN@BPEI@AuSeeds3000

  np is the average hyperpolarisability of the nanoparticles and the brackets indicate orientational averaging. By varying the nanoparticle concentration and measuring the corresponding HRS intensity, using an external reference, the hyperpolarisability values of a nanoparticle dispersion can be deduced from the slope. The set-up described in section 3.1.5 was used to collect the raw HRS intensities of LiNbO 3 NP dispersions, at different concentrations. After a correction for extinction (scattering and absorption) of the amplitude, which we supposed was due mainly to scattering, the corrected HRS intensities were obtained (corresponding plots are shown in fig. 3.18.(a)). At zero concentration, only the solvent HRS intensity is measured, and we used this intensity to re-normalize all the curves and a plot of the maximum HRS intensities as a function of concentration was made (fig. 3.18.(b)). The normalized HRS intensity is given by the equation 3.7.

Figure 3 .

 3 Figure 3.18: (a) Graphical plot of the HRS intensities of LiNbO 3 NP dispersions upon using an incident laser wavelength of 800 nm, vertically polarized, and varying the concentration of the nanoparticle dispersions. (b) Graphical plot of the maximum HRS intensities corrected of LiNbO 3 NP as a function of nanoparticle concentration.

Figure 3 . 19 :

 319 Figure 3.19: Graphical plot of the HRS intensities corrected as a function of the nanoparticle dispersion concentration. (a) LN@BPEI@AuSeeds300, (b) LN@BPEI@AuSeeds1000, (c) LN@BPEI@AuSeeds3000 whose concentration units are expressed in NPs/mL. (d) AuSeeds whose concentration values are expressed in mol/L.

Figure 3 . 20 :

 320 Figure 3.20: Polar plots of HRS intensities as a function of the polarization angles of the incident light for nanoparticle dispersions. The blue data points correspond to vertical polarization and the red data points correspond to horizontal polarization. (a) LN, (b) AuSeeds,(c) LN@BPEI@AuSeeds100, (d) LN@BPEI@AuSeeds300, (e) LN@BPEI@AuSeeds1000 and (f) LN@BPEI@AuSeeds3000.

Figure 4 . 1 :

 41 Figure 4.1: Schemes for the two protocols for LN@Au NPs synthesis. (a) LN@Au NPs synthesis using a sodium citrate to gold chloride (HAuCl 4 ) growth solution. (b) LN@Au NPs synthesis using a layer-by-layer (LbL) approach.

Figure 4 . 2 :

 42 Figure 4.2: Experimental set-up for IR-thermographic measurement.

3

 3 Cit) and aqueous HAuCl 4 was used (protocol outlined in section 4.1.5, page 115). This was directly inspired by the work of authors Wang et. al . 135 They obtained two distinct gold shell morphologies when their gold-seeded SiO 2 NPs (120 nm in diameter) were placed in the growth solution with the reducer NH 2 OH.HCl at ambient temperature. These two morphologies were correlated to the ratio of Na 3 Cit to HAuCl 4 as shown in the scheme in fig. 4.3.

Figure 4 . 3 :

 43 Figure 4.3: Scheme of preferential Au atom attachment to aminated SiO 2 nanoparticles based on Na 3 Cit to HAuCl 4 ratio, taken from Wang et. al . 135 The reduction of gold ions is facilitated by NH 2 OH.HCl. (1) Preferential attachment of the newly formed Au atoms to the already present AuNPs on the surface of the aminated SiO 2 NPs. (2) Preferential attachment of the newly formed Au atoms to the Au-free surfaces of the aminated SiO 2 NPs.

1 Na 3 Figure 4 . 4 :

 1344 fig.4.4 (a)). This corresponds to a red-shifting of the plasmon peak by approximately 60 nm as compared to the nanoparticles formed in the 1:1 and 8:1 growth solutions, however it is not as significant as the 200 nm shift observed by the team of Wang et. al .[START_REF] Wang | Citrate-Regulated Surface Morphology of SiO 2 @Au Particles To Control the Surface Plasmonic Properties[END_REF] TEM imaging was performed on these NPs (see fig. 4.4 (b)). What we observed was individual gold islands, much like what we hypothesized to be formed in the 1:1 and 8:1 ratios. Indeed, in comparing the TEM images of our nanoparticles to that reported by Wang et. al , 135 the morphology of the gold deposition on the core particle more closely resembled the morphology they obtained in their 1:1 growth solution (see fig. 4.4 (c)), as opposed to the morphology obtained in their 40:1 growth solution (see fig. 4.4 (d)). One hypothesis for the differing results between the work of Wang et. al and this work is the pKa values of NH 2 attached to SiO 2 (approximately 9), 219 and that of the NH 2 of BPEI (ap-
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 45 Figure 4.5: Structural formula of sodium citrate.
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 4647 Figure 4.6: (a) UV-Visible spectra of the nanoparticle dispersions after the 1 st , 2 nd and 3 rd reduction steps at pH 11.5. (b) UV-visible spectra of the nanoparticle dispersions after the 1 st , 2 nd and 3 rd reduction steps with no pH adjustment to the reaction medium.

Figure 4 . 8 :

 48 Figure 4.8: TEM images showing the morphology of the Fe 3 O 4 @Au NPs synthesized under basic pH conditions and LN@Au NPs synthesized under neutral pH conditions. (a) The spiky morphology of Fe 3 O 4 @Au NPs synthesized under basic pH conditions, after six reduction steps, taken from the article of Lee et. al . 173 (b) The raspberry morphology of LN@Au NPs synthesized under neutral pH conditions after three reduction steps.

  4 and the UV-visible extinction profiles shown in fig. 4.10.
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 411412 Figure 4.11: TEM images of LN@Au nanoparticles at (a) 1 st , (b) 2 nd and (c) 3 rd reduction steps starting from initial LN@BPEI@AuSeeds3000. Reduction performed at neutral pH, using 30 mM HAuCl 4 and 0.2 M NH 2 OH.HCl.

Figure 4 . 13 :

 413 Figure 4.13: EDS spectra and corresponding TEM images of LN@Au nanoparticles showing the element composition in different regions of the nanoparticles. (a) EDS spectrum corresponding to the red circle on the TEM image showing the presence of both Au and Nb elements. (b) EDS spectrum corresponding to the red circle on the TEM image showing the presence of only Au element.

Figure

  Figure 4.15: TEM images of LN@Au NPs after 3 rd reduction with 3 mM HAuCl 4 , starting with LN@BPEI@AuSeeds1000, and reducing with 0.2 M NH 2 OH.HCl

Figure 4 .

 4 Figure 4.16: UV-visible spectra of LN@Au NPs formed after 1 st , 2 nd and 3 rd reduction with 10 mM HAuCl 4 and 0.2 M NH 2 OH.HCl beginning with LN@BPEI@AuSeeds1000 NPs.

4 . 18 .

 418 Upon analysis, we identified two gold shell morphologies present on the LN cores: the elongated, incomplete gold shell similar to what was observed at the 3 mM HAuCl 4 concentration (see fig. 4.18 (a)), and a contiguous shell, with edges and points (see fig. 4.18 (b)), a morphology not before observed in our synthesis. We confirmed by EDS analysis that these particles were in fact comprised of both Au and Nb elements. We have not yet elucidated why the 10 mM concentration produced mixed gold shell nanoparticles, but it coupled with the low zeta potential and high PDI values measured, were sufficient deterrents for us to halt our study of the 10 mM HAuCl 4 concentration. Zeta Potential Z-Avg(nm) PDI 1 st reduction +7.95 ± 0

Figure 4 .

 4 Figure 4.19: TOF-SIMS characteristic peaks areas for PC1 and PC2

Figure 4 .

 4 19 shows the peak areas of the most characteristic peaks for PC1 and PC2 loadings shown in fig. 4.20. Loadings are made of positive and negative loadings. All the fragments comprising positive or negative loadings are correlated whereas fragments in positive are anti-correlated to fragments in negative loadings and vice versa. Positive PC1 loadings (PC1+) show correlated peaks corresponding mainly to Li an Nb fragments whereas negative PC1 loadings (PC1-) show correlated peaks corresponding mainly to fragments containing C, H, N and O. This suggests that PC1+ relates to the bare LiNbO 3 particles and PC1-relates to the BPEI. PC2+ shows gold fragments as the most intense peak areas, which suggests that this PC could represent mainly samples containing gold. Finally, the PC2-shows a C, H, N, O and Nb fragments as the most intense peak areas, representing both, the LiNbO 3 particles and BPEI. XPS analysis was performed on the same samples used for TOF-SIMS analysis. The results obtained from XPS was in agreement with what was observed by TOF-SIMS. In fig. 4.21 the wide XPS spec-
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 4 Figure 4.20:
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 421 Figure 4.21: Wide XPS spectrum of LN NPs.
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 423 Figure 4.23: Evolution of UV-visible extinction profiles, Z-avg, PDI and zeta potential of LN@Au nanoparticles upon ageing.
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 234 SHG properties of LiNbO 3 @Au Core-shell nanoparticles To evaluate whether the Au shell on LN had any impact on their SHG properties, Hyper Rayleigh Scattering measurements were performed on the LN@Au NPs dispersion. The experimental set-up was designed at SYMME laboratory, Annecy and is shown in fig.4.24. A typical experiment consisted of a range of excitation wavelengths (800-1300 nm). For each excitation wavelength (λ 0 ), the intensity (I SHG ) of light emitted at the λ 0 /2 was collected. Then a plot of the ratio of the I SHG for LN@Au NPs and LN against λ 0 allowed us to observe any changes in the SHG signal as a result of the gold shell.In fig.4.25(a) we note an enhancement of the SHG signal for LN@Au compared to pure LN with two peaks at 1150 nm and 1250 nm. Indeed we were anticipating enhancements at excitation wavelengths at the plasmon resonance wavelengths of the gold shell, similarly as to what was reported by Pu et. al[START_REF] Pu | Nonlinear Optical Properties of Core-Shell Nanocavities for Enhanced Second-Harmonic Generation[END_REF] in their BaTiO 3 @Au nanoparticles. Additionally, in the works of Richter et. al ,[START_REF] Richter | Plasmonic Core-Shell Nanowires for Enhanced Second-Harmonic Generation[END_REF] they simulated the SHG enhancement of KNbO 3 nanowires as a result of a gold coating. Other

Figure 4 . 24 :

 424 Figure 4.24: Schematic diagram of the second harmonic scattering spectroscopy bench set-up comprising a femtosecond laser tunable in the 680-1300 nm range. Depending on the excitation wavelength, the photos illustrate different second harmonic signals obtained in the visible from a suspended powder of micrometric crystals
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Figure 4 .

