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Poser un diagnostic nécessite parfois l'utilisation de techniques d'imagerie telles que l'imagerie par résonance magnétique (IRM), la tomodensitométrie ou l'endoscopie. L'endoscopie est une technique peu invasive, largement répandue, dédiée à l'imagerie tissulaire in vivo. Cependant, elle fournit uniquement un examen visuel sans aucune information biochimique. Le projet vise à améliorer la technique d'endoscopie en y associant une fonction de bio-reconnaissance et à créer un outil capable de réaliser une "biopsie optique en temps réel". Un tel outil pourrait apporter des progrès significatifs dans le domaine médical et aider les médecins à diagnostiquer les maladies plus rapidement. Dans ce contexte, cette thèse vise à contribuer au développement de nouveaux biocapteurs sur des assemblages de fibres optiques de taille micrométrique capables de réaliser des analyses multiplexées, à distance, en temps réel, et sans marquage.

Pour atteindre cet objectif, nous proposons un dispositif constitué d'un assemblage de fibres optiques sur lequel sont déposées deux couches minces : une couche interne réfléchissante et une cavité. Le principe de détection est basé sur l'interférométrie. En fonctionnalisant la surface de l'assemblage de fibres avec des sondes biologiques, les interactions moléculaires avec leurs cibles peuvent être suivies via la modulation des interférences.

Grâce à la simulation du phénomène d'interférences se produisant à l'extrémité de chaque fibre, nous avons déterminé les paramètres géométriques et optiques des couches interférométriques conférant au capteur une performance optimale pour détecter les changements d'indice de réfraction du milieu analysé.

Par la suite, des assemblages de fibres ayant des couches interférométriques appropriées ont été produits. Ils ont ensuite fait l'objet d'une caractérisation optique pour déterminer leur performance réelle en terme de réponse spectrale, sensibilité et résolution aux variations d'indice de réfraction.

Les résultats expérimentaux ont été comparés à la simulation, ce qui a permis de constater la concordance entre les deux approches.

Ensuite, des chimies de surface, adaptées à la composition des couches interférométriques, comme l'aminosilanisation, ont été étudiées et adaptées à la géométrie et à la taille des assemblages de fibres.

Enfin, des assemblages de fibres ayant été fonctionnalisés avec succès à l'aide de plusieurs sondes différentes ont été utilisés pour démontrer la preuve de concept de la détection biomoléculaire multiplexée à distance et en temps réel.

Scientific context

Dans ce chapitre, nous définirons un biocapteur, ses principaux constituants, leurs rôles et leurs mécanismes de fonctionnement. Les propriétés des biocapteurs et leurs domaines d'application seront également décrits. En outre, les limites des biocapteurs conventionnels pour des applications in vivo seront discutées. Les dispositifs médicaux actuels utilisés in vivo seront également présentés. Ensuite, nous présenterons les avantages de l'utilisation des fibres optiques, leurs principes de fonctionnement et les solutions mises en oeuvre pour les applications in vivo. En particulier, nous discuterons des mécanismes de transduction sur les fibres optiques présentant un fort potentiel pour les applications in vivo. Les performances des biocapteurs sur fibre optique basés sur la plasmonique, la fluorescence, le champ évanescent et l'interférométrie seront analysées. Les différentes configurations de détection, le long de la fibre ou à son extrémité, seront illustrées. La nécessité et la mise en oeuvre de la biodétection multiplexée sur les fibres optiques seront démontrées. Nous discuterons notamment de l'utilisation d'assemblages multifibres, l'une des configurations optimales pour la détection multiplexée. Enfin, le but à long terme du projet et les objectifs couverts dans le cadre de cette thèse seront définis.

In this chapter, biosensors will be defined along with their main elements, roles, and operational mechanisms. The properties of biosensors and their areas of application will also be described. Additionally, the limitations of conventional biosensors for in vivo application will be discussed. The current in vivo medical devices will also be presented. Furthermore, the advantages of using optical fibers, their operational principles, and implemented solutions for in vivo applications will be given and discussed. This includes the transduction mechanisms on optical fibers that have potential use for in vivo application. The performance of fiber biosensors based on plasmonics, fluorescence, evanescence field, and interferometry will be analyzed. The different sensing configurations, such as the side and tip of optical fibers, will be illustrated. The necessity and implementation of multiplexed biosensing on optical fibers will be shown. In particular, the use of multifiber assemblies, one of the most optimal configurations for multiplexed detection, will be discussed. Finally, the long-term goal of the project and the objectives covered by this Ph.D. will be defined.
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Introduction

In the last decades, biosensor development has made a huge step towards better performance, miniaturization, and detection of new disease biomarkers. These advancements have made biosensors an integral part of our daily lives making life easier and safer despite their often invisible presence for the average person. To fully understand biosensors, it is important to define them, explore their components and key performance parameters, and examine their areas of application.

Biosensors 1.2.1 Definition and essential components of the biosensor

A biosensor is a device that detects an analyte (target molecules) in a tested medium through a molecular interaction and translates this event into a measurable signal. A common biosensor is comprised of a molecular recognition element (bioreceptors), a transducer, and a processor, a signal detection and transformation component (Figure 1.1).

Figure 1.1: Schematic representation of a conventional biosensor [START_REF] Verma | Enzymatic biosensors for the quantification of biogenic amines: a literature update[END_REF].

The molecular recognition element is comprised of receptors, or probes, that recognize and capture an analyte in a sensing medium. Some of the most commonly used probes are Deoxyribonucleic acid (DNA)s [START_REF] Chao | DNA nanotechnology-enabled biosensors[END_REF], sugars [START_REF] Uzawa | A novel sugar-probe biosensor for the deadly plant proteinous toxin, ricin[END_REF], enzymes [START_REF] Rocchitta | Enzyme Biosensors for Biomedical Applications: Strategies for Safeguarding Analytical Performances in Biological Fluids[END_REF], peptides [START_REF] Liu | Peptide-based biosensors[END_REF], antibodies [START_REF] Saerens | Antibody Fragments as Probe in Biosensor Development[END_REF], bacteriophages [START_REF] Larry | Strategies for Surface Immobilization of Whole Bacteriophages: A Review[END_REF], etc. An equally important aspect is surface chemistry, which involves chemical groups that provide a firm binding of receptors to the device's surface. Different surface materials would require a particular surface functionalization approach, such as Self-Assembled Monolayer (SAM)s of alkylsilanes on oxide surfaces and sulfur-containing molecules on gold [START_REF] Nicosia | Reactive self-assembled monolayers: from surface functionalization to gradient formation[END_REF], electropolymerization of conductive polymer [START_REF] Heinze | Electrochemistry of Conducting Polymers-Persistent Models and New Concepts[END_REF][START_REF] Suraniti | Real-time detection of lymphocytes binding on an antibody chip using SPR imaging[END_REF], or layer-by-layer binding of Poly(allylamine hydrochloride) (PAH)/Sodium poly(4-styrenesulfonate) (PSS) polyelectrolytes [START_REF] Mariani | Layer-by-layer biofunctionalization of nanostructured porous silicon for high-sensitivity and high-selectivity label-free affinity biosensing[END_REF].

When the analyte is present, the transducer converts this molecular recognition event into a measurable physical signal due to the changes in its properties. The coupling between recognition events and certain transducer properties varies from biosensor to biosensor. For Chapter 1. Scientific context instance, optical (the refractive index change) in interferometry, Surface plasmon resonance (SPR), refractometers, mechanical (mass variation) in quartz microbalance, and field-based (surface charge modification) in field-effect transistors. Quenching of fluorescence due to charge transfer from the analyte to the probe in fluorescence-based biosensors.

Lastly, the processor, in charge of signal detection and transformation, detects and measures a physical signal, such as light intensity or wavelength (interferometer, SPR, fluorescence), current (field effect transistor), or resonance frequency (quartz balance). This measured signal is then transformed into a practical and understandable qualitative or quantitative form.

Key performance characteristics of biosensors

In order to develop biosensors, and determine their efficiency, we must first be familiar with certain performance characteristics. The main functional parameters that an efficient biosensor must possess are the following :

• Sensitivity (S) indicates how strongly the measured signal of a biosensor (biosensor response) changes with variation in the quantity of analyte in the tested medium. The components of the equation may vary depending on the biosensor's detection mechanism. In the case of interferometric biosensors based on the detection of the refractive index variation in the tested medium, the sensitivity can be expressed as follows.

S(n) = dI(n) dn (1.1) where dI(n) represents the change of measured light intensity with refractive index modification dn.

• Resolution is the smallest variation of signal that can be distinguished and detected.

It characterizes the biosensor's ability to distinguish small variations of the signal. Using the same example of an interferometric biosensor, the resolution ∆n res can be described as follows:

∆n res = 3 • σ max S(n) (1.2)
where σ max is the maximum detected noise (standard deviation of measured signal) for a given quantity of analyte.

• Selectivity is the ability to differentiate the components in a mixture from each other.

It is particularly important when the biosensors aim at multiple detections of biomarkers.

• Specificity is the ability to assess the exact components in a tested mixture of analytes.

Moreover, specificity measures the degree of interference by other substances present in a sample during the analysis of a particular analyte.
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• Repeatability defines the property of a biosensor to demonstrate the same measured signal for a given analyte quantity measured under the same conditions.

• Stability is a characteristic that describes how the measured biosensor response is constant in time. For instance, an efficient biosensor must demonstrate resistance to the measured signal variation under changes in temperature or humidity in ambient conditions.

• Dynamic range defines an interval of analyte quantity at which the biosensor provides a measurable change in biosensor response. Usually, it refers to a linear dynamic range where the detected signal remains proportional to the amount of analyte over a defined window of analyte concentrations. In the aforementioned case of interferometric biosensors, the dynamic range will be described by the window of refractive indexes it can operate with.

• Limit of detection (LOD), usually referred to as inferior LOD, characterizes the smallest analyte quantity that induces a detectable change in biosensor response. A general representation of LOD can be described as the analyte concentration for which the signal is observed is at least 3 times the standard deviation σ greater than the signal without analytes.

• Response time is the time required for a biosensor to respond to the variation of analyte in the tested medium. The rapidity of a biosensor response is an important parameter for real-time detection applications.

Application areas of biosensors

Biosensors are widely used in various areas of our everyday life and activities, including environmental monitoring, food safety, security, and medical diagnostics (Figure 1.2). Particularly in the medical diagnostics field, the presence and use of biosensors have become increasingly important nowadays, as their demand has increased due to our fast-growing population [START_REF] Roser | World Population Growth[END_REF] , where the elderly population is becoming more significant [START_REF]Ageing and health[END_REF]. Moreover, the field of biosensors has recently had to face the challenges related to health crises, such as the pandemic of the SARS-CoV-2 virus that started in 2019, which caused 6,908,554 deaths globally, according to the World Health Organization (WHO), as of April 23, 2023 [START_REF]COVID-19) Dashboard[END_REF], and which also significantly impacted the global economy [16,[START_REF] Pak | Economic Consequences of the COVID-19 Outbreak: the Need for Epidemic Preparedness[END_REF]. Emerging new technologies and advancing research aim to respond to those challenges and demands by creating faster, more reliable, and affordable detection techniques of low-quantity disease biomarkers on a high throughput scale.

The Evolution of Biosensors: From Biosensors to Biochips

In recent decades, biosensors have undergone significant miniaturization and throughput improvements, leading to the development of biochips. A biochip consists of an array of Examples of biosensors' areas of application [START_REF] Singh | Biological Biosensors for Monitoring and Diagnosis[END_REF].

individual biosensors that can be individually monitored and generally are used for the analysis of multiple analytes [START_REF] Vo-Dinh | Biosensors and Biochips[END_REF]. An example of a commonly used biochip is the DNA microarray, which is utilized in studying gene expressions [START_REF] Harrington | Monitoring gene expression using DNA microarrays[END_REF], diagnosing infectious diseases [START_REF] Bryant | Chips with everything: DNA microarrays in infectious diseases[END_REF], and cancer diagnosing [START_REF] Mischel | DNA-microarray analysis of brain cancer: molecular classification for therapy[END_REF], etc. Typically, a DNA biochip is constructed with a silicon or glass substrate and a dense matrix of probes attached via surface chemistry. A single DNA or Ribonucleic acid (RNA) strand can be used as a probe, and the resulting matrix can contain thousands of test sites with spot sizes ranging from 10 to 500 µm in diameter [START_REF] Michael | DNA Microarray Technology: Devices, Systems, and Applications[END_REF].

After removing non-hybridized samples (non-bound targets) and illuminating the biochip with a special light source, only the areas containing hybridized probes will emit fluorescence due to recognizing fluorophore-labeled DNA targets. The intensity of the fluorescence is dependent on the amount of bound DNA targets.

This field of biosensing is thus experiencing significant growth in both research and its commercial applications. Continuous development of more sophisticated technologies and biochemistry for probe deposition and target detection has increased biochip throughput, robustness, and mass production. Although the DNA biochip provides multiplexing detection with good sensitivity, it represents the endpoint analysis and does not allow for the following kinetics of recognition and binding events. Due to aforementioned requirements for biochips of target analyte labeling, their sensing mechanism, and a planar geometry they are not adapted to more complex forms of detection, like in vivo biosensing.
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The concept of in vivo diagnostics and devices implanted inside the human body are not new and have been used for a while. Researchers and health specialists are constantly seeking ways to cure or alleviate certain body dysfunctions, from dental and bone implants to more complex devices like cochlear implants, visual prostheses, pacemakers, insulin, and painkillerdelivering pumps (Figure 1.3). Similarly, there is a longstanding interest among researchers and medical practitioners to retrieve biochemical information important for diagnostics inside a living organism at the site of the disease. Conventional biosensors rely upon the analysis of accessible biological samples like blood, urine, or saliva, which must undergo a pre-treatment in order to be analyzed. In contrast to these traditional laboratory-based biosensors, in vivo biosensors operate in realtime and within the natural biological environment. This has opened the door to continuous monitoring of physiological parameters [START_REF] Schena | Fiber Optic Sensors for Temperature Monitoring during Thermal Treatments: An Overview[END_REF][START_REF] Ferraro | Implantable Fiber Bragg Grating Sensor for Continuous Heart Activity Monitoring: Ex-Vivo and In-Vivo Validation[END_REF], disease biomarkers [START_REF] Ribaut | Cancer biomarker sensing using packaged plasmonic optical fiber gratings: Towards in vivo diagnosis[END_REF], drug efficacy and toxicity, or studying of biomolecular mechanisms [START_REF] Njagi | Amperometric Detection of Dopamine in Vivo with an Enzyme Based Carbon Fiber Microbiosensor[END_REF]. Another important application of in vivo biosensors is the medical diagnostics of patients. The most commercially successful and approved in vivo biosensor for point-of-care use is the glucose biosensor [START_REF] Yoo | Glucose Biosensors: An Overview of Use in Clinical Practice[END_REF], a device that measures the glucose level in a patient's blood. This information is important for patients with diabetes to better understand how to manage their food, physical activity, and medication usage throughout the day [START_REF]Continuous Glucose Monitoring -NIDDK[END_REF]. In more severe cases, an artificial pancreas device Chapter 1. Scientific context system might be used to constantly monitor a patient's glucose level and inject appropriate insulin doses to support the proper functioning of their body [START_REF]The Artificial Pancreas Device System[END_REF].

In order to be used for in vivo detection, a biosensor must first fulfill a set of requirements. First of all, it must be label-free, meaning the target analytes can be captured and detected without any modification, in contrast to fluorescent-labeled methods. Secondly, the biosensor must be able to continuously measure and provide information in order to follow the kinetics of recognition and binding events. Since the device is inserted inside a living organism, it must also possess an acceptable level of biocompatibility, which refers to the ability not to cause harmful effects, such as toxicity, inflammation, or immune response, while being inserted, especially for long-term implantation. Furthermore, it must be adapted for remote detection in the cases of biosensing at the exact site of the disease. To protect the patient's body and make detection minimally invasive, the geometry and detection mechanism of the device have to be adapted for in vivo application. Lastly, as these devices are to be used in rich media, they must be appropriately functionalized in order to limit non-specific adsorption and/or passivation of bioreceptors, keeping their biorecognition capacity intact, which is especially challenging.

Concerning the adapted geometry of the device, optical fibers with miniature size and high flexibility can be used. Optical fibers are widely used in endoscopies for in vivo tissue imaging of different parts of a patient's body. A miniaturized Food and drug administration (FDA)-approved optical fiber probe based on confocal laser endomicroscopy dedicated to real-time in vivo cellular imaging was developed by Mauna Kea Technologies (Figure 1.4 Top) [START_REF] Kea | [END_REF]35]. For instance, this optical fiber could be placed inside a needle and inserted inside an area of interest for diagnostics of peripheral lung cancer [START_REF] Kramer | Bronchoscopic needle-based confocal laser endomicroscopy (nCLE) as a real-time detection tool for peripheral lung cancer[END_REF] or pancreatic cystic lesions [START_REF] Palazzo | Impact of needle-based confocal laser endomicroscopy on the therapeutic management of single pancreatic cystic lesions[END_REF].

Another fiber-based technology for in vivo use was developed at CEA Leti to slow down the development of neurodegenerative illnesses like Parkinson's and Alzheimer's diseases (Figure 1.4 Bottom) [START_REF] Daniel | Turning On Lights to Stop Neurodegeneration: The Potential of Near Infrared Light Therapy in Alzheimer's and Parkinson's Disease[END_REF][START_REF] Darlot | Near-infrared light is neuroprotective in a monkey model of Parkinson disease[END_REF]. The fiber is implanted inside a localized part of a study subject's brain and irradiates the tissues. Directly stimulating the mitochondria of damaged neurons or endothelial cells using near-infrared light can lead to the repair of damage and protection of the neurons. Additionally, this process may stimulate the growth of new neurons in the hippocampus or the formation of synapses in the damaged neurons [START_REF] Daniel | Turning On Lights to Stop Neurodegeneration: The Potential of Near Infrared Light Therapy in Alzheimer's and Parkinson's Disease[END_REF]. This fiber-based device is now in the clinical trial period [START_REF] Hospital | Clinical Trial for Near Infrared Endoventricular Illumination for Neuroprotection in Very Early Cases of Parkinson's Disease (Ev-NIRT)[END_REF].

To summarize, in vivo technologies have been improving and becoming more intricate to answer new challenges in the biomedical field. Moreover, in vivo biosensors have established their place in research and created avenues for more advanced and comprehensive diagnostics. The mature technology of optical fibers is widely used for minimally invasive tissue imaging or treatment. Their geometry and flexibility allow them to reach hard-accessible sites inside the patient's body, ensuring remote, real-time, minimally invasive operation. Therefore, we decided to focus our work on fiber-based devices that can be adapted for remote label-free in vivo molecular analysis in real-time. [START_REF] Kea | [END_REF]. Bottom: Implanted optical fiber inside of the brain to slow down the development of neurodegenerative diseases [START_REF] Daniel | Turning On Lights to Stop Neurodegeneration: The Potential of Near Infrared Light Therapy in Alzheimer's and Parkinson's Disease[END_REF].

Sensors on optical fibers

Optical fibers are a well-established technology that is widely utilized in telecommunications, where signal transmission occurs through light propagation inside cylinder-like fibers from point A to point B. They possess various advantages such as small size, light weight, flexibility, and resistance to electromagnetic interference, making them easily embeddable in various tubing and needles for the majority of applications [START_REF] Schena | Fiber Optic Sensors for Temperature Monitoring during Thermal Treatments: An Overview[END_REF].

Before reviewing the various biosensors that utilize optical fibers, it is crucial to comprehend their structure, types, and mechanisms of light propagation in fibers.

Optical fiber basics 1.3.1.1 Structure and variety of optical fibers

A conventional optical fiber has a cylindrical shape consisting of two parts with different refractive indexes. The internal cylindrical component, also known as the core, has a high refractive index n 1 , while the second component that surrounds the core, known as the Both core and cladding are often made of silica, where refractive index difference might be reached by doping the core with germanium or the cladding with fluorine. Such a fiber is quite fragile under stress caused by bending. Thus, protective coatings and jackets surround it to dissipate mechanical stress and make it more flexible. The choice of protecting coatings is an important aspect for the final application of the device and will be discussed in Chapter 3.

Conventional optical fibers can be classified into three groups depending on their refractive index distribution inside the fiber [START_REF]The FOA Reference For Fiber Optics -Optical Fiber[END_REF] (Figure 1.6):

• The step-index multi-mode fiber: The core and cladding have each a well-defined constant refractive index. This corresponds to a step-like refractive index profile. This fiber is characterized by mode dispersion caused by different path lengths in the core.

• The graded-index multi-mode fiber: The refractive index profile is parabolic like to to compensate for modal dispersion during light transmittance in the fiber • The single-mode fiber: The fiber's core takes a considerably small proportion of this fiber's diameter, forcing only single-mode light propagation. Hence, mode dispersion is not an issue, and the step-index profile can be kept.

Other more complex structures and geometries like structured fibers, multi-core fibers, or fiber multi-assemblies exist. The multi-core fiber will be discussed in detail in Section 1.4, Multiplex biosensing on optical fiber.

The mechanism of light propagation inside of the optical fiber

The fiber form and mechanism of light propagation that we know today have undergone a long path. In the 19th century Jean-Daniel Colladon, a Swiss physicist, demonstrated one of the main principles of fiber optics [START_REF]La physique des fontaines laser -CultureSciences-Physique -Ressources scientifiques pour l'enseignement des sciences physiques[END_REF][START_REF]Optical Fibers: Light Guiding on a String of Glass[END_REF]. He performed an experiment where a big reservoir filled with water had a hole through which a stream of water easily escaped (Figure 1.7 A). He used a light source and a lens to focus a beam into the hole opening inside of the reservoir. The light propagated inside, hitting the interface between water and air at a glancing angle and allowing the trapping of light inside the jet. The light traveled while bouncing at the interface down the stream going out of the reservoir. The setup used for the demonstration was called "La fontaine Colladon" or "La fontaine lumineuse". The observed phenomenon was a Total internal reflection (TIR) that we know today. Let's discuss this mechanism in more detail.

When the light is incident at the interface between two different media with high n 1 and low n 2 refractive indexes and with an incident angle θ 1 , it will exhibit refraction at an angle θ 2 into the medium of low refractive index following Snell's law (Figure 1.7 B).

n 1 sinθ 1 = n 2 sinθ 2 (1.3)
At some critical angle θ c , the reflected light will travel parallel to the interface and θ c can be defined as follows:

θ c = sin -1 n 2 n 1 (1.4)
If the incident angle θ 1 is larger than the critical angle θ c , the light will experience TIR and will be reflected back into the initial medium of high refractive index. That is the case for optical fiber, the core's refractive index is larger than the refractive index of the cladding, and the light will experience TIR in the range of [θ c , 90 • ] The light outside this range will not be guided inside of fiber under TIR and will tend to refract and dissipate in the cladding. Another important parameter that must be discussed is Numerical Aperture (NA). It describes the ability of a fiber to collect and emit light within a certain angular range (Figure 1.7 C). The higher the NA, the larger the angular range α, or acceptance angle, will be, and the more light can be collected. It can be described by following equation:

N A = n 0 sinα (1.5)
where n 0 is refractive index of environment (e.g air). The acceptance angle α is the incidence angle corresponding to θ c and can be obtained by:

n 0 sinα = n 1 sinθ t = n 1 sin(π/2 -θ c ) = n 1 cosθ c = n 1 1 -(sinθ c ) 2 ) = n 1 1 -(n 2 1 /n 2 2 ) = n 2 1 -n 2 2 (1.6)
Finally, the NA is dependent on the refractive index of the core n 1 and cladding n 2 , the refractive index of environment n 0 (e.g air), and can be described as follows:

N A = n 2 1 -n 2 2
(1.7)

Modes of light propagation in optical fibers

As we can see from Figure 1.6 when the light enters the optical fiber, it can propagate at various paths or guided modes. The number of guided modes inside of optical fiber depends on the optical properties, core size of the fiber, and the wavelength of propagated light. The number of possible guided modes can be estimated using normalized optical frequency, also known as V-number or fiber parameter V.

V = 2πρ λ n 2 1 -n 2 2 (1.8)
where ρ is the fiber radius, λ is wavelength in the free space, n 1 and n 2 are the refractive indexes of core and cladding. A fiber supports only one mode for V values that are below 2.405. The cut-off value V is derived from the mathematics of the Bessel function. This function describes the modes of propagation in an optical fiber, and the first zero of the Bessel function is located at 2.405 [START_REF] Senior | Optical Fiber Communications: Principles and Practice[END_REF].

Otherwise, multiple modes can be guided inside the fiber. In this case, the number of modes N for step-index fiber can be approximately estimated using the following equation:

N ≈ V 2 2 (1.9)
The intensity profiles of modes inside of step-index fiber are given in Figure 1.8.

Figure 1.8:

The intensities profiles of linearly polarized (LP lm ) modes inside of the stepindex fiber [START_REF] Paschotta | Optical Fiber Technology[END_REF].

Transduction on optical fibers 1.3.2.1 Fluorescence-based

The fluorescence phenomenon has a wide variety of applications in human activity from decoration [START_REF]Blacklight Live Painting for Events -Light Artist Beo Beyond[END_REF], to security features on banknotes [START_REF]How invisible fluorescent ink can help tackle counterfeiting[END_REF], forensics [48], medicine, and science (Figure 1.9). In science, it's widely used in cell staining [START_REF] Ettinger | Fluorescence Live Cell Imaging[END_REF], biochip assays [START_REF] Dandy | Array feature size influences nucleic acid surface capture in DNA microarrays[END_REF], etc. The phenomenon cannot be observed on any substance and requires a special molecule, a fluorophore, that is excited and re-emits light at a specific wavelength (Figure 1.10 B). Usually, fluorescence measurements are used as end-point analysis that does not allow following the kinetics of analyte adsorption or molecular interaction. However, it is possible to overcome this limitation by employing phenomena like Photoinduced electron transfer (PET). PET is used in fluorescence quenching-based biosensors where the molecules that take part in this phenomena are in excited states caused by excitation light. In PET mechanism, one agent or Figure 1.9: Applications of fluorescence: security feature on a banknote [START_REF]How invisible fluorescent ink can help tackle counterfeiting[END_REF], fluorescence paint in decoration [START_REF]Blacklight Live Painting for Events -Light Artist Beo Beyond[END_REF], forensics [START_REF]UV Light In Forensics[END_REF], stained cell in fluorescence microscopy [START_REF]Fluorescence microscopy on a new level -PicoQuant[END_REF].

molecule plays the role of an electron donor (D), while the other is an electron acceptor (A).

The electron transfer from donor to acceptor leads to the formation of a charge-separated state with the donor radical cation and the acceptor radical anion that prohibits fluorescence emission [START_REF] Escudero | Revising Intramolecular Photoinduced Electron Transfer (PET) from First-Principles[END_REF]. Thereby, the fluorescence probe is in an OFF state. Analyte binding to this D-A complex blocks the PET mechanism switching the fluorophore molecule in the ON state (Figure 1.10). This mechanism can be used in the opposite way, where the analyte is oxidized by a reagent in the probe, or the by-product of this reaction will accept electrons from the fluorescence dye [START_REF] Li | A Cholesterol Optical Fiber Sensor Based on CQDs-COD/CA Composite[END_REF]. Therefore, switching the fluorescence probe from ON to OFF state. The amount of analyte will modulate the degree of the fluorescence quenching. An example of this mechanism is the oxidation of cholesterol by cholesterol oxidase by-product of which is H 2 O 2 that will act as an electron acceptor for the fluorescence probe [START_REF] Li | A Cholesterol Optical Fiber Sensor Based on CQDs-COD/CA Composite[END_REF]. In biosensors, a special combination of sensing film is used. The first is fluorescence dye, while the second one is an enzyme molecule that facilitates the oxidation of the target analyte. The oxidated analyte molecule plays the role of acceptor receiving an electron from a Chapter 1. Scientific context fluorescence dye. This leads to PET and consecutive fluorescence quenching. Nowadays, due to the scientific research development of nanomaterials, Quantum dots (QDs) can replace conventional fluorescence dyes. QDs are inorganic nanocrystals with unique optical and chemical properties. They provide an absorption that gradually increases toward shorter wavelengths and a narrow emission band of mostly symmetric shape [START_REF] Resch-Genger | Quantum dots versus organic dyes as fluorescent labels[END_REF]. The spectral position and adsorption are tunable by particle size. Moreover, the brightness of the QDs is much higher than dyes' [START_REF] Paul Alivisatos | Quantum dots as cellular probes[END_REF] while providing high resistance to photobleaching [START_REF] Gao | In vivo molecular and cellular imaging with quantum dots[END_REF]. Thus, a sensing film containing enzymes and QDs can be transferred onto the tip of the fiber for dip-like biosensing (Figure 1.11). Typically interrogation is done by following the drop in intensity of emission maximum on the spectrometer. Performance estimation of such biosensors is done by Stern-Volmer analysis using the following expression:

I 0 I n = 1 + K q • τ 0 • [Q] (1.10)
Where I 0 is the measured intensity of fluorescence without the presence of the analyte, I n is the intensity of fluorescence in the presence of a certain analyte concentration, K q is the Stern-Vilmer constant, τ 0 is the lifetime of the excited state, and Q is analyte concentration.

Evanescence-based

An evanescence wave is an electromagnetic field that exists only within a very short distance from the surface of a material. This field is created when light waves interact with a boundary between two media with different refractive indexes. Evanescence field confinement occurs when the light propagates under TIR. The conditions for TIR were described in section 1.3.1.2, the mechanism of light propagation inside of the optical fiber. Shortly, when the light propagates from a medium of high refractive index n 1 to a medium of lower refractive index n 2 , it exhibits refraction and reflection. Beyond a certain incidence angle, called a critical incidence angle, that depends on the refractive indexes of both media, the light will be totally reflected into the initial medium of the high refractive index (Figure 1.12 A) and Chapter 1. Scientific context start propagation across the interface created by the two media. However, a small portion of light penetrates the medium while decaying exponentially. This can be explained by the analysis of Maxwell's equations applied to the interface between two dielectrics, where the tangential component of electric and magnetic fields must be continuous. It means that the field in a less dense medium cannot abruptly become zero at the interface, allowing a small portion of the light to penetrate into the reflecting medium. The electromagnetic field crossing the interface creates the so-called evanescent wave, satisfying these boundary conditions [START_REF] Hecht | Optics[END_REF]. The maximum of evanescence wave intensity lies at the interface. The intensity decay in low refractive index n 2 medium at distance y can be described by the following equation:

I(y) = I 0 exp - y δ p (1.11)
where I 0 is the wave amplitude at the interface, while δ p is the penetration depth at which the intensity has decayed by a factor of 1/e. This penetration depth can be estimated by the following equation:

δ p = λ 2πn 2 1 (n 2 1 /n 2 2 )sin 2 θ 1 -1 (1.12)
where λ is the wavelength of the incident light, θ 1 is the incidence angle. n 1 and n 2 are refractive indexes of high and low refractive index media. Depending on these conditions, the penetration depth can vary from several tens to several hundreds of nanometers [START_REF]Evanescent Field Penetration Depth -Java Tutorial -Olympus LS[END_REF]. This principle can be transferred to an optical fiber, where the light propagation inside of the fiber will generate an evanescence field at the cladding/core interface. With special structural adaptation of the fiber, this evanescence field can be sensitive to the refractive index of the surrounding medium. By following the modulation of the output signal, biosensing can be established.

In order to improve sensing, the evanescence wave has to be more exposed to the sensing medium (Figure 1.12 B). To reach this objective, the fiber is subjected to modifications: the fiber can be either straight or have a U-shape with the cladding being removed or a part of the fiber can be tapered. Another approach relies on the fiber core adaptation itself, Fiber Bragg grating (FBG), and Bottom: Tilted fiber Bragg grating (TFBG) with their corresponding input and output signals [START_REF] Gouveia | Refractometric Platformsfor Label-Free Biochemical Sensing[END_REF].

containing periodic high refractive index areas or fiber gratings. There are three major fiber gratings types: LPG, FBG, and TFBG (Figure 1.13). These kinds of fiber modifications are interrogated with a broadband light source, whereas the output signal is detected by a spectrometer. The LPG couples guided modes inside the core to propagating modes in the cladding, resulting in attenuated bands at specific wavelengths. The equation for these wavelengths can be described as follows [START_REF] Bhatia | Applications of long-period gratings to single and multi-parameter sensing[END_REF]:

λ m LP G = (n ef f,core -n ef f,clad,m ) Λ (1.13)
where n ef f,core and n ef f,clad,m are core's fundamental mode and m th cladding mode effective indexes. Λ is the period of the gratings and can vary from tens to several hundreds of micrometers [START_REF] Cai | Long-Period Fiber Grating Sensors for Chemical and Biomedical Applications[END_REF].

The operation principle of FBG is similar to LPG. The periodic gratings with Λ period create a wavelength filter with a narrow-band reflection spectrum. The peak of reflection is centered around resonance wavelength, called Bragg wavelength. The rest of injected light is transmitted through the fiber and observed as a strong dip on the spectrum. The resonant wavelength can be described as:

λ B = 2n ef f,core Λ (1.14)
The conventional FBG can be modified by inducing the tilt of the grating with respect to the cores axis forming TFBG. This leads to the coupling of forward-propagating core modes and counter-propagating cladding modes [START_REF] Albert | Tilted fiber Bragg grating sensors[END_REF]. Moreover, the tilt brings strong enhancement of the cladding mode resonances at the cost of Bragg resonance. The effect of grating tilt can be observed on the transmission spectrum as an occurring cladding mode envelope that Chapter 1. Scientific context has a comb-like shape formed by resonant dips. The resonance wavelengths are determined by the following equation:

λ m B = (n ef f,core + n m ef f,clad ) Λ cosθ (1.15)
where n ef f,core and n ef f,clad,m are core's fundamental mode and m th cladding mode effective indexes. Λ and θ are the grating period and corresponding angle of grating tilt. The cladding modes are guided by cladding boundaries, making them very sensitive to the refractive index of the surrounding medium. The modification of this index will affect the spectral position of comb-like deeps. The relative shift can be used for biosensing.

To sum up, the binding of an analyte or change of refractive index around the cladding of the fiber will modify the effective index of cladding modes leading to the modification of the observed reflected or transmitted spectrum. The biosensing principle is based on the detection of resonant peaks or dips in reflection or transmission mode and following their shifts upon analyte binding.

Plasmonic-based

An SPR based biosensor relies on the plasmonic resonance phenomenon, commonly used to perform label-free multiplex biomolecular detection. It requires support with a high optical index (glass) on which a thin metal layer is deposited in contact with the medium to be analyzed. Under certain conditions, incident light coming from the high index support can excite Surface plasmon polaritons (SPPs) at the boundaries of the metallic film. This is the resonance phenomenon. These surface plasmons are sensitive to changes in refractive index occurring in the metallic layer vicinity, typically in the analyzed medium. When a part of the metallic layer (called active area) is functionalized with specific probes directed against defined analytes, the recognition of these analytes locally modifies the optical index of the analyzed medium and leads to a change in the resonance condition. Depending on the setup, this change can be followed by intensity variation, resonance wavelength shift, or resonance incidence angle modification. By measuring these variations, it is possible to detect the adsorption of targeted molecules at the surface of the sensor. Let's look closer at the physics behind this phenomenon and the available configurations of SPR based biosensors. SPPs consist of a collective oscillation of free electrons and may occur at an interface between a metal and a dielectric under specific conditions. An evanescence wave produced Chapter 1. Scientific context by TIR can excite SPPs, creating a surface plasmon wave that is to say, a propagating electromagnetic wave across the metal-dielectric interface (Figure 1 .14). The intensity of this wave has its maximum at the interface between the media and exponentially decays in dielectric medium and metal film at the same time. The first observation of this phenomenon was done by Wood in 1902 [START_REF] Wood | On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating Spectrum[END_REF], while the theoretical explanation was performed only in 1941 by U. Fano [START_REF] Fano | The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces (Sommerfeld's Waves)[END_REF].

By solving Maxwell's equations [START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF], the expression of the wave vector of surface plasmons k sp at a metal-dielectric interface can be written as following:

k sp = ω c ϵ d ϵ m ϵ d + ϵ m = 2π λ ϵ d ϵ m ϵ d + ϵ m (1.16)
where ω is the angular frequency, c is the speed of light in vacuum, and λ is the wavelength in vacuum. ϵ d and ϵ m are complex relative permittivity of metal and dielectric medium, respectively, and are described by the following equations:

ϵ d = ϵ ′ d + iϵ ′′ d ϵ m = ϵ ′ m + iϵ ′′ m (1.17) ϵ ′ d , ϵ ′ m real and ϵ ′′ d , ϵ
′′ m imaginary parts of relative permitivity. Analysis of Maxwell's equations states that since surface plasmons are transverse magnetic waves, they can be excited only by TM (p-polarized) polarized light, while excitation of surface plasmons with TE polarization (s-polarization) is not possible. The second condition of surface plasmons is when real parts of relative permittivity of metal and dielectric have opposite signs [START_REF] Homola | Surface Plasmon Resonance Based Sensors[END_REF].

ϵ ′ m < -ϵ ′ d (1.18)
This condition is valid for such metals as gold, silver, copper, and aluminum [START_REF] Rycenga | Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications[END_REF]. Excitation of SPPs in a metal layer with direct light illumination (from the air) is not possible. In order to excite the SPPs, the wave vector of plasmons and the projection of the wave vector of the incident wave along the dielectric-metal interface must match. The wave vector of incident light coming from the air is smaller than the wave vector of surface plasmons, hence, it has to be increased. The wave vector's matching is achieved through special coupling devices called couplers. The major configurations of couplers are the prisms, waveguides (optical fibers), and grating.

The fundamental research on SPR was performed only in 1968 by Otto et al. [START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF], meanwhile, the same year by Kretschmann and Reather group [START_REF] Kretschmann | Notizen: Radiative Decay of Non Radiative Surface Plasmons Excited by Light[END_REF] and gave rise to nowadays well-known Otto and Kretschmann configurations of SPR. It consists of a thin metallic layer deposited on the top of a high refractive index prism. Light goes through the prism towards the metallic layer at the angle that satisfies the propagation under TIR (Figure 1.15 A). The evanescence wave generated by TIR penetrates the metallic layer and propagates along the dielectric-metal interface. Usually dielectric medium is an aqueous solution used as a tested medium in biosensing. By fulfilling certain conditions, the projection of the evanescence Chapter 1. Scientific context wave vector along the dielectric-metal interface matches the wave vector of surface plasmons and excites them at the outer boundary of metal film [START_REF] Homola | Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species[END_REF]:

k sp = 2π λ n p sinθ (1.19)
Where n p is the refractive index of the prism, θ is the angle of the incident light, and λ is the wavelength of light in a vacuum. Otto's configuration is similar to Krestchmann's, but there is a thin (micrometer scale) dielectric gap between the metallic layer and the prism. Light propagates through the prism and totally reflects at its base generating an evanescence wave, which can interact with surface plasmons and excite them in the metallic layer. The grating strategy is based on overcoming wave-vector mismatch via diffraction. Light falls on the periodic structure of the dielectric-metal interface and undergoes diffraction (Figure 1.15 B). Some diffraction orders of diffracted light have wave vectors high enough to successfully couple with the surface plasmons wave vector. The matching condition can be written in the following way [START_REF] Liang | Fiber Optic Surface Plasmon Resonance-Based Biosensor Technique: Fabrication, Advancement, and Application[END_REF]:

k sp = 2π λ n d sinθ + m 2π Λ (1.20)
Where n d is the refractive index of the dielectric medium, θ is the angle of the incident light, λ is the wavelength of light in a vacuum, Λ is the grating period and m is the diffraction order (integer value). Another example of a coupling device is a coupler based on optical fiber, where the light inside propagates under TIR (Figure 1.15 C). When the guided light reaches the metallic Chapter 1. Scientific context layer area, it penetrates through the lateral part of the fiber in the form of an evanescence wave and excites the SPPs between the metallic layer and the dielectric medium. This configuration is comparable to the Kretschmann configuration.

Similarly to prism-based SPR devices, a plasmonic sensor on optical fiber has several interrogation strategies, such as spectral [START_REF] Suzuki | Fundamental characteristics of a dual-colour fibre optic SPR sensor[END_REF], intensity [START_REF] Kim | Localized surface plasmon resonance biosensor using nanopatterned gold particles on the surface of an optical fiber[END_REF] and phase interrogation [START_REF] Moayyed | Analysis of a plasmonic based optical fiber optrode with phase interrogation[END_REF]. Generally, they are based on the measurement of a change of transmitted or retro-reflected light caused by the resonant coupling of the guided light and surface plasmons. In spectral interrogation mode, injected white light propagates inside the optical fiber and interacts with the metal layer deposited on the core surface. Only a specific wavelength will satisfy resonance conditions corresponding to the transmitted spectrum dip. A change in the refractive index around the sensing region induces a change in the resonance conditions, causing the resonance wavelength shift.

In a different way, the intensity interrogation mode is based on the analysis of the intensity of the collected light modulated by SPR. A monochromatic light is used instead of a broadband light source to excite surface plasmons. The selection of excitation wavelength, which fulfills resonance, depends on the fiber material and its architecture. Nowadays, there is a large variety of optical fibers like single-mode, multi-mode, microstructured, and multiple-core (bundle) fibers, all of which are implemented in the biosensing field. In order to implement them in biosensing technology, they should be geometrically modified to enhance the efficiency of light coupling and to fit SPR conditions. Depending on the application, such modification can be divided into lateral [START_REF] Klantsataya | Plasmonic Fiber Optic Refractometric Sensors: From Conventional Architectures to Recent Design Trends[END_REF] and tip fiber sensing [START_REF] Coelho | Sensing Structure Based on Surface Plasmon Resonance in Chemically Etched Single Mode Optical Fibres[END_REF] (see the next sections for examples of both area sensing).