 4 Figure 4.25: (a) HRS enhancement measurements of LN@Au sample for excitation wavelengths from 800-1300 nm. The values plotted are the ratio of the LN@Au/LN SHG intensities. The intensity was set at 1 at 740 nm. The LN@Au concentration was 0.16 g/L and the LN concentration was 0.17 g/L. (b) The UV-visible extinction profile of LN@Au.

Figure 4 .

 4 Figure 4.26: (a) Temperature evolution curves (normalized) upon irradiating the following nanoparticle dispersions with a 808 nm CW laser: LN@Au, LN, LN@AuSeeds1000, LN@BPEI and AuSeeds. The temperature evolution of water alone was taken to normalize the curves. (b) IR Thermographic image of LN@Au nanoparticle dispersion when heated by 808 nm laser.

Figure A. 1 :

 1 Figure A.1: Scheme of NPs to be modeled. Discrete dipole approximation (DDA) method to be used to determine their UV-visible extinction profiles.

Figure A. 2 : 3 :

 23 Figure A.2: Discrete dipole approximation of the UV-visible extinction profile of 45 nm LiNbO 3 NPs and corresponding experimental extinction profile. Modeling performed by Jaona Randrianalisoa, Institut de Thermique, Mécanique, Matériaux (ITheMM), Université de Reims Champagne-Ardenne.
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 34 Figure A.3: Modelization of the extinction spectra of LN@Au varying the number of AuNPs attached to LN and the size of AuNPs. (a) Initial number of AuSeeds attached to LN is 20, and the spectra corresponds to the enlargening of diameter of the AuSeeds (12.5 nm, 19 nm and 26nm). (b) Initial number of AuSeeds attached to LN is 50, and the spectra corresponds to the enlarging diameter of the AuSeeds (12.5 nm, 19 nm and 26nm). Modeling performed by Jaona Randrianalisoa, Institut de Thermique, Mécanique, Matériaux (ITheMM), Université de Reims Champagne-Ardenne.

Figure A. 5 :

 5 Figure A.5: XPS fine spectra (core level, between 45 and 70 eV) at 40 eV pass energy recorded on (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (from LN@AuSeeds1000) and (f) LN@Au (from LN@AuSeeds3000) samples.

Figure A. 5 :

 5 Figure A.5: XPS fine spectra (core level, between 45 and 70 eV) at 40 eV pass energy recorded on (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (from LN@AuSeeds1000) and (f) LN@Au (from LN@AuSeeds3000) samples.
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 611112 Figure A.6: TEM images of aged LN@Au NPs.(a-b) LN@Au NPs synthesized using LN@BPEI@AuSeeds3000, neutral pH, 30 mM HAuCl 4 and 0.2 M NH 2 OH.HCl. (c-d) LN@Au NPs synthesized using LN@BPEI@AuSeeds1000, neutral pH, 10 mM HAuCl 4 and 0.2 M NH 2 OH.HCl.

𝐸𝐸 2 +

 2 𝜒𝜒 (3) 𝐸𝐸 3 + ⋯ ) avec 𝜀𝜀 0 la permittivité diélectrique du vide, 𝜒𝜒 (𝑛𝑛) la susceptibilité électrique d'ordre n et 𝐸𝐸 le champ électrique. Cette réponse non linéaire n'est en revanche obtenue que pour une excitation intense avec un champ électrique se situant typiquement entre 10 4 V/m et 10 8 V/m. De plus, les susceptibilités électriques d'ordre supérieur ou égal à 2 dépendent de la symétrie du milieu. Par exemple, la génération de seconde harmonique (SHG) résulte de la susceptibilité électrique d'ordre 2 et est observée uniquement pour les milieux non centrosymétriques. La SHG est un processus dans lequel deux photons de même énergie produisent un seul photon d'énergie double (Figure 1b). Il faut noter que ce processus ne fait intervenir qu'un niveau d'énergie virtuel.
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 11415 Figure 1. Illustration des processus d'absorption et d'émission pour (a) la fluorescence
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 7182 Nanohybrides avec une coquille d'or pour le théranostique La conception de nanoparticules théranostiques repose sur la combinaison d'une fonction d'imagerie et d'une fonction thérapeutique au sein du même nano-objet. Cette combinaison ne doit pas interférer sur leur fonctionnement individuel, ni entraîner une toxicité. Il y actuellement quelques exemples de nanohybrides à visée thérapeutique au stade d'essai clinique : liposomes encapsulant un médicament et sensibles au pH pour le diagnostic, nanoparticules d'oxyde de fer utilisables en IRM et permettant la thérapie hormonale, nanobâtonnets d'or réalisant des fonctions de PTT et de CT pour l'imagerie et enfin nanoparticules de silice recouvertes d'or. C'est plus précisément à ce dernier type de nanoparticules que nous allons nous intéresser, qui est le plus proche des nanohybrides étudiés dans cette thèse. La synthèse de nanoparticules d'or monodisperses par les méthodes type « bottom-up » (de l'atome à la nanoparticule) peut être expliquée en première approximation par la théorie de LaMer [LaMer 1950]. La concentration en espèces atomiques dans le milieu doit atteindre rapidement une valeur élevée pour franchir le palier de nucléation, ce qui entraîne la formation de nombreux germes homogènes. Puis dans un deuxième temps la croissance démarre par ajout d'atomes additionnels sur les germes formés. Plusieurs méthodes de synthèse de nanoparticules d'or sphériques ont été développées depuis la méthode originale de Turkevich [Turkevich 1951] faisant intervenir le citrate de sodium en tant que réducteur du sel d'or. Ces différentes méthodes font varier le réducteur choisi, le milieu réactionnel, le pH, les agents stabilisants, la concentration en or et la température de réaction. La synthèse de nanoparticules d'or de géométrie plus complexe est en général basée sur des processus multi-étapes dans lesquels la réduction de l'or doit être réalisée sur des germes formés lors d'une étape initiale. Dans le cas de la synthèse de nanocoquilles d'or sur des coeurs de silice, la méthode consiste à modifier chimiquement la surface des nanoparticules de silice par des amines (typiquement par un aminosilane) pour promouvoir l'adsorption de germes d'or sur la surface [Oldenburg 1998]. Ces germes d'or sont préparés séparément en utilisant le THPC comme réducteur de HAuCl4 en milieu basique et nécessitent un vieillissement de quelques jours à quelques semaines pour être mieux adsorbés par les fonctions amines, ceci étant attribué à une oxydation en Au(I) qui a une meilleure affinité pour les amines. Enfin, la croissance de la coquille d'or se fait par ajout d'une solution de HAuCl4 contenant du carbonate de potassium. Depuis cette méthode originale, de nombreuses autres ont été publiées qui tentent de proposer des pistes pour réduire le nombre d'étapes de synthèse. Alors que la synthèse de coquilles d'or sur des coeurs de silice est bien décrite, il y a beaucoup moins de travaux concernant l'utilisation d'autres matériaux pour le coeur. En effet, le procédé utilisé pour la silice est plus difficilement transférable pour des coeurs ne présentant pas une géométrie sphérique. Quelques exemples ont cependant été publiés avec des coeurs de BaTiO3 [Wang 2016a] ou des coeurs d'oxyde de fer [Lee 2017]. En ce qui concerne la combinaison de nanomatériaux actifs en optique non linéaire et plasmoniques pour des applications théranostiques, une première tentative a été réalisée dans le cadre d'une thèse précédente en couplant des nanobâtonnets d'or avec des nanoparticules de SiC à l'aide du surfactant cationique CTAB. Même si les fonctions initiales (SHG et PTT) sont maintenues dans les nanohybrides, les résultats obtenus sont mitigés puisque les nanohybrides sont toxiques pour les cellules cancéreuses même en absence d'excitation lumineuse, ce qui est probablement dû à la présence de CTAB et/ou au détachement des nanobâtonnets d'or de la surface [Boksebeld 2019]. Objectifs de cette thèse Dans ce contexte, l'objectif de ce travail est de synthétiser des nanohybrides coeur-coquille combinant un matériau actif en optique non linéaire en tant que coeur (LiNbO3) et une coquille plasmonique d'or avec une action plasmonique photothermique. Ces nanohybrides seront synthétisés par une méthode en plusieurs étapes assistée par la formation de germes d'or nanométriques. Les paramètres pouvant influencer le processus de croissance de la coquille seront étudiés. La morphologie, les propriétés plasmoniques, optiques non linéaires et photothermiques de ces nanohybrides seront examinées à l'aide de plusieurs techniques de caractérisation complémentaires que nous présenterons dans le prochain chapitre. Méthodes de caractérisation L'utilisation des nanoparticules dans le domaine biomédical nécessite une bonne compréhension des interactions entre nanoparticules et milieu biologique qui dépendent de la taille et de la chimie de surface des nano-objets. Il n'existe aucune technique analytique permettant de caractériser de façon complète les nanoparticules, d'autant plus dans le cas des nanohybrides, donc plusieurs techniques complémentaires sont nécessaires. Les caractéristiques extraites de ces différentes techniques sont présentées dans la Table
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 23 Figure 2. Spectres d'absorption UV-Visible de dispersions de LN et LN@Au. Les
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 3 Figure 3. Schéma de préparation des nanoparticules de LiNbO3 décorées par des germes

Figure 4 .

 4 Figure 4. Images TEM des nanoparticules de LN utilisées dans ce travail montrant la

  de LN. Ces résultats sont comparables à ceux obtenus dans la littérature pour des nanoparticules d'or modifiées citrate immobilisées sur des nanoparticules de silice à pH neutre [De Silva Indrasekara 2018]. L'imagerie TEM et l'ICP-AES ont été employés conjointement pour quantifier le nombre de AuSeeds immobilisés sur chaque LN et pour en déduire le pourcentage de couverture. Pour la quantification par TEM, une population de 50 nanoparticules de LN a été utilisée et le nombre moyen de AuSeeds par nanoparticule sur le coeur LN@BPEI a été calculé. Pour la quantification par ICP-AES, la concentration totale en Nb et Au dans l'échantillon a permis de déterminer la concentration en LN@BPEI et en AuSeeds, et en assumant que la concentration d'Au mesurée provenait uniquement des AuSeeds, de calculer le nombre moyen de AuSeeds par nanoparticule. La Figure 5 présente l'évolution du pourcentage de surface de LN@BPEI recouvert par les AuSeeds en fonction du rapport théorique AuSeeds:LN, déterminé par TEM et par ICP-AES.
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 5 Figure 5. Pourcentage de surface de LN@BPEI recouvert par les AuSeeds pour chaque

Figure 6 .

 6 Figure 6. Potentiel zeta de LN, LN@BPEI et LN@BPEI@AuSeeds montrant l'alternance

Figure 7 .

 7 Figure 7. Intensités HRS des dispersions de LN obtenues en utilisant une longueur d'onde

〈𝛽𝛽 𝑛𝑛𝑛𝑛 〉 = 〈𝑑𝑑〉𝑉𝑉 𝑛𝑛𝑛𝑛 Equation 3 où

 3 𝑉𝑉 𝑛𝑛𝑛𝑛 est le volume moyen d'une nanoparticule. Dans l'équation 3, on admet qu'il n'y a pas de contribution surfacique et que la première hyperpolarisabilité dépend uniquement du volume, ce qui est une hypothèse correcte pour les matériaux diélectriques non centrosymétriques. Cette équation néglige également l'orientation du rayonnement incident par rapport aux axes cristallographiques.

Chapitre 4 :

 4 Synthèse de la coquille d'or sur les nanoparticules deLiNbO3Dans ce dernier chapitre, nous présentons la synthèse d'une coquille d'or autour du coeur de LiNbO3 pour former des nanoparticules coeur-coquille LN@Au. Plusieurs protocoles de synthèse ont été testés, basés sur une méthode de croissance par ensemencement de germes (Figure8). Les paramètres expérimentaux qui ont été variés sont le pH, la densité de AuSeeds déposés sur LN et la concentration en sel d'or. La surface des nanoparticules a été caractérisée à chaque étape de la synthèse. L'impact du vieillissement sur les propriétés des dispersions de nanoparticules a été étudié. Enfin, la réponse optique non linéaire et les propriétés photothermales des LN@Au sont présentées.

Figure 8 .

 8 Figure 8. Schéma des deux protocoles utilisés pour la synthèse de LN@Au. (a) Synthèse

pendant 2 h

 2 . Après refroidissement, le mélange est centrifugé 2 fois pendant 10 min à 10°C et 9103g et redispersé dans 1 mL d'eau. Selon l'expérience, le pH de l'eau a été gardé tel quel (environ 7,7) ou ajusté à 11,5 en utilisant NaOH à 0,1 M. Puis sous agitation, 1 mL de dispersion de nanoparticules a été ajoutée à 18 mL d'eau suivi de 50 µL de HAuCl4 et 75 µL de NH2OH, HCl à 0,2 M. Après 10 min d'agitation, le mélange est centrifugé 2 fois pendant 10 min à 10°C et 9103g et redispersé dans 1 mL d'eau. La Table

  Trois rapports molaires Na3Cit:HAuCl4 ont été testés: 1:1, 8:1 et 40:1. Pour les deux premiers rapports, dès l'ajout du réducteur NH2OH, HCl, le milieu change de couleur allant du rouge-brun (correspondant aux AuSeeds) au violet. On observe l'apparition d'une bande d'extinction unique à 535 nm et 526 nm pour les rapports 1:1 et 8:1, respectivement. Les valeurs de potentiel zeta et de diamètre hydrodynamique mesurées semblent montrer qu'il s'agit de dispersions composées d'une seule population de nanoparticules avec plutôt des îlots d'or sur la surface de LN, suffisamment éloignés les uns des autres pour qu'il n'y ait aucun effet de couplage entre eux. Pour le rapport molaire 40:1, une bande d'extinction à 597 nm est obtenue, ce qui correspond à un décalage en longueur d'onde de 60 nm environ comparé aux rapports molaires précédents, mais qui reste bien inférieur aux 200 nm de décalage obtenus par Wang et al [Wang 2016b]. Les images TEM montrent la présence d'îlots d'or comme nous l'avions supposé pour les rapports molaires 1:1 et 8:1. Nos résultats peuvent être expliqués par les valeurs différentes de pKa entre les groupements amines accrochés à la surface de silice (9 environ) et ceux du BPEI (7 environ). Ici le citrate de sodium a une fonction régulatrice sur le pH à cause de ses 3 groupements carboxylates, ce qui diminue le degré de protonation des fonctions amines du BPEI. Nous avons ainsi conclu que ce protocole n'était pas adapté à la formation d'une coquille d'or sur les LN@BPEI@AuSeeds. Pour les deux conditions de pH, un décalage progressif vers le rouge de la bande plasmon est obtenu au fil des étapes de réduction, ce qui est associé à une diminution de la distance inter-particules d'or à la surface du LN. En conditions basiques, la 3 ème réduction conduit à une bande plasmon autour de 625 nm. L'observation TEM et les spectres EDS montrent des nanoparticules LN@Au probablement constituées de plusieurs coeurs LN encapsulés dans une même coquille Au. En conditions neutres, la 3 ème réduction conduit à une bande plasmon autour de 776 nm, ce qui est beaucoup plus proche des objectifs recherchés. Les images TEM révèlent une morphologie type « framboise » pour ces nanoparticules LN@Au avec la présence de nanoparticules d'or sphériques individuelles. Cette morphologie contraste avec la morphologie rugueuse et « à pointes » obtenue par Lee et al. Nous supposons que l'utilisation d'un pH neutre conduit à un dépôt d'or plus homogène car il permet de passer par une étape préliminaire de dépôt de nanocristaux AuCl(OH)3 - suivi de la réduction en Au 0 . L'analyse TEM permet d'identifier la présence de deux populations de LN@Au avec des diamètres autour de 80-120 nm et 200 nm, ce qui nous laisse supposer que les LN@Au sont à la fois composées de coeur de LN unique et multiples. Une cartographie EDS permet de montrer la co-localisation des 3 éléments Nb, O et Au dans une nanoparticule LN@Au unique (Figure 10).
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 10 Figure 10. Cartographie chimique des éléments Au, Nb et O sur LN@Au obtenue après 3

Figure 11 .

 11 Figure 11. Spectres UV-Visible des dispersions de nanoparticules après la 1 ère , 2 ème et 3 ème

Figure 12 .

 12 Figure 12. Images TEM des LN@Au après la 1 ère (a), 2 ème (b) et 3 ème (c) étape de réduction

Figure 13 .

 13 Figure 13. Spectres d'extinction UV-Visible des LN@Au après la 3 ème étape de réduction

4. 2 . 3 .

 23 Caractérisation physico-chimique du suivi de la croissance de la coquille d'or sur les nanoparticules de LN L'analyse ICP-AES nous permet de déterminer la concentration de Nb et de Au, ce qui conduit, en supposant un dépôt homogène de Au sur LN, à une épaisseur de la coquille d'or de 1,2 nm.

N

  tandis que celles de Au et Nb diminuent fortement. Le spectre fin autour de N1s pour les deux échantillons montre deux contributions à 399 et 400 eV, suggérant que les amines du BPEI sont partiellement protonées. Les composantes TOF-SIMS correspondantes sont PC1-et PC2-montrant une forte proportion de composés organiques contenant des ions azotes. Enfin, l'analyse XPS des LN@Au finales révèle une augmentation de l'intensité des pics de Au et une diminution des pics de C et N. La quantification est ici peu fiable à cause d'une forte contribution du substrat de silicium. Ceci est confirmé en TOF-SIMS par une composante PC1 proche de 0 (peu d'espèces Li, Nb et N) et une composante PC2+ non nulle (échantillons riches en Au). Compte tenu des profondeurs sondées en XPS et en TOF-SIMS, si la couche d'or est continue, son épaisseur devrait se situer entre 1 et 4 nm, ce qui est cohérent avec l'épaisseur d'or de 1,2 nm déterminée par ICP-AES. Le diamètre des nanoparticules d'or mesuré au TEM (supérieur à 20 nm) provient peut-être du fait que l'imagerie TEM ne permet pas de déterminer l'épaisseur de ces nanoparticules.Les nanoparticules LN@Au ont été caractérisées sur une période de 33 jours pour étudier la stabilité des dispersions. Les spectres d'extinction UV-Visible, les diamètres hydrodynamiques, les indices de polydispersité et les potentiels zeta de ces dispersions ont été obtenus (Figure15).