Interferometry-based

A person going about their everyday life might not even notice, but the phenomenon of interference is all around (Figure 1.16). Naturally occurring interference can be found in the Morpho didius butterfly, which is the reason for the distinct blue color produced by microstructures in their wings. Likewise, in a soap bubble, the portion of light reflected from the thin film of soap undergoes constructive interference demonstrating vibrant colors. The interference phenomenon has found a wide scope of applications in engineering and science. For instance, anti-reflecting coatings on glasses and camera lenses, radio telescopes [START_REF]ALMA prototype-antennas at the ALMA test facility[END_REF], microscopy [START_REF] Taylor | Interferometric Scattering Microscopy: Seeing Single Nanoparticles and Molecules via Rayleigh Scattering[END_REF], holographic lithography [START_REF] Xue | Polarized holographic lithography system for high-uniformity microscale patterning with periodic tunability[END_REF], biosensors [START_REF]Protein Analysis[END_REF], etc. A long path from understanding the interference phenomenon to the development of useful applications has been overcome.

In 1801, Thomas Young, a young English physicist, demonstrated optical interference using the today famous double-slit experiment to test the wave-like nature of light [START_REF]Young's Double-Slit Interference[END_REF][START_REF]Principles of Interference[END_REF]. In this experiment, he shined sunlight through a screen with a single slit, followed by a second screen with two very narrow separated slits and a third screen at which the results of interference were observed. The following detailed explanation of the observed phenomenon will consider a modern experimental setup with monochromatic light incident on two slits. To Chapter 1. Scientific context Figure 1.16: Interference phenomenon in daily life and its application. Clockwise: Blue wing color in Morpho didius butterfly [START_REF]Nature's Most Beautiful Optical Illusion: Butterfly Wings[END_REF], vibrant colors in a soap bubble [START_REF]Free Image on Pixabay -Soap Bubble[END_REF], anti-reflecting coatings on camera lenses [START_REF] Di -Photography | [END_REF], ALMA radio telescopes [START_REF]ALMA prototype-antennas at the ALMA test facility[END_REF]. simplify, we will not consider the diffraction phenomenon. The shined monochromatic light, while passing through the double slit, formed two sources of coherent waves, i.e. waves having a defined and constant phase relationship. The two coherent waves spread in semicircular form toward the second screen and, depending on where the waves arrive on the screen, they have different phase shifts, resulting in an interference pattern consisting of bright and dark areas or interference fringes. The formation of bright spots can be explained by constructive interference that occurs when two coherent waves overlap crest to crest or trough to trough. In other words, when two coherent waves are in phase, the resulting wave after interference has increased amplitude, leading to completely bright areas (Figure 1.17). On the contrary, dark areas occur when two waves are overlaid with crests to troughs. In this case, the two waves are in phase opposition Chapter 1. Scientific context (180 • out of phase), and their amplitudes completely eliminate each other. The transition zones or grey areas correspond to the cases where the phase difference of two waves is between the complete in-phase and out-of-phase states. The phase difference between two waves can be explained by the fact that they travel different lengths for a given point on the screen. Therefore, for a given path, different numbers of wavelengths can fit. The length difference can be mathematically expressed for constructive interference as:

∆l = mλ (1.21)
while destructive interference as:

∆l = m + 1 2 λ (1.22)
For both equations m = 0, ±1, ±2, ±3... The resulting intensity of two coherent waves after interference can be easily expressed. Let's consider two waves with complex amplitudes. The result of their superposition can be written as the sum of their complex amplitudes [START_REF] Hariharan | Basics of interferometry[END_REF].

A = A 1 + A 2 (1.23)
where A 1 = a 1 exp(-iϕ 1 ) and A 2 = a 2 exp(-iϕ 2 ) are complex amplitudes of the two waves.

The resulting intensity can be expressed as:

I =| A | 2 = (A 1 + A 2 )(A * 1 + A * 2 ) =| A 1 | 2 + | A 2 | 2 +A 1 A * 2 + A 2 A * 1 = I 1 + I 2 + 2 I 1 I 2 cos(∆ϕ) (1.24)
where I 1 and I 2 are the intensities of each of the two waves, and ∆ϕ = ϕ 1 -ϕ 2 is the phase difference between them. The following equations describe the intensity maximum and minimum on the interference pattern:

I max = I 1 + I 2 + 2 I 1 I 2 (1.25)
when ∆ϕ = 2mπ, m is an integer

I min = I 1 + I 2 -2 I 1 I 2 (1.26)
when ∆ϕ = (2m + 1)π. The equation 1.24, often referred to as the intensity of two-beam light interference, can be applied in biosensing.

In interferometric-based biosensing devices, the propagating light at a certain point splits into two paths, where one path of the propagating wave will be affected by analyte binding while the second remains unperturbed. Afterward, the light from the two paths interferes and recombines back in a single path. The accumulated phased difference ∆ϕ after wave interference or modulation of the resulting intensity I caused by target binding can be used in biosensing. This principle can be transferred to optical fibers, where the path splitting and the phase modulation will depend on the interferometer type. There are four major families of interferometric configurations that can be employed on optical fibers: Mach-Zehnder interferometer (MZI), Sagnac interferometer (SI), Michelson interferometer (MI), and Fabry -Perot interferometer (FPI).

In fiber-based MZI, the fundamental core mode propagates inside the single mode core where it encounters a splitter region which excites high-order modes in the cladding (Figure 1.18 A). The fundamental core mode is confined inside the optical fiber, while the highorder modes of cladding are exposed to the sensing medium. Together, both types of modes propagate over sensing length L, after which they recombine in the coupling region. The phase difference between the modes can be given as:

∆ϕ = 2π λ (n ef f 1 -n ef f 2 )L (1.27)
where λ is the operating wavelength, and L is the physical path the modes propagate. n ef f 1 and n ef f 2 are effective indexes of fundamental and high-order modes. Since the modes propagate the same length L, the phase modulation is produced by the difference in the effective indexes. This type of interferometric biosensor operates in transmission mode, where the shift of characteristic transmitted spectrum can be used in biosensing. MI fiber-based-interferometric biosensor has a similar operating principle as MZI and use the same fiber modification to support light splitting (Figure 1.18 B). The difference is that this type of interferometer operates in reflection mode, which can be efficiently obtained Chapter 1. Scientific context by the deposition of the highly reflective film (e.g. gold) at the tip of the fiber. Since the interferometric biosensor works in the reflection mode, the light is traveling twice the sensing area where their phase difference can be described in the following way:

∆ϕ = 4π λ (n ef f 1 -n ef f 2 )L (1.28)
where λ is the operating wavelength, and L is the physical path the modes propagate. n ef f 1 and n ef f 2 are effective indexes of core and cladding modes, respectively. In some configurations, the MI can have two arms or optical fiber cores. One arm has a defined length and is slightly longer than the second. The end of the second arm can be used for biosensing, where the analyte binding will, in a way, increase the length of this arm. This increase will contribute to the overall phase difference.

The SI relies on splitting light in two counter-propagating waves that travel in a loop around a common path in a birefringent optical fiber (Figure 1.18 C). Usually, polychromatic light is injected and split into clockwise and counter-clockwise waves by a dedicated coupler and enters the loop [START_REF] Gao | High-sensitivity DNA biosensor based on microfiber Sagnac interferometer[END_REF]. After, light passes through the polarization controller on one of the loop's arms where x-or y-polarization states of light are transformed into the opposite one. The phase difference of light waves with two polarization states depends on the length and birefringence of the optical fiber with the sensing area. Once the light waves propagate through the whole loop, they accumulate net phase difference and recombine at the coupler, after which the interference is detected. The equation to express the difference in phase can be stated as:

∆ϕ = ( 2π λ )B L (1.29)
where B is the modal birefringence and L is the length of the birefringent fiber. The birefringence B depends on effective mode indexes corresponding to x-and y-polarization states.

B = n x ef f -n y ef f (1.30)
n x ef f and n y ef f are x-and y-polarized effective mode indexes. The change of refractive index or binding of analytes will modify the effective index of modes leading to phase modulation.

The operation principle and configuration of FPI are different compared to previously described interferometric biosensors. The conventional FPI on optical fiber consists of two reflecting layers or interfaces and a cavity placed between them (Figure 1.19 A). The operation principle is based on interference between two reflected waves, where the first wave is reflected by the reflecting layer between the cavity and the fiber, while the second is reflected between the cavity and the tested medium.

In this particular case, the phase difference can be expressed as:

∆ϕ = 4π λ nL (1.31)
where λ is the operating wavelength, n and L are the refractive index and length of the There are two ways to adapt this type of interferometer for biosensing: variation of cavity refractive index or of cavity length. In the first approach, the cavity can be formed by a porous material like silicon [START_REF] Kumar | Porous Silicon Fabry-Pérot Interferometer for N-Acetyl--d-Glucosaminidase Biomarker Monitoring[END_REF] or graphene [START_REF] Dnyandeo Pawar | Fe3O4-decorated graphene assembled porous carbon nanocomposite for ammonia sensing: study using an optical fiber Fabry-Perot interferometer[END_REF] (Figure 1.19 A). In this case, the cavity is accessible for the tested medium, which can modify the refractive index of the cavity. Hence, the change in the refractive index inside the cavity modulates the phase difference:

∆ϕ = 4π λ ∆n 1 L (1.32)
In some configurations of the FPI, two cavities can be formed one after another (Figure 1.19 B). Usually, it is done by removing part of the core and cladding. The first cavity with length L 1 and refractive index n 1 is exposed to the tested medium, while the rest of the fiber forms the second cavity with length L 2 and refractive index n 2 . In this configuration, we need to highlight that an extra cavity should be considered formed by the first cavity exposed to the tested medium and the second made by the rest of the fiber. The total length of this extra cavity can be considered as the sum of previously mentioned cavities L 1 + L 2 . In this case, equation 1.24 will be transformed into multi-beam light interference [START_REF] Tan | Polymer Microbubble-Based Fabry-Perot Fiber Interferometer and Sensing Applications[END_REF][START_REF] Jia | Temperature-compensated fiber-optic Fabry-Perot interferometric gas refractive-index sensor based on hollow silica tube for high-temperature application[END_REF].

I = I 1 + I 2 + I 3 -2 I 1 I 2 cos(∆ϕ 1 ) -2 I 2 I 3 cos(∆ϕ 2 ) + 2 I 1 I 3 cos(∆ϕ 3 ) (1.33)
where I 1 is the intensity of reflected light by the interface between fiber and the first cavity, I 2 by the first cavity exposed to the tested medium and the second cavity, and I 3 by the second cavity and the surrounding medium. The phase differences, in this case, can be written as follows:

∆ϕ 1 = 4π λ ∆n 1 L 1 ∆ϕ 2 = 4π λ n 2 L 2 ∆ϕ 3 = ∆ϕ 1 + ∆ϕ 2 = 4π λ (∆n 1 L 1 + n 2 L 2 ) (1.34)
where λ is the operating wavelength. In this case, L 1 , n 2 , and L 2 are constant, while the refractive index of the first cavity exposed to the tested medium will vary by ∆n 1 , causing the phase modulation and modification of overall intensity I of reflected and recombined light.

The alternative biosensing method focuses on the very extremity of the tip of the fiber (Figure 1.19 C). In this case, the second cavity is formed by the layer of deposited probes on top of the first cavity and binding target molecules. In this case, the binding of targets can be considered as both, changes in cavity thickness and refractive index at the same time. Therefore, the modulation of overall reflected intensity will be modulated by the phase difference caused by the variation of ∆n 2 and ∆L 2 . Hence,

∆ϕ 2 = 4π λ ∆n 2 ∆L 2 ∆ϕ 3 = ∆ϕ 1 + ∆ϕ 2 = 4π λ (n 1 L 1 + ∆n 2 ∆L 2 ) (1.35)
Polychromatic light can be used to interrogate or, in other words, excite the FPI on optical fibers, where the resulting intensity of interfering reflected light is detected by the spectrometer. Since there is a range of wavelengths, the overall response of the FPI is in the form of valleys and peaks of minimum and maximum intensity caused by destructive and constructive interference. As we defined before, the binding of the analyte will modulate the resulting intensity, which in this example will be observed in the form of the spectral shift of peaks and valleys. This shift is expressed mathematically in the following way: Let's examine equation 1.33, where the minimum intensity will be obtained when ∆ϕ 3 = (2m + 1)π, where m is an integer. From this condition and equation 1.35, the spectral shift can be written as:

∆λ = 4(n 1 L 1 + ∆n 2 ∆L 2 ) 2m + 1 (1.36)
Two interrogation approaches can be used in biosensing: spectral and intensity. In the spectral interrogation approach, the binding of target molecules can be observed by following the wavelength of the extremum (e.g. peak or valley). In intensity interrogation, the detection is observed by following the intensity variation at a fixed wavelength in the area where this value changes the most. In the case of detection with monochromatic light, this area is defined at the step of biosensor calibration using solutions with various predefined refractive Chapter 1. Scientific context indexes.

The last described configuration, where the length and refractive index of the cavity modulates the phase difference and, consequently, overall intensity, lies in the core of the biosensor that we aimed to develop during my Ph.D. project.

Sensing area

Optical fiber geometry can be exploited in various ways for sensing applications. There are two main modes of fiber adaptation to be used in sensors: the side and the tip adaptations.

Side-based sensing

Side-based, or lateral-based, sensing refers to a large diversity of biosensors described in the literature where, regardless of the transducer type employed, the side of an optical fiber is adapted and used for biosensing. These adaptations include shape and/or structural modifications of the fiber itself, such as U-shaped and tapered fibers, the introduction of diffraction gratings like LPG, FBG, or TFBG, and employing direct fiber core exposure to the sensing medium by removing the cladding, sometimes including part of the core too, via etching or polishing. Other types of modifications for side-based sensing include the application of plasmonic metal coatings to the side of optical fibers to enhance biosensor performance and, lastly, some interferometric biosensors, such as MZI, MI, SI and FPI, which exploit the interference phenomenon. All of the aforementioned will be discussed at length in the following section.

The general types of modifications in evanescence-based biosensors are done in order to exploit the evanescence waves that occur at the interface of the modified area of the fiber and the sensing medium during light propagation under TIR inside of the optical fiber (Figure 1.20). The refractive index change in the sensing medium close to the fiber surface perturbs the evanescence wave, leading to modulation of the output signal, which is used in biosensing. Usually, this type of sensing operates in transmission mode, where a light source injects light at one end, and a detector collects the modulated light, resulting from binding events, at the opposite end.

In the case of shape and structural fiber modifications, Zibaii et al. used a tapered optical fiber sensor to measure the interaction between α-amino acids in an aqueous carbohydrate solution. The sensor demonstrated a resolution of 8.2 • 10 -6 RIU determined for the range [1.3330 -1.3447] of refractive indexes [START_REF] Zibaii | Non-adiabatic tapered optical fiber sensor for measuring the interaction between -amino acids in aqueous carbohydrate solution[END_REF]. The LOD of the tapered optical fiber sensor examined for d-glucose was 0.055 mg/mL. Another biosensor of the same configuration operating in transmission mode demonstrated a sensitivity of 1905 nm/RIU observed in the range [1.3335 -1.3365] of refractive indexes. After, it was used for Leptospira (pathogenic bacteria) DNA detection, demonstrating LOD equal to 0.1 f M [START_REF] Nurul | Sensitive Leptospira DNA detection using tapered optical fiber sensor[END_REF]. In another study, tapered-fiber biosensors were functionalized with the acetylcholinesterase enzyme and operated in transmission mode to detect methyl-parathion, an organophosphate pesticide. The biosensor possessed a sensitivity of 2100 nm/RIU determined for the range [1.3330 -1.3515] of refractive indexes, while the LOD was 0.24 nM of methyl-parathion [START_REF] Arjmand | A sensitive tapered-fiber optic biosensor for the label-free detection of organophosphate pesticides[END_REF]. One group of scientists tested two configurations of lateral sensing with structurally modified fiber biosensors: evanescence-based and absorbance-based. They injected 280 nm light, which could be absorbed by the bound analyte, meanwhile recording the rate of absorbed light through the opposite end of the optical fiber. In the first configuration, a part of the cladding was removed and functionalized by Goat anti-human IgG, where the biosensor exhibited LOD of 0.1 µg/mL (0.67 nM ) for Human IgG [START_REF] Sai | Label-free fiber optic biosensor based on evanescent wave absorbance at 280nm[END_REF]. In the second configuration, a U-bend fiber operating in transmission mode was functionalized with antibodies against Escherichia coli and was used and demonstrated LOD of 1000 cf u/mL [START_REF] Bharadwaj | Evanescent wave absorbance based fiber optic biosensor for label-free detection of E. coli at 280nm wavelength[END_REF]. More information about this kind of biosensor is given in the following reviews [START_REF] Tabassum | Advances in Fiber-Optic Technology for Point-of-Care Diagnosis and In Vivo Biosensing[END_REF][START_REF] Anuj | Fiber optic evanescent wave absorption-based sensors: A detailed review of advancements in the last decade (2007-18)[END_REF].

Alternatively, biosensors may utilize the adaptation of the fiber's core itself by introducing diffraction gratings. A fiber contains periodic areas of high refractive index, which are referred to as fiber gratings.These gratings can be fabricated using various methods like exposing it to Ultraviolet (UV) light, pulsed laser, or electric arc discharge [START_REF] Tabassum | Advances in Fiber-Optic Technology for Point-of-Care Diagnosis and In Vivo Biosensing[END_REF]. There are three main types of diffraction grating modifications: LPG, FBG, and TFBG. The first one, LPG, helps the modes guided inside the core couple to the propagating modes in the cladding (Figure 1.21 A) [START_REF] Vaiano | Lab on Fiber Technology for biological sensing applications[END_REF]. The result of this coupling leads to several distinct dips or attenuated bands located at certain wavelengths. This wavelength depends on the grating period, the effective index of the core, and cladding modes.

The second type of grating-assisted fiber is called FBG. Its principle is similar to LPG, where the grating period is relatively smaller, up to several hundreds of nanometers [START_REF] Guo | INVITED] Tilted fiber grating mechanical and biochemical sensors[END_REF]. At a certain wavelength, called the Bragg wavelength, light in a narrow bandwidth will be reflected while the rest of the light will be transmitted. The wavelength at which reflectance occurs depends on the effective refractive index of the core, cladding, and grating period. It is the detection of wavelength modulation at which light is reflected, which is used in Thirdly, the principle of TFBG fiber biosensor is similar to the conventional one, where the gratings are tilted at a certain angle with respect to the fiber axis (Figure 1.21 B) [START_REF] Guo | INVITED] Tilted fiber grating mechanical and biochemical sensors[END_REF]. This tilt angle modulates the number of modes excited in the cladding.

Some recent examples of these types of modifications include the work of Kavitha et al., who used an etched FBG biosensor for DNA detection [START_REF] Kavitha | Etched Fiber Bragg Grating Sensor for Quantification of DNA[END_REF]. They coated the sensing area with reduced graphene oxide to bind the target DNA. The sensor operated in transmission mode and demonstrated sensitivity equal to 7.38 nm/RIU and 1.59 nm/RIU before and after the coating for the range [1.33 -1.42] of refractive indexes. The determined LOD was 2.6 ng/µL. The etched fiber with FBG could reach the resolution of 10 -4 RIU [START_REF] Iadicicco | Thinned fiber Bragg gratings as refractive index sensors[END_REF]. Alternatively, FBG shifted towards the tip of the fiber was used for in situ DNA hybridization detection [START_REF] Sun | In-situ DNA hybridization detection with a reflective microfiber grating biosensor[END_REF]. The biosensor operated in reflection mode, demonstrating a 304.5 nm/RIU sensitivity in the refractive index range [1.33 -1.44]. The LOD reached 0.5 µM for a complementary strand of DNA. Moreover, Shao et al. combined tapering and FBG. The sensor was composed of two areas with grating between which a tapered area of fiber was fabricated. The sensor operated in reflectance mode showing a sensitivity of -91.31 dB/RIU and a resolution of 10 -5 RIU in the range [1.333 -1.420] of refractive indexes [START_REF] Shao | Optical Refractive-Index Sensor Based on Dual Fiber-Bragg Gratings Interposed With a Multimode-Fiber Taper[END_REF]. Another kind of grating tilted under a certain angle with respect to the fiber axis could be used for biosensing. Recently Sypabekova et al. performed detection of thrombin by fiber sensor with a 1 cm long 10 • TFBG [START_REF] Sypabekova | Functionalized etched tilted fiber Bragg grating aptasensor for label-free protein detection[END_REF]. Their biosensor operated in reflection mode and possessed 23.38 nm/RIU sensitivity in the refractive index range [1.3418 -1.4419]. Finally, a LPG nano-optrode was tested for cancer biomarker detection [START_REF] Quero | Long period fiber grating nano-optrode for cancer biomarker detection[END_REF]. The biosensor exhibited 1690 nm/RIU sensitivity in the refractive index range [1.335 -1.460]. The LOD for human thyroglobulin, a protein marker of differentiated thyroid cancer, was equal to 0.12 pM . Further information about the use of diffracting gratings can be found in the following review [START_REF] Guo | INVITED] Tilted fiber grating mechanical and biochemical sensors[END_REF].

Additionally, in order to enhance biosensor performance, plasmonic metal coatings like gold or silver can be applied to the adapted side of an optical fiber. This configuration exploits the SPR phenomenon, where, when specific conditions are met, SPPs are excited at the metal-dielectric interface. This occurs through the same process as previously described, where the evanescent wave generated at the interface between the fiber's core and the sensing medium excites SPPs. A plasmonic sensor on optical fiber can have several interrogation strategies, such as spectral [START_REF] Zhao | Surface plasmon resonance refractive sensor based on silver-coated side-polished fiber[END_REF], intensity [START_REF] Suzuki | Fundamental characteristics of a dual-colour fibre optic SPR sensor[END_REF], and phase interrogation [START_REF] Moayyed | Analysis of a plasmonic based optical fiber optrode with phase interrogation[END_REF]. Generally, they are based on the measurement of a loss of transmitted or retro-reflected light caused by the resonant coupling of the guided light and the surface plasmons. The geometry adaptation for such kinds of biosensors is similar to evanescence-based, except they require, as was mentioned above, deposition of plasmonic coating (Figure 1. [START_REF] Michael | DNA Microarray Technology: Devices, Systems, and Applications[END_REF] In spectral interrogation mode, injected white light propagates inside the optical fiber and interacts with the metal layer deposited on the core surface. Only a specific wavelength will satisfy resonance conditions corresponding to the transmitted spectrum dip. Changes in the refractive index around the sensing region induce a change in the resonance conditions, causing a shift in the resonance wavelength.

For example, Dhara et al. deposited a 50 nm thick gold layer on the unclad part of a bifurcated fiber [START_REF] Dhara | Reflectance-based low-cost disposable optical fiber surface plasmon resonance probe with enhanced biochemical sensitivity[END_REF]. To make the sensor operate in reflecting mode, the tip of the fiber was coated with a thick layer of silver. The sensor demonstrated 3212 nm/RIU sensitivity and 9.34 • 10 -5 RIU resolution in the refractive index range [1.333 -1.377]. Alternatively, in Nguyen et al.'s work, they took the sensitivity advantage of silver for SPR biosensing [START_REF] Tai Nguyen | Bimetal coated optical fiber sensors based on surface plasmon resonance induced change in birefringence and intensity[END_REF]. The drawback of this sensor was the degradation of the 36 nm thick silver coating under Chapter 1. Scientific context exposure to air and moisture environment, therefore, changing the metal composition and the adhesion of the silver film. Hence, a thin aluminum layer was deposited to protect the silver film from degradation. Performance characterization showed a 5.8•10 -6 RIU resolution in the range [1.333-1.383]of refractive indexes tested at 632.8 nm wavelength. After, Nguyen employed this sensor for fibrinogen detection from human blood plasma with a LOD of 10 pM [START_REF] Tai Nguyen | A regenerative label-free fiber optic sensor using surface plasmon resonance for clinical diagnosis of fibrinogen[END_REF]. The additional deposition of a nickel layer allowed for the direct immobilization of probes.

As mentioned before, side-based sensing includes a wide variety of possible modifications, which are not mutually exclusive. In the case of Slavik et al., two of the aforementioned geometrical modifications were combined. The group used a side-polished optical fiber, where, before plasmonic coating deposition, a part of the cladding and core was removed using polishing devices (e.g. wheel polishing setup). They developed a biosensor on a single-mode side-polished optical fiber for the detection of Staphylococcal enterotoxin B [START_REF] Slavík | A miniature fiber optic surface plasmon resonance sensor for fast detection of Staphylococcal enterotoxin B[END_REF]. As for the plasmonic coating, a 65 nm gold layer and a tuning high refractive index tantalum pentoxide overlayer were used. Such a configuration operating in transmission mode showed a 3150 nm/RIU sensitivity with a 10 -6 RIU resolution and allowed an LOD down to 4 ng/mL. In the work of Shevchenko et al., a TFBG biosensor was used for the tilted-grating-assisted excitation of surface plasmon polaritons on gold-coated single-mode optical fibers and exhibited a moderate sensitivity of about 1370 nm/RIU with a resolution of 5 • 10 -5 RIU [START_REF] Shevchenko | Polarization-selective grating excitation of plasmons in cylindrical optical fibers[END_REF]. Later, it was used for the detection of thrombin, demonstrating a LOD of 22.6 nM [START_REF] Shevchenko | In situ biosensing with a surface plasmon resonance fiber grating aptasensor[END_REF]. The same type of biosensor was implemented for detecting cytokeratins 7, used in diagnosing lung cancer. The demonstrated LOD was equal to 0.4 nM [START_REF] Ribaut | Small biomolecule immunosensing with plasmonic optical fiber grating sensor[END_REF]. Additional insights into plasmonic biosensors can be found in the following review [START_REF] Caucheteur | Review of plasmonic fiber optic biochemical sensors: improving the limit of detection[END_REF].

Another group of biosensors with lateral ways of biosensing relies on the interference phenomenon. Generally speaking, interferometric biosensors employ the superposition or interference of two (or more) waves that form a new wave that is used in detection. The change in the refractive index surrounding the sensing area modifies the phase difference between the two waves leading to the modification of a new wave that appeared after interference in terms of intensity or spectral position. The detection of how the new wave modifies is used in biosensing.

There are four main types of interferometric biosensors implemented on optical fibers for side-based sensing: MZI, MI, SI, FPI (Figure 1.23). The MZI creates wave interference by splitting light into two waves via couplers or splicers. Song et al. fabricated MZI operating in transmission mode by splicing 176 µm off-core shifted part of the fiber [START_REF] Song | Label-free in-situ real-time DNA hybridization kinetics detection employing microfiber-assisted Mach-Zehnder interferometer[END_REF]. They estimated the theoretical sensitivity and resolution to equal 11571 nm/RIU and 4.32 •10 -5 RIU , respectively. The biosensor functionalized with Poly-L-lysine and DNA was used to capture complementary strands of DNA while demonstrating a LOD equal to 1 nM . In another work, a micro-structured core functionalized in sensing areas with PAH, PSS, and biotin was used to capture streptavidin as an analyte model [START_REF] Viet Nguyen | Interferometric-type optical biosensor based on exposed core microstructured optical fiber[END_REF]. It demonstrated sensitivity and resolution equal to 667 nm/RIU and 3.8 • 10 -6 RIU , correspondingly. Alternatively, Yan et al. fabricated a microfluidic channel combined with optical fiber containing a core exposed to the analyte and another core embedded in channel cladding [START_REF] Yang | Optofluidic twin-core hollow fiber interferometer for label-free sensing of the streptavidin-biotin binding[END_REF]. The biosensor exhibited a 2577 nm/RIU sensitivity, whereas the resolution reached 1.9 • 10 -5 RIU . The fiber biosensor was tested for detection of streptavidin-biotin binding in the range of 0.01 -0.1 mg/mL. Recently, Xia et al. demonstrated an in-line microfiber sensor fabricated by non-adiabatically tapering a single-mode fiber composed of two abrupt tapered regions and a uniform waist region (Figure 1.23 A) [START_REF] Xia | In-line microfiber MZI operating at two sides of the dispersion turning point for ultrasensitive RI and temperature measurement[END_REF]. The sensor demonstrated extreme sensitivity and resolution, reaching 24209 nm/RIU and 8.26 • 10 -7 RIU , respectively.

In the second type of interferometric biosensor, MI, the light is divided into two waves using the coupler and transmitted along the fiber, where one of the waves is exposed to the sensing medium. Next, the waves are reflected at the reflective end face of the fiber end, the back-reflected light recombines and is recorded by a detector.

Recently, Hu et al. developed an in-fiber optofluidic biosensor using a single-hole suspended twin-core fiber (Figure 1.23 B) [START_REF] Hu | In-fiber optofluidic michelson interferometer for detecting small volume and low concentration chemicals with a fiber ring cavity laser[END_REF]. One core was exposed to a microfluidic channel inside the fiber, while the other was embedded inside the cladding. To ensure efficient reflection of light, the fiber tip was coated with a 100 nm-thick gold film. The biosensor exhibited a sensitivity of 1039 nm/RIU and a resolution of 1.67 • 10 -5 RIU in the range [1.3328 -1.3379] of refractive indexes. The team tested the biosensor's ability to detect the complementary strand of DNA with a LOD of 1 µM . Alternatively, Gao et al. fabricated a biosensor on an in-line photonic crystal fiber with a microfluidic region in the collapsed area of the fiber [START_REF] Gao | Fiber optofluidic biosensor for the label-free detection of DNA hybridization and methylation based on an in-line tunable mode coupler[END_REF]. Similarly to the previous work, the fiber end was coated with a gold film to create a mirror. The explored sensitivity reached 7253 dB/RIU in the range [1.444 -1.4452] of the refractive indexes. The biosensor was tested for the detection of the complementary strand of DNA having an LOD of 5 nM .

The third mentioned type of interferometric biosensor, SI, is based on birefringent optical fibers, where a coupler splits the light coming from the light source into two waves, one entering clockwise and the other counterclockwise, into a fiber loop containing a sens-Chapter 1. Scientific context ing region. As the two polarization states propagate through the birefringent exposed-core microstructured optical fiber, they accumulate a net phase difference. This leads to interference when the two beams are recombined at the coupler, and this interference is measured by the detector. In 2018, Li et al. fabricated SI on the exposed core in microstructured fiber [START_REF] Li | High-sensitivity Sagnac-interferometer biosensor based on exposed core microstructured optical fiber[END_REF]. The biosensor could reach 3137 nm/RIU sensitivity and was tested for the detection of streptavidin with a concentration of 0.2 mg/mL. Another team used tapered fiber to develop a biosensor for DNA capturing (Figure 1.23 C) [START_REF] Gao | High-sensitivity DNA biosensor based on microfiber Sagnac interferometer[END_REF]. It exhibited a sensitivity of 13488 nm/RIU in the refractive index range [1.333 -1.3393], while showing LOD of 75 pM in DNA detection. In another example, Wang et al. developed a high-birefringence tapered microfiber SI biosensor based on the Vernier effect [START_REF] Wang | A High-Birefringence Microfiber Sagnac-Interferometer Biosensor Based on the Vernier Effect[END_REF]. The tapered area was coated with graphene oxide and the sensitivity observed in the refractive index range [1.3320 -1.3369] was equal to 2429 nm/RIU . The biosensing was tested for Bovine serum albumin (BSA) in the 1 -5 mg/mL concentration range.

The FPI, the last group of interferometric biosensors used in side-based sensing, is based on the interference of multiple waves reflected by two reflecting interfaces. The first reflecting interface can be formed between the optical fiber and the cavity deposited on top and the second interface is formed between the cavity and the tested medium. Variation of the refractive index of the sensing medium modulates the interferences occurring between the waves reflected by each interface, and the detection of this modulation can be exploited for biosensing. Furthermore, this type of interferometric biosensor operates in the reflectance mode. In later configurations used for sensing, a cavity is often hollow, allowing the tested medium to go inside of it. This will modify the refractive index of the cavity, leading to optical path modulation. In one example, Smith et al. used ion beam milling to fabricate open cavities of 5 and 2.8 µm in width on a tapered optical fiber. The tip of the fiber was cleaved with 45 • for light reflection [START_REF] Stephen | Sensing with ultra-short Fabry-Perot cavities written into optical micro-fibers[END_REF]. For 5.0 and 2.8 µm cavities, the sensitivity of FPI observed in the refractive index range [1.335 -1.345] was 407 nm/RIU and 427 nm/RIU , while resolution reached 2.9 • 10 -4 RIU and 6.3 • 10 -4 RIU , respectively. Another study used an open C-type cavity spliced between two conventional single-mode optical fibers to detect DNA (Figure 1.23 D) [START_REF] Li | Plug-in label-free optical fiber DNA hybridization sensor based on Ctype fiber Vernier effect[END_REF]. To improve sensitivity, they exploit the Vernier effect, which allowed the biosensor to increase its sensitivity from 663 to 10791 nm/RIU in the refractive index range [1.3311 -1.3450], and to reach a resolution of 2.7 • 10 -5 RIU . The LOD in DNA detection was equal to 1 µM . In a final example, Xie et al. used a cascade of two C-type cavities [START_REF] Xie | Multiplexed Optical Fiber Biochemical Sensing Using Cascaded C-Shaped Fabry-Perot Interferometers[END_REF], which allowed them to improve resolution by one order of magnitude, reaching 6.5 • 10 -6 RIU . The sensitivity was tested by means of consecutive PAH/PSS attachment, where the sensor exhibited 0.01 rad/nm sensitivity. For the biosensing test, detection of streptavidin was performed, showing a 61 µg/mL LOD.

In conclusion, despite being robust approaches and having excellent performance characteristics, the side, or lateral-based, mode of biosensing working in transmission mode cannot be fully adapted for in vivo application. In order to overcome this limitation, in some cases, the side sensing area is moved to the extremity of the fiber, where the tip is coated with a highly reflective material that ensures back-reflecting of modulated light. In other cases, Chapter 1. Scientific context fiber modifications like diffraction grating in LPG, FBG, or TFBG based biosensors allow for its operation in reflection mode. These configurations can potentially be used for in vivo detection. However, the detection is not optimally localized in these cases, since the light probes the tested medium along the whole sensing lateral area. Moreover, the number of probes that can be functionalized is limited. For instance, multi-fiber assemblies can be used, but the number of sensing areas will be restricted by the number of cores at the outermost part of the assembly, while the inner ones will be wasted.

Tip-based sensing

An alternative way to use optical fiber for biosensing is to create a sensing area at the fiber tip. Various transduction modalities have been implemented to adapt the tip for biosensing. The source and detector are placed on one end of the fiber for light injection and detection, while the opposite end is used for biosensing. In some cases, a bifurcated or 1x2 single-core fiber can be used, where one end is dedicated to light injection and the second to detection. This principle of detection, regardless of transduction, may be divided into two groups. The first group is based on the changes in intrinsic properties of molecular recognition elements of biosensors. For instance, the injected light inside of the fiber excites the substances inside of the molecular recognition element immobilized at the tip, which produces fluorescence. The binding of target molecules will cause the fluorescence to quench. The detector will record fluorescence intensity during sensing, which can be related to the quantity of analyte in the tested medium.

The second group relies on the detection of back-reflected light modulated by the analyte binding at the tip of the optical fiber. This principle is at the core of the operation of interferometric biosensors like Michelson or Fabry-Perot and plasmonic-based sensors like SPR, or Localized surface plasmon resonance (LSPR).

One major advantage of the tip-based sensing approach is that the biosensor works in reflection mode, where the molecular recognition element is immobilized at the tip of the fiber, which allows the biosensor on optical fiber to be easily used for in vivo applications. In this case, detection is more localized and limited by the fiber tip size or core size. Moreover, multiplexed biosensing is more easily adapted for this configuration, and the number of probes, ideally, will be limited by the number of cores in the multi-fiber assemblies.

Thus, based on the final goal of our project, we will focus on fiber biosensors with tipsensing areas. The detection principle, application, and recent progress for this kind of biosensor will be discussed in the next sections.

Fluorescence-based

The first group of tip-based sensing, as it was described before, includes fluorescence-based biosensing on optical fibers, which relies on the mechanism of fluorescence quenching inflicted by PET phenomenon. Fluorescence intensity is then measured by the detector, which can then relate the quenching rate to the amount of analyte in the sensing medium.
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Recently, Yu et al. fabricated a sensing film by incorporating Carbon quantum dot (CQD) conjugated with glucose oxidase in cellulose acetate for glucose biosensing [START_REF] Yu | A novel optical fiber glucose biosensor based on carbon quantum dotsglucose oxidase/cellulose acetate complex sensitive film[END_REF]. After using the dip coating method, the sensing film was transferred to the tip of a 600 µm quartz optical fiber. 350 nm light was used to excite the CQD, where the corresponding fluorescence emission spectrum, with a peak wavelength of around 450 nm, was recorded. In this case, H 2 O 2 , the product of the enzymatic reaction between glucose and glucose oxidase, caused fluorescence quenching. The obtained LOD was equal to 25.8 nM . Similarly, Li et al. used CQD conjugated with cholesterol oxidase by 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) cross-linkers and incorporated it in cellulose acetate [START_REF] Li | A Cholesterol Optical Fiber Sensor Based on CQDs-COD/CA Composite[END_REF]. The film was transferred to 600 µm silica fiber, where 350 nm light was injected inside of the fiber to excite the fluorescence. The estimated LOD was around 1 µM . In another study, a fiber optical biosensor was used to study dopamine biosensing [START_REF] Sangubotla | Fiber-optic biosensor based on the laccase immobilization on silica-functionalized fluorescent carbon dots for the detection of dopamine and multi-color imaging applications in neuroblastoma cells[END_REF]. CQD functionalized with 3-(Aminopropyl)-triethoxysilane (APTES) were coupled with glutaraldehyde and Laccase enzyme. This enzyme was used to convert dopamine into dopaquinone, which caused fluorescence quenching. The results of biosensing on tapered optical fiber showed an LOD of around 46.4 nM for dopamine. Similarly to the previous examples, Zhang et al. used nitrogen-doped CQD functionalized with acetylcholinesterase for acetylcholine detection [START_REF] Zhang | A new optical fiber biosensor for acetylcholine detection based on pH sensitive fluorescent carbon quantum dots[END_REF]. The sensing film was deposited on the tip of a 600 µm quartz optical fiber. The biosensing test demonstrated an LOD of acetylcholine equal to 0.29 nM .

Ding et al. used another kind of QDs, CdSe, for Nitric Oxide (NO) detection [START_REF] Ding | A sensitive optic fiber sensor based on CdSe QDs fluorophore for nitric oxide detection[END_REF]. CdSe was incorporated into cellulose acetate film, which did not contain any enzyme. Instead, NO reacted with dissolved oxygen in the tested medium and coordinated with Cd 2+ , causing fluorescence quenching. Moreover, a bifurcated fiber was employed for fluorescence detection at the tip, where one end was connected to the light source and the other to the detector. The estimated LOD of NO reached 10 nM . Alternatively, Wu et al. studied biosensing of NO using CQD [START_REF] Wu | A real-time and highly sensitive fiber optic biosensor based on the carbon quantum dots for nitric oxide detection[END_REF]., where CQD were linked to o-phenylenediamine groups that are sensitive to NO and o-phenylenediamine reacted with NO, producing aryl triazole that caused fluorescence to quench. The obtained LOD was slightly better than in the study of Ding et al., reaching 9.12 nM .

Fluorescence-based biosensors on the tip of optical fibers provide interesting performance characteristics, and their fabrication is relatively simple. However, more attention has to be dedicated to the sensing film. The use of QDs provides great fluorescence brightness and high resistance to photobleaching. As it is well-known, nanomaterials can demonstrate quite a high cytotoxicity, where the QDs might be accidentally released inside of living organisms during biosensing, which could be a major issue for in-vivo tests. In addition to this, the PET mechanism must first be tested in a rich medium since interfering may affect it. Indeed, the molecules and chemicals in the tested medium can influence electron transfer during PET, causing false negative or false positive results. Lastly, the mechanism of transduction can be a bottleneck of this approach, too, since the sensing film and analyte must be able to transfer electrons during the corresponding reaction. This might limit the range of detection of target molecules. The second group includes an alternative to the side geometrical modification method, the fabrication of a sensing zone on the fiber end or in its vicinity. Since the sensing region is situated on one face of the fiber, it could be used as a dip biosensor for in vivo detection. Such an approach relies on the analysis of the retro-reflected light from the flat (e.g. mirror) or microstructured sides of the optical fiber. Usually, the mirror is achieved by depositing a gold or silver thick layer that dramatically increases reflectivity. On the other hand, tapered and polished tips are produced with the help of etching techniques and polishing devices (Figure 1.24). Around the early 2000s, many groups tried to adapt the tip to induce SPR at fibers' distal end and efficiently return light modulated by the plasmonic phenomenon.