Figure 15 .

 15 Figure 15. Evolution des spectres UV-Visible, diamètres hydrodynamiques, indices de

  longueur d'onde d'excitation et de détection, d'obtenir une bonne résolution spatiale, d'éviter la photodégradation (contrairement aux sondes fluorescentes) et de minimiser la cytotoxicité, en particulier en utilisant des nanoparticules de LiNbO3. La fonction thérapeutique est assurée par l'effet plasmonique photothermique d'une coquille en or. La caractérisation des nanoparticules a été réalisée à l'aide de techniques physicochimiques multiples et complémentaires. Une étude comparative a permis de souligner leurs avantages et inconvénients pour caractériser de façon la plus complète possible la taille, la forme, la morphologie et la stabilité des nanoparticules. Les nanoparticules de LN synthétisées sont pseudo-sphériques avec un diamètre moyen de 45 nm et une charge de surface négative qui peut être renversée après ajout du polymère BPEI à leur surface. Une analyse XPS corroborée par une analyse par fluorescence ont permis de montrer qu'il y avait environ 1259 chaînes polymères par LN, ce qui correspond à 24% en pourcentage massique. Des nanosphères d'or (AuSeeds) de 2,5 nm de diamètre avec une charge de surface négative ont été attachées par des interactions électrostatiques aux LN@BPEI. Nous avons démontré qu'il était possible de faire varier la densité de AuSeeds à la surface du LN par TEM et ICP-AES, le TEM montrant une corrélation linéaire entre le taux de couverture et la quantité de AuSeeds ajoutée tandis que l'ICP-AES montre une corrélation logarithmique. niobate ______________________________________________________________________________ Nanoparticules coeur-coquille actives en optique non linéaire pour l'imagerie et la photothérapie du cancer Résumé Cette thèse concerne la synthèse de nanohybrides à structure coeur-coquille en vue d
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Table

  .1.

	Imaging	Excitation	Nanoparticle	Resolution	Penetration	Reference
	Technique	Radiation			Depth	
		Source				
		Radio frequency	SPION Gd 2 O 3		limited by magnetic	Gupta, 2005 21
	MRI	waves	MnFe 2 O 4	0.25-1 mm	bore	
			Au@Fe 3 O 4			Blasiak,
			Gd chelate Au			Alric, 2008 23
	Optical Imaging	Visible and NIR	quantum dots gold nanorods	2-3 mm	<1 cm	Han, 2019 24
		light	Au@Fe 3 O 4			Na 2009 25
	US	Ultrasound frequency waves	microbubbles PFC-NP rattle-type MSN	1-2 mm	a few cm	Int J Li, 2018 26
			PFOB NPs			Jin, 2017 27
	PET	γ-rays	18 F-labelled MSN	1-2 mm	unlimited	Lee, 2013 28
			[ 64 Cu]CuS			Bulte, 2017
			AuNPs			
	SPECT	γ-rays	125 I AgNP		unlimited	Zhao, 2016 30
			[ 59 Fe]-SPIONs	8-10 mm		
	CT	X-rays	AuNPs			
			tantalum oxide	0.5-1 mm	unlimited	Bulte, 2017
			liposomal iodine			
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	Single Photon Microscopy	Multi-Photon Microscopies	
	Fluorescence	TPEF	SHG
	Single photon equivalent to a real	Two photons summing to the	Two photons summing to a vir-
	energy transition	equivalent of a real energy tran-	tual energy level, no energy re-
		sition	strictions
	No symmetry restrictions of flu-	No symmetry restrictions of flu-	Non-centrosymmetric probe re-
	orescence probe	orescence probe	quired
	Volume of sample excited= vol-	Femtoliter spot sized focal point Femtoliter spot sized focal point
	ume of the beam		
	No inherent 3D imaging	Inherent 3D imaging	Inherent 3D imaging
	Sample and probe photodegra-	Reduced sample and probe pho-	Reduced sample photodegrada-
	dation	togredation	tion, no probe photodegradation
	Lower S/N ratio due to large ex-	Higher S/N ratio	Higher S/N ratio
	citation volume, and close exci-		
	tation and emission wavelengths		
	Simple experimental set-up with	Expensive experimental set-up	Expensive experimental set-up
	CW laser	with pulsed laser	with pulsed laser
	Large emission band	Large emission band	Single peak, specificity

2: Table showing the main properties of single photon fluorescence based microscopy imaging and multi-photon TPEF and SHG microscopy imaging techniques.

Table 1 .

 1 1.3, the normalized hyperpolarizability values of these HNPs, determined by HRS experiments performed by Staedler et. al , 72 and their corresponding mean dynamic light scattering determined size (by number) is given. As is evident, by the values, they are all within the same range, and as such there is no advantage in terms of SHG signal in choosing one material over another. 3: Table showing the normalized hyperpolarizability values for harmonic nanoparticles (HNPs) and the hydrodynamic size determined by dynamic light scattering (DLS). 72 *DLS size values reported by number.

			Inorganic Harmonic Nanoparticles			
			KNbO 3	LiNbO 3	BaTiO 3	KTP	ZnO
	Normalized	β	3.4±1.1	4.8±1.6	4.6±0.7	1.4±0.3	1.9±0.6
	(pm/V)						
	Size (nm)*		123	113	119	119	133

  In the work of Boksebeld et. al ,[START_REF] Boksebeld | Folate-modified silicon carbide nanoparticles as multiphoton imaging nanoprobes for cancer-cell-specific labeling[END_REF] they demonstrated the ability of SiC nanoparticles, In 2010, the research group of Rachel Grange in Switzerland published their results on conjugating IgG antibody to the surface of BaTiO 3 NPs, and using the NPs as efficient biomarkers for SHG imaging.[START_REF] Hsieh | Bioconjugation of barium titanate nanocrystals with immunoglobulin G antibody for second harmonic radiation imaging probes[END_REF] There have been further studies by research groups in China showing the use of HNPs such as ZnO[START_REF] Gu | In-situ second harmonic generation by cancer cell targeting ZnO nanocrystals to effect photodynamic action in subcellular space[END_REF] and BaTiO 3 , 80 not only for imaging, but for activating molecules that use absorbed light to perform reactions that produce reactive oxygen species that then can attack the cell and cell environment, and is a form of cancer therapy called Photodynamic Therapy which will be discussed in section 1.4.3. Most recently, in the work of Vasyl Kilin et. al , 81 HNPs (bismuth

	literature, SiC has a higher SHG efficiency than LiNbO 3 . Though this means a higher SHG signal is
	obtainable, the processes of functionalizing SiC performed in this work, involved a lengthy silaniza-
	tion process with APTES. Additionally, the NP sizes were larger than what has been recommended
	as ideal sizes in literature. Nevertheless, the cell labeling ability of these PEG-folate functionalized
	SiC NPs was demonstrated, exhibiting a preferential labelling of the cancer cells as opposed to the
	healthy cells. This is in accordance with the literature concerning folate as an appropriate molecule
	for targeting cancer cells. The SiC NPs also exhibited low cytotoxicity.
	To the best of my knowledge, the published research on HNPs for bio-imaging applications, specifi-
	cally centered on cancer applications is not vast, but there are core groups around the world working
	in this area apart from the already discussed works. In 2008, a research group at the University of
	Buffalo, USA showed that biocompatible ZnO nanocrystals could be used as NLO probes for bio-
	imaging. 70 ferrite), were incorporated into an all optical set-up, and shown to be capable of cell imaging and
	therapy by heat generation upon laser irradiation.
	150 nm in diameter, with a PEG-folate coating, for SHG imaging of a cancer cell line (HuH7) and a
	healthy cell line (3T3-L1). The normalized hyperpolarizability values for these nanoparticles were
	not reported, however, by comparing the second order non-linear optical coefficients found in the
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	101
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 1 6: A list of some theranostic nanoparticles with their therapeutic function and diagnostic function.

	Nanoparticle	Therapeutic	Diagnostic	Reference
		function	function	
	Liposome loaded drug	drug therapy	pH sensitive polymer	Devalapally, 2007 123
	Iron Oxide conjugated	MRI	hormone therapy	Hadjipanayis, 2010 124
	NPs			
	AuNRs	PTT	CT	Maltzahn, 2009 125
	Silica-gold	optical imaging	PTT	Singh, 2018 126

  sample in positive and negative polarity. TOF-SIMS data were pre-processed using the SurfaceLab V6 software (IONTOF GmbH). Mass spectra were calibrated using unique mass calibration peak lists containing C + , CH 2 + , CH 3 + , C 3 H 5 + , C 6 H 3 + , C 6 H 7 + , C 8 H 9 + for positive polarity, and C -, CH -, CH 2 -, C 2 H -, C 3 H -, CHO 2 -, C 4 H 3 -for the negative polarity spectra. After a preliminary inspection of the data, and considering the high yield of certain fragments in the positive spectra coming from irrelevant chemistry (or contaminants), further analysis was carried out only with the negative polarity spectra. A list containing a combination of peak areas of characteristic peaks from each type of sample was created and exported as a text file excluding saturated peaks. The text file was uploaded into the simsMVA software (http://mvatools.com) for Principle Component Analysis. Data was normalized by total ion intensity, Poisson scaled and mean centered before performing PCA.

[START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] 

ions/cm 2 ). A low-energy electron flood gun was used for charge compensation during analysis. Eight spectra were acquired for each

Table 2 .