In 1999 Obando et al. studied the different designs of fiber ends: straight, dual-tapered, and dual-tapered with the shaft [START_REF] Obando | Tuning Dynamic Range and Sensitivity of White-Light, Multimode, Fiber-Optic Surface Plasmon Resonance Sensors[END_REF]. They observed a sensitivity of a straight probe around 2000 nm/RIU at a low refractive index in the range of [1.329 -1.372], while the sensitivity around [1.372 -1.415] could reach 10000 nm/RIU . Another group, Grunwald et al. used a tapered tip covered by a 50 nm thick gold layer to investigate its performance [START_REF] Grunwald | Fibre optic refractive index microsensor based on whitelight SPR excitation[END_REF] and demonstrated a resolution of 2 • 10 -4 RIU in the range [1.30 -1.38] of refractive indexes. In several studies, probes used in near-field scanning optical microscopy were studied as SPR tip sensors [START_REF] Chaigneau | Plasmon resonance microsensor for droplet analysis[END_REF]. A tip with 30 • cone angle fabricated via chemical etching and coated with 10 nm gold film showed a resolution of 8 • 10 -3 RIU [START_REF] Kurihara | Fiber-optic conical microsensors for surface plasmon resonance using chemically etched single-mode fiber[END_REF]. Afterward, Akimoto et al. demonstrated improved sensitivity of 1.2 • 10 -5 RIU of tip biosensor that was used for anti-BSA detection reaching LOD 50 ng/mL [START_REF] Akimoto | A surface plasmon resonance probe without optical fibers as a portable sensing device[END_REF].

Alternatively, several teams simply deposited a thin layer of gold on unclad fiber without any fiber structuring. This kind of probe demonstrated a resolution of 2.1 • 10 -4 RIU [START_REF] Pollet | Fiber optic SPR biosensing of DNA hybridization and DNA-protein interactions[END_REF] and a sensitivity of 1433 nm/RIU [START_REF] Hlubina | Reflection-based fibre-optic refractive index sensor using surface plasmon resonance[END_REF] and was used for the detection of human IgE [START_REF] Pollet | Fiber optic SPR biosensing of DNA hybridization and DNA-protein interactions[END_REF], Infliximab antibodies [START_REF] Lu | Fiber optic-SPR platform for fast and sensitive infliximab detection in serum of inflammatory bowel disease patients[END_REF] with LOD 2 nM and 20 µg/mL, respectively. Lu et al. used polished two sides of twin-core single-mode fiber with a deposited gold layer [START_REF] Liu | Twin-core fiber SPR sensor[END_REF]. The two polished sides were coated with a 500 nm layer to ensure proper reflection, while the sensing Chapter 1. Scientific context area between the polished side had a 50 nm thin layer. The light propagated through the first core and was reflected from the first polished area towards the sensing layer. After, the modulated light by SPR was reflected towards the second polished side connected to the second core linked to the detector. The highest sensitivity of the sensor hit 6463 nm/RIU in the range [1.3333 -1.3706] of refractive indexes.

Another way to adapt tips, while keeping plasmonic properties, is to produce periodic structures on the tip of the fiber. Pisco et al. developed a periodic structure on a fiber tip with polymer film using a self-assembly phenomenon known as the breath figure. It produced an array with a mean 3.76 µm period and 1.71 µm wide and 3.41 µm deep holes [START_REF] Pisco | Miniaturized Sensing Probes Based on Metallic Dielectric Crystals Self-Assembled on Optical Fiber Tips[END_REF]. Later, the surface was coated with a 40 nm gold layer. The sensor characterization showed a sensitivity of 2300 nm/RIU in the range [1.330 -1.378] of refractive indexes.

In another study, an array of holes was produced on a 35 nm gold layer by focused ion beam milling. Later, a film of microgels, which are essentially colloidal stable crosslinked polymer particles with diameters ranging from 100 nm to a few micrometers, was deposited [START_REF] Giaquinto | Microgel photonics and lab on fiber technology for advanced label-free fiber optic nanoprobes[END_REF][START_REF] Aliberti | Microgel assisted Lab-on-Fiber Optrode[END_REF]. The biosensor was used for the detection of glucose where the layer of microgels underwent swelling under the binding of glucose inside. The increase in the size of microgel film led to the shift of resonant wavelength. The observed LOD of glucose was equal to 16 µM . Liand et al. produced an array of nanoholes for the detection of Concanavalin A [START_REF] Liang | A self-assembled plasmonic optical fiber nanoprobe for labelfree biosensing[END_REF]. They experimentally determined the sensitivity of 432 nm/RIU in the range [1.3333 -1.3785] of refractive indexes, whereas LOD reached 8.1 µg/mL for the target analyte.

When the size of periodic metallic nanostructures reaches several tens of nanometers, the sensor exhibits the so-called LSPR, which dramatically enhances the surface plasmons' efficiency. Detailed theoretical aspects, possible plasmonic coating, and geometries for LSPR are described in the following review [START_REF] Csáki | Localized surface plasmon resonance based biosensing[END_REF].

For example, Kim et al. fabricated a nanodisc array with 70 nm diameter and 30 nm thickness on the cleaved end-face of a multi-mode optical fiber using focused ion beam milling [START_REF] Kim | Localized surface plasmon resonance biosensor using nanopatterned gold particles on the surface of an optical fiber[END_REF]. Characterization of the sensor's performance showed a sensitivity of around 5700 a.u. /RIU in the range [1.34 -1.38] of refractive indexes. An LSPR optical fiber implemented as prostate-specific antigen immunoassay demonstrated a LOD of 1.3 pg/mL.

An alternative way to induce LSPR is to deposit a layer of metallic nanoparticles. Jeong et al. covered a fiber tip with a layer of 35 nm gold nanoparticles [START_REF] Jeong | Real-time label-free immunoassay of interferon-gamma and prostate-specific antigen using a Fiber-Optic Localized Surface Plasmon Resonance sensor[END_REF]. The observed sensitivity in the range [1.33 -1.38] of refractive indexes was 2750%/RIU . The biosensor was tested in the detection of interferon-gamma cytokine and prostate-specific antigen with LOD of 2 pg/mL and 1 pg/mL, respectively.

All the aforementioned works demonstrate that there are multiple different approaches that can be chosen for the development of a plasmonic tip-based sensor, some of them reaching extremely low LOD and with high compatibility for in vivo biosensing.

I would now like to discuss an SPR based biosensor at the tip of optical fiber that was developed in our laboratory as a part of Karim Vindas' Ph.D. project [START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF], which I had the opportunity to work on during my Master's internship.
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We have already established that non-adapted optical fibers are not well-suitable for efficient light return from the tip of the fiber. For this reason, in this project, arrays of microstructures were fabricated on optical fiber bundles in collaboration with Neso Sojic from ISM, in Bordeaux, France. A 270 µm fiber bundle consisting of 6000 individually cladded 3 -4 µm-diameter optical fibers was used (Figure 1.25). Microstructures, such as micropillars and nanotips, were fabricated for further testing by controllable wet-etching of the fiber bundle [START_REF] Deiss | Nanostructured optical fibre arrays for high-density biochemical sensing and remote imaging[END_REF]. Since the composition of the core and cladding were not the same, the etching rates of this part were different, allowing for the fabrication of various microstructure shapes. A thin layer of gold was deposited on top to ensure that the SPR phenomenon would occur. The striking feature of this approach is that each core of the fiber bundle could be treated separately and act as an individual biosensor. The developed multi-fiber structured SPR sensor operated in reflectance mode, where the operation principle is the same as previously described, and information about retroreflected light modulated by SPR was obtained by imaging the input face of the fiber bundle and measuring the intensity variation. Afterward, the performance of the nanotips and micropillars was examined upon refractive index variation of the tested medium in the range of [1.332-1.455] [153]. However, the obtained response of optical fibers was not homogeneous, as the intensity for some of the cores either increased or decreased with refractive index variation. This was explained by the core's diameter heterogeneity during the fiber bundle fabrication. Therefore, it was caused by the heterogeneity in the microstructures on the bundle during wet etching. The observed mean sensitivity response, sensitivity response of the whole fiber bundle, around the refractive index of water ([1.332 -1.334]) for nanotips was around 22 %/RIU , while for micropillars reached a five-fold increase having 118 %/RIU . The reason for this difference could be explained by the fact that the shape of the micropillar Chapter 1. Scientific context is better adapted for the return of SPR modulated light since the flat top side served as a mirror. Further analysis of 6000 cores showed that sensitivity was higher than 75 %/RIU for 78% of the micropillar-etched bundle cores, as it reached 10 -4 RIU . The SPR biosensor with micropillars was successfully tested for the detection of 1 µM complementary DNA. Later, Desmet et al. demonstrated on more optimized micropillars a better mean sensitivity of -250 %/RIU [START_REF] Desmet | Multiplexed Remote SPR Detection of Biological Interactions through Optical Fiber Bundles[END_REF]. The surface of the microstructured tip functionalized with two probes could then be tested for specific detection of two different antibodies. The obtained LOD for anti-rabbit IgG and anti-rat IgG was 0.4 nM and 0.1 nM , respectively.

As previously discussed, plasmonic biosensors developed at the tip of fiber are well adapted for in vivo detection. Additionally, transduction using SPR and LSPR on optical fibers provides excellent sensitivity and resolution, but it requires tip modification with excellent precision to provide optimal performance. Furthermore, biosensors operating in reflecting mode can easily use spectral and intensity interrogation approaches and have been tested for a wide range of targets like DNA, antibodies, and cytokines.

In our case, however, despite showing promising results, the SPR biosensor on fiber bundles developed by our team still possessed some drawbacks.

The non-homogeneous response of individual fibers caused by the heterogeneity of fiber bundle cores brought a much lower average sensitivity of the bundle as a whole since it combined multiple individual core responses. Therefore, each of the 6000 cores of the fiber bundle had to be treated individually to reach better performance, which led to labor-intense image analysis. The second drawback is related to the fragility of micropillars. A mistake during manipulation could break the pillars or remove part of the gold coating, making the damaged part unusable. Moreover, the partial pealing of a gold layer was noticed after several detection experiments and consecutive plasma cleaning. It made the fiber lose its SPR properties in the gold-less area and required re-coating. However, it is worth mentioning that in in vivo testing, this would not be a major issue, as the sensor would only be used once. Lastly, the surface functionalization of highly irregular surfaces with several probes, especially on tiny fibers, is challenging, as it requires special dedicated techniques for localized probe transferring onto the structured surface.

In my Ph.D. project, we aim to develop fiber tip-based biosensors with potential applications for in vivo biosensing while taking into account all the aforementioned issues, requirements, and personal experiences. Thus, we plan to test a planar and simpler configuration of the optical fiber tip. For this, transduction on the flat tip of optical fiber can be arranged using an interferometric approach, particularly tip-adapted configurations like FPI or MI.

Interferometry-based

As we have already established, interference-based biosensors rely on splitting two light waves, one of which travels through the sensing medium, leading to phase modulation when the two waves are recombined. In this section, I will focus on interferometric biosensors the same operation principle as previously discussed in the side-based sensing section, can be adapted to tip-based sensing. For example, Swart et al. studied MI on optical fiber, where LPG were used to split the light from core to cladding and recombine it back upon reflection from silver coating deposited at the fiber tip [START_REF] Swart | Long-period grating Michelson refractometric sensor[END_REF]. Their sensor showed a non-linear response of phase shift when it was tested in the range [1.33 -1.45] of refractive indexes. In another study, a sensor was fabricated by splicing a small piece of an optical fiber while offsetting it with respect to the rest of the main fiber. To ensure efficient reflection of light, a 500 nm gold layer was deposited on the fiber's tip. The fiber-based sensor demonstrated a 33.3 nm/RIU sensitivity in the refractive index range [1.315 -1.362] [START_REF] Tian | Single-Mode Fiber Refractive Index Sensor Based on Core-Offset Attenuators[END_REF]. A similar fiber modification was used by Zhou et al., where thin core fiber was offset with respect to single-mode fiber [START_REF] Zhou | Intensity modulated refractive index sensor based on optical fiber Michelson interferometer[END_REF]. The proposed sensor could reach a resolution of 4.9 • 10 -6 RIU and showed a non-linear response exhibiting -202.5dB/RIU sensitivity. Tian et al. tapered a single-mode fiber, where guided fundamental mode excited high-order cladding modes that interfered and recombined upon reflection from the fiber tip [START_REF] Tian | Refractive index sensor based on an abrupt taper Michelson interferometer in a single-mode fiber[END_REF]. The tip was coated with a 500 nm gold layer. The fiber-based MI showed 29 nm/RIU sensitivity, while the resolution was around 5.1 • 10 -4 RIU in the refractive index range [1.315 -1.362].

Chen et al. cleaved single-mode fiber and spliced it together to form a waist-enlarged area used for wave splitting and recombining [START_REF] Chen | Label-free fiber-optic interferometric immunosensors based on waist-enlarged fusion taper[END_REF]. The tip of the fiber was coated with a thin layer of silver. The fiber-based biosensor showed two types of linear responses. The first was in the refractive index range [1.332 -1.371] with -7.4 nm/RIU sensitivity, while the second was in the range [1.371 -1.418] with 29.4 nm/RIU . The resolution was smaller than for previous examples reaching 2.7 • 10 -3 RIU . The proposed biosensor was used for the detection of anti-bovine IgG, where it demonstrated LOD of 4.9 nM . Alternatively, Wang et al. spliced one of the ends of a thin core fiber with a single-mode fiber and then melted the opposite end of the thin core fiber to form a rounded tip [START_REF] Ru | Reflection-Based Thin-Core Modal Interferometry Optical Fiber Functionalized With PAA-PBA/PVA for Glucose Detection Under Physiological pH[END_REF]. The functionalized tip of the fiber biosensor was used for glucose detection in the 10 µM -10 mM range. Configuration Chapter 1. Scientific context closer to conventional MI was developed on the basis of dual-core fiber (Figure 1.26 Top) [START_REF] Wysokiński | Dual-core all-fiber integrated immunosensor for detection of protein antigens[END_REF]. One core was longer with a known length to induce initial phase difference, while another core was functionalized with antibodies. The antigen binding to the antibodies could be considered as an increase in the length of the second core leading to phase modulation. Detection of 160 µg/mL of rabbit IgG was successfully achieved.

Several studies opted to form a Fabry-Perot cavity using SAM at the tip of optical fiber. Arregui et al. successfully formed a cavity by layer-by-layer adhesion of oppositely charged monolayers [START_REF] Arregui | Optical fiber nanometer-scale Fabry-Perot interferometer formed by the ionic self-assembly monolayer process[END_REF]. The first layer was formed by ionic self-assembly mechanism of gold colloid with polydiallyldimethylammonium chloride, while the second with PSS. In total, 76 layers were deposited to form a 1 µm cavity. Calbarra et al. used a thin film of ZnO 2 nanocluster and PSS to form a 327 nm cavity [START_REF] Galbarra | Ammonia optical fiber sensor based on self-assembled zirconia thin films[END_REF]. After, it was tested for ammonia detection. Fiber biosensors with a similar configuration were used in the detection of H 2 O 2 [START_REF] Villar | Fiber-optic hydrogen peroxide nanosensor[END_REF], organics dissolved in water [START_REF] Liu | Nanoporous Zeolite Thin Film-Based Fiber Intrinsic Fabry-Perot Interferometric Sensor for Detection of Dissolved Organics in Water[END_REF], and acetic acid [START_REF] Jesus | Interferometric fibre-optic sensor for acetic acid measurement[END_REF].

As previously discussed, FPI biosensors on optical fiber consist of two reflecting layers or interfaces and a cavity placed between them. This geometry can also be adapted to both, side-based sensing and tip-based sensing. Some examples of the latter include the work of Wang et al., who proposed FPI biosensor with a multilayer functional structure for cholesterol detection (Figure 1.26 Bottom) [START_REF] Wang | Label-free and selective cholesterol detection based on multilayer functional structure coated fiber fabry-perot interferometer probe[END_REF]. A single-mode fiber was inserted inside a ceramic tube, the end of which was coated with epoxy resin. This structure formed the first cavity. Afterward, a layer of graphene oxide with consecutive chemical binding of betacyclodextrin was applied, forming the second cavity. The sensor was characterized in the refractive index range [1.332 -1.369], having 70.3 nm/RIU sensitivity. During a cholesterol detection test, the LOD was estimated at 3.48 µM .

In another example, a FPI with a spherical tip was fabricated by deposition of 3 layers on the tip of a fiber [START_REF] Lin | A novel in vitro and in situ immunoassay biosensor based on fiber optic Fabry-Perot interferometry[END_REF]. The first layer deposited on the fiber was 3 nm gold, forming the first reflecting interface. After a 35 µm cavity made of PolyDiMethylSiloxane (PDMS) and the second 3 nm gold layer formed the last reflecting interface. The created fiber biosensor was tested in the detection of anti-rabbit IgG, where it exhibited a LOD of 1 pg/mL. In 2011 Queiros et al. proposed FPI fiber biosensor for the detection of microcystin-LR, a cyanotoxin [START_REF] Queirós | Microcystin-LR detection in water by the Fabry-Pérot interferometer using an optical fibre coated with a sol-gel imprinted sensing membrane[END_REF]. For this, a polymer matrix was deposited at the tip of a fiber by sol-gel technique forming a Fabry-Perot cavity and sensing membrane at the same time. The biosensor was tested in the detection of cyanotoxin in the range of 0.3 -1.4 µg/mL. Later on, Cano-Velazquez et al. to form a spherical-like cavity at the tip of a fiber using only PDMS [START_REF] Cano-Velázquez | Fiber optic interferometric immunosensor based on polydimethilsiloxane (PDMS) and bioactive lipids[END_REF]. The proposed biosensor was functionalized and used for the detection of antibodies. Notably, the authors stressed that the length of the cavity was affected by the temperature variation once the detection experiment started, which was explained by a relatively large thermal expansion coefficient (3.2 • 10 -4 / • C).

Another interesting approach was used by Tierney et al. where the cavity was formed by acrylamide-based hydrogels with a cationic monomer N-(3-dimethyl aminopropyl) acrylamide [START_REF] Tierney | Determination of Swelling of Responsive Gels with Nanometer Resolution. Fiber-Optic Based Platform for Hydrogels as Signal Transducers[END_REF]. The gel swelled upon external stimuli like the variation of ionic strength in an aqueous solution, which caused the cavity length to increase, leading to modulation of the output Chapter 1. Scientific context signal. Later, the same group adapted this acrylamide-based hydrogel for the detection of glucose [START_REF] Tierney | Glucose sensors based on a responsive gel incorporated as a Fabry-Perot cavity on a fiber-optic readout platform[END_REF].

Another configuration of FPI has been developed in which a cavity is formed by an air gap inside of the fiber. Notably, Zhang et al. spliced a 10 µm silica hollow tube between two single-mode fibers [START_REF] Zhang | Miniature fiber-optic multicavity Fabry-Perot interferometric biosensor[END_REF]. The tip of the fiber was functionalized with PAH and PSS polyelectrolytes and antibodies. The fiber biosensor exhibited LOD of 25 µg/mL of anti-pig IgG. In another study, a similar configuration was used to detect DNA, showing LOD of 76.4 µM . Chen et al. deposited a layer of chitosan on the tip of spliced single-mode and hollow core fiber. Later, two polyelectrolytes and an anti-body layer formed a sensing film [START_REF] Chen | Fabry-Perot fiber-optic immunosensor based on suspended layerby-layer (chitosan/polystyrene sulfonate) membrane[END_REF]. The LOD was greatly improved compared to previous examples being equal to 5 pM of anti-IgG. Alternatively, Liu et al. fabricated a fiber biosensor by placing a hollow-core photonic crystal fiber between two single-mode fibers [START_REF] Liu | Optical fiber Fabry-Perot interferometer for microorganism growth detection[END_REF]. The biosensor demonstrated a 136 dB/RIU sensitivity and 7•10 -5 RIU resolution in the refractive index range [1.31-1.42]. It was tested for yeast growth detection. The same group used the fiber biosensor in the detection of rabbit IgG with 100 ng/mL LOD [START_REF] Liu | Label-Free Immunosensor Based on Optical Fiber Fabry-Perot Interferometer[END_REF].

An alternative configuration of FPI fiber biosensor is based on an exposed cavity to sensing medium. For this, Ran et al. used a laser to create an air gap in the fiber, forming a cavity [START_REF] Ran | Laser-micromachined Fabry-Perot optical fiber tip sensor for highresolution temperature-independent measurement of refractive index[END_REF]. The sensor was characterized having a sensitivity of 27 dB/RIU and 4•10 -5 RIU resolution. Another group completely removed the side of the fiber, forming a U-like shape of the cavity [START_REF] Wei | Temperature-insensitive miniaturized fiber inline Fabry-Perot interferometer for highly sensitive refractive index measurement[END_REF]. The fiber sensor exhibited 1163 nm/RIU sensitivity, while the resolution could reach 8.6 • 10 -4 RIU . Andre et al. performed a similar step on a sharp optical microtip using ion beam milling [START_REF] André | Simultaneous measurement of temperature and refractive index using focused ion beam milled Fabry-Perot cavities in optical fiber micro-tips[END_REF]. The sensitivity and resolution were slightly improved, exhibiting 1316 nm/RIU and 10 -4 RIU , respectively.

Another group found that the performance of a FPI fiber biosensor could be improved by depositing highly reflecting films around the open cavity. Li et al. deposited gold on the focused ion beam milled cavity [START_REF] Li | A Highly Sensitive Fiber-Optic Fabry-Perot Interferometer Based on Internal Reflection Mirrors for Refractive Index Measurement[END_REF]. A 5 nm gold layer formed the first reflecting interface, while a 100 nm thick gold was deposited at the distal end of the cavity, forming the second reflecting layer. The characterized sensor showed 1160 nm/RIU sensitivity and 1 • 10 -6 RIU resolution. Finally, in a recent example, Tang et al. proposed an interesting approach using two-photon printing technology [START_REF] Tang | Fabry-Perot Interferometer Based on a Fiber-Tip Fixed-Supported Bridge for Fast Glucose Concentration Measurement[END_REF]. They deposited a photoresist on the tip of a single-mode optical fiber, which underwent photopolymerization forming a bridgelike open structure. The fabricated structure formed an open cavity accessible to the tested medium. The fiber biosensor exhibited a 1039 nm/RIU sensitivity in the refractive index range [1.32 -1.35]. Later it was implemented for the detection of glucose having LOD equal to 0.45 mg/mL.

Commercially available interferometric fiber biosensors, often referred to as biolayer interferometry biosensors, used an FPI approach such as the Octet biosensors from Sartorius (formerly ForteBio) [START_REF]Protein Analysis[END_REF]. These biosensors have been used to detect various substances, including Tau441 protein, Testosterone, Glucose, and Gonyautoxin 1/4, with very good LOD values (6.7 nM [182], 2.13 ng/mL [START_REF] Zhang | Quantitative determination of testosterone levels with biolayer interferometry[END_REF], 0.45 mg/mL [START_REF] Seo | A Human Serum-Based Enzyme-Free Continuous Glucose Monitoring Technique Using a Needle-Type Bio-Layer Interference Sensor[END_REF], and 50 pg/mL [START_REF] Gao | Gonyautoxin 1/4 aptamers with high-affinity and high-specificity: From efficient selection to aptasensor application[END_REF], respectively). However, all these devices are limited to in vitro detection of analytes.

Chapter 1. Scientific context

Multiplex biosensing on optical fiber

In the previous section, we discussed different biosensors that demonstrated excellent performance characteristics like sensitivity, resolution, and LOD. Despite being able to detect a single analyte, using this type of biosensor could also present important limitations. For example, when testing for new biomarkers, additional sample volume would be required for each one. However, sometimes these samples are not easily accessible, or getting them might cause discomfort to the patient. Moreover, a good biosensor must have a negative control that will reduce the probability of false positive and false negative results. Using singleanalyte detection would require developing these controls and adapting said biosensors for each desired test.

In section 1.2.4, The Evolution of Biosensors: From Biosensors to Biochips, we saw that it is possible to overcome this limitation by depositing dozens of spots on the chip, each one with different probes that can be used for testing for various diseases' biomarkers.

The new challenge we are presented with is how to adapt an optical fiber biosensor to detect multiple analytes. For this, several strategies have been implemented for different types of transduction techniques in biosensors.

In a notable attempt, Li et al. proposed a dual-channel SPR based fiber biosensor [START_REF] Li | Dual-channel fiber surface plasmon resonance biological sensor based on a hybrid interrogation of intensity and wavelength modulation[END_REF]. Where the first area of unclad fiber was composed of gold nanoparticles, whereas the second was of gold/Indium Tin Oxide (ITO)/gold film (Figure 1.27 A). Such composition provided two resonant peaks in the transmission that corresponds to each material in sensing areas. The first peak was used for intensity modulation, while the second was for wavelength. During the characterization of biosensors in the refractive index range [1.326 -1.368], it exhibited 334 %/RIU and 1963 nm/RIU sensitivity for gold nanoparticles and gold/ITO/gold film channels, respectively. Afterward, the area with gold nanoparticles was used to detect rabbit IgG/anti-rabbit IgG biomolecular interactions. At the same time, the second area functionalized with Rnase B trapped Con A molecules.

Similarly, Lin at al. used various plasmonic materials that possessed several distinct resonant dips [START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF]. They deposited 10 nm silver nanoparticles and 20×60 nm gold nanorods on the sides of the unclad fiber (Figure 1.27 B). The sensitivities of silver nanoparticles and gold nanorods could reach 681 and 726%/RIU in the refractive index range [1.333 -1.403]. The observed resolutions were equal to 8.95 • 10 -6 RIU and 8.81 • 10 -6 RIU for silver nanoparticles and gold nanorods, respectively. The dual fiber biosensor was used for the detection of N-(2,4-dinitrophenyl)-6-aminohexanoic acid in one area and biotin in another. An alternative method is to use a dual-channel structured fiber where two co-centering hollow capillaries are in contact with the plasmonic coating [START_REF] Kaur | A dual-channel surface plasmon resonance biosensor based on a photonic crystal fiber for multianalyte sensing[END_REF]. Herein, each hollow capillary can be used for separate analyte detection. Under certain conditions, the SPR can be excited in both of the coatings, making it adapted for potential dual biosensing (Figure 1.27 C). Notably, Lu et al. used a capillary structure, where the internal surface was coated with silver, while the external with a gold/ITO layer [START_REF] Lu | Dual channel multilayer-coated surface plasmon resonance sensor for dual refractive index range measurements[END_REF]. This structure formed a dual channel configuration where each channel can be subjected to different analytes (Figure 1.27 D). The output [START_REF] Li | Dual-channel fiber surface plasmon resonance biological sensor based on a hybrid interrogation of intensity and wavelength modulation[END_REF][START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF]. B) Two lateral sensing regions with silver nanoparticles and gold nanorods [START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF]. C) Two co-centering hollow capillaries with plasmonic coating with evanescence fields used for biosensing [START_REF] Kaur | A dual-channel surface plasmon resonance biosensor based on a photonic crystal fiber for multianalyte sensing[END_REF]. D) Hollow capillary with two different plasmonic coatings forming dual-channel sensing [START_REF] Lu | Dual channel multilayer-coated surface plasmon resonance sensor for dual refractive index range measurements[END_REF]. E) Fluorescencebased fiber biosensor with four fibers for detection of separate analytes [START_REF] Long | Portable and automated fluorescence microarray biosensing platform for on-site parallel detection and early-warning of multiple pollutants[END_REF]. transmission spectrum had two distinct resonant dips related to each coating or channel, which can be used in biosensing. The fiber was tested with solutions of various refractive indexes as proof of concept. The inner channel with silver and the outer channel with the gold/ITO films exhibited a sensitivity of -1937 nm/RIU and 2513 nm/RIU , respectively.

In fluorescence-based optical fiber biosensors, multiplexing is possible as well. Recently, Long et al. used a standard biochip approach by functionalizing the side area of an optical fiber with probes, while labeling the targets with a specific fluorescent dye with a distinct emission spectrum [START_REF] Long | Compact quantitative optic fiber-based immunoarray biosensor for rapid detection of small analytes[END_REF]. After, they increased the number of fibers up to 4, each one was dedicated to detecting a specific analyte (Figure 1.27 E) [START_REF] Long | Portable and automated fluorescence microarray biosensing platform for on-site parallel detection and early-warning of multiple pollutants[END_REF].

An alternative approach is to look at the fiber from a different angle and focus on the tip. Recently, Zhang et al. developed a multiplexed optical fiber sensor for dynamic brain monitoring [START_REF] Zhang | Multiplexed optical fiber sensors for dynamic brain monitoring[END_REF]. The tip of the fiber was divided into four different sensing areas, the first for pH monitoring, the second for temperature monitoring, the third for measuring dissolved oxygen, and the last for monitoring glucose levels (Figure 1.28), all of which can be relevant in the Chapter 1. Scientific context diagnosis of traumatic brain injuries. A broadband Light-Emitting Diode (LED) was used for light injection, while a spectrometer for the detection of modulated reflected light and a dedicated sensing sol-gel film with incorporated 3,3',5,5' -Tetrabromo-m-cresolsulfonphthalein was deposited, which changed its color upon pH variation. They were able to detect variations in pH in the range of 6 to 8. Thermochromic liquid crystalline was used for temperature monitoring, which exhibits color change with temperature variation. The tested temperatures were in the range from 34 • C to 42 • C. Furthermore, detection of dissolved oxygen was achieved through a fluorescence quenching mechanism, where a Tris(4,7-diphenyl-1,10phenanthroline)ruthenium(II) dichloride (Ru(dpp)) fluorophore complex was encapsulated inside of the sol-gel film matrix and placed at the fiber tip. Upon encountering an oxygen molecule, the fluorescence dye started quenching, thus decreasing its emission intensity. The last area on the fiber tip, dedicated to glucose detection, relied on colorimetry too. In this case, a sensing film containing 3,3',5,5'-Tetramethylbenzidine (TMB) with glucose enzyme was used. The H 2 O 2 produced during the enzymatic reaction reacted with TMB, which changed its color. Glucose concentration was tested in the range of 0 -6 mM . After the preliminary testing of different types of sensing areas, the fiber was implanted inside a brain model for ex vivo biosensing, where the simultaneous detection of multiple biomarkers was successfully achieved. The fiber tip-based biosensor with four sensing areas and latter ex vivo detection in the brain model [START_REF] Zhang | Multiplexed optical fiber sensors for dynamic brain monitoring[END_REF].

Indeed, all the aforementioned biosensor configurations can be used to detect several biomarkers. However, in the case of the SPR based biosensors examined in this section, the sensing area was adapted to the side of optical fibers, making them incompatible with in vivo Chapter 1. Scientific context biosensing. In addition to this, the number of possible analytes to detect is limited by the number of materials that can provide a distinct resonant shift or a number of capillaries in the fiber. This is the case too, for the fluorescence-based multiplex approaches discussed in this section. Furthermore, detection relying on the labeling of targets and the use of multiple optical fibers to increase multiplexing requires additional steps, makes the setup bulky, and, once again, is incompatible with in vivo biosensing .

Alternatively, Zhang et al.'s tip-based fiber biosensor demonstrated to have a great performance for the multiplexed detection of four different biomarkers at the same time. Moreover, the tip configuration makes this system compatible with localized detection at the exact site of diseases. However, since each film has a distinct emission spectrum, a potential bottleneck in this configuration would be the possible overlap of emission spectra to detect as the number of target analytes increases.

Although the simultaneous detection of four biomarkers is already a considerable feat, the adaptation of several sensing areas to the fiber's tip could be further improved by considering a more intricate approach.

Use of multi-fiber assembly

A more elegant strategy would be to use multi-core fibers or fiber bundles of micrometer size composed of hundreds and up to thousands of tiny individually clad cores. Each multifiber assembly core can act as a waveguide and transfer a signal over a certain distance. Theoretically, if a transduction element is fabricated on these bundles, each core can be treated as an individual biosensor.

Notably, Song et al. used a 500 µm fiber bundle containing 6000 individual fibers of 3.1 µm in diameter (Figure 1.29 A) [START_REF] Song | Fiber-Optic Microsphere-Based Arrays for Multiplexed Biological Warfare Agent Detection[END_REF]. They etched the tip to form microwells that were used as a substrate for the DNA array. The array was completed by randomly placing various microspheres functionalized with Oligonucleotide (ODN) into the wells and optical encoding indicator to localize each kind of microsphere. The encoding was achieved by various dye types and concentrations on the microsphere. They used Eu-dye and fluorescein to encode the position of the microspheres. Additionally, each set of microspheres was functionalized with a dedicated ODN targeted to a specific analyte and the emission of each fluorescence dye had a distinct spectrum. The different combinations of Eu-dye and fluorescein concentrations provided various fluorescence intensities that enabled the microspheres' localization (Figure A). The target molecules were labeled with Cy3 fluorescence dye. Since the microspheres of certain fluorescence types and concentrations have particular conjugated ODN, only specific labeled targets will bind to those spheres. This principle was tested for the detection of ODN targets of several pathogens, like BA3 expressed by Bacillus anthracis, BM1 expressed by Bacillus melitensis, VA1 expressed by Vaccinia virus, and FT1 expressed by Francisella tularensis. At the beginning of the experiment, the encoding of the multiplexed array was performed. One set of optical filters located the spheres conjugated with Eu-dye (Figure 1.29 B) i.), whereas the spheres were fluorescein-conjugated were located by another (Figure 1.29 Later on, the same fiber bundle was used to form an array of microtips for remote DNA detection (Figure 1.30 A) [START_REF] Deiss | Opto-electrochemical nanosensor array for remote DNA detection[END_REF]. Herein, the surface of the microstructured bundle was coated with ITO to provide a conductive surface while conserving the transparency of the coating. The surface was functionalized with ODN using the electropolymerization technique. Afterward, the target, biotinylated ODN, was able to bind to the functionalized areas (Figure 1.30 B). After, a fluorescence dye containing streptavidin, which specifically binds to biotin, was injected for fluorescence revelation. The shape of the tip allowed excitation light injection and collection of emitted fluorescence by the same non-structured side (Figure 1.30 C). Ideally, the functionalization of structured surfaces by various probes will lead to a highly multiplexed sensing array at the tip of the optical fiber. The drawback of this method is that is not label-free, as it requires the introduction of a dye on the tip to ensure transduction.

The thesis of Karim Vindas was dedicated to overcoming this problem by developing a label-free SPR biosensor at the tip of an optical fiber bundle [START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF]. The operation principle and fabrication approach have already been described in section 1.3.3.4. Proof of multiplexed detection of two target molecules using this fiber biosensor has already been demonstrated by Desmet et al., who deposited two large spots of rat IgG and one spot of rabbit IgG [START_REF] Desmet | Multiplexed Remote SPR Detection of Biological Interactions through Optical Fiber Bundles[END_REF]. The probes bound to the gold surface by a physisorption mechanism forming sensing areas, and the specific detection of two target molecules, anti-rat IgG and anti-rabbit IgG, andB) from [START_REF] Deiss | Opto-electrochemical nanosensor array for remote DNA detection[END_REF], for D) and E) from [START_REF] Desmet | Multiplexed Remote SPR Detection of Biological Interactions through Optical Fiber Bundles[END_REF].

was successfully observed (Figure 1.30 D). Moreover, supporting proof of target binding was obtained using fluorescence detection (Figure 1.30 E). Theoretically, the structured tip of the fiber bundle can be functionalized by multiple probes increasing the multiplexing of biosensors. However, this strategy can be very challenging, which is well described in Vindas' thesis.

In conclusion, the fiber bundle is a suitable candidate for developing highly multiplexed biosensors while keeping its miniature structure. Thus, in my Ph.D. project, I focused on employing various multi-fiber assemblies to ensure multiplexed biosensing. The global long-term goal of the project is to develop a new interferometric biosensor on an optical fiber bundle that is capable of real-time remote measurements and label-free multiple analyses with minimal invasion for in vivo applications (Figure 1.31).

At the beginning of this chapter, we started with a definition of biosensors and the main elements they are composed of. My Ph.D. project is dedicated to the first step -developing those main biosensor elements and providing proof of biosensing on the developed device. The work performed during my Ph.D. project can be summarized in 6 chapters, including this introductory one.

Chapter 2 will describe the simulation steps where the interferometric phenomenon at the tip of the fiber was modeled. It will show the transducer's configuration for best performance parameters, such as sensitivity.

Chapter 3 will demonstrate the selection of suitable fibers and their preparation for transducer fabrication. The fabrication procedure and requirements will also be discussed.

Chapter 4 will provide an optical characterization methodology for fabricated biosensors. The performance characteristics will be estimated, and the best interrogation conditions will be chosen for the biosensing step.

Chapter 5 will discuss the various approaches of fiber surface functionalization, as well as their advantages, disadvantages, and challenges. Likewise, different mechanisms through which multiplexed probes can be grafted on the tip of fiber will be demonstrated and explained.

Chapter 6 will act as a proof of concept to demonstrate that the developed fiber optic biosensors are able to detect multiple targets, thus validating the different steps of biosensor development described in chapters 2-5.

Each chapter will end with a conclusion and prospects that could be explored to further improve the work carried out.

In the end, a conclusion will assess the progress made during this thesis, and perspectives will be considered for the continuation of the project. Chapter 2

Chapter 1. Scientific context

Modeling of interferometric sensor

Ce chapitre décrit les étapes de modélisation du transducteur interférométrique du biocapteur. La modélisation a été réalisée par la méthode des éléments finis (Finite element method (FEM)) avec le logiciel COMSOL (Wave optics domain). L'établissement du modèle, la théorie et les hypothèses sur lesquelles il repose seront presentées. Nous expliquerons la logique qui a guidé la sélection des matériaux constituant les couches interférométriques (une couche réfléchissante et une cavité) et l'optimisation de leurs épaisseurs. Nous étudierons la réponse du capteur suite à la variation de l'indice de réfraction du milieu sondé ou suite à l'adsorption d'une couche de matériel biologique. Cette étude aboutira à la combinaison de matériaux et d'épaisseurs donnant la réponse optimale du capteur. This chapter describes the modeling stages of the interferometric transducer of the biosensor. The modeling was performed with FEM in COMSOL software (Wave optics domain). The setting of the model and its theoretical explanation and hypothesis will be presented and the logic behind the selection of suitable materials and thickness optimization of interferometric layers (a reflecting layer and a cavity) will be explained. The sensor response will be studied via a change in the global refractive index of the tested media and via the adsorption of a "biological layer". This study will lead to the combination of materials and thicknesses, giving the most optimal sensor response.

Introduction

Nowadays, due to the fast development of computing machines, computer simulation is deeply integrated into various domains of science and has become an essential part of various industrial processes. According to the Stanford Encyclopedia of Philosophy, computer simulation is a method to study systems comprehensively [START_REF] Winsberg | Computer Simulations in Science[END_REF]. It relies on a computer program that exploits step-by-step methods to investigate the approximate behavior or predict the outcome of a mathematical model. Generally speaking, it is possible to distinguish two main categories of computer simulations: agent-based simulation and equation-based simulation. An agent-based simulation is dedicated to exploring the behavior of a group of autonomous individuals. Their behavior, interactions with other individuals, and environments in time are based on a set of rules [START_REF] Hammond | Considerations and Best Practices in Agent-Based Modeling to Inform Policy[END_REF]. The application of such kinds of simulations is found in areas of epidemiology, flows (traffic, evacuation), markets (stock market), organizations (operation risks), etc [START_REF] Bonabeau | Agent-based modeling: Methods and techniques for simulating human systems[END_REF]. Equation-based simulations are frequently employed in the physical sciences and other fields where a theoretical framework is available to guide the construction of mathematical models based on differential equations. For instance, the Navier-Stokes equations are widely used in fluid dynamics to predict fluid behavior in various systems, including aircraft engines, turbines, and pumps [START_REF] Mclean | Understanding Aerodynamics: Arguing from the Real Physics[END_REF][START_REF] Shah | CFD for Centrifugal Pumps: A Review of the State-of-the-Art[END_REF]. Similarly, Maxwell's equations are employed to model electromagnetic fields in physics [START_REF] David | Field and Wave Electromagnetics[END_REF], while in biology, the Hodgkin-Huxley equations are used to model the behavior of ion channels in neurons [START_REF] Hodgkin | A quantitative description of membrane current and its application to conduction and excitation in nerve[END_REF], and the Lotka-Volterra equations are used to model predator-prey systems [START_REF] Peter | Lotka-Volterra Population Models[END_REF]. In general, equation-based simulations play a crucial role in modeling complex systems and are essential in research and development across numerous scientific disciplines.

From an engineering point of view, the simulation provides an opportunity to test various parameters like geometry or a combination of various materials that are not easily accessible in real life. Moreover, it potentially reduces the number of prototypes, and time taken by experiments during the designing or optimization cycle. While working on the project, we wanted to exploit the aforementioned advantages of simulations, particularly FEM method that exploits differential equations.

Problem modeling using finite element method

Physical laws can be mathematically represented by Partial differential equations (PDEs). Analytically solving these equations for some problems and geometries can be infeasible. Therefore a problem can be discretized, and an approximation equation can be constructed. Discretization techniques are used to estimate PDEs by creating numerical model equations that can be resolved with numerical methods [START_REF]Detailed Explanation of the Finite Element Method (FEM)[END_REF]. The outcomes of the numerical model equations represent an approximation of the actual solution to the PDEs. To find a solution for such approximations FEM is used. For instance, consider a 1D problem where u is the dependent variable in PDEs. The variable u can represent various physical quantities like temperature, pressure, or electric potential that change over length x. In order to Chapter 2. Modeling of interferometric sensor approximate u, a function u h can be constructed using a linear combination of basis functions, as expressed by the following [START_REF]Detailed Explanation of the Finite Element Method (FEM)[END_REF] u ≈ u h (2.1)

u h = i=1 u i ψ i (2.2)
In the above equations, ψ i stands for the basis functions, and u i stands for the coefficients that are used to approximate u with u h . For the mentioned 1D problem, the u function distributed along x can be depicted in the following form 2.1. The basis function ψ i varies from 0 to 1. Discretizing and approximating the given function takes nine basis functions ψ i .