 2 -3 ) Molar mass (g/mol) NP Diameter (nm) 2: Density and molar mass of LiNbO 3 and Au and the nanoparticle diameters of LN and AuSeeds.With the above data, it is possible to convert any mass concentration of LN and AuSeeds to a concentration in nanoparticles per mL.Then, once the concentrations are converted to NPs/mL, the percentage of the LiNbO 3 NPs surface covered by the AuSeeds was calculated using the equations below.

	LiNbO 3	4.65		147.86	45
	Au	19.3		196.97	2.5
		M ass of 1 N P = Density × V olume	(2.10)
		N umber of N P s =	T otal mass of N P s M ass of 1 N P	(2.11)
		Surf ace area of a sphere = 4πr 2	(2.12)
		Area of a circle = πr 2	(2.13)
	% LiN bO 3 N P s surf ace covered =	#AuSeeds × area of 2.5nm circle Surf ace area of a 45nm sphere	× 100	(2.14)

  . Lithium niobium ethoxide (LiNb(OEt) 6 ), (99+% metal basis, 5% w/v in ethanol) was obtained from Alfa Aesar, Teflon cup model number 4749 was obtained from Parr Instrument, and Nalgene centrifu-∼25,000 g/mol, gold (III) chloride trihydrate (HAuCl 4 .3H 2 O, ≥99.9%, trace metal basis), sodium citrate (Na 3 Cit), fluorescamine and sodium borohydride (NaBH 4 ) were all obtained from Sigma Aldrich. A 0.05 M sodium borate buffer solution at pH 9 was prepared. The HAuCl 4 was dissolved in deionized water to give a concentration of 313 mM, stored in a dark bottle and kept in the dark until needed. Unless otherwise stated, any water used was deionized water (18.2 MΩ.cm).

	gation tubes were obtained from ThermoFisher. Butane-1,4-diol (99%), ethanol, sodium hydroxide
	(NaOH) pellets, tetrakis(hydroxymethyl)phosphonium chloride (THPC) solution (80% w/v in wa-
	ter), polyethylenimine branched (BPEI),

Table 3 . 1 :

 31 Malvern Instruments, protocol detailed in sections 2.1.4 and 2.1.5. Table showing the volumes and final concentrations of the AuSeeds dispersions used for varying the density of AuSeeds attached to the LN@BPEI surface. The stock AuSeeds dispersion had a concentration of 2.32 × 10 14 NPs/mL. For each sample, 1 mL of 1.58 × 10 12 NPs/mL of LN@BPEI was used.

	Sample Name	Volume	of	Volume of H 2 O	Final AuSeeds	Theoretical
		AuSeeds (mL)	(ml)	Concentration	ratio
					(NPs/ml)	(AuSeeds:LN)
	LN@BPEI@AuSeeds100	0.349		10.239	6.98 × 10 12	100
	LN@BPEI@AuSeeds300	1.046		9.542	2.09 × 10 13	300
	LN@BPEI@AuSeeds700	2.441		8.147	4.88 × 10 13	700
	LN@BPEI@AuSeeds1000 3.486		7.102	6.97 × 10 13	1000
	LN@BPEI@AuSeeds2000 6.973		3.615	1.39 × 10 14	2000
	LN@BPEI@AuSeeds3000 10.459		0.129	2.09 × 10 14	3000

Table 3 .

 3 2: Table showing the hyperpolarizability results determined from the slope of the plots of HRS intensities vs nanoparticle concentration (fig. 3.18 and 3.19

	140 ± 0.03) e-24

Table 4 .

 4 1: Quantities of sodium citrate for each gold growth solution.

	Teflon cup model number 4749 was obtained from Parr Instrument, and Nalgene centrifugation tubes
	were obtained from ThermoFisher. Butane-1,4-diol (99%), ethanol, sodium hydroxide (NaOH) pel-
	lets, tetrakis(hydroxymethyl)phosphonium chloride (THPC) solution (80% in water), polyethylen-
	imine, branched (BPEI), ∼25,000 g/mol, gold (III) chloride trihydrate (HAuCl 4 .3H 2 O)(≥99.9%,
	trace metal basis), NH 2 OH.HCl (hydroxylamine hydrochloride), and sodium citrate (Na 3 C 6 H 5 O 7 ),
	were all obtained from Sigma Aldrich. Unless otherwise stated, any water used was deionized water
	(18.2 MΩ.cm)

Table 4 .

 4 4: Characterization data for LN@Au nanoparticles after each HAuCl 4 reduction step. 50 µL of 30 mM HAuCl 4 is reduced by 75 µL of 0.2 M NH 2 OH.

		1st reduction	2nd reduction	3rd reduction
	LN@BPEI@AuSeeds	1000	3000	1000	3000	1000	3000
	λ extinction peak (nm)	513	557	553, 698 549, 690 571, 803 560, 776
	Zeta potential (mV)	+14.2 +7.27	+25.7	-2.51	+30.2	-11.6
	Z-avg (d.nm)	155.6	230.6	218.1	238.6	163.3	202.0
	PDI	0.140	0.291	0.289	0.384	0.118	0.349

Table 4 .

 4 8: Summary of final nanoparticle dispersions produced using 3, 10 and 30 mM HAuCl 4

			3 mM	10 mM	30 mM
	λ	extinction	693	broad band (500-1000)	803
	peak	(3 rd			
	reduction			
	(nm)			
	Z-avg (nm)	198.1	159.3	163.3
	PDI		0.260	0.225	0.118
	Zeta potential	+26.1	+20.8	+30.2
	(mV)			
	Shell morphol-	elongated Au islands elongated Au islands	overlapping	spherical
	ogy			and contiguous with	AuNPs
				edges	

2 M NH 2 OH.HCl

Table 1 .

 1 Données de caractérisation obtenues par diverses techniques analytiques, spécifiques aux dispersions de nanoparticules de ce travail.AlKα à 1486,6 eV. Le premier est un appareil VSW localisé à l'INL. Le second est un appareil Axis Ultra-DLD de chez Kratos situé au laboratoire JRC Nanobiotechnology à Ispra en Italie. Les données ont été analysées avec le logiciel CasaXPS. charge de surface de la particule, suivie de la couche diffuse dans laquelle les espèces chargées sont moins liées à la particule. Le potentiel zeta est le potentiel électrique mesuré au niveau d'un plan appelé plan de cisaillement situé dans la couche diffuse qui sépare la région du liquide mobile et la région du liquide qui reste attachée à la particule. La vélocimétrie laser combinée à l'électrophorèse permet d'extraire le potentiel zeta, en déterminant la vitesse de migration des particules soumise à un champ électrique.Dans ce travail, un appareil Malvern Nanoseries Zetasizer ZS a été utilisé avec des cuves capillaires munies d'électrodes en or pour appliquer le champ électrique.Spectrométrie de masse des ions secondaires (TOF-SIMS). Cette technique d'analysede surface consiste à bombarder l'échantillon par un faisceau ionique de quelques keV. Les collisions des ions avec les noyaux des atomes de l'échantillon entraînent des cascades de collisions qui permettent aux atomes de quitter l'échantillon sous forme d'ions secondaires qui peuvent être différenciés par leur rapport masse/charge. Dans ce travail, les analyses TOF-SIMS ont été réalisées au laboratoire JRC Nanobiotechnology à Ispra en Italie sur un appareil TOFSIMS IV de IONTOF GmbH équipé d'une source d'ions primaires Bi3 ++ . Le logiciel SurfaceLab V6 a été utilisé pour le traitement des données et le logiciel simsMVA pour l'Analyse en Composantes Principales.

	Spectroscopie de rayons X à dispersion d'énergie (EDX/EDS). Cette technique permet une
	caractérisation des éléments chimiques d'un échantillon en analysant la fluorescence X
	émise par ces éléments sous excitation électronique ou par un rayonnement X.
	Contrairement à la spectroscopie XPS, la spectroscopie EDX n'est pas limitée à la surface
	de l'échantillon. Elle n'est cependant pas adaptée aux éléments légers et ne permet pas

l'analyse de traces. Dans ce travail, la spectroscopie EDX a été réalisée pendant les mesures TEM avec un détecteur EDX XMAX en silicium en focalisant le faisceau d'électrons sur différentes régions de l'échantillon. Des cartographies chimiques ont également été obtenues avec un microscope TITAN ETEM FEI. Le logiciel Aztec (Oxford Instruments) a été utilisé pour l'analyse des spectres. Diffusion dynamique de la lumière (DLS). Cette technique utilise les fluctuations de l'intensité lumineuse diffusée par des particules en solution soumises au mouvement Brownien. Ces fluctuations permettent de déterminer le coefficient de diffusion des particules qui est lié au à leur rayon hydrodynamique. La conversion de la distribution des intensités mesurées en distribution en nombre ou en volume de particules est basée sur la Vélocimétrie laser et électrophorèse. Autour d'une particule dispersée en milieu liquide se forme une double couche électrique composée de la couche de Stern, constituée de charges opposées à la Spectroscopie d'absorption UV-Visible. Cette technique de caractérisation optique permet d'étudier les transitions entre les niveaux d'énergie électronique de molécules en solution sous excitation lumineuse. L'absorbance mesurée est reliée à la concentration par la loi de Beer-Lambert. Dans le cas des nanoparticules, il faut également tenir compte de la diffusion de la lumière. Le spectre mesuré correspond donc au spectre d'extinction, qui tient compte de l'absorption et de la diffusion. L'appareil utilisé dans ce travail est un spectromètre SAFAS-UV mc2. Les échantillons sont placés dans une cuve en quartz de 1 cm d'épaisseur.