One of the advantages of this approach is that for the region where the u function changes fast, a smaller interval of element size can be applied to approximate the function properly.

In general, the finite element analysis based on FEM comprises the following basic steps [START_REF] Jin | The Finite Element Method in Electromagnetics[END_REF]:

1. Problem simplification by discretization or subdivision of a domain.

Interpolation function selection.

3. Formulation of the equation system.

4. Finding a solution to the system of equations. One of the soft-wares that are based on FEM is COMSOL. COMSOL software allows the conducting of a comprehensive simulation and analysis of optical phenomena where the characteristic size of an object is comparable to the wavelength. Moreover, simulation can be conducted not only in simple plane geometry but also in highly irregular structures that are Chapter 2. Modeling of interferometric sensor not accessible by conventional analytical methods [START_REF]Computing the Scattering of Light from a Rough Surface with a Metal Coating[END_REF]206,207] . COMSOL provides flexible and rapid prototyping of models thanks to multi-parameter sweeps, including geometrical size, type of material, initial conditions, and excitation field. Moreover, it is possible to work on complex systems that combine multiple physical domains like microfluidics and electrochemistry [208].

Using this tool, we planned to perform a simulation and study the interferometric phenomenon that occurs at the tip of one fiber among the fiber bundle. Then, to analyze materials used in the literature for interferometric sensors and select the one that will be optimal for our application. Finally, to study and optimize the thicknesses of the cavity and reflecting layer that will give an idea about the expected performance of the sensor.

From 2D to 3D model representation 2.3.1 Setting of the 2D model

To reach our goal, we decided to use a wave optics module in COMSOL dedicated to simulating optical phenomena and devices. This module allowed us to analyze the electromagnetic field distribution inside simulated models and estimate transmission and reflection coefficients [209].

To begin with the simulation problem, we decided to start with the simplest 2D model. The advantage of this approach is that the complexity or simplicity degree of the model satisfies the bare minimum for the given task while not requiring too much computing power. The general 2D model represented a part of the optical fiber's core without cladding with width W , thickness d 1 , and refractive index n 1 , on top of which were deposited two layers (Figure 2.2). The first layer served as a semi-reflecting mirror with thickness d 2 and refractive index n 2 , while the second one, with thickness d 3 and refractive index n 3 , formed the cavity. The last part of the model was a tested medium having a thickness and refractive index of d 4 and n 4 , respectively. Since we aim to study electromagnetic wave propagation inside the presented geometry, we need to rely on an equation that adequately describes this phenomenon. The equation that fits this task is called the wave equation, which was derived from the well-known Maxwell's equation in differential form. The wave equation for the electric component for the time-harmonic problem with a non-conduction source-free medium (σ = 0) has the following form

∇ × (∇ × E) -k 2 0 ϵ r E = 0 (2.3)
with an electric field

⃗ E = ⃗ E 0 exp(-⃗ k • ⃗ r) (2.4)
where a wave number k 0 = 2π/λ and a wavelength λ for the considered electromagnetic wave. The relative permittivity is ϵ r = (n -iκ) 2 with n, κ -real and imaginary part of the refractive index. The imaginary part of the refractive index, κ, sometimes called the extinction coefficient, is responsible for the absorption (attenuation) of electromagnetic waves by material. After looking at this value in the literature, we noticed that the extinction coefficient was relatively weak for the considered materials dedicated to transmitting light with very low linear loss [START_REF] Bright | Optical properties of HfO2 thin films deposited by magnetron sputtering: From the visible to the far-infrared[END_REF][START_REF] Zhukovsky | Experimental Demonstration of Effective Medium Approximation Breakdown in Deeply Subwavelength All-Dielectric Multilayers[END_REF][START_REF] Gao | Refractive index determination of SiO2 layer in the UV/Vis/NIR range: spectrophotometric reverse engineering on single and bi-layer designs[END_REF][START_REF] Gao | Exploitation of multiple incidences spectrometric measurements for thin film reverse engineering[END_REF] and depending on the condition in which the material was fabricated, the extinction coefficient varied for the same material [START_REF] Aguilar | Optoelectronic characterization of Zn 1-x Cd x O thin films as an alternative to photonic crystals in organic solar cells[END_REF][START_REF] Stelling | Plasmonic nanomeshes: their ambivalent role as transparent electrodes in organic solar cells[END_REF].

For these reasons, we decided to work only with the real part of the refractive index. To simplify the computation task, only a localized part of the transducer that includes the fiber's core was taken into account. Therefore, two periodic boundary conditions of continuity were applied on the left and right sides of the model, indicated in yellow in Figure 2.3. This condition states that electric fields on the left and right sides are the same.

E x=0 = E x=W (2.5)

Port setting: Model interrogation

The second step was to find a way to interrogate the model and collect the corresponding response. For this, COMSOL provides a "Port" feature node allowing the injection of electromagnetic waves inside and collecting resulting waves outside the model geometry. In our case, Port 1, applied at the top of the model geometry, was used to excite the model and compute information about the reflected wave (Figure 2.3). The excitation was done by injecting a Transverse Electric (TE) plane wave at a normal incidence angle inside of the core's fiber. We decided to exclude the air/core interface to study solely the wave propagation inside of interferometric layers at the tip of the fiber. The wave propagated toward the tested medium along the y-axis while oscillating E(E x , E y , E z ) = (0, 0, 1) in the z-direction. Alternatively, Port 2 collected the portion of the transmitted wave through the presented structure. The reflected and transmitted light amounts are computed in COMSOL using the concept of so-called scattering parameters or S-parameters. S-parameters are expressed as frequency-Chapter 2. Modeling of interferometric sensor dependent matrices with complex values. These parameters describe the transmission and reflection of energy waves [START_REF] Choma | Feedback Networks: Theory and Circuit Applications[END_REF] or electromagnetic waves [START_REF]S-Parameters in Terms of Voltage and Electric Field[END_REF] at different ports of electronic networks, including filters, antennas, waveguide transitions, and transmission lines. For the The corresponding matrix for the case with two ports has the following form:

S = S 11 S 12 S 21 S 22 (2.6) 
Concerning denotation for S-parameter S ij , j denotes the excitation port, while i is the output port. For instance, S 11 describes an amplitude ratio of the reflected wave at port 1 to the incidence at the same port. Based on this, S 11 and S 22 describe the reflection coefficients of a wave, whereas S 21 and S 12 the transmission coefficients. To summarize, the S parameter can be defined with the corresponding incident, reflected, and transmitted waves [START_REF]Microwaves101 -S-parameters[END_REF].

S 11 = b 1 a 1 S 12 = b 1 a 2 S 21 = b 2 a 1 S 22 = b 2 a 2 (2.7)
Similarly, we can apply this to our model [START_REF]S-Parameter Calculations[END_REF].

From this, the overall reflectance R and transmittance T at the Port 1 and Port 2 depicted in Figure 2.3 A can be calculated using corresponding S-parameters [START_REF]S-Parameter Variables[END_REF]:

Chapter 2. Modeling of interferometric sensor R =| S 11 | 2 T =| S 21 | 2 (2.8)
where S 11 and S 21 are given by the following equations:

S 11 = port 1 ([E c -E 1 ] • E * 1 ) dA 1 port 1 (E 1 • E * 1 ) dA 1
(2.9)

S 21 = port 2 (E c • E * 2 ) dA 2 port 2 (E 2 • E * 2 ) dA 2
(2.10)

E 1 , E 2
are electric fields at corresponding Port 1 and Port 2 obtained using eigenmode analysis in eigenmode expansion of the electromagnetic field. E c is the computed electric field on the corresponding port. For Port 1 where excitation takes place, E c is comprised of excitation E 1 and reflected electric fields and has the following form

E c = E 1 + 2 i=1 S i1 E i (2.11)
For the rest of the ports (i.e. Port 2), the computed field E c is given as

E c = 2 i=1 S i1 E i (2.12)
Each field is multiplied by the corresponding conjugate value and integrated across port boundary A i .

In the following, since the proposed design of the interferometric biosensor works in reflection mode, we will focus solely on reflectance.

Mesh adaptation

The other important aspect of the simulation is meshing. In order to simplify the modeling problem, the modeling domain is discretized into small parts of primitive shapes, which is called the mesh element. Depending on the application, the domain of physics, and the dimension (1D, 2D, or 3D) of the problem, a particular kind of mesh will be more suitable. For instance, in the case of 2D model, the triangular or quadrilateral mesh will be proposed, whereas for 3D tetrahedra (tets), hexahedra (bricks), triangular prisms (prisms), and pyramids may be proposed (Figure 2.4) [START_REF]Meshing Your Geometry: When to Use the Various Element Types[END_REF].

In the case of our 2D model with cylindrical symmetry, the general meshing was automatically governed by the selected physics of the model (electromagnetic waves physics node) that provided the optimal type of mesh for a particular problem. The second important aspect of mesh is its size. Depending on the mesh element size used in the model, the computed solution will have different accuracy of results. The finer the mesh, the more accurate solution will be achieved. However, the smaller the mesh in the model, the more computation time and computer memory will be required. This is a matter of trade-off between accuracy and computing capabilities. Each kind of problem, a domain of physics, dimension (2D or 3D), and characteristic size of the model elements will have an optimal mesh element size. For instance, the COMSOL community recommends λ/5 -λ/6 and λ/10 -λ/12 for 2D and 3D wave optics model [START_REF]COMSOL Multiphysics® tools for solving wave EM wave problems in the time domain[END_REF]223,[START_REF] Koppenhoefer | COMSOL Tips and Tricks -Resolving Wavelengths in Vibrational Problems -AltaSim Technologies[END_REF]. In spite of recommendations about mesh size given in the literature, it is always a good practice to perform a mesh refinement step for the considered model. The concept of the mesh refinement step I used in the simulation is to find a certain output physical value that will play a role of reference (e.g. light intensity, reflectance, temperature). After, set the smallest geometry size and excitation value (e.g. wavelength) that need to be tested, and perform a simulation while gradually increasing the number of mesh elements per wavelength λ/n or, in other words, decreasing the maximum mesh element size. The idea is to look at the change of selected reference value with the variation of the mesh size. The most suitable size of the mesh element will be the value at which there is no significant change in reference value compared to the previously studied mesh size. Particularly for our models, the role of reference value was played by the reflectance R of the system at the shortest tested wavelength equal to 300 nm. The layer thicknesses used in this optimization step were 1000 nm for the fiber's core, 30 nm for the reflecting layer, 500 nm for the cavity, and 500 nm for the tested medium. Clearly from Figure 2.5 computed reflectance changes with number n of mesh element per wavelength until it reaches a plateau at λ/5. After this value, there is no noticeable improvement in result accuracy. Progressing in n increase will lead to unreasonable computing time and memory consumption. Certainly, if the dimension of layers decreases or the number of layers increases, the obtained optimal value will no longer be valid.

The setting up of geometry, boundary conditions, excitation conditions, and mesh elements let us advance toward the main part of this chapter -material selection and thickness optimization of interferometric layers for optimal performance of the transducer. 

Simulation results of 2D model 2.4.1 Methodology of theoretical performance characterization and data treatment flow

Before considering any materials and thicknesses for interferometric layers, I had to find a way to theoretically characterize a sensor. Various solutions of different indexes are usually used for experimental characterizations, which might be obtained by diluting glycerol in water. The simulation aims to determine the sensitivity of the structure to refractive index variation. Therefore, the refractive index n 4 of the layer playing the role of the tested medium was changed in the range of [1.332 -1.401].

To illustrate the methodology that was used for material selection and thickness optimization of the interferometric layers, let us consider the model geometry presented before. Additionally, for simplicity, layers' dimensions and refractive indexes were kept constant and not mentioned at this step. A typical simulated response of the transducer for the presented geometry is represented as reflectance as a function of wavelength (Figure 2.6 A). It has the form of a sequence of valleys and peaks. Valleys represent destructive interferences, whereas peaks constructive. Each curve represents a response with respect to the refractive index of the tested medium. As the refractive index of the medium increases, the reflectance at the peak decreases. On the contrary, valley reflectance has an opposite trend.

At the current point, the obtained data did not bring a clear sense of sensor performance. The data had to undergo a sequence of data treatment steps to be used for comparison. The first step was a normalization procedure to obtain the normalized reflectance ∆R R , where the simulated signal R n at a particular refractive index n of the tested medium was normalized Chapter 2. Modeling of interferometric sensor with respect to the one simulated with water R water .

∆R R = R n -R water R water (2.13)
The result of normalization in percentage form is given in Figure 2.6 B. This step provided information about the relative shift of the sensor response with respect to water. This value describes how strongly the sensor's response changes with the refractive index modification of the tested medium. Units of sensitivity are represented as %/RIU . The same operation was performed at all wavelengths used for the simulation. The last step brought a meaningful characteristic that can be compared with other sensors in literature and used for material selection and interferometric layer thickness optimization. The results of this step were given as dependence of sensitivity as a function of wavelength (Figure 2.7). This way of representation gave important information about sensitive bandwidths with upward and downward trends of response variation and nodes -areas where the sensor is not sensitive at all. After these data treatment steps, the sensitivity curve could be overlayed with experimental emission spectra of LED available at our disposal to determine which bandwidth could be potentially used for intensity interrogation and biosensing. As an illustration for this particular case, the most prominent LEDs were 455 nm, 470 nm, 590, and 625 nm with upward and downward sensitivity trends. Once the methodology and performance characteristics of the sensor were established, we could proceed to the material selection and thickness optimization steps. 

Material analysis and selection

Nowadays, numerous materials with attractive properties can potentially be used for sensor fabrication and lead to remarkable performance. Various materials, like metal, oxides, and polymers, have been used to fabricate reflecting layers and cavities in interferometric sensors.

Our work benefits from previous works that have produced multi-layer optical structures on optical fibers. Their choices of optical materials of interest serve as a reference library. Starting with the reflecting layer, it has to be made from material with a relatively high refractive index compared to the other transducer parts, which can tune the reflectivity and, thus, the proportion of reflected and transmitted waves.

Pavec et al. [START_REF] Pevec | High resolution, all-fiber, micro-machined sensor for simultaneous measurement of refractive index and temperature[END_REF] deposited a 200 nm thick layer of T iO 2 on a cap of structured core-less fiber to ensure efficient reflection of a modulated wave by the presence of a tested medium for an all-fiber micro-machined sensor dedicated to refractive index measurement. The humidity sensor used the same material with T iO 2 /P orous SiO 2 /T iO 2 multilayers [START_REF] Yang | Dielectric multilayer-based fiber optic sensor enabling simultaneous measurement of humidity and temperature[END_REF]. In the patented fiber-optic assay apparatus based on phase-shift interferometry, a 25 nm layer of T a 2 O 5 was used as a reflecting layer [START_REF] Tan | Fiber-optic assay apparatus based on phase-shift interferometry[END_REF]. For humidity sensors, two 60 nm layers of ZrO 2 played the role of reflecting mirrors [START_REF] Peng | Thin-film-based optical fiber Fabry-Perot interferometer used for humidity sensing[END_REF]. A 190 nm Hf O 2 layer was used to cover resonator walls in a fiber-integrated Fabry-Perot microresonator to improve mirror reflectivity [START_REF] Wieduwilt | Reflectivity enhanced refractive index sensor based on a fiberintegrated Fabry-Perot microresonator[END_REF]. To improve sensitivity, a sensing side of the fiber-optic interferometer based on a Mach-Zehnder configuration was coated with various thicknesses of Hf O 2 [START_REF] Melo | Refractive index sensor based on inline Mach-Zehnder interferometer coated with hafnium oxide by atomic layer deposition[END_REF]. In a study by Hirsch [START_REF] Hirsch | Low-Coherence Interferometric Fiber-Optic Sensors with Potential Applications as Biosensors[END_REF], T iO 2 and Al 2 O 3 were studied as reflecting layers for low-coherence interferometric fiber-optic sensors. Two optical fibers' end faces were coated with a layer of ZnO and aligned to form a Fabry-Perot cavity [START_REF] Majchrowicz | Application of Thin ZnO ALD Layers in Fiber-Optic Fabry-Pérot Sensing Interferometers[END_REF]. ZnS, which has a relatively high refractive Chapter 2. Modeling of interferometric sensor index and is used in anti-reflecting coatings, can also serve as a reflecting layer [START_REF] Macleod | Thin-Film Optical Filters[END_REF]. A theoretical study used it as one of the primary materials in a one-dimensional distributed Bragg's Reflector Fabry Perot Microcavity [START_REF] Ranjith | Detection of oral cancerous cells using highly sensitive one-dimensional distributed Bragg's Reflector Fabry Perot Microcavity[END_REF]. Another way to create a reflecting layer is to use metals. Pevec et al. [START_REF] Pevec | Miniature fiber-optic Fabry-Perot refractive index sensor for gas sensing with a resolution of 5x10 9 RIU[END_REF] sputtered an aluminum layer on the end-cap of a miniature fiber-optic Fabry-Perot gas sensor to enhance reflectivity. Deposited 50 nm and 100 nm Au layers formed internal reflection mirrors of various reflectivity in fiber-optic Fabry-Perot interferometer for refractive index measurement [START_REF] Li | A Highly Sensitive Fiber-Optic Fabry-Perot Interferometer Based on Internal Reflection Mirrors for Refractive Index Measurement[END_REF]. Viphavakit et al. [START_REF] Viphavakit | Gold Enhanced Hemoglobin Interaction in a Fabry-Pérot Based Optical Fiber Sensor for Measurement of Blood Refractive Index[END_REF] used the same metal to form an external 100 nm thick mirror at the fiber tip to measure hemoglobin concentration in blood solutions. A patented interferometric biosensor in some embodiments of biosensors proposed a list of materials that could be used for reflecting layers based on their refractive index [START_REF] Yao | Interferometric sensors for biochemical testing[END_REF]. The list is the following where the majority of materials were oxide:

T iO 2 , T i 2 O 3 , T i 3 O 5 , T a 2 O 3 , T a 2 O 5 , SiO , Al 2 O 3 , ZrO 2 ,ZnO , LaT iO 3 , IT O , N b 2 O 5 , ZnSe, CeO 2 , Y 2 O 3 , Hf O 2 , Gd 2 O 3 , SnO 2 .
Generally, the cavity material has a lower refractive index than the reflecting layer. It has to be transparent enough for a certain range of sensing wavelengths, letting the wave transmitted through the reflecting layer probe the tested medium and efficiently return. A 770 nm layer of SiO 2 was used as a cavity in the patented fiber-optic assay apparatus based on phase-shift interferometry [START_REF] Tan | Fiber-optic assay apparatus based on phase-shift interferometry[END_REF]. A 1620 nm cavity was formed by a deposited layer of porous SiO 2 in a multilayer-based fiber optic sensor of temperature and humidity [START_REF] Yang | Dielectric multilayer-based fiber optic sensor enabling simultaneous measurement of humidity and temperature[END_REF]. Similarly, 5000 nm of porous SiO 2 between ZrO 2 mirrors was used in Fabry-Perot interferometer for humidity sensing [START_REF] Peng | Thin-film-based optical fiber Fabry-Perot interferometer used for humidity sensing[END_REF]. In some cases, Al 2 O 3 could play the role of the cavity. For instance, in the multi-layer structure of ZrO 2 /Al 2 O 3 /ZrO 2 for Fabry-Perot fiber temperature sensor [START_REF] Lee | Optical Fiber High-Temperature Sensor Based on Dielectric Films Extrinsic Fabry-Pérot Cavity[END_REF]. A 310 nm thick layer of ZnO was deposited at the top of single-mode optical fiber to form a cavity of fiber-optic Fabry-Perot temperature sensor [START_REF] Jedrzejewska-Szczerska | ALD thin ZnO layer as an active medium in a fiberoptic Fabry-Perot interferometer[END_REF].

Various polymers can also be used to fabricate a cavity on top of the fiber's face. For instance, SU -8, a negative photoresist, was applied at the tip of the optical fiber to form a 30µm cavity for the refractive index Fabry-Perot sensor [START_REF] Zhao | High-Resolution and Temperature-Insensitive Fiber Optic Refractive Index Sensor Based on Fresnel Reflection Modulated by Fabry-Perot Interference[END_REF]. Another study tested N OA61, a UV-Curable Polymer, to fabricate microhemispheres of various sizes at the end of optical fiber for Fabry-Perot Interferometer for simultaneous measurement of refractive index and temperature [START_REF] Tan | UV-Curable Polymer Microhemisphere-Based Fiber-Optic Fabry-Perot Interferometer for Simultaneous Measurement of Refractive Index and Temperature[END_REF]. Cyclic olefin polymers and copolymers are used as substrate material in microfluidics and can potentially be used for lab-on-a-chip applications [START_REF] Nunes | Cyclic olefin polymers: emerging materials for lab-on-a-chip applications[END_REF]. For instance, brands like Zeonex [START_REF]Properties of ZEONEX Cyclo Olefin Polymer (COP)[END_REF] and Topas [START_REF]Properties of ZEONEX Cyclo Olefin Polymer (COP)[END_REF] have refractive indexes and transmission ranges similar to SiO 2 . Hollow-core liquid infiltrated photonic crystal made of Zeonex was theoretically studied to detect fuel adulteration via its refractive index modification [START_REF] Hossain | Designing of Hollow Core Grapefruit Fiber Using Cyclo Olefin Polymer for the Detection of Fuel Adulteration in Terahertz Region[END_REF]. Cyclic Olefin copolymer from Topas brand was used to fabricate microstructured polymer optical fiber for selective multi-antibody biosensing [START_REF] Emiliyanov | Selective Serial Multi-Antibody Biosensing with TOPAS Microstructured Polymer Optical Fibers[END_REF]. Another polymer, Parylene, is widely used as a coating material in the industry and medical applications [START_REF] Sik | Improved biocompatibility of parylene-C films prepared by chemical vapor deposition and the subsequent plasma treatment[END_REF]. It was placed between two mirrors made of ZnS and N a 3 AlF 6 to form a cavity in a planar Fabry-Perot polymer film ultrasound sensor for imaging of biological tissues [START_REF] Zhang | Backward-mode multiwavelength photoacoustic scanner using a planar Fabry-Perot polymer film ultrasound sensor for high-resolution three-dimensional imaging of biological tissues[END_REF][START_REF] Laufer | In vivo preclinical photoacoustic imaging of tumor vasculature development and therapy[END_REF].

The previously mentioned materials are grouped in the Table 2.1. The possible materials for the reflecting layer and cavity are not exhaustive, and many other substances could be Table 2.1: The list of potential materials that could be used for reflecting layer and cavity fabrication.

Layer Material

Reflecting layer

T iO 2 , T a 2 O 5 , ZrO 2 , Hf O 2 , Al 2 O 3 , ZnO, ZnS, Al, Au, T i 2 O 3 , T i 3 O 5 , T a 2 O 3 , SiO, LaT iO 3 , IT O, N b 2 O 5 , ZnSe, CeO 2 , Y 2 O 3 , Gd 2 O 3 , SnO 2 Cavity SiO 2 , Al 2 O 3 , ZnO, SU -8, N OA61
, Zeonex, T opas, P arylene C used. However, we have to consider the global picture and anticipate limits and difficulties that must be considered or overcome. The project aims to create a biosensor on optical fiber bundles. Two layers have to be deposited on top of the fiber to enable interferometric phenomenon at the fiber's tip. Each layer's requirements must be treated not solely but in tandem with others. The reflecting layer has to possess a refractive index large enough to split the incoming light into two main waves efficiently. On the contrary, the cavity has to be transparent enough to let the second wave probe the tested medium and efficiently return.

The transmission window of wavelength has to be similar for both materials to ensure light propagation. Potential materials for these layers have to be efficiently anchored to the fiber's surface and compatible with each other. For instance, two materials with far different lattice sizes might not be favorable and cause a strain in deposited layers that could produce defects, reduce film quality, or change properties [START_REF] Gabrys | Lattice Mismatch in Crystalline Nanoparticle Thin Films[END_REF][START_REF] Neretina | The role of lattice mismatch in the deposition of CdTe thin films[END_REF]. Also, the available fabrication methods, fiber geometry, and size must be considered. Since we would like to develop not simply a refractive index sensor but a biosensor to capture biomarkers, the cavity material has to be suitable for existing surface chemistries. Moreover, both layers have to be biocompatible (no reported genotoxicity and cytotoxicity) since the ultimate goal is in vivo application. Finally, the materials have to be resistant to chemical and physical changes in the sensing environment, such as temperature and humidity fluctuations. This may potentially reduce false positive and false negative results caused by environmental changes. Based on all these considerations, we decided to combine T a 2 O 5 for the reflecting layer and SiO 2 for the cavity. The refractive index of T a 2 O 5 is equal to 2.10, whereas for SiO 2 1.46 at λ = 589.3 nm [START_REF] Luis | Self-consistent optical constants of SiO 2 and Ta 2 O 5 films[END_REF]. Refractive indexes for both materials do not change significantly for visible and beginning of the near-infrared regions, while the transmission of materials is high.

Concerning the influence of temperature on material properties like layer thickness and refractive index change, the aforementioned materials are quite stable. Two coefficients should be taken into account: the thermal expansion coefficient -degree of material expansion due to temperature variation and the thermo-optic coefficient, how the refractive index modifies with temperature change. For instance, the averaged coefficient of thermal expansion of SiO 2 for the range from 20 • C to 100 • C is 0.45 • 10 -6 / • C according to Souder [START_REF] Souder | Measurements on the thermal expansion of fused silica[END_REF]. The thermooptic coefficient of Corning 7980 fused silica was equal to 8.86 • 10 -6 / • C measured at 22 • C and 600 nm [START_REF] Leviton | Temperature-dependent absolute refractive index measurements of synthetic fused silica[END_REF]. Comparatively, the averaged thermal expansion coefficient of T a 2 O 5 was Chapter 2. Modeling of interferometric sensor 3.60 • 10 -6 / • C for a temperature range of [20 -70] • C [START_REF] Tien | Simultaneous determination of the thermal expansion coefficient and the elastic modulus of Ta2O5 thin film using phase shifting interferometry[END_REF]. The thermo-optic coefficient for T a 2 O 5 was experimentally defined as 2.30•10 -6 / • C at 632.8 nm for a • C temperature range [START_REF] Chu | Temperature dependence of refractive index of Ta2O5 Dielectric Films[END_REF]. These coefficients will vary depending on the fabrication method of materials and corresponding experimental conditions during coefficient determination. Usually, the humidity-sensitive sensors utilize the swelling of the cavity or water condensation inside of the porous cavity. We believe that these materials, with proper fabrication methods, should demonstrate resistance toward relative humidity change in the sensing medium.

Concerning biocompatibility, several studies demonstrated that bulk T a 2 O 5 has cytocompatibility and anti-corrosive properties, allowing it to be used in potential medical devices [START_REF] Ruckh | Nanostructured tantala as a template for enhanced osseointegration[END_REF][START_REF] Huang | Antibacterial properties and cytocompatibility of tantalum oxide coatings with different silver content[END_REF][START_REF] Huang | Antibacterial properties and cytocompatibility of tantalum oxide coatings with different silver content[END_REF][START_REF] Beline | -Ta2O5 thin film for implant surface modification triggers superior anti-corrosion performance and cytocompatibility of titanium[END_REF][START_REF] Thanka Rajan | In vitro biocompatibility and degradation assessment of tantalum oxide coated Mg alloy as biodegradable implants[END_REF]. The bulk form of SiO 2 , widely used as a main material for fibers in biosensors based on optical fibers, also possesses a cytocompatibility [START_REF] Sahu | In Vitro Cytotoxicity of Nanoparticles: A Comparison between Particle Size and Cell Type[END_REF][START_REF] Katsumiti | Cytotoxicity of Au, ZnO and SiO2 NPs using in vitro assays with mussel hemocytes and gill cells: Relevance of size, shape and additives[END_REF][START_REF] Voskerician | Biocompatibility and biofouling of MEMS drug delivery devices[END_REF].

Evidently, for the final application, the whole transducer has to meet the standards of ISO 10993, which provides a framework for biocompatibility testing, including tests for genotoxicity, carcinogenicity, reproductive toxicity, and in vitro cytotoxicity [263, 264].

Reflecting layer study and optimization

The study and optimization of reflecting layer thickness were based on its thickness variation while keeping the rest of the layers constant. The width W of the model geometry was set to 1 µm. The fiber's core refractive index n 1 was set to be equal to 1.4696. It was taken from the core of one of the fibers (S405-XP, Thorlabs) that we considered for preliminary biosensing tests. The dispersion of the refractive index upon wavelength variation was considered for the cavity and reflecting layer. The role of the cavity was played by a layer of SiO 2 with a thickness d 3 equal to 400 nm chosen for study purposes solely. The refractive index n 3 of this layer was 1.420 at 504 nm, which was given by one of the potential contractors to fabricate layers. The thickness d 4 and refractive index n 4 of tested medium were set to 500 nm and 1.333, respectively. Finally, for the reflecting layer, we used T a 2 O 5 with a refractive index of 2.133 at the same wavelength. The corresponding dispersion curve is shown in Appendix B.1. The starting point for the reflecting layer optimization was inspired by scientific studies presented in the section 2.4.2, Material material analysis. The tested thicknesses d 2 were the following 50, 40, 30, 20, 10, and 5 nm. The dispersion curve for this material was taken from the study of Marcos et al. [START_REF] Luis | Self-consistent optical constants of SiO 2 and Ta 2 O 5 films[END_REF]. A 300 -900 nm wavelength range with a 2 nm step was used to excite the model. The selected range was relatively large enough to test the influence of reflecting layer variation, while the wavelength resolution was sufficient to resolve peaks and valleys.

The obtained results demonstrated that with increasing of reflecting layer thickness, the portion of reflected light also increased, except locally for the 50 nm layer and at the shorter wavelength (Figure 2.8 A). Moreover, the thickness increase induced the spectral shift of dependence towards longer wavelengths, reaching ∆λ = 32 nm between the most left peaks (around short wavelengths) of the reflecting layer with 50 and 5 nm, respectively. The most left peak and valley for 50 nm reflecting was lower in terms of reflectance compared to other thicknesses (40 and 30 nm). We assume that in the case of 50 nm, its thickness brought a more significant effect in interferometric fringes formation, where the reflecting layer started to act more like a cavity causing a lowering of peak and valley position. It demonstrated the point at which the simulated response of the model did not follow exactly the same variation tendency anymore as was the case for the thinner layers.

At the current stage, it was not possible to conclude which thickness could provide better sensor sensitivity. The methodology and data treatment steps described before were applied to convert the obtained reflectance curve into sensitivity as a function of wavelength. For instance, the calculated sensitivity for the whole excitation wavelength at 400 nm cavity and 30 nm reflecting layer is given in Figure 2.8 B. This type of representation gives information about excitation wavelengths that provide the highest sensitivity. In a particular case, potential intensity interrogation at 324, 374, 442, 540, and 694 nm would provide sensitivity better than 172%/RIU , reaching a maximum of 448%/RIU at the last mentioned wavelength.

The above-described procedure was done for the rest of the simulated responses at various reflecting layer thicknesses. To make the comparison more convenient, the wavelengths that provided the highest sensitivities at each reflecting layer thickness were represented in the form of a bar chart. Since there were two kinds of intensity variation (upward and downward) upon refractive index modification, only the absolute value of sensitivity was taken for simplicity of representation. Besides, as it is clear from Figure 2.8 B, the peaks and valleys had a bell-like shape, and the absolute value of the sensitivity would depend on the bandwidth of the source used for interrogation. Therefore, we did not consider any restrictions for sensitivity calculation in terms of emission bandwidth and provided the highest possible sensitivity (Figure 2.9). Only the five most sensitive wavelengths were highlighted for each thickness of the reflecting layer. To describe the theoretical response of the sensor more comprehensively, we will consider the three best sensitivities. For instance, the best three wavelengths for the 50 nm reflecting layer had sensitivity better than 187%/RIU compared to the 20 nm layer with 301%/RIU (Figure 2.9 A). 30 and 40 nm reflecting layer were the second and the third most prominent thicknesses, providing sensitivity for three best wavelengths larger than 225%/RIU and 187%/RIU , correspondingly. The best sensitivity for the given group of thicknesses was the 20 nm reflecting layer, demonstrating 727%/RIU at 684 nm. While the thickness of the reflecting layers decreased, the general trend of sensitivities augmented. 5 and 10 nm reflecting layers followed the same trend, showing dramatically improved sensitivity (Figure 2.9 B). The reflecting layer with 10 nm thickness showed the three best wavelengths sensitivity better than 488%/RIU . On the contrary, the 5 nm thick layer showed an even larger sensitivity of 1288%/RIU for the three best wavelengths. The highest sensitivity for the 10 nm reflecting layer was 2149%/RIU at 678 nm, whereas 5 nm could reach 16970%/RIU at 684 nm -the maximum observed sensitivity among all layers. Generally, longer wavelengths provided better sensitivities.

This last point and the fact that thinner reflecting layers demonstrated better sensitivity, in general, can be explained in the following way. As we could notice before in Figure 2.8 A, the dependence of reflectance as a function of wavelengths was not flat and had a declining trend of reflectance towards longer wavelengths. It means that the observed reflectance of peaks and valleys had a lower value. The normalization step described by equation 2.13 was performed with respect to reflectance R water simulated in the presence of water. The reflectance R water in the denominator was smaller for longer wavelengths. Therefore this mathematical operation ∆R R gave a larger value that consecutively increased the calculated sensitivity S. In some extreme cases, like for 5 and 10 nm reflecting layers, the reflectance R water for the largest sensitivities were 1.03 • 10 -4 and 1.96 • 10 -3 , respectively. In this case, R water in the denominator tended to 0. Therefore the result of this mathematical operation ∆R R tended to ∞ . Hence, the corresponding sensitivity provided a striking value. One may ask if we can keep decreasing the reflecting layer thickness while improving the sensitivity of the sensors. Theoretically, it is possible, but the sensor response's reflectance will continue decreasing as well. Working under such extreme conditions would be challenging due to the noise and other interfering phenomena that may occur during experimental measurements.
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In conclusion, the most prominent thicknesses of the reflecting layers were 5 and 10 nm, which provided 16970%/RIU and 2149%/RIU at 684 nm and 678 nm, respectively. A larger thickness of reflecting layers, like 20 and 30 nm, can be considered as well during the manufacturing stage since the error in deposited thickness will be less impactful on the sensitivity values.

Cavity study and optimization

The same model was used to explore the influence of the cavity thickness variation. An increased wavelength range of 300 -1600 nm with a 2 nm step was used to excite the model. A variation in cavity thickness d 3 having 200 -700 nm range with 100 nm step was tested. The results of the thickness variation in the form of reflectance as a function of wavelength are given in Figure 2.10. As the cavity became thicker, the extrema's (i.e. interference fringes) spectral position changed, and they appeared more frequently. For instance, for the 200 nm thickness of the cavity, the position of the first-order peak was around 470 nm, while the second-order valley was approximately at 380 nm. When the cavity reached 300 nm, the first-order peak and second-order valley appeared at 648 nm and 572 nm simultaneously, decreasing the dependence's reflectance level. Similar behavior was for the 400 nm cavity, where the first-order peak and second-order valley shifted to 878 nm and 728 nm, respectively. Moreover, the separation in reflectance between adjacent valleys and peaks (1st-order peak and 2nd-order valley) increased as the cavity grew. The larger the cavity, the easier peaks and valleys appeared distinguishable. The same behavior is observed for other thicknesses. As the cavity becomes thicker, the peaks and valleys shift towards the longer wavelengths and become more distinguishable. Since we want to perform intensity interrogation at fixed wavelengths where the change of reflectance is the maximum, the selection of proper cavity thickness is very important. Therefore, to make the examination more convenient, I transformed the reflectance as a Chapter 2. Modeling of interferometric sensor function of wavelength into sensitivity form and overlaid it with emission spectra of LEDs as was demonstrated in the methodology section. The superior limit of wavelength range was narrowed to 900 nm to bring comparison to a more realistic working wavelength range.

The selection of optimal cavity thickness was based on the overlap of the emission spectra of LEDs at our disposal and the theoretical sensitivity curve (Figure 2.11). We focused on the full overlap and omitted cases where the full widths and half maximum of LED's emission spectra reached the node of the sensitivity curve. Nevertheless, LED with a more suitable emission spectrum might be purchased. 200 nm cavity had wide valleys and peaks. Almost all LEDs could be used for interrogation, whereas 530 nm LED would provide the best sensitivity. 300 nm cavity exhibited narrower maxima of sensitivity. Moreover, their positions allowed interrogating with upward at 490, 530, and 590 nm and downward sensitivity trends at 660 nm. 400 and 500 nm cavities had quite similar sensitivity curves, while the extrema position looked 180 • out of phase. The potential LEDs for the first case were 455, 625, and 660 nm with an upward trend, while 530 and 590 nm with a downward trend. On the contrary, for the 500 nm cavity, 455, 470, 625, and 660 nm with a downward trend, whereas only 530 nm with an upward trend. In the case of cavities with a thickness of 600 nm and beyond, the extrema's width decreased even more, making finding a proper overlap troublesome. 470, 625, and 660 nm with upward and only 530 nm with downward sensitivity trend were potential LEDs for the 600 nm cavity. Even a lesser number of LEDs could be used for the 700 nm cavity: 490, 625, and 660 nm with a downward trend The list of all potential LEDs that could be used for biosensing and their corresponding sensitivity trends are given in Table 2.2 Generally, the peaks and valleys at longer wavelengths were more optimal due to their relatively larger width and better sensitivity. Moreover, peaks or extrema with upward trends provided larger sensitivity.

Theoretically, all the presented cavity thicknesses could be used for biosensing via intensity interrogation at fixed wavelengths. However, there is a list of actual restrictions that have to be considered. The main restrain is related to the operating wavelength of the different optical elements of the acquisition chain: optical fiber bundle used for interferometric-based sensing, light source, various optical elements (lens, mirror, etc.) that compose the optical setup used for interrogation, and finally, the camera. Certainly, optical elements with better operating bandwidths could be used, but the camera is a major bottleneck. The typical efficiency of the camera is not constant depending on wavelength and has a certain maximum quantum efficiency (probability to generate electrons by incoming photon). The camera we have at our disposal can operate in the visible range and has a maximum quantum efficiency at around 590 nm. Hence, the maxima of sensitivity have to be positioned in the visible range. Another constraint is related to the maximum cavity thickness that could be used. As the thickness increased, more densely packed peaks and valleys appeared. In the case of intensity interrogation with a relatively broad light source like LED, the emission spectrum can overlap with sensitivities having different signs (upward and downward variation of intensity). Therefore, the sensors will provide underestimated sensitivity due to mixed responses. On the other hand, we have to consider uncertainty in cavity thickness during the deposition Chapter 2. Modeling of interferometric sensor step. Since the sensitivity maxima are quite narrow, an error in thickness would shift the corresponding maxima position. In the worst case, a node with zero sensitivity will appear at the expected maximum sensitivity (see Chapter 3 where uncertainties of thicknesses are discussed). Based on the above-described constraints, the most suitable thicknesses of the cavity were in the range of 300 -700 nm.

Expected performance of a sensor

Based on the previous discussions and restrictions, we decided to pursue the fabrication of a sensor having a combination of 5, 10, and 30 nm reflecting layers with T a 2 O 5 and 300, 400, and 600 nm cavities with SiO 2 . In total, it gave 9 distinct sensors theoretical responses of which were simulated. The reflectance of each combination was transformed into a sensitivity curve following the methodology described in the section 2.4.1. To bring the expected performance closer to experimental conditions, the sensitivity curve was overlapped with emission spectra of LEDs at our disposal. To express expected sensitivity with respect to the emission spectrum of LED, the average sensitivity was calculated within the wavelength range of the spectrum's full width at half maximum. This step was performed for all presented combinations and available LEDs. The two best sensitivities were taken for each combination.

To simplify the comparison and representation, the sensitivities were presented in the form of a bar chart for corresponding LED (Figure 2.12). According to the bar chart, thinner layers would yield better sensitivities. The 5 nm reflecting layer generally produced the best sensitivities, with the exception of the 400 nm cavity at 530 nm LED. In contrast, the 30 nm layer would provide the smallest sensitivity among the considered combinations. Using the reflecting layer and cavity combination of 5 nm 400 nm, 5 nm 600 nm, and 5 nm 300 nm, the best sensitivity of 6373%/RIU at 660 nm, 5600%/RIU at 625 nm, and 3082%/RIU at 530 nm can be expected. For the 10 nm reflecting layer, the expected best sensitivities were 1818%/RIU at 600 nm, 1608%/RIU at 625 nm, and 961%/RIU at 530 nm using 400, 600, and 300 nm cavities, respectively. In contrast, using the 30 nm reflecting layer, the anticipated optimal sensitivities for the 400 nm, 600 nm, and 300 nm cavities were determined to be 364%/RIU at 660 nm, 347%/RIU at 625 nm, and 304%/RIU at 530 nm.

Sensor response to variation of a simulated biolayer

Another way to experimentally characterize the sensor consisted of consecutive layer-by-layer adsorption of oppositely charged polymer mono-layers to the sensor surface. Such a method is widely used for surface sensitivity determination. Similar to the experimental approach, we could simulate the simplified behavior of the sensor. Regarding mono-layer adsorption, a primitive equivalent was achieved by introducing an additional layer that played the role of adsorbed biomolecules. For this study, we assume a biomolecule attachment to the biosensor surface in the form of a nanometer-thick homogeneous layer with a constant refractive index deposited on top of the cavity (Figure 2.13).

The question that arose at this point was the biolayer's refractive index. The answer is not so simple and definitive. The refractive index of biomolecules n bio and their parts have quite a wide range. For instance, Choi et al. used tomographic phase microscopy to examine the refractive index of HeLa cells and their inner parts [START_REF] Choi | Tomographic phase microscopy[END_REF]. They demonstrated that nucleus (n = 1.355 -1.365), cytoplasm (n = 1.36 -1.39), and nucleoli (n = 1.375 -1.385) had various refractive indexes. Haseda studied the refractive index of mitochondria, which was equal to 1.4 [START_REF] Haseda | Significant correlation between refractive index and activity of mitochondria: single mitochondrion study[END_REF]. Another study examined adsorbed protein layers' density and refractive index, showing a refractive index range of [1.36 -1.55] [START_REF] Vörös | The Density and Refractive Index of Adsorbing Protein Layers[END_REF]. For simplicity, a mean value of Chapter 2. Modeling of interferometric sensor the refractive index for the biolayer was taken and set to n 5 = 1.41. The thickness variation of the biolayer was in the range of d 5 = 1 -5 nm with step d 5 = 1 nm. The cavity and the reflecting layer thicknesses were set to 400 and 30 nm, respectively. The optical index of the tested medium was fixed to a water-like 1.333. The mesh size for the current configuration was optimized and set to λ/12. The rest of the model was the same as in the reflection layer study and optimization section. As the biolayer's thickness increased, the reflectance level went down, while the dependence shifted toward the longer wavelengths similar to what was observed with increasing cavity thickness illustrated in Figure 2.10 At this step, we could use the same methodology presented in the section 2.4.1, Methodology of theoretical performance characterization and data treatment flow, with a small modification of the applied formulas form. The equation was applied to obtained dependencies for normalization.

∆R R = R bion -R 0 R 0 (2.15)
The difference between refractive index modification and the current study was in the cause of reflectance modification. R bion was the reflectance in the presence of a certain thickness d 5 of the biolayer, while R 0 was with a bare cavity in contact with tested medium. The result of this step in percentage form is given in Figure 2.15 A. Similarly, as mentioned in previous sections, we could calculate sensitivity. ∆R R was taken for all tested thicknesses of the biolayer, where the slope was calculated with respect to the corresponding thickness of the biolayer d 5 . The units for this study would change from The procedure was performed for all tested range of wavelength. From the dependence of sensitivity as a function of wavelength, six extrema with the highest sensitivity stood out. 308, 412, and 622 nm with an upward sensitivity trend, meanwhile 346, 480, and 784 nm with a downward trend. The highest sensitivity in absolute value was at 622 and 784 nm, demonstrating 0.73 and 0.72 %/nm, respectively. The smallest sensitivity was observed at the shortest wavelength of 346 nm with 0.61%/nm. The general trend of sensitivities was similar to the one observed during the study of refractive index variation. The interrogation at a longer wavelength provided better sensitivity. Another question that arose was the comparison of results obtained during refractive index variation of the whole tested medium presented in section 2.4.1 and biolayer thickness variation discussed above. The responses at the 400 nm cavity and 30 nm reflecting layer were compared for this goal. The sensitivity curves in Figure 2.16 had shifted spectral positions with respect to each other. Moreover, the difference between peak and valley from refractive index variation had a tendency to increase towards longer wavelengths. The results of biolayer thickness variation had a more homogeneous distribution of extrema position. The spectral shift can be explained by looking at response variation on the curve of reflectance as a function of wavelength. In the case of refractive index variation, only the reflectance Performing a double simulation could assist in identifying optimal conditions for real detection. Real detection was more accurately modeled by layer adsorption, but in practical use, variations in the index of the media are expected as well. The figure 2.16 demonstrates, for instance, that selecting a wavelength of 610 nm would provide good sensitivity to layer Chapter 2. Modeling of interferometric sensor adsorption but minimal sensitivity to bulk refractive index change. On the other hand, a wavelength of 650 nm would yield similar sensitivity in terms of layer adsorption and changes in the media's refractive index. Conversely, if the objective is to detect solely refractive index changes in the media without considering biolayer adhesion to the surface, 700 nm was the optimal choice.

Conclusions and perspectives

While working on the simulation problem, we were able to adapt the geometry of the proposed biosensor to the simulation. A 2D model containing the optical fiber's core, reflecting layer, cavity, and the tested medium was successfully set and optimized. The interferometric phenomenon expected to occur at the tip of the fiber bundle was simulated and observed in the form of valleys and peaks on the reflectance curve. Moreover, the result 2D model simulation was compared with Transfer matrix method (TMM), the reference method, proving the correctness of the COMSOL model. (See Appendix B.2)

The analysis and selection of potential materials were done. Due to their properties, T a 2 O 5 and SiO 2 were selected as possible combinations for the reflecting layer and cavity. The dispersion curve of the refractive index for both materials was considered during the simulation. The methodology of theoretical characterization of the sensor in the form of refractive index variation of the sensing medium was successfully implemented. Sensitivity S was chosen as a characteristic parameter for the optimization process.

A study and optimization of reflecting layer thickness from 5 to 50 nm were performed. As the reflecting layer became thinner, the corresponding intensity of reflected light decreased. The obtained sensitivity curve demonstrated that, in general, interrogation at longer wavelengths provided better sensitivity for each thickness of the reflecting layer. The most prominent thicknesses of reflecting layers were 5 and 10 nm, providing 16970%/RIU and 2149%/RIU at 684 nm and 678 nm (sensitivity at single wavelength). The explanation of dramatic sensitivity was related to the very low reflectance of the water signal, around 1.03 • 10 -4 , that consecutively was used for normalization giving high sensitivity. The very low reflected intensity of light will not be efficiently detected in the experimental setup. This will be discussed in Chapter 4. Thicker reflecting layers like 20 and 30 nm could be used as well since the error in deposited thickness will be less impactful on the sensitivity values.

The influence of [100 -700] nm variation range of cavity thicknesses was studied. The sensitivity curve for each cavity thickness was obtained and overlapped with the emission spectrum of LEDs that were at our disposal. The possible interrogation bandwidths were found for each thickness. The cavity thickness beyond 700 nm would bring too many densely packed peaks and valleys. In the case of intensity interrogation with a relatively broad light source like LED, the emission spectrum can overlap with sensitivities having different signs (upward and downward variation of intensity). Also, due to the operating wavelength of elements in the optical setup that could be potentially used for biosensing, it required operation in the visible range. Based on the above-described constraints, the most suitable Chapter 2. Modeling of interferometric sensor thicknesses of the cavity were in the range of 300 -600nm.

For the following fabrication steps, we chose all possible combinations of 5, 10, and 30 nm reflecting layers with T a 2 O 5 and cavities of 300, 400, and 600 nm with SiO 2 . We simulated 9 distinct sensor responses and determined the corresponding sensitivity. For each combination of layers and available LEDs, we calculated the expected sensitivity with respect to the emission spectrum. We expect to achieve the best sensitivity of 6373%/RIU at 660 nm, 5600%/RIU at 625 nm, and 3082%/RIU at 530 nm using the reflecting layer and cavity combination of 5 nm 400 nm, 5 nm 600 nm, and 5 nm 300 nm, respectively. The expected best sensitivities for the 10 nm reflecting layer were 1818%/RIU at 600 nm, 1608%/RIU at 625 nm, and 961%/RIU at 530 nm using 400, 600, and 300 nm cavities. Using the 30 nm reflecting layer, the anticipated optimal sensitivities for the 400nm, 600nm, and 300nm cavities were determined to be 364%/RIU at 660 nm, 347%/RIU at 625 nm, and 304%/RIU at 530 nm.

Another method of theoretical characterization based on the layer-by-layer adsorption of mono-layer was implemented. The geometry of the model was updated by adding an additional layer that played the role of bio-layer between the cavity and tested medium. For this study 400 nm SiO 2 cavity and 30 nm T a 2 O 5 reflecting layer were chosen. The possible refractive index of the biolayer was investigated in the literature and was set to 1.41 as the mean value. The methodology and reference characteristic parameter was similar to the one used in refractive index variation. The obtained sensitivity curve showed that interrogation at a longer wavelength was more favorable due to the same reason as during refractive index variation tests. Moreover, the extrema of sensitivity curves with upward trends provided superior sensitivity. The highest sensitivity was observed at 622 and 784 nm, demonstrating 0.73 and 0.72%/nm, respectively.

During this PhD, we decided to characterize the sensor's response using global refractive index changes of the tested medium. Nevertheless, completing this characterization in response to a biolayer adhesion would bring a better understanding of the sensor behavior.

Further work, has to address the issue of light losses due to material absorption in layers of an interferometric biosensor. Moreover, the current 2D model could be expanded to a 3D model, which can provide a more comprehensive understanding of the interferometric phenomenon and the sensitivity of the biosensor. The 3D model will include the core and cladding of a part of the multi-fiber assembly, and various modes can be tested for the excitation of the model. The shift from 2D to 3D model, obviously will require much more memory and consecutive mesh adaptation. Since the geometry is symmetrical with respect to fiber axis, only one-quarter of the geometry could be simulated to reduce memory requirements. Furthermore, the response of the sensor to variations in the biolayer thickness can be more fully developed using the COMSOL Multiphysics software. This software has the capability to simulate more advanced models of biomolecular adsorption, which can provide a deeper insight into the behavior of the sensor [START_REF]An Introduction to the Physics of Rapid Detection Tests[END_REF]269,269,270].
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Ce chapitre explique le processus de fabrication des capteurs avec des paramètres prédéfinis tels que le type de matériau et les épaisseurs correspondantes des couches interférométriques. Il exposera le raisonnement mené pour sélectionner les échantillons appropriés pour la fabrication, tels que les fibres optiques et les substrats en verre. La méthode de préparation des échantillons choisis sera explicitée. Nous présenterons ensuite la technique de fabrication des couches interférométriques utilisée pour réaliser les capteurs. La méthodologie pour estimer l'épaisseur des films déposés sera démontrée. La différence entre l'épaisseur souhaitée et l'épaisseur obtenue sera également étudiée, ainsi que son effet sur les performances attendues du capteur. This chapter explains the process of fabricating sensors with pre-defined parameters, including material type and corresponding thicknesses of interferometric layers. It will also cover the reasoning behind selecting suitable samples for fabrication, such as optical fibers and glass substrates. The method of preparation of the selected samples will be explained. The fabrication technique of interferometric layers will be explained. The methodology of thickness estimation of the deposited film will be demonstrated. The difference between the designed and obtained thicknesses will also be explored, along with its effect on the expected sensor performance.

Introduction

The simulation results provided suitable materials, thicknesses of reflecting layers, and cavities to have good sensor sensitivity and operating wavelength bandwidth. This chapter aims to present the choice of samples used for producing suitable sensors and the fabrication techniques. We will describe the samples' preparation, the deposition method, and the results.

Candidates for interferometric sensor fabrication

To fabricate the interferometric layers, like the reflecting layer and cavity, I had to find a suitable support, optical fibers, that could be coated, consecutively optically characterized, and prospectively used in remote biosensing. Later in the text, interferometric layers, coatings, and films will be used interchangeably.

Various samples were proposed for this (Figure 3.1)

• The first one is a 1 mm thick quartz slide (15486445, Alfa Aesar, Fisher Scientific).

The advantage of this sample is its transparency, robustness, and comfort to operate with. Moreover, it has planar geometry close to the one used in 2D simulation, which should bring better experimental matching to the theory. Of course, it is not suitable for in situ biosensing, but it is well adapted to serve as a reference.

• A 125 µm single mode fiber with 3 µm core in diameter (S405-XP, Thorlabs). This sample type is unsuitable for multiplexed detection (single core), but it is the simplest model for biosensor development. There is a big abundance on the market while having an affordable price.

• A 125 µm multi-mode fiber with 50 µm core in diameter (57-066, Edmund Optics). The multi-mode fiber has a structure similar to that of a single-mode fiber and is not, in the same way, adapted for multiplexed detection. Contrary to the single-mode fiber, the multimode fiber can guide more than one mode due to its larger core. This larger core results in a higher ratio of efficient area, leading to a higher Signal-to-noise ratio (SNR).

The important property that has to be mentioned is its ability to withstand extreme temperatures from -190 to +390 • C. This point will be explained in the following sections.

• A 1.6 mm Image Conduit (IC) containing 3012 individual cores 25 µm in diameter Edmund Optics). It is a good model for proof of concept of biosensing. It is adapted to multiplexed detection thanks to the number of cores. Compared to conventional optical fiber, the IC is more rigid, preventing it from being used in situ but reducing sensitivity to mechanical stress that can affect optical signals.

• A 300 µm fiber bundle containing 6000 individual cores 3 µm in diameter and 4.5 µm core pitch (IGN-035/06, Sumitomo Electric Industries). This type of fiber is much less rigid than IC, which allows its use in situ, and provides a twice larger number of potential sensing channels (cores). The drawback of this type of sample is also the number of channels required to be processed.

• A 187 µm single-clad multi-core fiber containing 12 cores 6 µm in diameter (IXF-2CF-MC12-PAS-6, iXblue Photonics). It has a largely reduced number of cores, making data processing easier while maintaining the capacity for multiplexed analysis. Moreover, the good separation of cores (35 µm to the adjacent core) simplifies the task of single-core functionalization with individual probes and may prevent the crosstalk phenomenon between cores. The biosensor development imagined at the beginning of the PhD project foresaw a cyclic approach. We planned to perform an initial simulation, then proceed to fabrication with single-mode and multi-mode fibers, followed by an optical characterization of the transducer to estimate response, sensitivity, and resolution and then a comparison with those of the simulation. If the experimental performance of this sensor was insufficient, new simulation and fabrication parameters, such as different materials and thicknesses, should be proposed until optimal parameters were found (Figure 3.2).

However, the results of the COVID-19 pandemic affected project development efficiency and deadlines dramatically, and we were forced to abandon this cyclic approach.

Cleaving and surface preparation for the fabrication step

The preparation of optical fibers starts with preparing 25 cm long fibers from the long coil of fiber. The multi-mode and single-mode fibers, having a standard 125 µm diameter, were cleaved using a blade cleaver Fujikura CT30. The quality of the cleaved face was checked by injecting the light from an opposite end and checking the homogeneity of a cone of light emanating from it. Since the cleaver is manual without supporting clamps for the opposite fiber side, I had to check the cleaved angle of each fiber under the microscope.

The cleaving quality is an important parameter for several reasons. From the manufacturing point of view, the smooth and clean surface of the fiber will ensure proper attachment of the first interferometric layer, the reflecting layer. From the optical performance point of view, poor surface quality can cause light perturbation during propagation, like scattering, from fiber to interferometric layers via formed defects after cleaving. Despite the good surface quality of cleaving, the optical fiber having a cleaved end under a certain angle different from orthogonal would cause perturbation of the return of light.

Finally, from the surface chemistry point of view, it is well known that good surface quality is the primer requirement for successful surface functionalization.

The Sumitomo fibers bundle was cleaved by colleagues from Institut des Sciences Moléculaires (ISM) in Bordeaux. The 12-core fiber and IC were cleaved by manufacturers. In the late period of my Ph.D., CT-106+ FUJIKURA, a more advanced high-quality cleaving system for various fiber sizes with precise cleaving angles, was purchased. The new cleaver required a cleaving optimization step for each type of fiber to reach a good surface quality. Cleaving quality was verified using an imaging system specifically adapted to optical fibers (Easycheck x400 V2, 2BLightning technologies). The fibers cleaved with this system were used for a second coating try (not presented in this manuscript) and some surface chemistry experiments. Several replicates of each sample were made to test reproducibility in measurements of fiber biosensors and ensure spare stock in case of sample break. Overall, for each combination of interferometric layer thicknesses, I prepared two quartz slides, five single-mode fibers, five multi-mode fibers, two ICs, five Sumitomo bundles, and three 12-core fibers.
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Fabrication of interferometric sensor

Conventional fabrication methods are adapted for the deposition of a film on planar samples like wafers. For this reason, the appropriate fabrication technique had to be adapted for the size and geometry of fibers and the temperatures they could support.

Optical fibers are well known to be covered with a special protective coating to dissipate the induced stress upon fiber bending and to protect its surface from abrasion. These polymer coatings have different operating temperatures. The conventional acrylate coating cannot continuously withstand temperatures above 80 • C, while polyimide may support up to 300 • C [271]. Most manufacturers proposed low-temperature coatings for the samples we were interested in. Therefore, the fabrication technique had to be adapted to the low-temperature deposition.

Since the project aims to perform remote biosensing, we need to work with quite long fibers. The fiber cannot be folded or extensively bent to reduce the place that it takes. Hence, the fabrication method had to be suitable for "bulky" samples.

The method had to be able to deposit T a 2 O 5 for the reflecting layer and SiO 2 for the cavity while having sufficient thickness precision of deposition and film quality. Furthermore, the fabrication method should account for the large thickness difference between the reflecting layer and the cavity while keeping the film quality. After searching for a subcontractor, we found Company X, which had a dedicated machine with the necessary fabrication conditions (Figure 3.3). They used the Ion-assisted electron beam evaporation technique, which involves evaporating target material with an electron gun and bombarding the evaporated atoms with ions from an ion source [START_REF] Guglya | Chapter 4 -Ion-beam-assisted deposition of thin films[END_REF]. The mixed flux of target atoms and ions arrives on the sample fixed on rotating substrates, allowing for low-temperature film deposition.

Company X used Balzers BAK 600 coating machine, where the purity of the used target material for T a 2 O 5 and SiO 2 was 99.99%. The deposition of the two films was consecutive Chapter 3. Fabrication of interferometric sensor without breaking the vacuum. The base vacuum in the chamber was 3 • 10 -6 mbar, while the working pressure during deposition was 2 • 10 -4 mbar. The deposition temperature was in the range of [60 -80] • C. The acceleration voltage of the e-gun was 10 kV . The ion gun had a Kaufman configuration, where Ar + ions were used for bombardment. The substrate with samples bombarded by target atoms and ions rotated at 37 rpm. To produce the oxide, O 2 was introduced into the chamber. The deposition rate of T a 2 O 5 and SiO 2 film was in the range of [0.2 -0.6] nm/s. A quartz microbalance was used to stop deposition once it reached the required thickness. The indicated precision of quartz microbalance was ±5% of the measured thickness. The film fabrication of specific thickness combinations was done on all samples at the same time to ensure the same deposited thicknesses on the different types of samples. Due to the size of IC, the deposition on them was performed separately.

For each deposition, a 2 mm-thick BK7 substrate was introduced as a witness sample, an alternative approach to estimate the thickness of deposited films.

Characterization of the fabricated interferometric sensor

Engineers from Company X optically characterized the witness sample, BK7 substrate, in the air for each layer combination by measuring the transmittance spectrum. The provided error in the measured transmittance intensity was equal to ±0.1%. The transmittance spectrum of coated BK7 was used as a reference in TMM simulation performed by the subcontractor. The thicknesses of the reflecting layer and the cavity were adapted in simulation to obtain a similar spectrum to the experimental intensities. The adapted thicknesses were defined as actual deposited ones. The layered configuration BK7/T a 2 O 5 /SiO 2 /Air formation was used in the simulation. The dispersion curves of the refractive indexes of those materials are given in the appendix C.1. The refractive index of air was set to 1. One of the examples of experimentally measured spectral response and the one obtained in TMM simulation by thicknesses adaptation of the reflecting layer and cavity is given in Figure 3.4. The results of the adapted simulation demonstrated that the closest match between theory and simulation could be obtained with 33.4 nm and 578.8 nm of T a 2 O 5 and SiO 2 , respectively. In this particular case, the expected thicknesses were 30 nm and 600 nm, respectively.

The requested and experimentally obtained thicknesses after fabrication for the first deposition campaign are given in Table 3.1. The first deposition campaign concerns all the samples except ICs. The Run number represents a specific combination of interferometric layer thicknesses. For each Run, the difference between the measured thickness and the requested one was calculated and represented in percentage. Based on the data in the table, we can observe a systematic error in the deposited thicknesses. The difference from the expected value range was from 1.1% to 46.0% for various Runs. For Runs 1, 3, 4, and 5, the measured thickness underwent an overshoot for both layers with respect to the requested. For Run 2, the thickness of T a 2 O 5 had a 2.7% undershoot and an overshoot of 11.3% for SiO 2 . Run 6 An identical problem was observed for the second campaign of depositions of interferometric layer on ICs (Table 3.2). The difference from the expected value range was from 0.3% to 32.0% for various Runs. All thickness combinations, except in Run 1, exhibited undershoot in thickness. For Run 1, the thickness of T a 2 O 5 was 32% larger, while SiO 2 was 0.8% smaller. The weight of the deposited material controlled the deposition process on quartz microbalance that was converted to thicknesses through theoretical density. On the other hand, the optical determination of thickness was performed with a theoretical refractive index. Both theoretical density and refractive index were not perfectly evaluated. Therefore, the company gave us two reasons that could explain this systematic error in the thickness of deposited films: the accuracy of the quartz microbalance, particularly for the thinnest layer, and the lack of reproducibility of the refractive index of the deposited materials.

Since we obtained 12 unique thickness combinations of reflecting layer and cavity over two campaignes, the proper naming to distinguish them had to be implemented. The proposed naming encoded the type of sample, the corresponding Run, and the thicknesses of the reflecting layer and the cavity. For example, SL-R1-14-303 decodes as slide coated during Run 1 with 14 nm of T a 2 O 5 and 303 nm of SiO 2 . For the rest of the samples, SMF-means single-mode fiber, whereas MMF-means multi-mode fiber. IC-and S6k-stand for image conduit and Sumitomo fiber bundle with 6000 cores, whereas F12c for 12-core fiber. Such naming will be encountered in Chapter 4, Optical characterization of interferometric sensors. Although the differences between actual and expected values of deposited thickness may seem small, a change in thickness of only a few nm brought a substantial difference in the spectral response. To examine how the error in thickness affected the spectral response, I performed a simulation in COMSOL. Two reflectance spectra were obtained with the requested thicknesses (10 nm of T a 2 O 5 and 600 nm of SiO 2 ) and the obtained one for Run 5 in campaign 1 (11.9 nm of T a 2 O 5 and 639.8 nm of SiO 2 ) (Figure 3.5). After the study, we found that differences in the cavity and reflecting layer thicknesses led to various consequences. The error in cavity thickness caused a spectral shift of sample response due to the change in the pathway length of the light traveling the cavity. The risk of this spectral shift could be that an extremum node could appear at the wavelength of the expected sensitivity maximum. This could potentially force us to change the interrogation wavelength to another or find a suitable LED for this bandwidth. The error in thickness of the reflecting layer could modulate the reflectance value and consecutively the expected sensitivity that we observed in Chapter 2, section 2.4.3, Reflecting layer study and optimization.

Another problem was related to the surface quality of fibers before and after interferometric layer deposition. The cleaning protocol of Company X consisted of rinsing in ethanol, Deionized Water (DI) water, and subsequent drying with inert gas. In the case of fiber cleaving outside a clean room and being transported to another facility, such cleaning was insufficient. It could not remove all particles of dust that blocked the surface before deposition. Unfortunately, interferometric layers were deposited on the top of such surfaces, making some fibers unusable for optical characterization (Figure 3.6). Indeed, the treated fibers on which dust was blocking the cores could not operate efficiently: the area of the core that could be used in biosensing was unavailable, and light scattering from the objects on the surface could appear. The quartz slide and IC did not have such a problem since their larger size allowed proper cleaning using an ultrasound bath performed in our laboratory. Luckily, more than 40% of the fibers did not have massive dust deposition and could be used 

Conclusions and perspectives

The samples suitable for interferometric deposition were selected during this step. The quartz slides, single-mode, and multi-mode fibers were the simplest models for biosensor development despite the absence of multiplexed biosensing ability. The IC with 3012, Sumitomo fiber bundle with 6000, and multi-core fiber with 12 cores were suitable for potential remote highly multiplexed detection. For the 6 planned different combinations of reflecting layer and cavity thicknesses, two quartz slides, five single-mode fibers, five multi-mode fibers, two ICs, five Sumitomo bundles, and three 12-core fibers with around 25 cm length were prepared.

The restrictions related to the geometry, size, and operating temperatures of the fiberprotecting coating were considered while searching for fabrication techniques. Company X used the Ion-assisted e-beam evaporation technique, a method that fulfilled the requirements, for interferometric layer deposition. The deposition was performed in two campaigns. The first was for all samples together, while the second was only for IC since it had a different size, which required an additional holder. The thicknesses of the deposited layers were defined by measuring the transmittance spectrum of the BK7 glass slide, a witness sample. The transmittance spectrum was used as a reference for TMM simulation, where thicknesses of the reflecting layer and cavity were adapted to match the reference. The results demonstrated a systematic difference from the expected thicknesses in the range of [1.1 -46]% for the first deposition campaign and [0.3 -32]% for the second. For each combination of thickness or Run, undershoot and overshoot were observed. Since each deposition has a unique thickness, a proper naming was proposed. It included the sample type, run, thickness of the reflecting layer, and cavity thickness. The difference in cavity thickness caused a spectral response shift, which could lead to the appearance of nodes at the wavelength where maximum intensity was initially expected. The variation of reflecting layer thickness could modify the expected sensitivity.

A problem with surface quality before the deposition was observed, where a layer of dust was still present after insufficient cleaning. The reflecting layer and the cavity were deposited by Company X despite this problem. In some samples, it led to the blocking of some cores becoming unusable for biosensing and potential light scattering from the dust. This problem was not observed with IC and quartz slide since they were cleaned in the ultrasonic bath in our laboratory. Luckily, more than 40% of fibers were still suitable for optical characterization, surface functionalization, and biosensing steps.

There are several elements and aspects that can be improved during the fabrication step and corresponding characterization. The planar samples could be characterized using techniques like refractometry, which is an alternative method of layer thickness estimation. This should be achievable since the refractive index of the quartz slide, reflecting layer, and cavity made of T a 2 O 5 and SiO 2 are different. The deposition thicknesses could be estimated using Scanning Electron Microscopy (SEM). The side of the fiber can be polished, where the deposited films are observed using the backscattered electrons sensitive to the atomic number of deposited materials. The atomic numbers of tantalum (Z = 73) and silicon (Z = 14) are Chapter 3. Fabrication of interferometric sensor quite different. The structure fiber/T a 2 O 5 /SiO 2 with a large difference in atomic number can provide a substantial contrast to observe the deposited layers and define their approximate thicknesses.

Atomic Force Microscopy (AFM) can be used to verify the surface quality and roughness of the SiO 2 cavity. Since the cavity is the outer layer, this information will be useful for surface chemistry, where smooth surfaces provide better efficiency of surface functionalization.

Concerning future deposition, it would be necessary to improve the surface cleaning protocol of fibers, reduce the difference between actual and expected thickness values, and increase the thickness reproducibility. This could be done by changing the subcontractor or exploring other deposition techniques like Atomic layer deposition.

An alternative approach could be proposed to reduce the number of individual optical characterizations of tested samples with a unique coating of interferometric layers. The approach is based on the wedge-like of gradient thickness variation of the reflecting layer and the cavity deposited on a planar substrate (Figure 3.7). Selecting a certain area on the coated substrate will have a different combination of the interferometric layers due to gradient deposition. Probing different areas with a focused beam of light will provide distinct responses. Knowing how the gradient changes, it is possible to estimate the thicknesses of the deposited cavity and reflecting layer. The challenge is to find a technique that can implement such a solution on a planar substrate and later be transferred to multi-core fiber, where each core will be subjected to different interferometric layer thicknesses. Good thickness determination and precise steps of the focused beam are required. The proposed improvements was inspired by the work of Fillion et al., in which they implemented wedge-like T aO x , and T a formed on F eCoB/T a structure to study Skyrmion chirality reversal, where depending on probing position, the distinct response was obtained [START_REF] Fillion | Gate-controlled skyrmion and domain wall chirality[END_REF].

Chapter 4

Optical characterization of interferometric sensors

Dans ce chapitre, nous discuterons des stratégies et des méthodologies mises en oeuvre pour la caractérisation optique des échantillons fabriqués après le dépôt des couches interférométriques. Deux méthodes d'interrogation seront utilisées : l'interrogation spectrale et en intensité. La première approche permettra d'obtenir une réponse spectrale expérimentale des échantillons préparés (des lames de verres ou des IC constitués de faisceaux de fibres) et de la comparer à la réponse théorique. Les résultats obtenus aideront à choisir des longueurs d'onde appropriées auxquelles l'échantillon est sensible et qui pourront être utilisées pour l'interrogation en intensité. Cette dernière approche, plus adaptée aux analyses multiplexées, sera utilisée à une longueur d'onde fixe pour estimer la sensibilité expérimentale et la résolution des fibres à 12 coeurs et des IC. Les résultats obtenus seront comparés et les échantillons les plus performants seront sélectionnés pour valider la preuve de concept de la détection biomoléculaire.

In this chapter, we will discuss strategies and methodologies for the optical characterization of fabricated samples with deposited interferometric layers. Two interrogation methods will be explored: spectral and intensity interrogation. The spectral interrogation approach will allow us to obtain an experimental spectral response of the prepared planar and fiberbundle samples like quartz slides and IC and to compare it with the theoretical one. The obtained results will help to choose appropriate wavelengths at which the sample is sensitive and that can be used for the intensity interrogation approach. This last approach, more adapted for multiplexed analysis due to the possibility of accessing the intensity of every fiber core, will be used at a particular wavelength to estimate the experimental sensitivity and resolution of 12-core fibers and IC. The obtained results will be compared, and the best-performing samples will be selected to validate the proof of concept of biomolecular detection.

Introduction

Once the transducer was fabricated on samples such as optical fibers and quartz slides, they had to be optically characterized to confirm the successful deposition of the given thickness of interferometric layers and the real experimental performance of the sensor. This also will verify the agreement between the results obtained in the simulation and experimental data. In the next section, we will introduce the strategies of optical functionalization of the samples mentioned earlier, along with corresponding data treatment.

Spectral characterization

The spectral characterization approach is based on the interrogation of a fabricated sample at a broad wavelength range while recording the response with a detector. The typical source of light used in interrogation is a broadband white light source, while the detector is a spectrometer. Our strategy of optical characterization was based on a gradual increase of sample complexity: from a planar sample like a quartz slide to a fiber bundle.

Methodology of spectral characterization: planar sample

The spectral interrogation of a quartz slide with interferometric layers was done using the setup depicted in Figure 4.1. The setup consisted of the following elements: • A fiber-coupled broadband white light source (1) (Thorlabs, SLS201L(/M)) generates light in the 360 -2600 nm range.
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• A compact CCD Spectrometer (2) (Thorlabs, CCS100/M) with 350 -700 nm wavelength range.

• 400 µm 1 × 2 Step-Index Multimode Fiber Optic Coupler (3) with 90 : 10 % coupling ratio and 400 -2200 nm transmittance range (Thorlabs, TT400R2S1B). The 90% end is attached to the spectrometer, while the 10% end to the light source.

• A sample of interest, quartz slide (4), placed on the input of the 1×2 fiber coupler with an index-matching gel (5) (Thorlabs, G608N3). A piece of a hydrophobic polymer film (10) (parafilm) was put at the edge of the quartz slide around the tested medium [START_REF] Heinze | Electrochemistry of Conducting Polymers-Persistent Models and New Concepts[END_REF] to confine the liquid.

The light generated by the fiber-coupled broadband white light source is guided through the 10% end of the 1 × 2 Fiber coupler (3) towards the quartz slide (4), where it is injected into the slide's substrate [START_REF] Saerens | Antibody Fragments as Probe in Biosensor Development[END_REF]. After, the light propagates through the reflecting layer [START_REF] Larry | Strategies for Surface Immobilization of Whole Bacteriophages: A Review[END_REF] and cavity (8), exhibits interferometric phenomenon, probes tested medium [START_REF] Heinze | Electrochemistry of Conducting Polymers-Persistent Models and New Concepts[END_REF], and reflects back. The back-reflected light modulated by the presence of the tested medium is guided through the 90% end of the 1 × 2 Fiber coupler (3) and recorded by the compact CCD spectrometer (2).

It is worth noting that such a system is not monolithic. Each connection of setup elements creates an interface that causes light losses and reflections. The major source of loss is the interface between the quartz slide and the input of the 1 × 2 Fiber coupler. We introduced index matching gel to reduce light losses due to the transition between interfaces fiber coupler/air and air/substrate of quartz slide. Regarding the loss of light, we can calculate the total amount of back-reflected light between a 1 × 2 fiber coupler and substrate of quartz slide with and without index matching gel. The theoretically calculated amount of back reflected light with index matching gel was R = 0.003%, while without anything R = 12%, showing dramatic improvement in light transmission (the detailed explanation and corresponding values used for calculations are given in Appendix A ). Moreover, without the index-matching gel, the back-reflected light will increase the background signal coming from the source.

Solutions containing [1.332 -1.401] range of refractive indexes were used to characterize quartz slide sensitivity to the global variation of refractive index. The particular refractive index was obtained by mixing glycerol (Sigma Aldrich, G7757-1L) and DI MiliQ water (15M Ω • cm) in various proportions. The refractive index of solutions was checked using a compact Hanna instrument HI 96801 refractometer with 10 -4 RIU resolution (0.1 % brix). The dependence of refractive index as a function of glycerol concentration is given in Figure 4.2. As it is hard to remove the tested solution entirely from the sample surface without accidental movement or tilt of the slide, a serial dilution of glycerol solution to reach different refractive indexes was done directly on the sample surface. This process prevented movement of the slide that would have led to signal changes, compromising the subsequent measurement.

The characterization protocol of a quartz slide was following: 4. Placing the quartz slide on top of the 1x2 fiber coupler input core covered with index matching gel.

5. Preparation of the tested medium using a pipette directly at the top of the quartz slide and let it for 1.5 minutes to reach equilibrium.

6. Recording the spectral response of the sample.

Repeating Step 5 and

Step 6 for the rest of the tested solutions.

8. After characterization, cleaning of quartz slide from tested solutions and index matching gel with soap, rinsing with ethanol and water and drying with Argon.

Methodology of spectral characterization: image conduit

As mentioned in Section 3, Fabrication of the interferometric sensor, the deposition of interferometric layers on IC was done separately without any witness sample that is easy to characterize. Therefore, it was necessary to examine conduits directly. The geometry of the IC and light coupling mechanism is different from the previously examined quartz slide. • Fiber-coupled broadband white light source (1) (Thorlabs, SLS201L(/M)) generates light in the 360 -2600 nm range.

• 1000 µm multimode fiber (2) (Thorlabs, M35L02) that guides light from broadband white light source to the optical setup in the 400 -2200 nm range.

• Aspherical lens (3) with a 5 cm focal length to adapt light coming from the fiber.

• Polarizer (4) for linear polarization of light. In combination with an analyzer, reduce the amount of reflected light from the fiber entrance.

• Semi-reflecting mirror (5) (Thorlabs).

• 4x objective (6) (UplanFL, 0.13 NA, Olympus) with 380 -900 nm transmission range.

• IC with interferometric layers (7).

• Tested medium (8).

• Analyzer (9).

• Tube lens [START_REF] Suraniti | Real-time detection of lymphocytes binding on an antibody chip using SPR imaging[END_REF].
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• Silver-coated mirror (11) (Thorlabs, PFR10-P01).

• Aperture for the region of interest localization of examined sample [START_REF] Singh | Biological Biosensors for Monitoring and Diagnosis[END_REF].

• 20x objective (13) (LMplanFL, 0.40 NA, Olympus).

• 400 µm multimode fiber (14) (Thorlabs).

• A compact CCD Spectrometer (15) (Thorlabs, CCS100/M) with 350 -700 nm wavelength range.

The light produced by the fiber-coupled broadband white light source (1) was guided through the 1000 µm multimode fiber (2) to the linear polarizer (4). After, the linearly polarized light was reflected by the semi-reflecting mirror (5) towards the IC and injected by 4x objective (6) through the non-coated face of the sample [START_REF] Larry | Strategies for Surface Immobilization of Whole Bacteriophages: A Review[END_REF]. The injected light propagated to the treated side and exhibited an interferometric phenomenon while probing the tested medium. The back-reflected light modulated by the tested medium was collected by the same 4× objective (6) and propagated through the semi-reflecting mirror (5), analyzer (9), and tube lens [START_REF] Suraniti | Real-time detection of lymphocytes binding on an antibody chip using SPR imaging[END_REF] to the silver-coated mirror [START_REF] Mariani | Layer-by-layer biofunctionalization of nanostructured porous silicon for high-sensitivity and high-selectivity label-free affinity biosensing[END_REF]. The light reflected by the silver-coated mirror (11) went through aperture (12) that cut off the signal that was not coming from IC's core and was injected by the 20× objective (13) inside 400 µm multimode fiber [START_REF]Ageing and health[END_REF]. Finally, the compact CCD Spectrometer (15) detected the light from the fiber.

It is important to emphasize that a set of polarizers and analyzers was utilized to minimize the amount of light reflected by the entrance face of the IC, which can lead to an increased background signal and obscure the intensity modulated by the interferometric phenomenon. A perpendicularly placed analyzer suppresses the linearly polarized light reflected by the IC entrance. The injected light within the IC experiences polarization loss and, after probing the tested medium, can readily pass through the analyzer for detection.

The IC were tested with several aliquots of glycerol solutions having [1.332 -1.401] refractive index range described by the same law as in Figure 4.2. The characterization protocol of IC was the following:

1. Wiping IC surface with Whatman lens cleaning tissue (Sigma Aldrich, WHA2105841) soaked in 98% Acetone to remove dust stuck on the conduit's face.

Observing the cleaned surface under an inverted microscope. Repeating

Step 1 if the surface is not sufficiently cleaned.

Repeating

Steps 1 & 2 for the opposite end of IC.

4. Stabilizing the light source and spectrometer performance by letting them on for at least 1 hour before the experiment.

5. Inserting the IC in a droplet of tested solution and let it for 1.5 minutes to reach equilibrium.
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Repeating Step 5 and

Step 6 for the rest of the tested solutions.

8. After characterization, rinsing the sample with ethanol and DI water and drying it with Argon.

Concerning step 1, we noticed cleaning with dedicated tissue is more efficient than ultrasonic batch with acetone, even for a long period of time.

Data treatment flow

The typical spectral response of a sample obtained by the spectrometer was given in the form of intensity as a function of wavelength (Figure 4.4). To reduce the noise of the recorded signal, at least 100 spectra for each aliquot were recorded and averaged by Thorlabs OSA software, a dedicated signal acquisition and treatment software. After, a rolling average with a 50 data points range was applied to each obtained signal to smooth the curve. Due to the acquisition time ensured that the signal below the aforementioned value was detectable, however, the rest of the spectrum became saturated (Figure 4.4 Bottom). Part of the signal recovered by increased acquisition time was combined with the one recorded before the increase to reconstruct a full response.

Another question had to be addressed concerning the dependence's shape and form of the response signal itself. This dependence doesn't show the sample's response solely. In the case of characterization of the quartz slides, the measured signal I measured combines the response of the broadband light source I source , the 1×2 fiber coupler I coupler , the spectrometer I spectrometer , and finally, the sample I sample . 
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The last step of data treatment was to obtain the sensitivity curve via a slope estimation of normalized intensity at a particular wavelength as a function of the refractive index at which the signals were measured. The dependence slope defines the sensor's sensitivity (S), the degree of signal change with variation of analyte (refractive index) in the tested medium. The idea was to perform the same operation for all wavelength ranges using the formula 4.3.

S(n) = d ∆I I dn (4.3)
We can represent this step's result as a sensitivity dependence as a function of the wavelength at which it was calculated for the whole range of wavelength used for interrogation (Figure 4.6). At this step, it became clear that there are three kinds of response: peaks where intensity rises with the increase in the solution's refractive index, valleys with an opposite trend, and nodes -points at which the sample is not sensitive. This form of dependence allowed comparing the experimental performance with the simulated one. To improve the selection process of bandwidth that could be used for intensity interrogation, we could overlay the sensitivity with the spectrum of LED that could be potentially used. Firstly, it is important to discuss the shapes of the sensitivity curve and the emission spectrum of LED. The sensitivity curve has a sinusoidal shape, where its value increases or decreases gradually with wavelength variation. On the other hand, LED can have a relatively broad, asymmetric emission spectrum with a bandwidth around several tens of nanometers. Therefore, interrogating a sample with this large emission spectrum would not demonstrate sensitivity at a nominal wavelength but an averaged one that includes sensitivities at each wavelength of the LED spectrum. Moreover, the overall sensitivity can be reduced due to the fact that the LED's spectrum overlaps on the sensitivity curve with regions with upward and Chapter 4. Optical characterization of interferometric sensors downward trends of intensity variation at the same time. The impact of this phenomenon can be lowered by narrowing the emission spectrum of LED using band-pass filters. For instance, the spectrum of the band-pass filter with a 560 nm nominal wavelength applied to a LED's spectrum with a nominal wavelength of 565 nm is given in Figure 4.6. The wavelength range for interrogation is reduced dramatically, and the overlapping effect is minimized. Sensitivity at a given LED can be estimated by taking a value of its spectrum's full width at half maximum and calculating the average sensitivity within this wavelength range. Thus, the sensitivity after band-pass filter use increases from -20%/RIU to -58%/RIU . The same approach was applied for all sets of LEDs that potentially could be used for intensity interrogation. The list of LEDs, band-pass filters, their corresponding nominal wavelength, and spectrum range can be found in Appendix A.2. After these spectral optimization and data treatment steps, we can choose the appropriate wavelength for intensity interrogation (Figure 4.7). As an illustration, for the particular case presented in Figure 4.7, the most prominent options for interrogation are LEDs with 470 nm and 490 nm nominal wavelengths giving sensitivity around 400%/RIU , while 560 nm and 660 nm demonstrate less than 50%/RIU . The previously described characterization protocol, optimization, and data treatment steps were applied to the quartz slides with various thicknesses of interferometric layers (Table 4.1).