. Discussion sur les techniques analytiques utilisées pour la caractérisation des nanohybrides

  Deuxièmement, de nombreuses images ont été acquises pour chaque échantillon pour obtenir une valeur moyenne du diamètre des nanoparticules avec une statistique correcte sur un minimum de 100 nanoparticules. Il faut noter également que les nanoparticules de LN présentant une géométrie quasi-sphérique, le diamètre pris en compte au TEM correspond à la plus grande dimension mesurée. En DLS, nous avons négligé cette géométrie quasi-sphérique. Il faut également considérer que dans ce cas, le diamètre mesuré est le diamètre hydrodynamique des nanoparticules prenant en compte le diamètre de la nanoparticule, la couche de Stern et une partie de la couche diffuse qui se déplace avec la nanoparticule.Techniques utilisées pour déterminer les propriétés de surface des nanoparticules. D'après la Table1, cinq techniques permettent d'obtenir des informations sur la surface des nanoparticules. Tout d'abord la spectroscopie d'absorption UV-Visible permet de suivre l'évolution de la bande plasmon de la couche d'or présente à la surface du LN (Figure

Techniques utilisées pour caractériser la taille des nanoparticules. La microscopie TEM et la DLS ont été utilisées, ainsi que la diffraction des rayons X, mais uniquement pour le LN, comme nous le verrons dans le Chapitre 3. L'utilisation du TEM nécessite plusieurs précautions. Premièrement, le contour des nanoparticules observées sur les images n'est pas facilement identifiable lorsqu'elles se superposent les unes sur les autres. Pour limiter cela, un traitement UV/ozone des grilles TEM a été mis au point pour que la goutte de nanoparticules s'étale mieux lors du dépôt.

Table 2 .

 2 1,4-diol. Les nanoparticules de LN obtenues ont été dispersées dans l'eau à une concentration de 1 mg/mL. Ensuite la polyethyleneimine ramifiée (BPEI) à 25 kDa a été déposée à la surface des nanoparticules à 90°C pendant 4 h puis l'excès de BPEI a été éliminé par 6 étapes de centrifugation/lavage dans l'eau à 10°C et 9103g. Puis les nanoparticules résultantes (LN@BPEI) ont été dispersées dans l'eau à 0,35 mg/mL. Deux méthodes différentes ont été testées pour former des germes d'or à la surface des nanoparticules LN@BPEI. La première consiste en une réduction directe in situ de HAuCl4 sur LN@BPEI en présence de citrate de sodium et borohydrure de sodium. La seconde méthode est un procédé en deux étapes consistant d'abord en la synthèse ex situ de germes d'or en faisant réagir HAuCl4 avec le THPC en milieu basique[Duff 1993] puis l'interaction électrostatique de ces germes avec LN@BPEI. Plusieurs quantités différentes de germes par rapport à la quantité de LN ont été testées (Table2). Volumes et concentrations finales des dispersions de AuSeeds utilisées pour faire varier la densité de germes d'or à la surface des nanoparticules LN@BPEI. La dispersion de AuSeeds utilisée a une concentration de 2,32 × 10 14 NPs/mL. Pour chaque échantillon, 1 mL de LN@BPEI à 1,58 × 10 12 NPs/mL a été utilisé.

	Nom de l'échantillon	Volume de la	Volume	Concentration	Rapport
		dispersion de	d'H2O	finale en	théorique
		AuSeeds (mL)	(mL)	AuSeeds	AuSeeds:LN
				(NPs/mL)	
	LN@BPEI@AuSeeds100	0,349	10,239	6,98 × 10 12	100
	LN@BPEI@AuSeeds300	1,046	9,542	2,09 × 10 13	300
	LN@BPEI@AuSeeds700	2,441	8,147	4,88 × 10 13	700
	LN@BPEI@AuSeeds1000	3,486	7,102	6,97 × 10 13	1000
	LN@BPEI@AuSeeds2000	6,973	3,615	1,39 × 10 14	2000
	LN@BPEI@AuSeeds3000	10,459	0,129	2,09 × 10 14	3000

3.2. Résultats et discussion

3.2.1. Synthèse et caractérisation des nanoparticules de LN

Les nanoparticules de LN ont été définies par cinq caractéristiques : leur phase cristalline, leur diamètre moyen, leur distribution en taille, leur morphologie et leur niveau d'agglomération. Avec les conditions de synthèse décrites dans le paragraphe précédent, la structure cristalline du LN obtenu est trigonale et les nanoparticules sont monocristallines. La formule de Scherrer permet de calculer la taille des cristallites à partir de largeur à mi-hauteur des pics de diffraction. Selon la direction cristallographique

[110]

,

  Modification de la surface du LN par le polymère BPEI En vue d'immobiliser les germes d'or, les nanoparticules de LN doivent subir des modifications de surface. Une revue de la littérature montre qu'il est possible d'utiliser différents silanes sur des nanoparticules de silice sphériques. Les silanes terminés par des amines et des thiols présentent la meilleure efficacité pour l'immobilisation des germes d'or. Différentes molécules, dont les aminosilanes, ont été testées sur les nanoparticules de LN, des polyélectrolytes comme la poly-L-lysine et le BPEI ou l'adsorption de Sn 2+ pour favoriser la réduction de l'or à la surface du LN. Le BPEI permet d'inverser facilement la charge de surface des nanoparticules de LN. De plus, il présente d'autres avantages qui lui permettent d'être un polymère largement utilisé dans les applications biologiques. Sa forte charge cationique lui permet de se lier facilement à un grand nombre de biomolécules. Sa Elles présentent un potentiel zeta de +36,05 ± 2,9 mV et un diamètre hydrodynamique de 159,6 ± 34,1 nm. Afin de s'assurer de l'absence de BPEI libre dans la dispersion de nanoparticules après les étapes de lavage, une analyse de la quantité d'amines a été réalisée par fluorescence à l'aide de la fluorescamine en adaptant un protocole précédemment publié [Khan 2018]. La fluorescamine est une molécule non fluorescente qui devient fluorescente par réaction avec les amines primaires. Le complexe fluorescamine-BPEI émet à 472 nm sous excitation à 388 nm. Une courbe de calibration a été acquise permettant de montrer une relation linéaire entre la concentration de BPEI et la fluorescence mesurée jusqu'à une concentration de BPEI de 1 mg/mL. L'analyse de la fluorescence des surnageants après les différentes étapes de centrifugation/lavage suivant l'élaboration des nanoparticules LN@BPEI montre une suppression totale de la bande d'émission à 472 nm après la troisième étape de lavage.Ceci permet d'affirmer qu'après 6 étapes de lavage, il ne reste plus de BPEI libre dans la dispersion de nanoparticules. La mesure de la quantité de BPEI éliminée lors des lavages permet également de remonter à la quantité de BPEI immobilisée à la surface des nanoparticules de LN. Par cette méthode un nombre de chaînes polyméres de BPEI compris entre 1000 et 1600 par nanoparticule de LN a été calculé. pourcentage massique de 24% de polymère par nanoparticule de LN. Ce résultat est du même ordre de grandeur que celui de Rosenholm et al[Rosenholm 2009] 0,028 mg/mL soit 1,77 × 10 14 NPs/mL. Les valeurs théorique et expérimentale sont donc du même ordre de grandeur.

	complète autour des nanoparticules alors que par les autres techniques on ne considère que les limites des cristaux de nanoparticules. Les nanoparticules ne sont cependant pas agrégées avec un diamètre hydrodynamique inférieur à 300 nm. Le potentiel zeta est quant 3.2.3. Immobilisation des germes d'or sur LN@BPEI La première méthode utilisée pour préparer les nanoparticules LN@BPEI@AuSeeds est adaptée du travail de Wang et al [Wang 2016b]. Le protocole est basé sur la réduction des ions or par NaBH4. L'article rapporte une réduction rapide de HAuCl4 menant à des germes d'or de 4 nm de diamètre environ uniformément répartis sur des nanoparticules de silice aminées. Cependant, cette méthode appliquée aux nanoparticules LN@BPEI n'a pas fonctionné car elle conduit à une répartition inhomogène de nanoparticules d'or d'environ diamètre hydrodynamique de 159,6 ± 5,8 nm et un indice de polydispersité de 0,37. Ces résultats montrent une forte agrégation des nanoparticules. le formaldéhyde réduit Au(I) en Au(0) pour former les germes d'or. L'incorporation de groupements phosphines pourrait laisser supposer la formation de germes chargés positivement. Cependant un potentiel zeta de -25,3 ± 8,0 mV est obtenu, ce qui est attribué à la présence d'ions AuCl4 -. Ces germes d'or sont sphériques, de diamètre moyen 2,5 ± L'immobilisation des AuSeeds sur les nanoparticules LN@BPEI est réalisée par interaction électrostatique entre les LN@BPEI chargées positivement (+36,05 ± 2,9 mV) et les AuSeeds chargés négativement (-25,3 ± 8,0 mV). En plus de ces interactions électrostatiques, il est aussi possible qu'il y ait des réactions de complexation entre les ions or trouvés à la surface des AuSeeds et les amines. Avec l'estimation de 1259 chaînes BPEI par LN déterminée par XPS, on peut calculer qu'il y a au maximum 267989 sites NH2 3.2.2. pour lequel un pourcentage massique de PEI de 18% a été déterminé sur des nanoparticules 18 nm de diamètre sur la surface du LN avec un potentiel zeta de -15,5 ± 0,6 mV, un disponibles pour l'immobilisation de AuSeeds sur chaque nanoparticule de LN.
	0,5 nm et ne présentent pas de bande d'absorption caractéristique. A partir du diamètre, on de silice par thermogravimétrie. à lui de -43,2 ± 3,6 mV, ce qui offre une grande stabilité aux nanoparticules lors qu'elles peut calculer une concentration théorique de AuSeeds de 0,037 mg/mL ou 2,32 × 10 14
	sont dispersées en milieu aqueux, la valeur négative du potentiel zeta étant attribuée aux
	groupements de surface Li-O.