To remind, the sample name encodes information about the sample type and interferometric layer thicknesses. For instance, in SL-R1-15-303, SL means slide, R1 -batch number, 15 and 303 -rounded thicknesses of reflecting layer and cavity in nm, respectively. It was necessary to verify that the obtained sensitivity curve was indeed caused by the deposited interferometric layers. This could be done by characterizing and comparing sensitivity curves of coated and non-coated slides. The sensitivity curves for SL-R3-13-451, SL-R6-33-579, and non-coated slides are given in Figure 4.8. The response of the SL-R3-13-451 sample had a sequence of valleys and peaks with the highest sensitivities -250%/RIU and Chapter 4. Optical characterization of interferometric sensors 500%/RIU , respectively. On the contrary, the non-coated slide did not demonstrate any sensitivity to the variation of the refractive index of the tested medium. In addition, the results of the optical characterization of SL-R6-33-579 with larger cavity thickness demonstrated a distinct spectral response from the non-coated slide and SL-R3-13-451. The spectral position of peaks and valleys moved in the direction of longer wavelengths, similarly observed in the simulation. Therefore, the observed sensitivity was indeed induced by the interferometric layers.

The next step was to study the degree of agreement between the experimental results and the theoretical one presented in Section 2. Let us compare the sensitivity curve of the SL-R3-13-451 quartz slide presented before with the simulated equivalent in COMSOL. There was a 3 times mismatch of sensitivity value between the experiment and simulation (Figure 4.9, A). The mismatch can be explained by the fact that the model used in the simulation was not comprehensive enough, as we considered light as a plane wave propagating at a normal angle inside the glass substrate towards the interferometric layers. In reality, the light is injected into the substrate from the optical fiber at various angles, which are governed by NA of the output end of the 1 × 2 fiber coupler. The light propagates at different angles inside the slide. Each incidence angle corresponds to an optical distance giving rise to a unique response. The recorded signal is an average of all unique responses corresponding to each propagating angle. Moreover, the simulation did not consider experimental error, the performance of the optical setup used for spectral interrogation, and the impact of noise. At first glance, the common part between the experiment and simulation is only the number of peaks and valleys and their corresponding upward-downward intensity variation. However, an adaptation of scale for experimental results brings more similar features (Figure 4.9, B).

The valleys and peaks' spectral position and the curve shapes had a high degree of similarity. In fact, the agreement in spectral position was no less valuable than the potential sensitivity match. It opened a door for sensitive bandwidth selection necessary for the next step -intensity interrogation. Since there was coherence between the two cases, we sensitive responses were at 490 nm and 590 nm with 500%/RIU upward and -220%/RIU downward trend, respectively. The sensitivity of a specific LED was estimated by calculating the average sensitivity within the wavelength range corresponding to its spectrum's full width at half maximum. On the contrary, the least favorable LEDs were 457.9 nm and 530 nm due to their proximity to the nodes. Similarly, the most sensitive wavelengths and corresponding experimental sensitivities for the rest of the samples are presented in Appendix A.3 can be summarised in the following table 4.2. For the specific fabricated samples, the maximum improvement of sensitivities of around 16% was noticed only for samples interrogated at 560 nm, while the use of filters did not bring a significant improvement for the rest of the samples.

The presented results of spectral interrogation of quartz slides allowed us to compare the experimental sensitivity curves with the theoretical ones and confirm partial coherence between experiment and theory. This let us rely on observed data and select a proper wavelength and initial intensity of light source for intensity interrogation of 12-core fiber. The calculated experimental sensitivities for samples with various interferometric layers like IC-R3-10-338 and IC-R6-21-598 are given in Figure 4.11. The obtained sensitivity curves had nodes and a sequence of valleys and peaks similar to the behavior of quartz slides. Moreover, they followed the expected spectral shift with an increase in the cavity thickness. More precisely, the increase in the number of peaks in the given wavelength bandwidth and shift of previously observed extrema towards longer wavelengths. Despite the applied measures to stabilize the condition of the characterization experiment, sometimes the observed response of IC lacked smooth, well-defined valleys and peaks compared to the presented sensitivity curve of the quartz slide. To reach the desired response, the second measurement of the same sample included a longer stabilization time of optical setup and response recording at various acquisition times that could give the highest SNR value (Figure 4.12). We believe To select the most optimal wavelength for intensity interrogation of IC, the same step as for quartz slide with overlapping of sensitivity curve with the emission spectra of LED was performed. For instance, the two most notable LED that could be used for intensity interrogation of IC-R6-21-598 IC were 660 nm and 590 nm, showing 302 %/RIU and -230 %/RIU (Figure 4.14). The identical selection process of interrogation wavelength was done for the rest of the samples. The list of most sensitive wavelengths with corresponding experiment and theoretical sensitivities is given in the Table 4.4. It is worth stressing that the experimental sensitivity for IC-R1-13-298, IC-R4-22-380, and IC-R5-9-503 must be treated cautiously since the response was not completely optimized and had certain fluctuations that influenced the calculated result.
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By looking at the data in the aforementioned table, we can notice that the theoretical sensitivity is higher and, in some cases, several times greater than the experimental value. There are several reasons for the mismatch in sensitivity between the experiment and theory. Simulations showed that the reflectance of the reflected light, which constitutes the useful signal, is relatively low (less than a few percent). This is even more substantial when the reflecting layer is thin. Therefore, during the normalization step, the smaller the signal in the divisor (usually the water signal), the larger the quotient (the result of normalization). Consecutively, the value of sensitivity will be larger as well. The effect can be clearly seen for samples with the smallest reflecting layer in the batch, like IC-R1-13-298, IC-R3-10-338, and IC-R5-9-503 (Last column of Table 4.4). The theoretical back-reflected light of water signal at the most sensitive wavelength for the samples with a reflecting layer closer to 15 nm is below 0.35%. In extreme cases, like for sample IC-R3-10-338, the theoretical reflectance of the water signal was approximately 0.07% around 590 nm (Figure 4.15). After the data Chapter 4. Optical characterization of interferometric sensors treatment step, theoretical sensitivity was equal to 4174%/RIU compared to 1043%/RIU experimentally obtained. In contrast, most IC with a larger reflecting layer showed at least 2.3% back-reflected light. For instance, the theoretical reflectance of the water signal of IC-R4-22-380 was around 3.63%, providing a relatively close match between experimental -271%/RIU and -332%/RIU . To summarize, the thinner the reflecting layer, the lower the agreement between the experimental and theoretical sensitivities. The discrepancy in value from the experimental point of view can be explained by working at the sensitivity limit of the setup in the current conformation. The obtained sensitivities and corresponding wavelength of LED gave the possibility to advance toward intensity interrogation of IC. The most sensitive samples that could be used in the next step were IC-R1-13-298, IC-R3-10-338, and IC-R5-9-503.
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Intensity characterization

The spectral characterization of quartz slides and image conduits gave us an idea about the bandwidth at which the sample is sensitive and can be used for intensity interrogation at a fixed wavelength.

Methodology of intensity interrogation.

The intensity interrogation of the 12-core fibers and image conduits with interferometric layers was done using the setup depicted in previously used for IC spectral interrogation and consists of the following elements:

• LED (1) (Thorlabs) generates light in a narrow bandwidth for intensity interrogation.

• 1500 µm multimode fiber (2) (Thorlabs, M93L02) that guides light from LED to the optical setup in the 300 -1200 nm range.

• Aspherical lens (3) with a 5 cm focal length to adapt light coming from the fiber.

• Polarizer (4).

• Semi-reflecting mirror (5) (Thorlabs).

• 20× objective (6) (UplanFL, 0.39 NA, Olympus) with 380-900 nm transmission range for 12-core fiber. / 4× objective (UplanFL, 0.13 NA, Olympus) with 380 -900 nm transmission range for IC.

• IC or 12-core fiber with interferometric layers [START_REF] Larry | Strategies for Surface Immobilization of Whole Bacteriophages: A Review[END_REF].
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• Tested medium (8).

• Analyzer (9).

• Tube lens with 30 cm focal length [START_REF] Suraniti | Real-time detection of lymphocytes binding on an antibody chip using SPR imaging[END_REF].

• Band-pass filter (11) (Thorlabs) to reduce LEDs emission spectrum. It was placed before the camera to diminish the influence of any parasitic light coming not from the interrogated sample.

• A monochromatic camera with a scientific (s-) CMOS sensor (C11440, Orca-flash4.0LT, Hamamatsu) (12) with a 400 -800 nm work wavelength range.

The light produced by the fiber-coupled broadband white light source (1) was guided through the 1500 µm multimode fiber (2) to the linear polarizer (4). After, the linearly polarized light was reflected by the semi-reflecting mirror (5) towards the fiber bundle [START_REF] Larry | Strategies for Surface Immobilization of Whole Bacteriophages: A Review[END_REF] and injected by 4×/20× objective (6) through the non-coated face of the sample. The injected light propagated to the treated side and exhibited an interferometric phenomenon while probing the tested medium. The back-reflected light modulated by the tested medium was collected by the same 4×/20× objective (6) and propagated through the semi-reflecting mirror (5), analyzer (9), and tube lens [START_REF] Suraniti | Real-time detection of lymphocytes binding on an antibody chip using SPR imaging[END_REF] to the band-pass filter [START_REF] Mariani | Layer-by-layer biofunctionalization of nanostructured porous silicon for high-sensitivity and high-selectivity label-free affinity biosensing[END_REF]. The band-pass filter lets the light to be transmitted in a specific bandwidth, where it is recorded by an s-CMOS camera [START_REF] Singh | Biological Biosensors for Monitoring and Diagnosis[END_REF].

The characterization protocol used for this interrogation is the same as the one presented in 4.2.2 section. The tested range of refractive indexes was [1.332 -1.401].

Improvement of the signal-to-noise ratio of the measured signal

An optical system's performance and measurement quality can be described by the SNR [START_REF]CCD Signal-To-Noise Ratio[END_REF]. As it is clear from the name, SNR is defined as a ratio of useful signal to all possible contributions of noise. The noise brings uncertainty to a measured signal shifting it from a "true" value.

SN R = Signal N oise (4.4)

If we consider a camera used for signal detection, the bottom part of the equation is a combination of several distinct noise contributions [275].

N oise = N 2 P hoton + N 2 read + N 2 Dark (4.5)
where N P hoton is Photon noise (Poisson or Shot noise) and is related to the intrinsic uncertainty in the number of counted photons arrived at the pixel of a sensor. The measured number of photons is government by fluctuation that follows Poisson statistical distribution. N read is a readout noise acquired during the conversion of accumulated photo-electrons Chapter 4. Optical characterization of interferometric sensors into an analog voltage signal and subsequent conversion into a digital form. The last main component is dark noise N Dark , when an electron in the silicon chip of the camera detector is spontaneously thermally excited even without any flux of photons hitting the sensor. This electron generation leads to a dark current contributing to the noise component. The magnitude of readout noise and dark current varies from manufacturer to manufacturer of cameras.

The noise is not constant and cannot be simply subtracted from the image during the data treatment step. One of the ways to reduce image noise is to acquire a stack of images and perform averaging of corresponding pixel intensities [START_REF] Waters | Accuracy and precision in quantitative fluorescence microscopy[END_REF][START_REF]Image Averaging and Noise Removal -Java Tutorial -Olympus LS[END_REF]. Since each image will contain the same useful signal and random noise, averaging the images will diminish the noise impact. The theoretical noise is proportional to 1/ √ N , where N is the image number. The calculated noise reduction as a function of image number is given in Figure 4.17. The noise decreases dramatically for the first tens of images. An average of 30 images gives an 18.25% noise level from the original image. After, the dependence speed slows down, and further improvement requires a much larger number of images. For instance, to obtain 1% of the noise level of the original image, it would need to record and average 10000 images. Therefore, a reasonable number of images has to be chosen for practical purposes. This effect was experimentally tested by Karim Vindas in his thesis [START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF] using a similar setup with the identical camera that was used in our work. He recorded six sequences containing 20 images with various averaged image numbers. The sequences contained 1, 2, 4, 8, 16, and 32 averaged images. The standard deviation dropped by a factor of 5 -6 by going from 1 to 32 averaged images. By considering the noise reduction rate, the memory each image takes, the included normalization with respect to water, which was recorded first, such evolution of the intensity affects the normalized responses. Therefore, the devices were turned on for at least 1 hour for performance stabilization. Another problem appeared during the intensity interrogation of 12-core fibers at various wavelengths using LED. At first glance, the responses of fibers did not raise any suspicions until the signal was extracted and normalized. The normalized intensity recorded for each aliquot used for optical characterization had well well-defined "stair" shape with a relatively large intensity difference between aliquots of small refractive index step (Figure 4.19). This behavior was expected for the intensity extracted from the cores. However, the intensity extracted from cladding that is not dedicated to proper light guiding demonstrated unexpectedly even larger variation of signal than the core. The same effect was observed for all 

Image alignment

The characterization of fibers and detection experiments might take quite a long time, from a few tens of minutes to hours. Even if the experiments are performed in a relatively controlled environment on dedicated optical benches, there are still vibrations that cause fiber movement. Moreover, the manipulation with the tested medium probed by the fiber sensor can have the same effect. Since we work with large image stacks and the size of the core is quite small (50 µm for IC while 8 µm for 12-core fiber), even a micrometric movement may bring a significant impact on the intensity and noise level recorded by the camera. Indeed, the core position during an experiment might not be constant, and at a certain point in time, the extracted signal from an image will come not from the appropriate core but from the cladding or even from another core. This effect was demonstrated on an image stack of 208 images with IC recorded in water with 1 image/second frame rate. The image stack was treated sensors 

Global and core analysis

There are two ways to analyze signals from the fiber bundle: a global (zone) and a core intensity extraction (Figure 4.21). The global analysis treats the selected area as a whole.

The obtained global intensity is the average intensity of all pixels inside the selected zone. Depending on the final goal, this method can have either drawbacks or advantages. The drawback is that selected areas include cladding that does not carry a useful signal. Furthermore, the sensitivity of the fiber bundle can be dramatically reduced if the cores in the selected area have different sensitivity and(or) trends of sensitivity variation [START_REF] Vindas | Nano-structured optical fiber bundles for remote SPR detection: a first step toward in vivo biomolecular analysis[END_REF][START_REF] Vindas | Highly parallel remote SPR detection of DNA hybridization by micropillar optical arrays[END_REF]. The advantage of this approach is the decrease of the noise level of the measured signal thanks to a large number of pixels in the selected zone. The relation between noise level and the number of pixels can be described using the following relation

N oise ∼ 1/ √ N (4.6)
Chapter 4. Optical characterization of interferometric sensors where N is the number of pixels of the selected area. This approach can be used if the fiber response is homogeneous and(or) to extract a global response from large functionalized areas (see Chapter 6, Biological applications of interferometric biosensor). Alternatively, the core analysis treats each core of the fiber bundle separately. The advantage of this method is that the non-useful areas like cladding are excluded from the selected zones, and there is no mixing of several different responses. This effect is visible in Figure 4.21 where the normalized intensity of the core is relatively larger compared to the intensity from zone selection. Moreover, each core can be considered as an individual sensing unit, therefore, increasing the number of possible individual biosensors. On the other hand, the individual treatment will increase the amount of data and treatment steps. For example, a fiber bundle containing 3000 cores will require to process 3000 individual signals. Finally, the noise level of the signal coming from the core will be elevated compared to the one from the global analysis due to the decreased number of pixels in the selected area. The noise level can be reduced by averaging the intensity of separate cores if these areas of interest are functionalized with the same probes and have a similar response.

To make the task of core selection less labor-intensive, we can use automatic core selection on a previously created mask. The mask can be used for signal extraction in the whole image stack in ImageJ software. The mask creation starts from the contrast enhancement of one of Chapter 4. Optical characterization of interferometric sensors the images from the stack using a Fourier band-pass filter [280]. After, the enhanced image is converted into a binary image, and a threshold tool is applied to separate cores from the cladding. After, the automized procedure of core selection is applied. The procedure works shows the result of mask improvement, where the number of possible selected cores after threshold application increased up to 90%. In the case of 12-core fiber, the two-step mask development was sufficient since the number of cores was small and the contrast problem was absent. Thus, the corresponding aforementioned procedures were applied for experimental results with 12 core fibers and ICs. We assume that the observed heterogeneity on the image of IC face could be caused by the Maltese cross phenomenon. This phenomenon occurs when a birefringent object is placed between linear crossed polarizers [START_REF] Oleksandr | Applications of shear-induced polarized light imaging (SIPLI) technique for mechano-optical rheology of polymers and soft matter materials[END_REF][START_REF] Yu Pikul | Features of the formation of a Maltese cross in conoscopic patterns[END_REF]. Such a configuration of analyze and polarizer Chapter 4. Optical characterization of interferometric sensors was used in our optical setup. In addition, the fabrication of multi-fiber assemblies requires heating and pulling a bunch of cores together, which could induce stress in the fabricated fiber and bring birefringence. The cross can also appear even without a birefringent object when the linearly polarized beam with relatively large divergence passes through the orthogonally placed analyzer [START_REF]Maltese Cross Phenomenon[END_REF]. This can be achieved in our optical setup by the large numerical aperture of the objective used for light injection and collection from the optical fiber. The cross was also observed when using cross-polarization in transmittance mode with another camera to observe the IC (See Appendix A.5). In addition, such a phenomenon could occur in 12-core fiber as well, with a less dramatic appearance due to the reduced number of cores. Thus, two possible reasons could influence the observed heterogeneity in the multi-fiber assemblies.

Intensity interrogation: data treatment flow

The data treatment flow and the goal are similar to those described in the spectral interrogation section. The raw data is represented in the form of intensity as a function of the image number, where for each tested aliquot 20 images were recorded. The stabilization of the optical setup and ambient conditions previously discussed were implemented. However, it was sometimes not possible to completely remove the detrimental effect. For this reason, a data correction was applied to reduce any impact that can falsely modify the core signal. The correction includes the signal extracted from an area on the core's cladding, which should not change with a modification of the tested medium ( where I coren and I cladn are back-reflected intensities from the core and the cladding of the fiber recorded in the presence of a tested medium with a certain refractive index. I corewater and I cladwater -intensity from core and cladding averaged over 20 images recorded in water. After, the "staircase"-like dependence has to be transformed into sensitivity (S) form.

S(n) = d ∆I I dn (4.8)
where ∆I I is the average of normalized intensity for a particular aliquot, while n is the refractive index of the aliquot. The sensitivity is given by the slope of ∆I I = f (n). The general view of data treatment steps is given in Figure 4.24.

The last parameter that characterizes the performance of optical fiber sensors is resolution. Resolution defines the smallest detectable change in the refractive index of the tested medium. The better the resolution, the smaller the amount of analyte that can be detected. The resolution ∆n res is inversely proportional to the sensitivity (S) and can be calculated by the formula below:

∆n res = 3 • σ max S (4.9)
where σ max is the maximum noise related to image acquisition detected during the characterization experiment. The experimental methodology and data treatment flow for fiber bundles described before were applied to 12-core fiber for the intensity interrogation step. I characterized at least six 12-core fibers having the aforementioned combination of the interferometric layers at several sensitive wavelengths to study their performance comprehensively. The first goal was to confirm the agreement between selected sensitive bandwidths obtained during spectral interrogation of quartz slides that played the role of the reference sample and one of the 12-core fibers. The sensitivity curve of SL-R3-13-451 quartz slide is given in Figure 4.25.

Based on this graph, there were the two most sensitive bandwidths that could be used for intensity interrogation. The first was at 490 nm with an upward trend, whereas the second was at 590 nm with a downward trend of intensity variation. One of the cores of the 12-core fiber with the same thicknesses of interferometric layers as on the quartz slide mentioned above was interrogated at both before-mentioned wavelengths. The corresponding results of intensity interrogation are given in Figure 4.26. The presented results demonstrated the same trend of signal evolution for the quartz slide and the 12-core fiber for both bandwidths. The sensitivities of quartz slide at 490 nm and 590 nm were 449%/RIU and -230%/RIU , whereas for 12-core fiber, were 387%/RIU and -362%/RIU , correspondingly. The error bars for each data set were obtained by calculating the standard deviation of the signal obtained from 20 images for a tested refractive index. The relatively small difference in observed sensitivities between quartz slide and 12-core fiber could be caused by the difference in the optical setup used for characterizations and the ways to reduce the reflection between incident light and the sample input face (cross-polarization of light versus index matching gel between 1 × 2 multimode fiber and quartz substrate). The second possible reason was the fact that the step of refractive index between the substrate and reflecting layer is different since quartz slide and 12-core optical fiber have different refractive indexes. The same statement is also true for IC. The agreement between the two cases might not be perfect, but it allowed us to rely on sensitivity curves obtained from the quartz slide to select sensitive bandwidths for intensity interrogation of the rest of the 12-core fibers.

As was mentioned in Section 4.3.5, the signal from 12-core fibers can be examined with core analysis. A mask was created for the F12c-R5-12-640 fiber, where sensitivity and resolution calculations were performed for each of the 12 cores by extracting their respective signals. To make comprehension of the experimental results easier, these characteristic values for each core were represented as a bar chart (Figure 4.27, Top). Moreover, to connect the sensitivity and resolution of the corresponding core with its location on the fiber, we created a color-coded map for each 12-core fiber using Python. This connection between fiber position and its performance parameters shows a broader picture and, in theory, allows the grafting of bio-molecular probes on the most optimal fiber cores. We would expect similar sensitivity for all twelve cores of a multi-core fiber with given thicknesses of reflecting layer and cavity. The estimated sensitivity varied from -185%/RIU to -271%/RIU . The variation in core sensitivities of the same fiber could be due to the errors made during the deposition process, like surface contamination of the fiber's face and(or) heterogeneity of deposited interferometric layers. In addition, the cross-polarization affected the core sensitivity where the relative distribution of intensity between cores clearly followed a cross configuration (Figure 4.23). Core with a smaller intensity signal would be more affected by the normalization step and the cladding signal's subtraction, decreasing its sensitivity. Another question that arose was how close the calculated experimental sensitivities of 12-core fiber were to the quartz slide and theoretical ones obtained by simulation. After the characterization of 12-core fibers at one of the most sensitive wavelengths, the sensitivity of each core of the 12-core fiber for a given thickness of interferometric layers was averaged together to obtain a mean experimental sensitivity. The same procedure was done for the rest of the fibers, where sensitivities were compared with the corresponding value for the quartz slide and the theoretical one (Figure 4.28). The response variation trends had the same direction, whereas experimental sensitivities were generally relatively close to the theoretical one. The three 12-core fibers that stood up were F12-R1-15-303, F12c-R2-29-334, and F12c-R6-33-579, demonstrating around 3.7×, 3.1×, and 2.4× mismatch with the theoretical values, respectively. As for the comparison of quartz slide and fiber, it was hard to say which kind of sample demonstrated better performance taking into account the error bars. The error bar for 12-core fiber was obtained by calculating the standard deviation from 12 sensitivities exhibited by each core. For the quartz slide, the error bar was given as the uncertainty in slope (sensitivity) calculated via the LINEST function in Excel from normalized intensity as a function of the refractive index at a certain wavelength. Afterward, it was averaged within the bandwidth corresponding to the full width at half maximum of the LED used for the characterization and for which the sensitivity was calculated. The discrepancy in obtained experimental and theoretical sensitivities could be explained in a similar way as in section 4.2.4.2.

To study the behaviors of individual cores deeper and simplify the comparison of 12core fiber with various interferometric layers, sensitivity and resolution for each core were represented in the form of a bar chart (Figure 4.29). The reasonable conclusion about the performance of optical fiber should include the behavior of the majority of cores inside the fiber bundle and not the best-performing one. Figure 4.29 A shows the sensitivity of each core of 12-core fibers with a reflecting layer close to 30 nm. 9 cores or 75% of cores of F12c-R6-33-579 characterized at 660 nm showed sensitivity better than 203%/RIU , while 3 cores or 25% of cores could reach 290%/RIU . The error bars for each core were ). 75% of cores of F12c-R3-13-451 fiber possessed a sensitivity of 309%/RIU , whereas about 25% of cores could reach 348%/RIU . In contrast, for F12c-R1-15-303, 75% of fibers could reach 278%/RIU , whereas 25% of cores showed the highest sensitivity of 444%/RIU among all the compared samples. F12c-R5-12-640 fiber had the smallest sensitivity among the three other samples with a thinner reflecting layer, where 75% of cores had 227%/RIU . Fibers with smaller reflecting layers generally had better sensitivity than samples with twice as large layers.

Considering only optical fiber's sensitivity is insufficient to select the most optimal sample for biomolecular detection. Another key performance is the resolution that fiber can reach. The better the resolution, the smaller the change in refractive index that can be detected as caused by target adsorption to the biosensor surface. Despite possessing the highest sensitivity among 12-core fibers with a reflecting layer around 30 nm, F12c-R6-33-579 had the second-best resolution, 75% of cores of which exhibited a resolution of 1.4 • 10 -3 RIU (Figure 4.30 A). The best sample in this sample group was F12c-R4-31-421, with a resolution of 8.3 • 10 -4 RIU for 75% of cores.

The samples with the reflecting layer around 15 nm performed the most efficiently (Figure 

B

). The resolution of 75% of cores in F12c-R3-13-451 fiber reached 7.8 • 10 -4 RIU . The F12c-R1-15-303 fiber with cores that demonstrated the highest sensitivity was only the second-best resolution candidate, 75% of cores of which had a resolution of 1.1 • 10 -3 RIU . F12c-R2-29-334 and F12c-R5-12-640 fibers had the worst resolution within their groups, where 75% of cores showed at least 1.4 • 10 -3 RIU and 1.3 • 10 -3 RIU , respectively. The majority examined cores of fibers balanced on the limit between 10 -3 RIU and 10 -4 RIU with a strong tendency towards better resolution.

To summarize the performance of 12-core fibers and to select the most optimal sample, we had to look at the overlap of the best sensitivities and resolutions (Table 4.5). For the practical purpose of biomolecular detection, we compared when 75% of cores in fiber exhibit these performance characteristics. Based on the presented performances, the best 12-core fiber that could be used for biomolecular detection was F12c-R3-13-451 interrogated at 590 nm having sensitivity and resolution 309%/RIU and 7. The methodology and results of spectral characterization described in section 4.3.1 and 4.2.4.2 were used to interrogate six different IC at various wavelengths and extract intensity signals from each fiber bundle core. Similarly to the case of intensity interrogation of 12-core fiber, we had to prove that the intensity interrogation of IC was in concordance with spectral interrogation. To prove this, let's look at the sensitivity curve of IC-R6-21-598 with overlaid optimized emission spectra of LED (Figure 4.31, A). For example, the sensitivity at 660 nm had an upward trend with a sensitivity of 302 %/RIU , while a downward trend of -230 %/RIU at 590 nm. The intensity interrogation of the same IC at these wavelengths demonstrated the same intensity variation trends. The absolute values of sensitivities were quite close to the ones obtained spectrally, having 271%/RIU at 660 nm and -205%/RIU at 590 nm. Moreover, the relative relation of sensitivities stayed the same -IC was more sensitive at 660 nm than at 590 nm. Hence, the intensity interrogation was in agreement with the spectral one. The direction of variation trends was in concordance for all tested samples between the two experimental data sets and theoretical values. The sensitivities obtained by the two experimental approaches were similar. IC-R2-25-248 and IC-R6-21-598 had the closest agreement between theory and experiment. Contrarily, for the IC-R1-13-298, IC-R3-10-338, IC-R4-22-380, and IC-R5-9-503, the mismatches with respect to the value obtained by intensity interrogation were 1.9×, 7.2×, 2.6×, and 6.0×, respectively. The mismatch between theory and experiment was related to the very low reflectance of signal in water used for normalization and comprehensively explained in Section 4.2.4.2 Experimental results: image conduit.

As we demonstrated in the section 4.3.7.1, Sensitivity and resolution: 12-core fiber, thanks to a developed program in Python, we could overlay and link color-coded sensitivity and resolution values over the face of the 12-core fiber. The 3000 cores inside of IC were not an obstacle for creating a new, much larger color-coded map that could be potentially used for the spotting of bioprobes (Figure 4.33). The figure demonstrates the sensitivity and resolution of each core that we could extract during core analysis. Due to the number of cores, their pitch, and sometimes irregular shape, some cores were not accessible (black spots), or their shape on the map was not completely accurate. On the map, we can notice that all the cores in the fiber bundle did not possess the same responses, and more analysis is required.

Certainly, the averaged core response in the fiber bundle and the aforementioned colorcoded map brought important and helpful information. However, a more in-depth analysis of the behavior of individual cores could complete a whole picture of IC behavior and performance. To achieve this, the distribution of the core number in % with respect to the number of accessed cores in the IC as a function of corresponding sensitivities was created for each sample. To make the comparison simpler, we included characterized samples only at the most sensitive wavelength. Figure 4.34 A demonstrates distributions of cores with a thicker reflecting layer. The distributions were well separated and defining the best sample did not cause any difficulties. IC-R4-22-380 demonstrated the highest sensitivity with a distribution maximum of 400%/RIU . 75% of cores possessed sensitivity better than 350%/RIU . On the contrary, IC-R2-25-248 and IC-R6-21-598 were quite close and had a maximum distribution of 290%/RIU and 280%/RIU , respectively. Around 75% of cores of IC-R2-25-248 showed sensitivity higher than 270%/RIU , whereas IC-R6-21-598 only 240%/RIU . The sensitivity of IC with a smaller reflecting layer greatly surpassed the performance of previously examined samples.

IC-R1-13-298 demonstrated the highest sensitivity among all tested despite possessing quite a wide distribution. The distribution maximum reached 890%/RIU , whereas about 75% of cores had 720%/RIU . In contrast to the previous sample, IC-R5-9-503 had a relatively narrow distribution with a maximum of 630%/RIU . Around 75% of cores exhibited a sensitivity of 510%/RIU . In the case of IC-R3-10-338, I treated it separately since it had an unusual distribution in contrast to the other examined samples. This IC was characterized twice on different days, where the corresponding distribution is given in Figure 4.35. In spite of multiple characterizations, the distributions had a similar shape where the maximum was not well defined. IC tested the first time had a maximum approximately of 650%/RIU , while 75% of cores had sensitivity greater than 400%/RIU . The second characterization's result was similar, except it was shifted toward larger sensitivities. For instance, a distribution peak hit 810%/RIU meanwhile, the performance of 75% of cores was improved, reaching 580%/RIU . This result brought uncertainty in the real performance of this sample. Several tests of repeatability have to be performed to make a definitive conclusion. As it was mentioned before, the resolution is another parameter that defines the behavior and performance of biosensors. Among the IC with thicker reflecting layer, IC-R4-22-380 was the most prominent, with a distribution maximum of 6.0 • 10 -4 RIU ( To select the best performing IC, the corresponding sensitivities and resolution for the 75% of cores were summed up in Table 4.6. Based on the summary given in the table and taking into account the combination of sensitivity and resolution, we can conclude that the most suitable IC for biomolecular detection is IC-R5-9-503 interrogated at 560 nm. The sample demonstrated the best sensitivity of 510%/RIU and 7.0 • 10 -4 RIU resolution. The other samples with second-best characteristics that could potentially be used for biomolecular detection were IC-R1-13-298 and IC-R3-10-338 characterized at 560 and 590 nm, respectively. The IC-R1-13-298 demonstrated a sensitivity of 700%/RIU and 1.1 • 10 -3 RIU resolution, whereas IC-R3-10-338 exhibited 580%/RIU and 7.5 • 10 -4 RIU , respectively.

Conclusions and perspectives

In this chapter, we presented setups and methodologies dedicated to spectral characterization of IC and quartz slides that played the role of reference samples for 12-core fiber. It provided 6 unique spectral responses for each kind of sample that were transformed into sensitivity curves. These curves were compared with theoretical ones and proved a close agreement between the two cases. Moreover, overlaying with emission spectra of LEDs allowed the selection of the most sensitive bandwidth for each kind of sample that could be used for intensity interrogation steps.

An optimized setup for intensity interrogation and corresponding methodology was developed. Proof of concordance between the results of spectral and intensity interrogation was provided. Each 12-core fiber and IC were characterized at a sensitive wavelength selected during spectral interrogation.

A set of measures (room temperature control, pre-heating of devices) to stabilize and optimize the performance of the optical setup used for characterization was studied and implemented. Image processing and data treatment steps were developed and implemented to provide results of intensity interrogation steps. Moreover, an image enhancement protocol was developed to increase the contrast of IC images to improve core selection. A study of mean and individual core responses in the form of sensitivity and resolution for each fiber bundle was performed. A color-coded map with resolution and sensitivity for 12-core fiber and Chapter 4. Optical characterization of interferometric sensors IC was developed and could potentially be used for biomolecular probe grafting of sensitive areas. Based on this, F12c-R3-13-451 interrogated at 590 nm with sensitivity 309%/RIU and resolution 7.8 • 10 -4 RIU was the most promising 12-core fiber. In the same way, IC-R5-9-503 characterized at 560 nm and having a sensitivity of 510%/RIU and 7.0 • 10 -4 RIU resolution, was the best IC. These two best samples may be considered for biomolecular detection.

In comparison with another interferometric biosensor with tip modification mentioned in Chapter 1, the produced fiber biosensor possessed competitive performance. It was hard to compare sensitivities since the examined sensors operated in spectral interrogation. Hence, the resolution was compared. For instance, Wei et al. achieved a resolution of 8.6 • 10 -4 RIU on the FPI biosensor with a U-shape cavity. [START_REF] Wei | Temperature-insensitive miniaturized fiber inline Fabry-Perot interferometer for highly sensitive refractive index measurement[END_REF]. Another group obtained 1 • 10 -6 RIU resolution on FPI with an open cavity covered with highly reflective coating [START_REF] Li | A Highly Sensitive Fiber-Optic Fabry-Perot Interferometer Based on Internal Reflection Mirrors for Refractive Index Measurement[END_REF]. However, the sensor was more dedicated to the measurement of refractive index rather than biosensing.

In contrast to our previous experience with SPR on multi-fiber assembly, the interferometric biosensor had a similar resolution, 10 -4 RIU , but at least twice larger sensitivity [START_REF] Desmet | Multiplexed Remote SPR Detection of Biological Interactions through Optical Fiber Bundles[END_REF]. More precisely, the SPR on fiber bundle with micropillars exhibited 118%/RIU , whereas after pillar adaptation could reach 250%/RIU . For the future work that could be done, I would like to address several things that could improve the quality of optical characterization, make it faster, and finally improve the reliability of sensor performance measurements.

Due to the lack of time, the repeatability tests for each sensor were not well studied and examined. A small part of this question was touched when we measured the response of IC-R3-10-338 and obtained a similar shape of the sensitivity distribution but differences in their position. Therefore, more rigorous work has to be performed. To improve the reliability of the results, it would be interesting to characterize samples with a well-defined thickness of interferometric layers and good repeatability for replicates. Moreover, better-quality coatings with homogeneous thicknesses within the whole fiber surface would be necessary. Their analysis would strengthen the response's confidence and provide more statistical analysis data to define and describe each sample's behavior more robustly.

The optical setup could also be upgraded to improve SNR and therefore, improve the resolution of tested sensors and speed up the characterization.

For this, an in-depth analysis of the optical setup used for characterization has to be performed to find the optical elements most susceptible to variation in external conditions (humidity, temperature). A replacement with a more reliable component or precise stabilization of its working conditions has to be done. Moreover, replacing the hand-made heating control with more advanced devices with precise temperature control is necessary. This will reduce the temperature effect on the variation of the measured signal and its noise.

At the beginning of the chapter, I mentioned that we could have a problem with the accidental movement of the quartz slide during the tested medium preparation that can compromise measurements. A dedicated microfluidic system that can inject a tested solution will remove this problem. It will speed up the characterization process and ensure the injected solution's proper refractive index. Moreover, such a system can be used to characterize IC Chapter 4. Optical characterization of interferometric sensors and 12-core fibers. When it was necessary to characterize the same sample at multiple wavelengths, I had to repeat the same experiment several times, each time changing the corresponding wavelength. Another way to reduce the time for characterization of a sample at various wavelengths is to use optical elements at quite a broad bandwidth to ensure proper light propagation with available LED. Also, it is important to ensure appropriate focusing of light of various wavelengths in the case of intensity interrogation mode. After connecting multiple LEDs to the optical setup via fiber junction, drive them and record the response for each unique aliquot. One of the last improvements is related to the data treatment. The chapter demonstrated well the colossal amount of steps, the required time, and the dedication to obtain a simple sensitivity curve or a core distribution for sensitivity or resolution. In case of intensity interrogation, the following steps are required:

1. Create an image stack.

2. Align it.

3. Create a mask. 4. Enhance the mask contrast if necessary. [START_REF] Liu | Peptide-based biosensors[END_REF]. Select areas that correspond to the cores. 6. Extract the signal for each core.

7. Perform mathematical operations, including normalization, sensitivity, standard deviation, and resolution calculation.

8. Build and plot the distribution of cores for sensitivity and resolution. 9. Make a color-coded map that describes the sensitivity and resolution of each core.

The idea would be to integrate and automatically perform all those steps in a single software created in Python or another suitable language. Moreover, another way to characterize sensors may be proposed to measure their sensitivity to surface optical index changes and extend the knowledge about the performance of 12-core fiber and IC. For instance, the sequential adsorption of two oppositely charged polyelectrolytes to the sensor surface may give access to their surface sensitivity. The thickness of each layer is in the several nm range, which allows proper testing of the surface sensitivity of the sensor. This work has been planned, a corresponding simulation was performed, and two polyelectrolytes were purchased. Due to the lack of time, the characterization step has not been started.

In future work, Sumitomo fiber with 6000 cores has to be characterized similarly to 12core fiber. This sample is particularly interesting because it is highly flexible and has a diameter more than 5 times smaller than the IC while having twice the number of potential biosensing cores.

Chapter 5

Surface functionalization

Ce chapitre traite de la fonctionnalisation de surface des fibres optiques, des substrats nus jusqu'aux échantillons fonctionnalisés par plusieurs sondes. Nous présenterons le principe et le protocole de la première étape de la fonctionnalisation, la silanisation, qui sera réalisée à l'aide de plusieurs molécules d'aminosilane en phases liquide et gazeuse sur des lames de verre. Les lames silanisées seront caractérisées par des mesures d'angle de contact. Le greffage des sondes sur les lames silanisées ainsi que leur capacité de reconnaissance spécifique seront validés par fluorescence. Une chimie de surface optimisée en termes de temps et de nombre d'étapes sera testée. Nous présenterons ensuite deux stratégies de fonctionnalisation localisée multiplexée adaptées à des géométries non standard telles que les petites surfaces des fibres optiques. La première stratégie implique le dépôt direct de gouttes contenant les sondes sur une lame de verre silanisée avec divers aminosilanes en phases liquide et gazeuse. Cette méthodologie sera transférée sur les IC préalablement caractérisés optiquement afin de les multi-fonctionnaliser. Une méthode alternative basée sur l'utilisation d'une molécule photosensible contenant du silane sera également discutée et les résultats préliminaires associés seront démontrés. This chapter will discuss the surface functionalization of optical fibers, from bare substrates to multi-probe functionalized samples. The process and protocol of silanization, the initial step of surface functionalization, will be explained and demonstrated using various aminosilane molecules in liquid and vapor phases on glass slides. The silanized slides will be characterized using Contact Angle (CA) measurements. The grafting of probes onto the silanized slides and their ability of specific detection will be validated by fluorescence microscopy. Optimized surface chemistry in terms of time and number of steps will be implemented. Two strategies for multiplexed localized functionalization of non-standard geometries, such as the small surfaces of optical fibers, will be introduced. The first strategy involves directly depositing droplets containing probes on glass slides silanized with various aminosilanes in liquid and vapor phases. This methodology will be transferred to previously optically characterized IC for multiplexed spotting. An alternative method based on the use of a photosensitive silane-containing agent will be discussed, and the associated preliminary results will be demonstrated.

Introduction

In previous chapters, we demonstrated the simulation process through which the best transducer parameters were chosen, the fabrication step that brought the transducer from simulation to the physical world, and optical characterization dedicated to examining its experimental performance and selecting sensitive fibers. To be used in biosensing, the sensitive transducer needs to undergo surface chemistry and probe grafting to confer its specificity. Our major goal is to produce an efficient strategy to functionalize the tip of optical fiber with multiple different probes. This global strategy involves several stages. Firstly, the chemistry adapted to bind to SiO 2 substrates and be able to achieve the link with biological probes. Secondly, it has to have stable coupling in relevant media like aqueous solutions with temperatures close to human. Thirdly, transfer this to the tip of the optical fiber while having highly localized spotting of probes adapted to the fiber size. We would test several different ways of surface functionalization and surface chemistry molecules, including functionalization with well-described APTES in the liquid phase. Lastly, test several probe modifications to reach more stable localized functionalization. Thus, we start our journey from a bare transducer on optical fibers to a biosensor on optical fiber assemblies adapted for remote real-time multiplexed detection (Figure 5.1). 