. Lors de la mesure TEM, l'orientation des nanoparticules sur la grille est aléatoire, le diamètre mesuré se situe donc le long de n'importe quelle direction cristallographique. Il n'est donc pas étonnant de trouver un diamètre TEM inférieur au diamètre de Scherrer. Le diamètre hydrodynamique déterminé par DLS est de 135 ± 15,7 nm. Il est nettement supérieur aux diamètres déterminés par les techniques précédentes car il prend en compte la couche de solvatation faible toxicité (qui dépend de son poids moléculaire) rend biocompatible les nanoparticules sur lesquelles il est déposé. Le BPEI a déjà été utilisé pour modifier chimiquement des nanoparticules d'oxydes métalliques. Ici c'est un poids moléculaire de 25 kDa qui a été sélectionné car il a été montré qu'il permettait d'assurer une bonne stabilité colloïdale à des nanoparticules de diamètre 50 nm environ. Le degré de protonation du BPEI à pH 7,5 est d'environ 44%, ce qui permet d'immobiliser un grand nombre de germes d'or et d'utiliser les nanoparticules LN@BPEI en conditions physiologiques. L'analyse XPS permet également une quantification des molécules de BPEI à la surface du LN. La mesure des pourcentages atomiques donne un rapport Nb sur N égal à 1:0,6. En considérant que la profondeur d'analyse maximale en XPS est de 10 nm et que les nanoparticules de LN ont une géométrie sphérique avec un diamètre de 45 nm, un volume de 6,36 × 10 -4 nm 3 analysé pour chaque nanoparticule de LN a été calculé. Ensuite, à partir de la densité du LiNbO3, la masse des atomes de Nb par nanoparticule de LN peut être déterminée. Connaissant la formule développée du BPEI, le nombre d'atomes d'azote par chaîne polymère est calculé. Enfin avec le rapport atomique Nb:N obtenu par XPS, on peut en déduire qu'il y a 1259 chaînes polymères de BPEI par nanoparticule de LN, ce qui correspond à un La seconde méthode se déroule en deux étapes, avec tout d'abord la synthèse des germes d'or puis leur ajout dans la dispersion de LN@BPEI. La synthèse des germes d'or est réalisée selon le protocole de Duff et al [Duff 1993]. La réaction se déroule à pH 11,1, les ions OH -transformant le THPC en THP et formaldéhyde. A ce pH, l'espèce d'or prédominante est Au(OH)4 -. L'Au(III) est réduit pour former des complexes THP-Au(I) et NPs/mL, ce qui est en accord avec les valeurs reportées dans la littérature [Garcia-Soto 2016]. L'ICP-AES nous a permis de déterminer que la concentration réelle des AuSeeds était de

  3.2.4. Spectroscopie HRS Comme précisé dans le Chapitre 1, le paramètre microscopique permettant de quantifier la réponse SHG des nanoparticules est 𝛽𝛽. Les intensités HRS mesurées pour une dispersion de nanoparticules peuvent être exprimées avec l'équation 1. 𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐺𝐺(𝑁𝑁 𝑠𝑠 𝐹𝐹 𝑠𝑠 〈𝛽𝛽 𝑠𝑠 2 〉 + 𝑁𝑁 𝑛𝑛𝑛𝑛 𝑇𝑇 𝑛𝑛𝑛𝑛 〈𝛽𝛽 𝑛𝑛𝑛𝑛 2 〉)𝐼𝐼 𝜔𝜔 𝐺𝐺 est une constante de proportionnalité expérimentale, 𝑁𝑁 𝑠𝑠 est la concentration du solvant, 𝐹𝐹 𝑠𝑠 est un facteur de champ proche dépendant de l'indice de réfraction du solvant, 𝛽𝛽 𝑠𝑠 est l'hyperpolarisabilité du solvant, 𝑁𝑁 𝑛𝑛𝑛𝑛 est la concentration des nanoparticules, 𝑇𝑇 𝑛𝑛𝑛𝑛 est un facteur de champ interne, 𝛽𝛽 𝑛𝑛𝑛𝑛 est l'hyperpolarisabilité moyenne des nanoparticules et 𝐼𝐼 𝜔𝜔 est l'intensité du rayonnement incident. En variant la concentration en nanoparticules et en mesurant l'intensité HRS correspondante, puis en utilisant la référence externe, les valeurs d'hyperpolarisabilité de la dispersion de nanoparticules peuvent être déduites de la pente (Figure7) à partir de l'équation 2.

	𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻 = 1 +	〈𝛽𝛽 𝐿𝐿𝐿𝐿 2 〉 𝑁𝑁 𝑊𝑊 〈𝛽𝛽 𝑊𝑊 2 〉	𝑁𝑁 𝐿𝐿𝐿𝐿	Equation 2

2 Equation 1 où

  constate que les valeurs de < 𝑑𝑑 > obtenues pour le LN de notre travail et le LN issu de la littérature sont en accord. Ensuite, il apparaît que la présence de AuSeeds à la surface des LN diminue les coefficients de seconde harmonique, que ce soit 𝛽𝛽 ou < 𝑑𝑑 >. Une explication est que les contributions surfaciques de l'intensité HRS du LN sont significatives. Pour justifier cette hypothèse, nous avons mené des expériences résolues en polarisation, dans lesquelles l'angle de la polarisation incidente varie et le faisceau de sortie est polarisé verticalement. Le rapport de dépolarisation 𝐷𝐷 peut alors être calculé selon l'équation 4.

	𝐷𝐷 =	𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻 𝑉𝑉 𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻 𝐻𝐻	Equation 4
	où 𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻 𝑉𝑉 et 𝐼𝐼 𝐻𝐻𝐻𝐻𝐻𝐻		
	Nom de l'échantillon	𝑫𝑫
		LN	0.16

𝐻𝐻

sont les intensités obtenues pour une polarisation incidente verticale et horizontale, respectivement. Les valeurs de 𝐷𝐷 obtenues pour nos échantillons sont présentées dans la Table

4

.

Table 4 .

 4 Valeurs de rapport de dépolarisation 𝐷𝐷 obtenues pour LN, AuSeeds et LN@BPEI@AuSeeds.Théoriquement, le rapport de dépolarisation pour un tenseur unique d'une molécule dipolaire non linéaire vaut 0,2. Inversement, les molécules symétriques planes du groupe ponctuel 𝐷𝐷 3ℎ ont un rapport de dépolarisation de 2/3. Le niobate de lithium, qui appartient au groupe ponctuel 𝐶𝐶 3𝑣𝑣 présente une forte non linéarité selon un certain axe, ce qui est cohérent avec la valeur proche de 0,2 observée pour LN et LN@BPEI@AuSeeds. Les AuSeeds ont en revanche une valeur de rapport de dépolarisation plus proche du système 𝐷𝐷 3ℎ , ce qui est probablement dû à leur géométrie sphérique. Les tracés polaires confirment ces résultats. On constate que l'ajout de AuSeeds sur LN fait peu varier le rapport 𝐷𝐷 par rapport au LN. Il nous reste donc encore à comprendre pourquoi l'ajout de AuSeeds sur LN fait diminuer 𝛽𝛽. Des simulations sont en cours pour expliquer la variation des propriétés optiques des nanoparticules.

  Deux composantes PC1 et PC2 sont extraites. Les PC1 de charge positive (PC1+) correspondent aux fragments Li et Nb tandis que les PC1-sont associés aux fragments contenant C, H, N et O, ce qui laisse penser que PC1+ est lié au LiNbO3 tandis que PC1est lié au BPEI. PC2+ montre principalement des fragments Au et PC2-des fragments contenant C, H, N, O et Nb représentant LiNbO3 et BPEI. La répartition des échantillons que la quantité d'or utilisée dans le cas de LN@BPEI@AuSeeds3000 est suffisante pour recouvrir complétement le BPEI.

	Echantillon		Concentration (at%)	
		Nb	O	C	N	Li	Au
	LN	18,28	49,66	16,30	1,54	14,20	-
		(0,97)	(1,52)	(0,54)	(0,29)	(0,36)	
	LN@BPEI@AuSeeds1000	9,37	42,09	36,66	3,87	ND	8,55
		(0,58)	(0,78)	(2,64)	(0,55)		(1,07)
	LN@BPEI@AuSeeds3000	8,58	36,65				
		(0,22)					

Table 7 .

 7 Pourcentages atomiques déterminés par XPS.

  Equation 6 où 𝑇𝑇 𝐵𝐵 est la température mesurée au temps 𝑡𝑡, 𝑇𝑇 0 est la température initiale mesurée avant la mise en route du laser et 𝑇𝑇 𝑚𝑚 est la température maximale mesurée.En utilisant les équations précédentes, une efficacité de 40% est calculée pour les LN@Au.Une efficacité de 65% est reportée dans la littérature pour des nanoparticules « framboises » Fe@Au [PlanSangnier 2019]. Comparé aux autres morphologies, nos nanoparticules présentent une meilleure efficacité que les nanoétoiles et les nanocoquilles mais moins bonne que les nanobâtonnets d'or. Il resterait cependant à étudier la contribution de l'absorption et de la diffusion à cette efficacité, ce qui permettrait d'optimiser les propriétés photothermiques des nanoparticules.

  'applications théranostiques du cancer. Le coeur du nanohybride est composé d'une nanoparticule active en optique non linéaire (LiNbO3) pour l'imagerie biomédicale multiphotonique. La croissance d'une coquille d'or sur le coeur permet de produire un chauffage localisé par thérapie plasmonique photothermique. Ce travail est focalisé sur la croissance de la coquille d'or en utilisant des méthodes par ensemencement de germes permettant de construire un support pour l'ajout d'atomes d'or obtenus par la réduction de sels d'or. La préparation de la surface du coeur par des silanes et des polyélectrolytes pour réaliser l'accrochage des germes d'or est évaluée. Ensuite, la croissance de la coquille d'or est optimisée en faisant varier les paramètres suivants : pH, densité de germes d'or sur le coeur et concentration de sels d'or à réduire. La caractérisation des nanoparticules et nanohybrides est réalisée par XRD, TEM, spectroscopie UV-Visible et ICP-AES. De plus, la chimie de surface des nanoparticules est évaluée par TOF-SIMS et XPS. Les propriétés optiques non linéaires des nanohybrides sont caractérisées par Diffusion Hyper Rayleigh. Enfin, l'efficacité photothermique de la dispersion de nanohybride est déterminée par imagerie thermique infrarouge.

Mots-clés : nanohybrides, optique non linéaire, plasmonique, conversion lumière-chaleur, or, niobate de lithium.
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Synthesis of LiNbO 3 NPs

The protocol for the synthesis of LiNbO 3 NPs is detailed in section 3.1.1 page 87 and was performed at Symme laboratory, Annecy.

BPEI adsorption on LiNbO 3 NPs (LN@BPEI)

The protocol for the synthesis of LN@BPEI NPs is detailed in section 3.1.2 page 87.

Synthesis of Gold Seeds

The protocol for the synthesis of AuSeeds is detailed in section 3.1.3.2 page 88.

4. 1.4 Attaching Gold Seeds to LiNbO 3 NPs (LN@BPEI@AuSeeds)

The protocol for the synthesis of LN@BPEI@AuSeeds is detailed in section 3.1.3.2 page 88.

Synthesis of LN@Au NPs using sodium citrate growth solution

Stock solutions of 0.15 mM, 1.2 mM and 6 mM sodium citrate (Na 3 Cit) solutions were prepared.

Gold growth solutions composed of Na 3 Cit solution and HAuCl 4 solution were then prepared, having Na 3 Cit to HAuCl 4 mole ratios of 1:1, 8:1 and 40:1. Each growth solution contained 37.5 µL of 40 mM HAuCl 4 solution, and 10 mL of Na 3 Cit solution of different concentration given in table 4.1 below. All gold growth solutions were prepared under continuous stirring. Then, to each growth solution, 1 mL of LN@BPEI@AuSeeds3000 NPs (approximately 0.35 mg/mL by the LiNbO 3 mass) was added and allowed to mix for one minute, followed by the addition of 10.7 µL of 0.2 M NH 2 OH.HCl which was left to mix for 10 minutes. The samples were then centrifuged for 10 minutes at 20°C and 9103g. The supernatant was removed and the particles redispersed in 1 mL of water.

The protocol for TEM imaging outlined in section 2.1.1 on page 66 was used to image the resulting NPs, and the zeta potential value and hydrodynamic radius were determined using a zetasizer by Malvern Instruments.

(e) (f) Figure 4.22: XPS spectra of LN@BPEI@AuSeeds, LN@BPEI@AuSeeds@BPEI and LN@Au. (a) LN@BPEI@AuSeeds1000, (b) LN@BPEI@AuSeeds3000, (c) LN@BPEI@AuSeeds1000@BPEI, (d) LN@BPEI@AuSeeds3000@BPEI, (e) LN@Au (starting from LN@BPEI@AuSeeds1000@BPEI) and (f) LN@Au (starting from LN@BPEI@AuSeeds3000@BPEI).

partially protonated (1/3). Furthermore, the PC1 and PC2 TOF-SIMS scores are both negative suggesting a high contribution of organic compounds containing nitrogen ions.

Finally the LN@Au samples were analysed. Though, XPS at% results for LN@Au issued from the 3rd reduction were not reliable due to the high contribution of the silicon substrate (see fig. 4.22 (e) and (f)) due to deposition problem for these samples, we still performed the determination of the atomic percentages of the elements. As such, the values stated in table 4.9 must be regarded with a degree of uncertainty. The gold reduction steps, resulting in a more complete gold coating on the nanoparticles are clearly observed by the gold photoelectrons while the height of the C1s and N1s peaks are reduced. It must be noted that in the LN samples, XPS detected a N signal.

If we are however to attribute the entire N signal to presence of BPEI, the fact that nitrogen is still observed suggests that either the gold layer is thin enough to allow the N1s photoelectrons to escape or that the final gold layer is incomplete. The PC1 TOF-SIMS for this sample is close to zero which means that it is not rich in compounds containing Li, Nb and organic species containing N. This is however to be expected as the gold species from this gold surface layer will predominate the peak areas identified in TOF-SIMS. This is further confirmed by the positive score of PC2 which means that these samples are rich in gold. The inelastic mean free path of a nitrogen photoelectron (kinetic energy of approximately 1050 eV for an Al Kα source) traveling through a gold layer is approximately 1.2 nm. Therefore, the XPS probing depth would be between 3-4 nm. The probing depth of TOF-SIMS is 1-2 nm. Consequently, if the layer was to be continuous, its thickness would rank between 1-4 nm. This was in agreement with the gold shell thickness derived from calculations (unaltered) pH, we obtained the optimal LN@Au NP dispersions. We performed surface characterization by TOF-SIMS and XPS analysis, which determined the changing chemical environment of the nanoparticle surface at different steps in the synthesis process. XPS was used to determine that the gold shell thickness was 1-4 nm. This was corroborated by the gold shell thickness determined using the data obtained from ICP-AES analysis, giving a shell thickness of 1.2 nm. The final LN@Au nanoparticle dispersions were shown to maintain their properties (zeta potential, Z-avg, and PDI values) in aqueous media safely up until 20 days post synthesis, and we believe that a protective coating of the nanoparticles with a suitable polymer could prolong this. Our first SHG experiments on these LN@Au nanoparticles showed an enhancement of the SHG signal at excitation wavelengths 1150 nm and 1250 nm however future experiments must be performed to understand the origination of this enhancement. Finally, the photothermal ability of the LN@Au NPs was demonstrated and we determined it to have light-to-heat conversion efficiency of 40%. Les nanoparticules utilisées en nanomédecine peuvent être classées en fonction des matériaux les constituant qu'ils soient organiques (polymères, liposomes) ou inorganiques (semi-conducteurs, métaux, oxydes). Concernant les nanoparticules inorganiques élaborées par chimie en solution, les méthodes de synthèse permettent un bon contrôle de la taille, de la forme et des propriétés de surface selon les conditions expérimentales utilisées. Un moindre changement de ces conditions modifie totalement le type de LN@BPEI@AuSeeds 1) LN@BPEI@AuSeeds3000, pH 7,7, HAuCl4 = 30 mM 2) LN@BPEI@AuSeeds1000, pH 7,7, HAuCl4 = 30 mM Concentration en HAuCl4 1) LN@BPEI@AuSeeds1000, pH 7,7, HAuCl4 = 3 mM 2) LN@BPEI@AuSeeds1000, pH 7,7, HAuCl4 = 10 mM 3) LN@BPEI@AuSeeds1000, pH 7,7, HAuCl4 = 30 mM 4) LN@BPEI@AuSeeds1000, pH 7,7, HAuCl4 = 100 mM Table 5. Conditions expérimentales pour la croissance de la coquille « couche par couche ».

Appendix

Les mesures photothermiques ont été réalisées à l'aide d'un montage composé de la façon suivante. Un porte-échantillon contenant 200 µL de dispersion de nanoparticules dans un tube eppendorf de 2 mL a été fixé dans une boîte noire. Un laser continu à 808 nm muni d'une fibre optique de 200 µm est utilisé pour produire un faisceau avec une puissance de sortie de 47 mW/cm 2 . Une caméra thermique est positionnée à 90°C du faisceau incident, à une distance de 10 cm de l'échantillon.

Résultats et discussion

Synthèse de LN@Au en utilisant le citrate de sodium

Dans le but de contrôler le dépôt d'or sur les LN@BPEI, un protocole utilisant le citrate de sodium, mis au point sur des nanoparticules de silice aminées de 120 nm de diamètre, a été testé [Wang 2016b]. Dans ce protocole, le rapport molaire Na3Cit:HAuCl4 permet de faire varier la densité de l'or sur la surface de silice en allant d'îlots pour de faibles rapports à une couche dense pour de forts rapports. La première étape de ce protocole consiste en la réduction in situ de l'or par NaBH4. Cependant, comme nous l'avons démontré au analysés en fonction de ces composantes est cohérente avec les compositions chimiques attendues (Figure 14). L'analyse des spectres larges XPS permet de constater également l'apparition des pics d'or (Au4p, Au4d, Au4f) et de l'azote (N1s) pour les nanoparticules LN@BPEI@AuSeeds par rapport aux nanoparticules initiales de LN. La spectroscopie XPS donne également accès aux pourcentages atomiques des espèces contenues dans ces différents échantillons (Table 7). Les pourcentages atomiques en C et en N passent respectivement de 16,3% à 36% et de 1,5% à 3,9% pour LN@BPEI@AuSeeds1000 par rapport à LN. La même tendance est observée pour LN@BPEI@AuSeeds3000. On observe également une augmentation du pourcentage atomique de Au entre LN@BPEI@AuSeeds1000 (8,5%) et LN@BPEI@AuSeeds3000 (11,05%). L'analyse TOF-SIMS donne un PC2-pour LN@BPEI@AuSeeds1000 et un PC2+ pour LN@BPEI@AuSeeds3000, laissant supposer Des mesures préliminaires HRS ont été réalisées sur les nanoparticules coeur-coquille LN@Au (Figure 16). Pour chaque longueur d'onde d'excitation 𝜆𝜆 0 entre 800 et 1300 nm, l'intensité SHG à 𝜆𝜆 0 /2 est mesurée. 
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