Silanization process

One of the classical ways to graft organic probes to inorganic substrates like glass is to use silane coupling agents. A typical silane coupling agent molecule contains a silicon atom bound from one end to an oxygen atom and hydrolyzable groups X-directed to substrate attachment, and another end to a linker composed of (CH 2 ) n groups (Figure 5.2). The linker is connected to organofunctional groups R-available for probe grafting. The process of surface functionalization with a silane coupling agent, called silanization, is based on the formation of SAM on the surface that binds to it through physical or chemical interactions. The mechanism of silanization can be explained in the example of glass substrate functionalization in the liquid phase with classical APTES reagent (Figure 5.3). This molecule contains three ethoxy groups, the hydrolyzable groups, and one organofunctional amino-containing group bound to a silicon atom through a short alkyl chain. The reaction consists of several steps where the substrate of interest is fully immersed in a solution containing the silane coupling agent. The three labile ethoxy groups undergo hydrolyzation in the presence of water molecules either from the solution or from the targeted substrate's surface. This is followed by oligomer formation and physisorption via hydrogen bonds between the hydrolyzed groups of the molecule and the hydroxyl-terminated substrate. During the curing step, the siloxane (Si -O), a covalent bond, is formed between the APTES molecule and substrate simultaneously to the evaporation of water molecules. The surface is silanized at this point, and N H 2 , the organofunctional group of APTES, is ready for either probe grafting or further functionalization steps, such as cross-linker binding. Figure 5.3 shows an ideal silanization. However, Figure 5.3: Schematic representation of silanization process using APTES in the liquid phase. The scheme is inspired by [START_REF] Arkles | Tailoring Surfaces with Silanes[END_REF]. many different interactions and irregularities could arise during this process. Zhu et al. described possible interactions and structural irregularities in APTES-derived layers shown in Figure 5.4 [START_REF] Zhu | How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica[END_REF]. Instead of binding covalently with the substrate and forming three siloxane bonds per APTES molecule, other interactions could occur during surface functionalization. For instance, a) unstable hydrogen bonding or b) electrostatic attraction with previously bound silane molecules, c) covalent bonding of one siloxane with the substrate, d) horizontal and e) vertical polymerization with neighboring silanes or f ) oligomeric/polymeric silanes interacting with functionalities present at the interface. All the interactions mentioned above can bring disorder to the formed layer. Uncontrolled polymerization of APTES multi-layer can have detrimental effects on biosensing. For example, a thick polymer layer deposited on the fiber tip would block light propagation and corresponding probing of the sensing medium (See Appendix D.1). While the deposited aminosilane layer may be sufficiently transparent, its substantial thickness could cause an increase in the cavity length of the interferometric layer. This increase could result in a spectral shift of the sensitive regions that are utilized for biosensing. In addition, the disorder in the silane layer could potentially prevent proper probe binding to the silane layer or reduce grafting density since the expected organofunctional groups like N H 2 would not be available, which is especially important in applications where the probe orientation with respect to the substrate plays an important role in efficient target capturing.

The nature (mono-or multi-), quality, and stability of the deposited layers depend on many parameters, such as the choice of silane molecule and its purity, the reaction time, the choice of solvent and its purity, humidity, and temperature.

Since the project's long-term goal is in vivo application, the surface chemistry must be stable in an aqueous solution at temperatures close to that of the human body. Herein, we propose several ways to reduce potential irregularities in deposited layers and obtain the desired stability of silanized layers.

Means of surface quality optimization

The first way to improve silanization is to switch from liquid to vapor phase, where the pure or dissolved silane-containing molecule evaporates under elevated temperature or vacuum and condenses onto the hydroxyl-terminated substrates. This method has several advantages compared to its liquid-phase counterpart. Firstly, the deposited layer is more likely to be a monolayer. Secondly, the purity of silane-containing reagent and solvent is not critical compared to the liquid phase, where aminosilane could undergo uncontrollable polymerization due to the presence of water in the solvent or silane coupling agent. Thirdly, the substrate is not in contact with a solution containing pieces of polymers or oligomers that could stick to its surface. Moreover, the deposited layer's thickness significantly correlates with the humidity level in the environment [START_REF] Zhu | How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica[END_REF]. Eliminating elements that can potentially deteriorate the quality of the film would improve its reproducibility. Using this approach, Yadav et al. obtained a smooth monolayer-like deposition of APTES in the vapor phase [START_REF] Amrita | Comparative study of solution-phase and vapor-phase deposition of aminosilanes on silicon dioxide surfaces[END_REF].

An alternative option to optimize the quality of the deposited aminosilane layer is to select other silane-containing molecules. Compared to APTES, 3-AminoPropylDimethylethoxylsilane (APDMES) has a similar structure, except it has only one anchoring group, an alkoxy group, that can be hydrolyzed and bind to the substrate surface (Figure 5.5 A). The presence of a single alkoxy group per APDMES molecule makes silanization more controllable [START_REF] Asenath | How To Prevent the Loss of Surface Functionality Derived from Aminosilanes[END_REF]. Moreover, the absence of outer anchoring groups prevents cross-linking with neighboring aminosilane molecules, resulting in a monolayer-like deposition. Several studies have obtained monolayer-like deposition of APDMES in the vapor and liquid phases [START_REF] Amrita | Comparative study of solution-phase and vapor-phase deposition of aminosilanes on silicon dioxide surfaces[END_REF][START_REF] Asenath | How To Prevent the Loss of Surface Functionality Derived from Aminosilanes[END_REF]. The stability of silanized layers was investigated upon their exposure to water with a temperature of 40 • C and pH 6.2 for a long time. Its stability was compared to classic APTES-based layers prepared in liquid and vapor phases. Both APDMES and APTES layers prepared in both phases desorbed substantially after 21 hours of exposure to water. APTES prepared in the liquid phase lost almost the entirety of the deposited film during the first 60 minutes of exposure to water. In contrast, in vapor phase deposition, at least 50% of the deposited layers' thickness remained after 120 min of exposure to water for both aminosilanes. Several possible mechanisms could take part in the desorption of silanized layers. The first one is the removal of weakly bound aminosilane molecules upon exposure to water. The second includes the contribution of amino groups of aminosilane molecules in intra-or intermolecular catalysis of siloxane bond hydrolysis [START_REF] Zhu | How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica[END_REF][START_REF] Amrita | Comparative study of solution-phase and vapor-phase deposition of aminosilanes on silicon dioxide surfaces[END_REF].

Zhu et al. discussed how the alkyl chain length and the corresponding position of the amino group could influence the hydrolytic stability of deposited silane layers (Figure 5.5 B). APTES or similar aminosilanes could likely be desorbed due to siloxane bond hydrolysis interor intra-catalyzed by the amine functionality via the formation of a stable five-membered cyclic intermediate [START_REF] Zhu | How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica[END_REF][START_REF] Asenath | How To Prevent the Loss of Surface Functionality Derived from Aminosilanes[END_REF]. Another aminosilane, AEAPTES, has a similar structure to APTES except for having an additional amino group. Although it can undergo the same inter-or intra-catalyzed hydrolysis, it is more likely to be impeded by the steric effect of a longer chain. The most stable aminosilane towards hydrolysis was AHAMTES, which has a structure alike to that of AEAPTES, but a much longer alkyl chain terminated by the amino group. Due to the length of the chain, it can only participate in hydrolysis intermolecularly, increasing the layer's resistance to water exposure (Figure 5.5 C).

APTES, AEAPTES, and AHAMTES silanized in the liquid phase demonstrated multilayer-like nature. In water exposure tests (40 • C for up to 48 hours), AEAPTES and AHAMTES demonstrated higher resistance compared to APTES. The results of vapor phase silanization were much better. All deposited aminosilanes were monolayers. Due to its size and structure, only very thin, weakly bound layers of AHAMTES could be produced, where andC) were adapted from [START_REF] Zhu | How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica[END_REF]. most molecules were removed after rinsing. The AEAPTES layers were the most stable after exposure to water. This study demonstrated that the grafting density of aminosilanes can also prevent water molecule penetration into the silane layer and slow down intra-and intermolecular catalyzed hydrolysis. Thus, selecting hydrolyzable groups of aminosilane molecules is also important. Ethoxy groups have a much slower hydrolysis rate than methoxy groups, leading to more controllable silanization [START_REF] Arkles | Silane Coupling Agents: Connecting Across Boundaries[END_REF].

In conclusion, the vapor phase, in theory, has multiple advantages compared to its liquid phase counterpart, bringing monolayer smooth film deposition of silanes and requiring less strict conditions. Moreover, to reach monolayer deposition, an alternative aminosilane like APDMES can be used. The desorption of molecules in an aqueous solution could occur either due to weakly bound aminosilane molecules or their contribution to intra-or intermolecular catalysis of hydrolysis by amino functionality. This effect can be reduced by selecting molecules with longer alkyl chains, which sterically impede this mechanism. Therefore, we have tested and compared the silanization of APTES, APDMES, AEAPTES, and AHAMTES in liquid and vapor phases.

Experimental silanization

Preparation of the substrate

To test different silanization procedures, I used conventional microscope glass slides (631-1550, VWR). Before the silanization step, the surface of the glass slide had to be meticulously Chapter 5. Surface functionalization prepared. The same preparation protocol was followed for both liquid and vapor phase silanizations. The slide was cut into several pieces and subjected to an ultrasonic bath containing 99% pure Acetone (24201-2.5L-M, Sigma-Aldrich) for 10 minutes. Afterward, the glass pieces were rinsed with DI water (15M Ω • cm) and dried with Argon. Plasma cleaning was then applied using a Diener electronic Femto low-pressure plasma system (3 min, 75% O 2 , 25% Ar, 0.6 mbar pressure, 80 % generator power) to increase the number of hydroxyl groups on the surface of glass slides and to clean possible remaining contaminants.

Silanization in the liquid phase

Freshly cleaned slides were placed in a glass Petri dish and submerged in 2.5% (v/v) APTES (98% purity, 741442-100ML, Sigma Aldrich) solution prepared in anhydrous Toluene (32249-1L-M, Sigma Aldrich). The reaction occurred inside a desiccator with CaSO 4 desiccantanhydrous (stored at 110 • C before use) to absorb any excess water in the environment and prevent the potentially uncontrolled polymerization of silane molecules. The desiccator was immediately sealed with silicon grease and left to react for 5 hours at ambient temperature under a fume hood. Afterward, to remove unbound APTES molecules, a series of consecutive two-minute baths with anhydrous Toluene, anhydrous Ethanol (34852-1L-M, Sigma Aldrich), Ethanol (96% pure, Carlo Erba reagents), and DI water were performed. To improve rinsing, the agitation of samples immersed in the rinsing solutions was done using an orbital shaker. The rinsed samples were then dried with Argon and placed inside a furnace for 1 hour at 110 • C. The curing step finalized the silanization, where excess water molecules evaporated, forming the siloxane (Si -O) bond with the substrate.

Since, in this case, the substrate was made entirely of glass, using solvents like Toluene was not a problem. However, a completely different situation was observed during the silanization of optical fibers. During the silanization of optical fibers, only the tip of the stripped fiber was dipped in solution. However, the polymer-protecting coating, like acrylate surrounding single-mode and 12-core fibers, is prone to dissolve substantially during silanization. The vapors of Toluene or, in the case of multiple fiber silanization, direct contact with the solvent due to the capillary effect between neighboring fibers, attacked the polymer coating. This dissolved coating polymer can then stick to the fiber's surface, affecting the quality of surface functionalization. Additionally, fibers without protecting coating were very brittle, which made further manipulation extremely challenging.

Silanization in the vapor phase

The delivery mechanism of silane molecules is different in the vapor phase compared to its liquid phase counterpart. The energy delivered by heating in the desiccator forces silane molecules to evaporate and condense on the glass substrate, forming a covalent bond. The glass slides, along with around 5 mL of 2.5% (v/v) APTES solution in anhydrous Toluene, were placed in two different Petri dishes left close to each other, therefore prohibiting any direct contact of samples and solution. Both Petri dishes were left inside the desiccator, sealed with silicon grease, and fixed with clamps to prevent possible "pop-ups" due to accumulated pressure during silanization. The desiccator was left for 5 hours inside a furnace pre-heated to 90 • C to allow APTES evaporation and subsequent condensation on the substrate. Lastly, rinsing and curing procedures were performed similarly to samples silanized in the liquid phase.

Proof of silanization and characterization of functionalized glass slides in liquid and vapor phases with APTES, APDMES (SIA0603.0-25GM, Gelest Inc.), AEAPTES(SIA0590.5-25GM, Gelest Inc.), and AHAMTES (SIA0592.6-25GM, Gelest Inc.) was obtained using two strategies: contact angle CA measurement and fluorescence revelation, described in the next section.

Characterization of silanized glass slides 5.2.3.1 Contact angle measurements of silanized samples

CA measurement is a technique used to estimate a substrate's hydrophobicity or hydrophilicity. It determines whether the surface repels the deposited liquid or if it is, on the contrary, easily wetted. This technique can be used to estimate how efficiently the different aminosilanes are deposited in various phases. It is based on depositing tiny droplets of a defined liquid on the target substrate using a syringe with a blunt needle. The substrate with the deposited droplet is located between a bright screen and a photo camera that takes high-contrast images. Afterward, the images are processed with dedicated software that determines the angle the droplet of liquid formed with the substrate.

The CAs were estimated on silanized glass substrates with AEAPTES, APDMES, and AHAMTES in liquid and vapor phases using the CA measurement technique. However, the experimental CA measurement on APTES silanized slides in liquid and vapor phases and a control substrate rinsed with Toluene was not performed. The CA tests were performed using a dedicated setup (Digidrop-GBX). The measurements were conducted using approximately 1 µL droplet of DI water deposited on the surface of the silanized substrates. This procedure was performed four times on different slides and areas for a given aminosilane. The Digidrop software in polynomial mode was used to extract CA from recorded images. The droplet images with mean water CA and corresponding error are given in Figure 5.6. The mean values and errors were calculated using Student Law with a 90% confidence interval for AEAPTES and AHAMTES on 4 samples, whereas two samples were used for APDMES. This calculation method was chosen to account for the difference in number of samples.

Variation in CA demonstrated that the surface was modified depending on the deposited aminosilane and on the deposition phase. Based on the obtained results in the liquid phase, APDMES demonstrated the highest mean CA with 68.7 ± 0.6 • , followed by AEAPTES and AHAMTES with 65.0 ± 0.9 • and 52.8 ± 3.7 • , respectively. The vapor phase provided more hydrophobic behavior regardless of the deposited aminosilane molecule. APDMES demonstrated CA 77.9 ± 1.1 • , whereas AEAPTES and AHAMTES demonstrated 76.5 ± 2.1 • and 85.3 ± 8.6 • , respectively. Based on the mean CA, while taking into account obtained errors, it was difficult to define the least and most hydrophobic surfaces.

The hydrophobicity of the silanized slides evaluated by CA measurement can predict how the probe-containing droplets will spread on the surface during the probe grafting step: the deposited droplet on a hydrophobic surface would be more confined than on hydrophilic surfaces. This information is particularly useful for considering the size of further probe depositions, especially on small surfaces like those of optical fibers. Another advantage of CA measurement is the potential verification of the reproducibility of the silanization procedure. After each silanization, CA measurements could be performed to ensure that the silane layer is similar to that of the previous deposition.

Subsequently, a more thorough study based on fluorescence revelation allowed us to estimate the efficiency of ODN probe grafting on these different silanized surfaces.

Validation of surface functionalization via fluorescence revelation

The principle of our approach is the following: probes were locally grafted on the substrates and incubated with their targets. Target recognition was validated by fluorescence observed under a microscope. The fluorescence revelation approach is based on localized probe grafting on the substrate and further incubation with a complementary target molecule recognized by the probe. After, if the complementary target is biotinylated, the fluorescence dye SAPE is introduced and binds to the complementary target. The fluorescence signal is observed under the fluorescence microscope to characterize all the functionalization steps. This method allows for verification that the probe is well immobilized on the substrate and operational, i.e. able to specifically capture the target molecule. Fluorescence helps to visualize the results of this process.

The fluorescence revelation process we used will be explained using APTES but applies to any aminosilane. The simplest model of the probe for us was ODN, a short part of singlestrand DNA. The laboratory where I did my PhD is specialized in SPR biosensors and surface functionalization of gold-coated substrates. For this reason, the functionalization protocols and synthesized optimal sequences of ODN were dedicated to thiol (-SH) based grafting, Chapter 5. Surface functionalization this chemical group having a high affinity to gold surfaces, thus easily forming SAM on this kind of substrate. The thiolated ODN (shortly ODN-SH) cannot directly chemically bind to the amino group of aminosilane deposited on the substrate. One possible solution was using a cross-linker molecule that could make a bridge between the amino group of aminosilane and the thiolated ODN. The chosen candidate for this task was N-γ-maleimidobutyryloxysulfosuccinimide ester (Sulfo-GMBS) (22324, Thermo Fisher Scientific), a water-soluble amino-to-sulfhydryl cross-linker (Figure 5.7). The freshly silanized substrate was incubated for 1 hour at ambient conditions with 0.1 mM of Sulfo-GMBS prepared in 1× Phosphate Buffered Saline (PBS) (p4417-100TAB, Sigma Aldrich) with adjusted pH to 7.41. The activated ester groups of the cross-linker reacted with amino groups on silanized slides, making the maleimide reactive group available for the subsequent coupling with any thiol-containing molecules. The unbound cross-linker was removed by rinsing slides with Rinsing Buffer (RB)(see the composition in Appendix D.2), filtered DI water, and dried with Argon. The protocol was inspired by the work of Lucile Reynaud performed during her PhD project [START_REF] Reynaud | Aptamer-functionalized nanopore for the detection of closely-related proteins[END_REF]. Once the aminosilanized slides with cross-linker were prepared, a 10 µM thiolated ODN containing 5%(v/v) of glycerol (G7757-1L, Sigma Aldrich) solution was introduced on a localized area, where the maleimide reactive moiety of cross-linker reacted with thiol groups of ODN-SH. The small amount of glycerol prevents the drying of the solution while keeping the chemical reactivity of ODN. The samples were stored in a sealed humid chamber containing KN O 3 saturated saline solution for 2 hours at 25 • C to let the reaction occur while impeding the drying of the solution. After, unbound thiolated ODN was removed by rinsing. The rinsing step was identical to the one performed after cross-linker incubation. The silanized slide functionalized with ODN-SH can be used for the fluorescence revelation process at this moment.

Before proceeding with fluorescence revelation, the slides were hydrated with DI water After, the slide was copiously rinsed with RB and placed for observation under an upright epifluorescence microscope. Such a method was used for slides with APTES, APDMES, AEAPTES, and AHAMTES silanized in liquid and vapor phases.

To demonstrate the specificity of ODN-ODN interaction, two thiolated probes with different sequences (see the Appendix D.3), ODN-1-SH and ODN-2-SH, were grafted on two silanized slides coupled with a cross-linker. The probe grafting map is given in Figure 5.9. Two 1 µL droplets per ODN type were deposited with a conventional pipette on slides # 1 and #2. Slide #1 was incubated solely with ODN complementary to ODN-1-SH, ODN-1comp, whereas slide #2 with complementary to ODN-2-SH, ODN-2-comp. Such a spotting strategy was used to test all the aminosilanes presented before and deposited in both phases. After performing all the fluorescence revelation procedures, the slides were observed using the upright Olympus BX60 microscope (Hamamatsu CDD camera C5985-10, U-MWIG Chapter 5. Surface functionalization Olympus filter, HBO 100 w/2 OSRAM mercury lamp). The observation results are summarized in Figure 5.10. The acquisition parameters for APTES were 4× magnification, 0.32 s exposure time, and gain of 4, while for the rest of the aminosilanes, the parameters were the same except for the increased acquisition time to 0.6 s. This difference was due to a much lower fluorescence signal from other aminosilanes that required higher acquisition time for proper observation.

For each type of aminosilane, slide #1, incubated with ODN-1-comp, exhibited a fluorescence signal on the two areas functionalized with ODN-1-SH. The two areas functionalized with ODN-2-SH, which played the role of negative control, did not show any sign of fluorescence signal. An opposite picture was observed on slide #2, incubated with ODN-2-comp, where only the spots functionalized with ODN-2-SH demonstrated a fluorescence signal. The areas with ODN-1-SH that played negative control for this case did not exhibit any fluorescence signal. The corresponding images of negative control were not presented in Figure 5.10, since they did not show a distinct difference from the background.

The imperfect deposition method could explain the spot's shape and concentric irregularities inside of spots. The small dots without fluorescence inside the spots were possibly pieces of dust or crystallized salt from the buffer used during various steps.

The results presented in Figure 5.10 confirmed the successful silanization of the surface with all types of aminosilanes in liquid and vapor phases. Moreover, the deposited probes demonstrated specificity for complementary strands to ODN-1-SH and ODN-2-SH without any cross-reactivity.

Such visual and qualitative representation could indicate for which aminosilane the fluorescence signal was stronger or, in simpler words, which image was brighter. Since the substrate, the silanization, and fluorescence revelation protocols were the same for all slides, the fluorescence strength could potentially indicate the efficiency of particular aminosilane molecules in functionalization. However, the observation for APTES and the other silanized slides were done at different acquisition times. The variation in acquisition parameters could artificially diminish or enlarge the fluorescence strength. Moreover, the recorded images did not really quantify the background signal level associated with the basal level of fluorescence, which is not related to specific probe-target interactions.

Another approach could help to describe the fluorescence strength a bit more quantitatively. For this, I used images recorded in the same conditions for all types of aminosilanes in liquid and vapor phases (4× magnification, 0.32 s exposure time, and gain of 4). The intensity from 12 equal areas from the spots exhibiting fluorescence was extracted. Similarly, the intensity of the background outside of functionalized spots was also extracted in 12 differently located areas. Afterward, the intensities were averaged, where the spot intensity and background ratio gave the SNR. The SNR obtained from ODN-1-SH and ODN-2-SH for the slides silanized with all aminosilanes mentioned above in vapor and liquid phases are shown in Figure 5.11. Based on presented results, APTES demonstrated the highest SNR. The ODN-1-SH had SNR around 5, while the SNR for ODN-2-SH was twice larger. This conclusion is valid for both the liquid and the vapor phases. The second best SNR was observed for APDMES. However, the tendency was inversed in this case: ODN-1-SH spots grafted on the slide with APDMES exhibited higher SNR in both phases, at approximately 6 and 5, compared to 1.84 and 1.87 for ODN-2-SH in liquid and vapor phases, respectively. On average, the SNR observed on AEAPTES was the third largest. The ODN-1-SH and ODN-2-SH on slide silanized with AEAPTES in liquid and ODN-1-SH in vapor phases appeared almost the same varying around SNR of 2.5. In contrast, the ODN-2 on a silanized slide in the vapor phase provided considerably larger SNR of around 7. The least notable SNR was obtained for AHAMTES silanized slides. In this case, ODN-1-SH silanized in the vapor phase showed the largest SNR of around 3, while for the rest, the performance was the lowest of all observed data.

An identical fluorescence revelation approach was used for single-mode fibers silanized the fluorescent polymer coating of fiber. As a result, we could observe a gradual decrease in fluorescence intensity. The fluorescence on fiber #1 functionalized with ODN-1-SH and incubated with its complementary strand was also successfully observed under the inverted microscope (Figure 5.12 B). Slide #2 and slide #1 were included with complementary strands to ODN-2-SH and ODN-1-SH, respectively, as negative controls. The observation showed that the spot containing ODN-2-SH on slide #2 and ODN-1-SH on slide #1 exhibited fluorescence (Figure 5.12 C). No signal was detected on corresponding negative controls. This result confirms the possibility of the whole surface functionalization with different probes through their successful fluorescence revelation. This means that the probe is still active on the fiber surface and ready to specifically recognize the target analyte.

Process optimization of surface functionalization

The process required for probe grafting described in section 5.2.3.2, Validation of surface functionalization via fluorescence revelation, was composed of the following steps: the prepared glass substrate underwent silanization and curing for 6 hours, which was followed by Sulfo-GMBS cross-linker coupling for 1 hour and incubation with thiolated ODN-SH for at least 2 hours. The whole process, from the bare substrate to the functionalized sample with probes, took around 9 hours (Figure 5.13). The number of steps could potentially make troubleshooting more difficult in case the surface chemistry fails. Likewise, the required long incubation steps could make the process cumbersome when fast probe maturation or several different probes successive grafting might be needed. Both the number of steps and time required for probe grafting could be considerably reduced by using a molecule that can bind directly to the amino groups of aminosilane deposited on the glass substrate. The Benzaldehyde-modified ODN was a candidate for this role. The Aldehyde group in the benzaldehyde-modified probe reacts with amino groups of aminosilane and forms a double carbon-nitrogen bond. Additionally, a two-minute reaction was sufficient for proper probe grafting. By making this change, the functionalization process was reduced from 9 to approximately 6 hours (Figure 5.13). The importance of this improvement will be demonstrated and discussed in the next sections. The same sequences of ODN-1-SH and ODN-2-SH were used for the commercial synthesis (Euoregentech) of ODN-ALD, a benzaldehyde-modified ODN (later in the text aldehyde-modified). Therefore, the same complementary biotinylated strands of ODN could be used in fluorescence revelation.

To demonstrate the proof of successful surface functionalization, two glass slides silanized with APTES in the liquid phase were used. Two aldehyde-modified probes ODN-1-ALD and ODN-2-ALD were grafted on slide #1 and slide #2. For each ODN type, 1 µL droplets containing 10 µM ODN solution in DI water were deposited using a conventional pipette. to the previous section. Intensity from 12 equal areas on both slides was extracted from spots that demonstrated fluorescence. This time, it was easier to locate areas of negative control. Hence, 12 intensities were extracted from negative control spots to obtain the background signal. Both types of signals were averaged, and their ratio was estimated to obtain SNR. The calculated SNR on slide #1 with revealed ODNs-1-ALD was equal to 36.9 ± 0.1, while on slide #2 with ODN-2-ALD was 45.1 ± 0.1. The error was calculated similarly as in the previous section, where the standard deviation of fluorescent spots and background signals were considered.

To summarize, the proposed aldehyde-modified ODN substantially reduces the number of steps and time required for probe grafting. The importance of this improvement will be discussed in the next section. The fluorescence revelation approach successfully confirmed the probe grafting. The two probes could specifically detect their targets and did not show any sign of cross-reactivity between each other. The estimated SNR for both probes was much better than observed in the previous section.

Chapter 5. Surface functionalization

Localized surface functionalization

An efficient biosensor must be able to detect analytes of interest selectively. To detect multiple targets on a single device, multiple localized areas have to be functionalized with a specific probe. Negative control areas are also required to consider the unspecific signal variations.

The probe grafting method presented in previous sections was not adapted for multiplexed grafting. Thus, in the following section, we propose potential approaches based on probe printing and photo-assisted functionalization to face this challenge.

Droplet containing probe deposition on the sensor surface

The simplest way to locally functionalize a sensor's surface was to deposit a droplet of liquid-containing probes onto the surface, ready to react with them. Multiplexed probe grafting would require the deposition of droplets much smaller than the optical fiber size. The previous section's result proved that droplet deposition via a conventional laboratory pipette was unsuitable, as it produces functionalized areas in the millimeter range. The first option is an automated microarrayer system with a µm-diameter stylus or inkjet nozzle (Figure 5.15 A). This system at our disposal could deliver droplets of several hundred micrometers on planar substrates in a well-controlled environment. This technique was used for the spotting of phages [START_REF] Larry | Ultrafast and Multiplexed Bacteriophage Susceptibility Testing by Surface Plasmon Resonance and Phase Imaging of Immobilized Phage Microarrays[END_REF] and peptides [START_REF] Brenet | Développement et optimisations d'un nez électronique basé sur l'imagerie de résonance de plasmons de surface[END_REF] on gold-coated prisms for Surface Plasmon Resonance imaging (SPRi)-based detection. Despite wide use and the possibility of depositing dozens of spots on the sensor surface, this approach was not adapted to the geometry and size of optical fibers.

A method with dramatically better resolution for droplet delivery is based on dip-pen nanolithography. The general strategy utilizes an AFM tip to deliver probes directly to nanoscale areas of a target substrate [START_REF] Ginger | The evolution of dip-pen nanolithography[END_REF]. The application in biosensing of this method was demonstrated in the work of Dey et al., where the nanoplasmonic substrate was functionalized with arrays of 250 µm pitch containing 50 × 55 µm 2 spots of proteins [START_REF] Dey | Label-free Bacteria Quantification in Blood Plasma by a Bioprinted Microarray Based Interferometric Point-of-Care Device[END_REF] (Figure 5.15 B). After incubation with additional biomolecules, the nanoplasmonic substrate was used for label-free detection of bacteria in lens-free interferometric microscopy. Despite having an optimal feature size of grafted probes, the multiplexed probe grafting and functionalization of micro-size samples like optical fibers might be a challenging task.

To address optical fiber functionalization, we need to move towards more original methods, such as the use of a set of micro-cantilevers called "Bioplume". The micro-cantilever had a microfluidic channel that could hold a spotting solution and an incorporated electrode (Figure 5.15 C). This approach was already used in the lab for the electropolymerization of polypyrrole. The method was adapted for multiplexed functionalization of probes on SPR based fiber biosensor [START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF]. In the case of the proposed interferometric biosensor in my PhD project, the cavity is made of non-conductive material, where Bioplume is limited.

In this work, we propose a solution for the localized deposition of multiple probes adapted for the geometry and size of optical fiber. This solution uses new polymer cantilevers derived from the aforementioned first generation of Bioplume.

Development and adjustment of the droplet deposition protocol on glass slides

The proposed spotting system contained x -y -z linear motorized stages (UTS-100CC, Newport) with a 0.3 µm minimum motion step, a motion controller (ESP301, Newport) (not depicted in the figure), and a CMOS camera (DigiMicro 2.0 Scale, Toolcraft, Conrad) for visual control placed on the stages (Figure 5. 16 A). An extra camera (not in the figure) was placed separately on an optical table perpendicularly to the stages for visual control in the addition direction. The assembled spotting system did not have any software to be used for operation. Hence, I had to develop custom software in Labview dedicated to controlling stage position, speed, spotting time, spotting map programming, live visual control, and image recording. The extra camera not mounted on motorized stages already had its corresponding software. Additional x -y -z translation stages were used for the polymer cantilever mounting designed to deposit droplets containing probes. To make spot formation easier, the Laboratory for Analysis and Architecture of Systems (LAAS) from Toulouse, our collaborator, developed a microcantilever made of DS-3000 biocompatible photoresist with a particular geometry (Figure 5.16 B) [START_REF] Thierry Leichle | Rapid prototyping of a polymer MEMS droplet dispenser by laser-assisted 3D printing[END_REF]. A 1 mm long cantilever with a 60 × 60 µm 2 footprint tip and 20 × 50 µm 2 microchannel was fabricated by stereolithography using Dilase 3D printer from Kloe. Loading of the spotting solution was straightforward as it only required dipping the cantilever inside of the desired solution. Due to its size, the cantilever can hold a small volume of solution in the range of µL. During the spotting, the contact between the cantilever and the surface of interest, the microchannel, helped the solution to be released. Before considering localized probe-grafting on optical fibers, spotting with the cantilever was tested on multiple different substrates, including gold-coated slide and silanized glass substrates. At the beginning of the project, we started with a tryout of thiolated ODN-SH grafting on the silanized glass slides with APTES in the liquid phase coupled with Sulfo-GMBS. Before the spotting, the cantilever was rinsed with DI water, ethanol, and DI water again and dried in the air. The solution used in probe grafting was placed in loading wells, a cut bottom part (10% from the whole tube) of the 0.2 mL Eppendorf tube, to provide full cantilever wetting and prevent contamination (Figure 5.17 A). The loading wells were placed next to the glass substrate. The solution containing each of the probes to be deposited was placed into the well right before being spotted in order to prevent it from drying, potentially increasing probe concentration. The spotting map for each array on the glass slide and the position of wells with spotting solutions were recorded using the developed software in Labview (Figure 5.17 B). Several arrays of ODN-1-SH and ODN-2-SH with various pitches were deposited one after another for testing (Figure 5.17 C). The solution of each array contained 10 µM ODN and 5% (v/v) of glycerol to prevent drying. The cantilever was copiously rinsed between different probe graftings with DI water, ethanol, and DI water to prevent contamination. In the end, two 1 µL droplets of ODN-1-SH and ODN-2-SH were deposited as a control using a conventional laboratory pipette. After the spotting, the slide was stored for 3 hours in a humid chamber at 25 • C containing a supersaturated solution (357 g/L) of KN O 3 . The goal of this experiment was not only to confirm successful probe grafting onto silanized slides but also to find the minimum pitch at which two adjacent droplets will not merge. We started from 200 µm and gradually decreased the pitch size. We found that, at certain conditions, droplets separated by an 80 µm pitch could still keep their shape (not shown in Figure 5.17). This minimum pitch largely depends on the deposited droplet size, which is governed by various conditions, including surface hydrophobicity as mentioned in CA study, the concentration of glycerol in spotting solution, spotting duration, angle, and amplitude of spotting, etc. The influence of spotting parameters on droplet size was studied in collaboration with our colleagues for LAAS and presented in the recently published article [START_REF] Courson | Rapid prototyping of a polymer MEMS droplet dispenser by laser-assisted 3D printing[END_REF].

The development of the deposition protocol required several challenges to be met. First of all, the freshly fabricated polymer cantilever had very poor wettability, preventing any liquid load. The wetting was dramatically improved after several very short treatments with low-power (10%) Oxygen plasma.

Another main challenge was related to the uncontrollable humidity level at which spotting was performed. Conventional spotting systems, such as automated microarrayer systems, have well-controlled humidity and temperature conditions, where the solution containing probes does not dry before or after spotting. Usually, the deposited array of spots with probes requires time to maturate. In order to prevent the drying or expansion of the deposited droplet during the maturation, the spotting solution contains a certain amount of glycerol Chapter 5. Surface functionalization that is at equilibrium at a certain level of relative humidity [START_REF] Forney | Control of Humidity in Small Controlled-environment Chambers using Glycerol-Water Solutions[END_REF]. However, in our case, the proposed spotting system worked in ambient conditions where humidity will vary with the weather conditions (±50% Relative Humidity (RH)). Unfortunately, we could not adapt the conditions similarly to the automated microarrayer, since the electronics inside the linear motorized stages cannot operate at high humidity levels.

Therefore, two problems were observed: fast solution drying on the cantilever and infrequent droplet merging. The droplet merging was related to the fact that the grafting protocol contained several hours of deposited spot maturation inside of a humid chamber containing the supersaturated solution of KN O 3 at 25 • C, which gave around 94% RH. Since the RH during the spotting was lower, the deposited droplet initially containing 5%(v/v) of glycerol was not in equilibrium. Once the slide was placed inside the humidity chamber, the droplets started absorbing liquid from the surrounding medium to reach equilibrium, leading to spot expansion and merging. This problem was clearly observed when we worked with spotting on a gold-coated substrate (see Appendix D.4). Another challenge was related to the proper alignment of the slide with respect to the cantilever axis. A small tilt in substrate support induced changes in the angle and distance between the cantilever tip and the substrate surface. This led to poor spot reproducibility and to the need to readjust the spotting amplitude.

For better visibility of the droplet size and shape of the tested pitches and to verify the viability of deposited probes, the slide with grafted ODN-1-SH and ODN-2-SH underwent fluorescence revelation. The slide demonstrated in Figure 5.17 was incubated with ODN-1comp. The fluorescence was observed using an upright microscope with 4× magnification 0.32 s acquisition time and gain of 4 (Figure 5.18). Both spots grafted with polymer can- tilever and pipette containing ODN-1-SH exhibited fluorescence, contrary to ODN-2-SH, the negative control. Among all tested pitches, the spots underwent partial merging only for 90 µm pitch, caused by the deposited droplet size. For 80 µm pitch, despite being the lowest, spots did not merge.

The grafting efficiency was verified by the estimated SNR for spotted droplets of ODN-1-SH. It was equal to 5.6 ± 0.1, where the error was calculated based on a standard deviation of spot signal and background. The same operation was done for the spot made by the pipette, where SNR was larger, equaling 7.4 ± 0.2. This can be explained by the volumeto-surface ratio difference in both cases, leading to the different amount of available probes. Additionally, the mean size for each pitch was estimated. While for 150 µm pitch, the mean spot size was equal to 113.9 ± 1.2 × 115.7 ± 1.8 µm 2 (height × width), the mean spot size for 200 µm was 99.8 ± 5.0 × 101.8 ± 7.0 µm 2 . The observed droplets for the rest of the tested pitches were smaller. For instance, the average spot size for 90 µm pitch could reach 77.8 ± 4.7 × 98.9 ± 2.7 µm 2 . The smallest observed spots were at 80 µm pitch with a mean size of 61.1 ± 2.3 × 74.8 ± 2.3 µm 2 . Such a small dimension was achieved by partial loading of the cantilever with the solution.

Once the optimal pitches have been studied, spotting of aldehyde-modified ODN was performed on glass slides silanized with AEAPTES and APDMES in liquid and vapor phases. The substrate preparation and silanization protocols were identical to the ones presented in previous sections. The spotting solutions containing 10 µM of ODN-1-ALD and ODN-2-ALD and 5% (v/v) of glycerol were placed in a dedicated reservoir. The cantilever was loaded with ODN-2-ALD, and an array with 200 µm pitch was deposited on the left side of the glass slide (Figure 5.19). Then, using new ODN-2-ALD spotting solution at the same concentration, an identical array was deposited on the right border. Afterward, the cantilever was rinsed in DI water, ethanol, and DI water and air-dried. Lastly, an array of ODN-1-ALD was deposited between the two arrays of ODN-2-ALD. Such a combination of the three arrays was used for better visual proof. Furthermore, all deposited probes were left to react with the surface for at least 2 minutes. Because of the following procedure, the first deposited arrays of ODN-2-ALD stayed the longest on the surface. The spotting on AEAPTES silanized in liquid phase slide was characterized by large deposited droplets for both sequences of ODN. On the contrary, the spots deposited on Chapter 5. Surface functionalization the slide silanized in the vapor phase were more confined and smaller (Figure 5.20). The viability of the grafted probes on silanized slides was checked using the already described fluorescence revelation approach, where each slide was incubated with ODN-2-comp. The fluorescence observation was done using an upright microscope (Nikon Eclipse Ci-L) with 4× magnification, 900 ms acquisition time, and a gain of 9.3. In both phases, the ODN- 2-ALD probes were successfully revealed. However, a small amount of cross-reactivity was present on ODN-1-ALD spots, which played the role of the negative control. The fluorescence revelation on the slide silanized in the vapor phase suffered from a rinsing problem, resulting in a heterogeneous bright background. The SNR for both cases was estimated by selecting areas of each spot that demonstrated fluorescence signal and comparing them with the same number of spots selected from the background. In cases where fluorescence from the negative control was observed, the same operation was performed. The sizes of spots in the array on the left and right were slightly different. Therefore, the mean size of the spot was estimated separately for each array. For the slide silanized with AEAPTES in the liquid phase, the mean spot size on the left array was 119 ± 4 × 119 ± 5 µm 2 (length × width), while on the right it was 102 ± 2 × 107 ± 1 µm 2 (Figure 5.20 Bottom) . The estimated SNR of spots was 1.7 ± 0.2. The negative control demonstrated SNR of 0.9 ± 0.2.

The same approach was applied to the slides silanized in the vapor phase. The produced spots were twice smaller compared to those of the liquid phase silanization. The mean spot size on the left array was 56 ± 2 × 52 ± 1 µm 2 , while on the right was slightly larger, equaling 60 ± 1 × 52 ± 2 µm 2 . The estimated SNR of spots on the silanized slide in the vapor phase could reach 1.9 ± 0.2. The negative control SNR was 0.9 ± 0.3.

The fluorescence revelation of deposited arrays on slide silanized with APDMES in the liquid phase and incubated with ODN-2-comp showed fluorescence only on spots containing ODN-2-ALD (Figure 5.21). However, the fluorescence observation demonstrated that the droplet size and intensity were not homogeneous. For instance, the spots on the left arrays tended to slightly decrease in size during spotting compared to the other arrays. This can be explained by the fact that the amount of liquid on the cantilever was lower and lower as the deposits were made, leading to smaller deposited droplets. The mean spot size on the first two left rows was 80 ± 5 × 61 ± 2 µm 2 , whereas the third row was 10 µm smaller, keeping the same width: 70±5×59±2 µm 2 . The SNR of grafted spots on the silanized slide with APDMES in the liquid phase was the smallest, having 1.3 ± 0.1. This effect was more pronounced on the right array. Each next spot was smaller than the previous. Hence, the dimensions of only the largest and smallest spots were estimated. The largest and smallest dimensions were equal to 95×59µm 2 and 33×38 µm 2 , respectively. It is worth noting that the ODN-2-ALD grafted on the silanized slide in the vapor phase generally provided the smallest spots for both revealed arrays. The average spot size of the left array could reach 45 ± 3 × 47 ± 3 µm 2 (length × width), similar to the right one, having 47 ± 4 × 46 ± 2 µm 2 . The estimated SNR was the second largest, demonstrating 1.8 ± 0.2. The observed spots of negative control had SNR of 1.0 ± 0.2. Overall, the observed aldehyde-modified spots of ODN were smaller (except for AEAPTES in liquid phase) than spots containing thiolated ODN on the silanized slide with APTES and coupled with Sulfo-GMBS. The droplet size did not change after maturation compared to the results on the silanized slides with APTES and grafted thiolated ODN-SH. The reason was that the humid chamber and long droplet maturation time were not required for aldehyde-modified ODN-ALD. The aldehyde-probe approach has the double advantage of speed and small drop size, which is particularly interesting for small surface functionalization.

All these aforementioned spotting results using the polymer cantilever on the slide were in coherence with the estimated CA of silanized samples presented in section 5.2.3.1, contact angle measurements of silanized samples. Vapor phase silanization produced a more hydrophobic surface leading to smaller deposited droplets. The same correlation was observed when changing the aminosilane molecule, where silanization with APDMES produced a more hydrophobic surface and smaller functionalized areas. Functionalization of small areas like Sumitomo fiber bundles, 12-core fibers with sizes not larger than 300 µm, would require silanization in the vapor phase, especially with APDMES. Silanization in the vapor phase of samples like IC, would not be reasonable since the droplet size would be comparable to the size of the cores themselves. The most optimal silanization from these samples would be AEAPTES in the liquid phase, despite generating a multi-layer, based on consensus in the literature.

Functionalization of fibers using polymeric cantilever

Considering the results in the previous section, we decided to test our grafting protocol on more complex samples: optical fiber assemblies. The IC were chosen as a good sample for multiple spotting due to its size and number of cores, which can be successfully used for multiplexed detection. Several IC, previously optically characterized, were silanized with AEAPTES in the liquid phase using an identical protocol to the above-described examples for spotting experiments. As a first candidate, I used IC-R5-9-503. The spotting strategy was identical to the one mentioned in previous examples. The solutions used for spotting contained 10 µM of aldehyde-modified ODN-ALD and 5%(v/v) of glycerol. The first array of ODN-1-ALD was deposited on the top of the IC face. Since it was the first try, the periodicity of spots in the array was not obtained, where 11 droplets of various sizes were deposited (Figure 5.22 A). The second deposition try containing ODN-2-ALD was better, where only 8 droplets of hundred-micrometer size were placed. In order not to damage the cantilever and successfully deposit droplets, the level of IC surface was monitored using another camera (Figure 5.22 B). The probes were left to react on the surface for at least 2 minutes once all arrays were finished. A second attempt using the same protocol was focused on increasing the number of Chapter 5. Surface functionalization functionalized areas per IC. IC-R1-13-298 and a duplicate of IC-R5-9-503 were used for spotting. In the first case, 11 similar droplets of ODN-2-ALD were deposited at the top of IC (Figure 5.23 A). After, 16 droplets of ODN-1-ALD were deposited. The irregularities in size and shape were caused by the drying of the cantilever and the need to constantly reload the cantilever with the new solution. The spotting on the duplicate of IC-R5-9-503 was the most successful (Figure 5.23 B). The top of IC was functionalized with 11 spots containing ODN-2-ALD, while the bottom with 20 droplets contained ODN-1-ALD. Theoretically, each row of droplets could be functionalized with an individual probe. The successfully functionalized IC were then ready to be used in biosensing experiments, which will be detailed in the next chapter. Of course, we tried to perform multiplexed functionalization of much smaller Before transitioning to biodetection, I will describe another way to achieve localized functionalization: photo-functionalization. This strategy, which I also explored during my PhD, could be used for precise multiplexed functionalization, which would overcome the issues of spot size, reproducibility, and solution drying and may be an interesting alternative for future work on optical fibers.

Photo-assisted functionalization

Photo-assisted functionalization techniques use light in a specific bandwidth to bind active probes on the surface of biosensors. This approach's advantages include the very fine feature size of functionalized areas, relatively good reproducibility of area size, and short reaction time compared to conventional surface functionalization methods.

Generally speaking, it could be possible to divide these approaches into two groups. The first group is based on the light energy employment to promote changes in the probe, which allows binding to the biosensor's surface. For instance, Gatterdam et al. demonstrated multiplexed protein network assemblies obtained by two-photon activation [START_REF] Volker | Three-Dimensional Protein Networks Assembled by Two-Photon Activation[END_REF]. They synthesized a two-photon-activated GSH molecule, which under-exposure increases its affinity to interact with its counterpart, a GST molecule (Figure 5.24 A). The experimental proof was shown using short pulses of 405 nm laser to fabricate a red image of Marilyn Monroe inside of a green frame, which was achieved by GST labeled with photoactivatable mCherry and by incubating E. coli cell lysate containing GST-enhanced-GFP, respectively.

The second group of methods relies on cleaving photosensitive bonds or destroying a protective layer, which prevents probe binding until it is removed. Strale et al., performed micropatterning using light-induced molecular adsorption on glass surfaces [START_REF] Strale | Multiprotein Printing by Light-Induced Molecular Adsorption[END_REF]. The glass slide covered with PEG in the presence of a water-soluble photoinitiator and irradiation at 375 nm lost the PEG molecules via a photoscission mechanism. After, the deprotected area was available for molecular adsorption. The proof of this method was obtained by producing an image of Birth of Venus by Botticelli with a micrometer scale by sequential deprotection and adsorption of three different fluorescence molecules like GFP, Pll-g-PEG-TRITC, and Neutravidin-Ato647 (not depicted due to license restrictions, see this very impressive example Chapter 5. Surface functionalization in the reference). Another example provided by the same team made a Yin Yang pattern printed with Cy3-labeled fibronectin and Alexa-488-labeled streptavidin (Figure 5.24 B). The deprotected area was used for the specific adhesion of S180 cells to fibronectin, forming Yin, and mouse embryonic fibroblast to biotinylated fibronectin, forming Yang. More examples of photo-assisted pattering can be found in the following review [START_REF] Humenik | Patterning of protein-based materials[END_REF].

This kind of probe functionalization or patterning was also studied in our laboratory. Alvarado et al., patterned a gold-coated surface protected by a SAM of thiolated PEG 2000 -SH, wherein a 365 nm light was shined through a mask (150 µm pitch and 40 µm holes) and focused by magnification lenses (10× and 20×) on the sample placed in a microfluidic device [START_REF] Alvarado | Optically Assisted Surface Functionalization for Protein Arraying in Aqueous Media[END_REF]. Illumination lasted 15 minutes during which the PEG 2000 -SH present in the irradiated areas were degraded making the gold surface available for the next thiolated probe (Figure 5.24 C). This approach was used to make arrays of thiolated antibodies, anti-CD3 IgG, and 5 µm spots of biotinylated PEG that could be observed after with a fluorescence revelation approach.

Alternatively, Karim Vindas, in his thesis, tried removing the protecting layer of thiolated PEG on gold-coated fiber by thermal desorption with an Argon laser. The advantage of this method was potentially a more localized area of deprotection, absence of mask, and reduced time required for deprotection. The preliminary results demonstrated the importance of proper power and irradiation time control to reduce damage to the gold layer.

These methods are interesting examples of surface functionalization by deprotection of layers that can be applied for multiplexed probe functionalization. However, they were adapted for gold surfaces and required reconsideration of surface chemistry to be suitable for glass substrates. Another approach was used in the thesis of Marie Gaillard, where areas of developed Chapter 5. Surface functionalization microfluidic devices based on the technique of DLD were functionalized with two different probes [START_REF] Gaillard | Development of a size-sorting and biomarker-specific microfluidic system for the analysis of extracellular vesicles[END_REF]. The functionalization approach was based on the silanization of silicon surfaces with silane molecules containing photo-cleavable groups. The functionalization was performed by sequential deprotection through short-term irradiation of light at 365 nm. It was followed by incubation with CD63-1 labeled with Cy3 and EpCAM labeled with Cy5 fluorescent dyes. The results of repetitive functionalization were observed under fluorescence (Figure 5.25).

Based on the strengths of the photo-assisted methods, we decided to adapt the approach used by Marie Gaillard for the localized functionalization of glass slides and optical fibers with a photosensitive silane-containing coupling agent. The successive photo-deprotection of the deposited layer would require a smooth monolayer deposition where the photosensitive part of the molecule is accessible for cleaving and dissociation. To obtain a smooth monolayer deposition, the photosensitive silane coupling agent was deposited in the vapor phase on both, the glass substrate and 12-core optical fiber samples. The samples were prepared using the same protocol as previously described in the section 5.2, and introduced to the dedicated system (Ecocoat-YES, 1224-P). A built-in plasma system inside the device produced the hydroxyl-terminated groups on the sample's surface. The pure photosensitive silane was deposited inside the chamber with the samples. The silanization in the vapor phase lasted 20 hours at 160 • C and 0.5 Torr. After, the silanized samples were left to cool down and stored in a dark place to prevent unintentional cleaving of the photosensitive parts.

Despite being covered with acrylate polymer, the protecting coating of the 12-core fiber degraded slightly, becoming stiffer. Prior to silanization and in order to test the effect of Chapter 5. Surface functionalization high temperature, the same kind of optical fiber was tested in a furnace at the silanization temperature and reaction time at atmospheric pressure and gas content. The coating changed its color from transparent white to amber while becoming extremely stiff. The absence of substantial degradation of the protecting coating of fiber during silanization could be explained by the very low amount of oxygen in the chamber during vapor deposition compared to the furnace.

Photo-assisted deprotection of silane molecules

Photo-deprotection of silanized samples was performed in our laboratory. The cleaving of the photosensitive part on the glass slide was done using a conventional upright microscope with 20× objective and a DAPI filter (DAPI-5060C, Semrock). The deprotection was done in complete darkness, where, prior to use, samples were exposed only once in a clean room when they were removed from the chamber. The slide was covered with 5% (v/v) pyridine (360570-100ML, Sigma Aldrich) aqueous solution to facilitate oxyamine bond deprotection. The irradiation with light was done through a microscope cover slip for 30 seconds at 100% power of the light source (Nikon D-LEDI light source) at ambient conditions (Figure 5.27). The irradiance at the glass slide surface for the given magnification and aperture size was not measured. After, the cleaved groups were removed by rinsing the slides with DI water.
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Immediately after, the slide was incubated with 10 µM aldehyde-modified ODN-ALD prepared in water for 2 minutes. After, the unbound ODN-ALD was removed by rinsing with RB, DI water and dried with Argon.

The results of deprotection were confirmed by the fluorescence revelation approach described in the previous section. The fluorescence was observed using the same microscope at 4× magnification, 400 ms acquisition time, and a gain of 9.3. Since only one ODN-ALD spot was deposited, and to ensure that the fluorescence was indeed a result of surface functionalization, the fluorescence on the observed spot was photo-bleached by prolonged light irradiation. Similarly to the example of fluorescence revelation on multi-mode fiber, several images with a certain time interval were recorded (Figure 5.28 A). The shape and intensity of the observed fluorescence area can be explained by several factors. The outline corresponds to the shape of the LED used for illumination. In our case, the image of the light source was formed on the slide plane which caused the deprotection of a LED shaped area. This problem was not observed during the prior deprotection steps or fluorescence revelation of other samples. The darker central area was caused by pre-photo-bleaching of the spot with a small aperture. The comb-like shape could be explained by the not properly optimized light focusing inside the microscope. The estimated SNR based on five selected areas on the spot from the first recorded image was 8.7 ± 0.1. The error was estimated based on the standard deviation of spot and background signals. The line graph depicting obtained measurements from the selected dashed area indicated a gradual fall in intensity (Figure 5.28 B). These preliminary results demonstrate that the silanized area with photosensitive silane-containing molecule could be deprotected with a conventional upright microscope and functionalized with aldehyde-modified ODN-ALD.

A more complex experiment was performed on 12-core optical fiber silanized with the same silane molecule. Unfortunately, the upright microscope was not adapted to optical fiber geometry. A possible alternative could have been an inverted microscope, but both the aqueous solution used in deprotection and using a thick microscope slide between the fiber surface and the objective could prohibit proper focusing and localized deprotection of the 187 µm multi-core fiber. Therefore, we had to adapt hand made optical setup containing an upright microscope (Olympus BX-URA 2) with a 20× objective used for protein patterning [START_REF] Alvarado | Optically Assisted Surface Functionalization for Protein Arraying in Aqueous Media[END_REF]. We fabricated a handmade mask by drilling approximately 500 µm hole inside of black painted metal. This mask was then placed instead of an aperture inside of the microscope.

A droplet of 5% (v/v) pyridine aqueous solution beneath a coverslip was deposited. After the tip of the 12-core optical fiber attached to an x -y -z translation stage was placed inside the droplet (Figure 5.29 A). The 660 nm LED, with a wavelength far from the cleaving range, was used to focus light on a small area of the fiber. Once focus was achieved, the LED was changed to one with 365 nm wavelength (M365LP1, Thorlabs). The area was irradiated for 2 minutes at the LED's maximum power of (2000 mW from bare LED). This procedure was repeated three times, where the exposed core emanated blue light caused by a germanium dopant inside the core (Figure 5.29 B). Afterward, the optical fiber was immersed in a solution containing 10 µM aldehyde-modified ODN-ALD for 2 minutes. The deprotection was verified using a fluorescence revelation approach. Since we observed the fluorescence on acrylate-coated fibers without any functionalization, its photo-bleaching and following fall in intensity were required. The observation was done under an inverted microscope with 20× magnification, 444.7 ms acquisition time, and a gain of 23.8 (Figure 5.30 A). Since the whole surface emitted light, SNR was not estimated. The images were recorded at a given time interval while the fiber underwent full irradiation with excitation light. The longer the fiber was irradiated, the dimmer the image became, as expected.

Unfortunately, fluorescence in the previously deprotected localized areas was not observed. Since the fiber was symmetrical without obvious surface defects, it was hard to identify the precise location of the supposedly deprotected areas. Nevertheless, three areas were selected where the intensity was measured for the whole image stack to study this intensity decrease. All three areas rapidly decreased upon irradiation, having the same intensity fall profile (Figure 5.30 B). The intensity level of Area 1 was slightly higher compared to Area 2 and 3, which were almost the same. We assume that due to the insufficiently small aperture, the relatively close position of irradiated areas and irradiation time caused deprotection of the whole surface of the fiber. This led to the functionalization of the whole surface, where a homogeneous fluorescence signal was observed.

Conclusions and perspectives

Several major advances have been made while working on the surface functionalization step. Silanization of glass slides with APTES in the liquid phase and functionalization confirmation in the form of fluorescence revelation approach have been described. Based on the literature research, silanization with APTES in the liquid phase was not optimal due to occurring irregularities and multi-layer deposition. Therefore, deposition in the vapor phase and other aminosilane molecules like APDMES, AEAPTES, and AHAMTES that could potentially reduce irregularities and produce a mono-layer were considered and tested by the fluorescence revelation approach.

In general, the liquid phase provided a less hydrophobic surface compared to the vapor phase for all aforementioned aminosilanes. The most hydrophobic surface was obtained with APDMES in the liquid phase with CA equal to 68.7 ± 0.6 • , whereas AHAMTES provided the most hydrophilic, having 52.8 ± 3.7 • . In the vapor phase, APDMES and AEAPTES had quite close CA equal to 77.9 ± 1.1 • and 76.5 ± 2.1 • , correspondingly. The AHAMTES was the most hydrophobic in the vapor phase among all tested phases and aminosilanes, having 85.3 ± 8.6 • . The glass slides silanized with the different aminosilanes were used for the grafting of two thiolated probes: ODN-1-SH and ODN-2-SH. The grafting was verified via fluorescence revelation, where corresponding SNRs were compared. Based on SNR criteria only, APTES deposited in the liquid phase is the best with SNR around 5 for ODN-1-ALD and 10 for ODN-2-ALD, respectively.

An optimization step was applied to surface chemistry to reduce the number of steps and time required for probe binding to the surface. The replacement of Sulfo-GMBS crosslinker and thiolated ODN-SH by aldehyde-modified ODN-ALD that could react directly with amino groups of aminosilanes. It reduced the time required for surface silanization and functionalization from 9 to approximately 6 hours. The proposed improvement was examined by fluorescence revelation approach providing SNR equal to 36.9±0.1 and 45.1±0.1 for ODN-1-ALD and ODN-2-ALD, respectively. No cross-reactivity has been observed between two kinds of ODN-ALD.

In order to efficiently functionalize several localized areas on the optical fiber face, a dedicated spotting system containing motorized linear stages and cameras has been developed. A polymer cantilever was used as a means to deliver spotting solution onto the fiber surface. To control the spotting system, dedicated custom software has been programmed.

The obtained system was used to perform the deposition of arrays containing two kinds of thiolated ODN-1-SH and ODN-2-SH on glass slides silanized with the different aforementioned aminosilanes in the liquid and vapor phases. Each slide containing two arrays of ODN-2-ALD and an array of ODN-1-ALD was fluorescently revealed. The best estimated SNR was obtained for AEAPTES silanized slide: 1.7 ± 0.2 and 1.9 ± 0.2 for liquid and vapor phases, respectively. Overall, the grafting on slides silanized in the liquid phase produced larger functionalized spots. The smallest functionalized areas were obtained on slide silanized with APDMES in the vapor phase, where the mean spot size was equal to 47±4×46±2 µm 2 . The aminosilanization with AEAPTES in the liquid phase was chosen for the silanization of IC due to the larger functionalization area per spot. The most efficient spotting was obtained on IC-R1-13-298, where 11 droplets of ODN-2-ALD and 20 of ODN-1-ALD were deposited. These samples were planned to use for proof-of-concept of multiplexed biosensing.

A proposed photo-assisted surface functionalization method based on the cleaving of NPPOC, the photosensitive part of the silane-containing molecule under UV exposure was presented and explored. The localized deprotection of silanized glass slides was validated whereas we could not obtain localized spots on 12-core fibers. This very promising photoassisted functionalization needs to be improved in the future. There were many aspects of surface functionalization that could be improved and optimized. After the silanization step with various aminosilanes performed in liquid and vapor phases, the quality of the deposited film has to be estimated. For instance, the surface roughness of deposited silane films can be characterized using AFM, the hydrophobicity by CA measurements, and grafting density by X-ray Photoelectron Spectroscopy (XPS) with nitrogen content monitoring. Such quality control would help to tune the protocol of silanization to achieve the most optimal film in terms of thickness, grafting density, and smoothness for given aminosilanes and deposition phases.

The problem of polyacrylate coating degradation has two solutions. The first is to use more chemically resistant coatings like polyimide or silicone. The second solution is to focus on vapor phase deposition which was noticed to have a considerably smaller effect on coating degradation.

The spotting has to be adapted to have stable spotting in terms of RH and temperature which will help to avoid cantilever drying and ensure reproducibility of spot size.

Since spotting with thiolated ODN on silanized Sumitomo fiber with APTES in the liquid phase was not successful, alternative silane-containing molecules and probes could be used. For instance, test spotting of aldehyde-modified ODN on fibers functionalized with aminosilanes like APDMES which produce more hydrophobic surfaces and smaller droplets.

The problem during the fluorescence revelation approach with fluorescent polymer protecting coating could be solved by changing the coating or fluorescence dye that would emit light in different bandwidth compared to the polymer.

The photo-assisted method of surface functionalization requires substantial improvement. It is necessary to achieve a more rigorous protocol with well-defined optimal irradiance and irradiation time for a given light source. The tests focused on deprotection and functionalization with several probes on the glass slide have to be done to prove the specific binding of targets on deprotected areas.

To perform tryouts of deprotection and functionalization at the same time by mixing pyridine and aldehyde-modified ODN-ALD to reduce the number of steps.

The blocking step has to be performed after each functionalization step to prevent nonplanned binding on the other probe to the previously deprotected and functionalized area. This can be achieved by incubating with a dedicated agent, 4-Formylbenzene-1,3-disulfonic acid disodium salt hydrate (230901, Sigma-Aldich), that would react with free amino groups in deprotected areas not bound with probes. We already purchased it but haven't used it due to the lack of time.

The setup used for optical fiber photo-assisted deprotection has to be improved. The proper light switch from observation to deprotection and efficient tip wetting in pyridine have to be obtained. The irradiance and irradiation time have to be optimized for the given light source, where the aperture size has to be reduced to avoid whole-surface deprotection.

Chapter 6

Biological applications of interferometric biosensor

Ce chapitre décrit le montage optique et le protocole dédiés à la détection biomoléculaire, le support utilisé pour l'incubation avec les biomolécules, comprenant le système d'injection et d'évacuation des solutions. Les étapes clés de la preuve de la détection biomoléculaire sont expliquées, suivies du premier essai de détection des ODN complémentaires, de la streptavidine et de la SAPE sur des IC. Le traitement du signal sur les zones (plusieurs coeurs) et les coeurs individuels sera expliqué ainsi que la révélation par fluorescence qui constitue une méthode alternative pour confirmer la liaison des sondes à leurs cibles. L'IC sera soumis à un test de régénération impliquant une nouvelle silanisation et une fonctionnalisation avec deux ODN-ALD, qui seront ensuite exploités dans une nouvelle expérience de biodétection. Enfin, cette dernière expérience de biodétection, axée sur la détection des ODN complémentaires et de la SAPE, sera présentée et analysée. This chapter describes the optical detection setup, protocol for biomolecular detection, and the support used for incubation with bio-molecules, including solution injection and evacuation system. The key steps for proof of biomolecular detection will be explained, followed by the first detection tryout of complementary ODN, streptavidin, and SAPE on IC. The signal treatment by zones (several cores) and individual cores will be discussed, along with the application of fluorescence revelation as an alternative method to confirm successful target binding. The IC will be subjected to a regeneration test involving new silanization and spotting with two ODN-ALD, which will be exploited in a new biosensing experiment. Finally, this last biosensing experiment will be presented and analyzed, focusing on the detection of complementary ODN and SAPE. Chapter 6. Biological applications of interferometric biosensor

Introduction

The interferometric biosensor on multi-fiber assemblies underwent a long development path from simulation to achieving multiple active bioprobes on its surface. The last remaining challenge is to make a proof-of-concept that the developed device can perform real-time label-free remote detection of multiple analytes.

6.2 Detection of biomolecular interactions 6.2.

Detection system and biomolecular incubation support

To perform the detection of biomolecular interactions, the same setup used during the intensity interrogation of fibers and IC could be used (Figure 6.1). An alternative method to confirm the binding of analytes was employed as well. It was based on the fluorescence revelation approach. This required minor modifications of the optical setup, where 565 nm LED (1) was replaced by 490 nm LED to excite the fluorescent dye. In addition, the semi-reflecting mirror (5) was replaced by a dichroic mirror (reflection band: 420 -585 nm; transmitted band: 565-750 nm) adapted for fluorescence dye excitation and emission spectrum. To complete the observation of fluorescence, the 560 nm bandpass filter (11) dedicated to detection was replaced by a bandpass filter at 578 nm that corresponds to the emission of fluorescence dye. The room temperature was kept constant at around 25 • C, while the light sources and camera were left to stabilize for at least 1 hour before the biosensing experiment. In order to bring the fiber in contact with the different targets successively and to rinse it, the best solution would have been to develop a dedicated in-flow microfluidic device of the same kind as that classically used in SPRi experiment performed on biochip [START_REF] Alvarado | Optically Assisted Surface Functionalization for Protein Arraying in Aqueous Media[END_REF]. However, the adap- tation to a fiber configuration is not trivial. As a simple solution, we developed a dedicated reservoir with appropriate characteristics: minimal volume to immerse the fiber, dedicated shape, and surface properties to reduce the parasitic light influence, and low biomolecule adsorption properties. This device minimizes the quantity and the loss of used products but requires hand manipulation to perform the change of solutions. These manipulations prevent to use the optical acquisition continuously. The image recording was started after each injection. Consequently, the rapid adsorption process (characteristic time below 15 seconds) may not be accessible to measurements. The reservoir was prepared from a mixture of PDMS (Sylgard 184) and carbon powder in a 4:1 weight proportion and poured into a small plastic Petri dish containing a piece of tube that played the role of mold. After, the samples were degassed and left in a furnace at 100 • C for several hours until it was solidified. The carbon powder was used to make the fabricated support capable of absorbing reflected light coming from the air bubble/solution interface that could influence measurements on IC. The IC functionalized tip was inserted inside the channel formed by the mold. The small dimension and flexibility of the material allowed a relatively tight joint between the sample and the support. The target solution was injected by a conventional laboratory pipette while the liquid was evacuated by a syringe attached to a long blunt needle (Figure 6.2). The proposed configuration did not have a continuous flow of analytes, solution degassing, and temperature control compared to conventional microfluidic systems used for SPRi detection in our laboratory. In addition, the injection and evacuation of the solution were very challenging since they required good precision in movement that could influence measurement by moving the sample. In some cases, solution leaks and air bubbles occurred in the PDMS support. Despite its shortcomings, this ingenious system has allowed us to obtain Chapter 6. Biological applications of interferometric biosensor very interesting results, which will be presented later.

Detection of biomolecular interactions on image conduits 6.2.2.1 Detection of oligonucleotides hybridization on image conduits

The proof of biomolecular detection was based on a sandwich approach. All detection steps were performed in darkness to avoid the influence of ambient light. The IC with grafted ODN-1-ALD and ODN-2-ALD was hydrated in DI water for 5 minutes. After, the surface was pre-blocked by RB for 5 minutes. Solution of 1% by weight BSA was injected for 30 minutes to complete the blocking of the surface. The excess of BSA was gently rinsed with RB. The first injected target was 0.2 µM biotinylated ODN-1-comp, which had to be recognized specifically by ODN-1-ALD (Figure 6.3). With the used target concentration, we expected standard hybridization kinetics to last around 15 minutes at 37 • C. However, as we were forced to work at ambient conditions, the hybridization step was extended to 30 minutes. The unbound ODN-1-comp was rinsed several times with RB. To amplify the detected signal, 1 µM Streptavidin was injected, and the signal acquisition was performed for 10 minutes. The unbounded molecules were removed by rinsing several times with RB. Afterward, the second type of target, the 0.2 µM biotinylated ODN-2-comp, was injected for the same incubation time. The rinsing step was identical to the first incubated complementary ODN. The last step was to incubate 5%(v/v) of SAPE for 10 minutes, after which the unbound molecules were removed by rinsing several times with RB. This incubation played two roles. The first one was the amplification of the detected signal, while the second one was to produce the fluorescence signal. 

Chapter 6. Biological applications of interferometric biosensor

The protocol mentioned above was realized on IC demonstrated in the previous section with a code name IC-R5-9-503. The recording was stopped for rinsing and solution replacement. The detection of the first set of targets started from the injection of ODN-1-comp, followed by streptavidin after the rinsing step. The variation of signals was monitored after the experiment from three different areas on the IC surface: ODN-1-ALD, ODN-2-ALD, and background selected between the two deposited arrays. The localization of functionalized areas was obtained using the differential image, where the first image from an image stack for a given injection was subtracted from all recorded images in this stack (Figure 6.4 A). The signals from the aforementioned areas were obtained by the normalization procedure described in Chapter 4, in which a signal from the first recorded image for a given incubation was taken instead of water. The signal from ODN-1-ALD area, functionalized with the probe complementary to the injected target ODN-1-comp, a positive control in this case, gradually increased over time, reaching its maximum of 0.45% of normalized intensity (Figure 6.4 B). The intensity of ODN-2-ALD area, negative control in this case, increased as well for 950 seconds, where it reached its plateau at 0.15%, three times lower than the positive area. On the other hand, the background signal, coming from a non-functionalized area, shows a continuous increase over time, reaching similar intensity as ODN-1-ALD area. This could be explained by insufficient blocking step of non-functionalized areas leading to an increment of the signal.

The injection of streptavidin caused a sharp increase of the signal from ODN-1-ALD area from 0.45% to 1.5%. For this step, the intensity was normalized by a signal obtained from the first image of ODN-1-comp injection. Due to the experimental setup limitation, around 15 seconds of kinetics was not recorded and lost. Unexpectedly, at the time of the streptavidin injection, the intensity from ODN-2-ALD and background areas dropped Taking as a starting point the injection of streptavidin, for ODN-2-ALD and background areas, the increases were 0.4% and 1.0%, respectively. We can then assume that the specific adsorption of streptavidin on biotinylated complementary ODN induces at least a 1.05% increase when non-specific adhesion leads to respectively 1.0% for background and 0.4% for non-complementary ODN. We suspect that the abrupt dips around 950 seconds and 2150 could be inflicted by small bubbles floating in front of the functionalized tip of IC, which modified the intensity of detected reflected light.

The second set of injected targets was ODN-2-comp, complementary to ODN-2-ALD. The same areas were used to monitor signal variation (Figure 6.5 A). The observed response of ODN-2-ALD area was steep up to 1.15% after 600 seconds, where it changed to a gradual variation tendency reaching 1.5% (Figure 6.5 B). The signal on the negative control ODN-1-ALD area varied around zero level during the whole detection. Similar behavior was observed for the background signal despite starting to increase gradually after 100 seconds. The same reasoning about insufficient blocking of the unfunctionalized areas can be used. The detection of ODN-2-comp was more convincing where the positive and negative controls and background signals were well separated. This can be explained by two reasons. The first would be that the ODN-1-ALD grafting on the fiber was less efficient than the ODN-2-ALD grafting, leading to a hybridization detection less visible in the first case. The second reason would be that the first injection saturated the non-specific adsorption ability of the all surface, leading to a better passivation of the surface for the second detection. The degree of signal variation of positive controls could be affected by many parameters like the quality Chapter 6. Biological applications of interferometric biosensor of surface silanization, the density of deposited probes, the efficiency of certain ODN-ALD to recognize and bind complementary strand of ODN-comp, and the sensitivity of cores that contributed to the overall signal in selected areas.

In order to study the influence of the latest, we extracted the signal of several individual cores, excluding the signal from cladding, within assigned areas for ODN-1-ALD and ODN-2-ALD. We used the dedicated selection mask described in Chapter 4, Optical characterization of interferometric sensors. Five responses of individual cores from the ODN-1-ALD and ODN-2-ALD areas were compared. After injection of ODN-1-comp, the signal variations of the individual cores from the ODN-1-ALD area, positive control, were hardly distinguishable from the negative control. However, after streptavidin injection, five signals of various intensities appeared. Their plateaus varied from 1.3% to 2.1%. (Figure 6.6 A). This demonstrated the heterogeneity of cores' responses caused by the reasons mentioned before, which gave the mean response taking into account the cladding signal that reached the maximum of 1.5% in the zone-type observation. The level of noise in the curves was affected by the much smaller number of pixels for the selected cores compared to zone-type observation. An identical procedure was done for injection of ODN-2-comp (Figure 6.6 B). The signals from individual cores from the ODN-2-ALD area had heterogeneous intensity profiles. Their plateaus varied from 1.0% to 2.1% compared to 1.5% of normalized intensity in zone-type selection. Once the detection experiment was finished, SAPE, a fluorescent dye that could bind to biotinylated complementary ODN-comp, was injected. The LED, reflecting-unit mirror, and band-pass filter were replaced for fluorescence observation. Even if the optical setup was not optimized as conventional microscopes for fluorescence observation, the contrasted image clearly shows that, as expected, the SAPE bound only to ODN-2-ALD spots since ODN-1-ALD were already bound to streptavidin (Figure 6.7). This alternative approach confirms the specific binding of complementary strands of ODN.

The next question that arose was whether we could regenerate the sample and perform another detection tryout. The next section will describe our efforts. 

Regeneration viability test

The previously tested IC was subjected to a cleaning procedure including an ultra-sonic bath and plasma cleaning described in Chapter 5, Surface functionalization. After, the sample was silanized with AEAPTES in the liquid phase, and new spotting of two ODN-1-ALD and ODN-2-ALD was achieved. The array of ODN-2-ALD spots was deposited on the top of the IC, while ODN-1-ALD on the bottom (Figure 6.8). To improve surface blocking and The signal from ODN-2-ALD rapidly increased, reaching its plateau of 1.75% after 150 seconds (Figure 6.9 B). The negative control, ODN-1-ALD spot, and background signals were close to zero, where, after 75 seconds, had a slight negative signal variation tendency. Blocking with ODN-3-ALD seemed to prevent significant background intensity variations. After the ODN-1-comp injection, signal variation caused by SAPE attachment was observed (Figure 6.10 A). The intensity on ODN-1-ALD area changed dramatically, reaching its stability at 2.25% after 100 seconds of reaction (Figure 6.10 B). The detected signal was 0.5% larger than the previously detected SAPE coupling. The negative control and background signals gradually decreased, down to -0.75% below zero.

The analysis of individual cores' responses in contrast to zone data treatment was performed. The number of cores extracted from ODN-2-ALD and ODN-1-ALD areas was identical to the first detection tryout. Similarly to the core analysis from the first detection, a heterogeneous variation of core signals was observed (Figure 6.11 A). For example, the response of cores functionalized with ODN-2-ALD after ODN-2-comp hybridized and SAPE injection exhibited different intensity profiles from 0.9% to 3% of normalized intensity taken after their stabilization. The maximum observed core signal was almost 1.25% larger than the signal observed after data treatment by zones. The negative control, in this case, ODN-1-ALD, was completely flat.

The same situation was for the cores functionalized with ODN-1-ALD after ODN-1-comp Chapter 6. Biological applications of interferometric biosensor hybridized and SAPE was injected (Figure 6.11 B). The maximum normalized intensity from the observed cores at their plateau was in the range of 1.5% to 3.5%. The recorded maximum core signal of 3.5% was approximately 1.25% stronger than the signal observed by the zone data treatment. The negative control, ODN-2-ALD area signal, had a relatively small decrease from 0 down to -1.0% of normalized intensity. One could argue that the Chapter 6. Biological applications of interferometric biosensor its maximum at 578 nm was not substantial and the observed signal was mainly inflicted by the modulation of reflectivity induced by the binding of SAPE molecules and not by its fluorescence. (Figure 6.12 A). The fluorescence revelation approach was used to alternatively confirm the binding of SAPE onto functionalized areas by ODN-1-ALD and ODN-2-ALD. The SAPE molecules were photo-bleached during the detection experiment since the detection and excitation light wavelengths were similar. For better fluorescence imaging conditions, at the end of the experiment, the remaining fluorescence was observed under the inverted microscope (Figure 6.12 B). The functionalized face of IC after the detection experiment was observed with 4× magnification, 192.2 ms acquisition time, and gain of 20.2. Both arrays of ODN-1-ALD and ODN-2-ALD were clearly observed. These results confirmed the successful binding of SAPE to hybridized complementary biotinylated ODNs onto aldehyde-modified ODNs. 

Conclusions and perspectives

The dedicated support made of PDMS and carbon powder was used for the incubation of multiple solutions with IC functionalized with ODN-1-ALD and ODN-2-ALD arrays. The liquid injection and evacuation were arranged using a conventional laboratory pipette and a syringe with a blunt needle. Despite limits, the setup was acceptable for preliminary tests of biomolecular interactions. Three areas for signal variation monitoring in the biosensing experiments were considered: ODN-1-ALD, ODN-2-ALD, and background areas.

In the first test, hybridization of biotinylated ODN-1-comp with its corresponding probe ODN-1-ALD was revealed after amplification through the injection of streptavidin which bound to biotinylated ODN-1-comp. The signal amplification was at least 1.05% of normalized intensity. The ODN-2-comp detection was straightforward, leading to an increase of Chapter 6. Biological applications of interferometric biosensor 1.5%, while the signal from ODN-1-ALD and background areas did not evolve significantly. The core analysis was performed for previously selected areas. Five responses from ODN-1-ALD and ODN-2-ALD areas were compared. For both cases, the cores demonstrated heterogeneous intensity variation profiles. For Streptavidin injection, their maximum reached intensities varied from 1.3% to 2.1% while for ODN-2-comp, from 1.0% to 2.1%. This implied that the observed signal with the zone data treatment approach combined all those heterogeneous responses, demonstrating a smaller mean response. The successful probe binding from the ODN-2-comp and SAPE was alternatively confirmed by fluorescence observation.

The sample regeneration test comprised cleaning, re-silanization, and re-spotting was studied. The viability of regeneration was confirmed by a biosensing experiment where complementary strands of ODN-comp and SAPE were sequentially injected. The detection of corresponding ODN-comp was not observed on ODN-1-ALD and ODN-2-ALD areas. However, the signal from ODN-1-ALD area hybridized with its complementary biotinylated strand exhibited a substantial signal variation after injection of SAPE, reaching 1.75% of normalized intensity. In contrast, ODN-2-ALD area hybridized with its complementary biotinylated strand after coupling with SAPE showed an even stronger response having 2.25%. Core analysis was performed for these two types of injections as well. The results demonstrated heterogeneous signal variation, whose plateaus could reach 0.9% to 3% and 1.5% to 3.5% for ODN-2-ALD and ODN-1-ALD, correspondingly. The specific hybridization was again confirmed by fluorescence.

To conclude, we successfully obtained the proof of the concept of a multiplexed detection of ODN-comp, SAPE, and streptavidin at the tip of multi-fiber assembly by variation of back-reflected intensity. These results of the biosensing tests demonstrated that developed interferometric biosensors on an optical fibers bundle were capable of real-time remote measurements and label-free multiple analyses. This paves the way for in vivo application.

The obtained results were only preliminary, and more detection tests and improvements must be implemented.

The microfluid system adapted for the geometry and size of optical fibers and IC have to be developed to overcome the limitations described at the beginning of the chapter. Moreover, temperature control during solution incubation will be required.

The samples with optimized optical performance, surface chemistry, and deposited probe density must be, as a first approach, tested on the simple model of ODN-ODN-comp interactions. Afterward, the biosensor can be tested on targets like antibodies or relevant biomarkers. The biosensor exposure to the analyte concentration range will help define LOD for a particular target.

Once simple detection is well-tested and mastered, the complexity of detection will be gradually increased. For instance, detection in saline solutions containing several diluted molecules with only one target analyte can be tested to study biosensor performance in a more complex medium. This will allow us to advance toward detecting targets in normal serum. Afterward, the detection can be switched to ex vivo biosensing of analytes inside gels that will model human tissue. If the results are promising, the in vivo tests on animals Chapter 6. Biological applications of interferometric biosensor where a model subject will receive a drug that causes an immune response and inflammation. The optical biosensor can be inserted and target the subject antibodies generated upon the immune response.

Chapter 7

Conclusions and perspectives

During my PhD research project, I worked on the development of interferometric biosensors on optical fiber assemblies dedicated to in vivo application. To be suitable for in vivo application, the proposed biosensor has to be capable of real-time remote measurements and label-free multiple analyses with minimal invasion. To fulfill these requirements, we proposed to combine two mature technologies. On the one hand, optical fibers allow us to carry out real-time remote minimally invasive in vivo detection. On the other hand, interferometry can accomplish label-free biomolecular detection. The challenge faced was to transfer a biochip at the tip of a multi-fiber assembly. The project covered all the steps required for biosensor development, including numerical simulations, fabrication steps, optical characterization, surface functionalization, and biosensing tests.

The numerical simulation presented in Chapter 2 aimed to model an interferometric phenomenon at the tip of a fiber. It was achieved using FEM in COMSOL software. The simulation utilized a 2D model with four layers: the optical fiber core, reflecting layer, cavity, and sensing medium. The model showed a reflectance response with peaks (constructive interference) and valleys (destructive interference) as a function of wavelength. The reflecting layer was determined to be most optimal when made of T a 2 O 5 , and SiO 2 was ideal for the cavity. The effect of varying the reflecting layer thickness was studied, resulting in peak/valley intensity changes. A similar study was conducted for the cavity, observing shifts in spectral position and modifications in the number of extrema. The theoretical sensitivity was characterized in two ways, from signal variations to a change in the global refractive index of the sensing medium and from signal variation to the adsorption of a simulated biomolecular layer. Based on findings in the global refractive index variation of the sensing medium, we decided to fabricate cavities with thicknesses of 300, 400, and 600 nm using SiO 2 , along with reflecting layers of 10 and 30 nm T a 2 O 5 .

Expanding the 2D model to 3D will enable a more comprehensive study of light propagation within the fiber and interferometric layers in future work. Simulating the adsorption of the biomolecular layer with more advanced models can yield a deeper understanding of sensor behavior.

Suitable samples for transducer fabrication, such as quartz slides, single-mode and multi-Chapter 7. Conclusions and perspectives mode fibers, 12-core fibers, fiber bundles, and IC, were selected. All samples were prepared via optimized cleaving, where their quality was rigorously verified. The fabrication technique adapted for the size and geometry of samples, the list of required materials and their thicknesses, and deposition temperature were discussed and analyzed. Their treatments were entrusted to Company X, which used the Ion-assisted e-beam evaporation technique to deposit the interferometric layers. The thickness of the deposited layers was verified using a back-engineering method, where the response of the witness sample was measured. Despite systematic discrepancies between expected and actual thicknesses and a lack of cleaning on some surfaces, 40% of the samples were suitable and could be optically characterized. A proper cleaning strategy using the ultra-sonic bath would be required in the future. The number of samples with different combinations of reflecting layer and cavity could be reduced by implementing a wedge-like thickness profile for both layers. This approach ensures that specific areas on the sample exhibit unique combinations of thicknesses and responses.

The transducer fabricated on various samples underwent optical characterization. The fabricated samples with different thicknesses were optically characterized using two approaches based on global refractive index variation of sensing medium: spectral characterization and intensity interrogation. Spectral characterization determined the spectral bandwidths at which the samples exhibited the sensitivity. This approach was applied to quartz slides and IC, comparing their experimental responses with theoretical ones obtained through simulation. The comparison revealed discrepancies in sensitivity magnitude and spectral position of extrema between the measured results and thicknesses provided by Company X. The simulation was readjusted to achieve the best match in spectral position, while the remaining mismatch in sensitivity magnitude was attributed to both the simplified simulation and the experimental performance of the optical setup.

Considering the most sensitive spectral bandwidth obtained during spectral characterization, the intensity interrogation of 12-core fibers and IC at fixed wavelength was performed. The response of each core of multi-fiber assemblies was analyzed, and corresponding data was treated. The most sensitive 12-core fiber was 12c-R3-13-451 interrogated at 590 nm, where 75% of cores showed sensitivity and resolution equal to 309%/RIU and 7.8 • 10 -4 RIU , respectively. Alternatively, the best IC was IC-R5-9-503, characterized at 560 nm, where 75% of cores exhibited a sensitivity of 510%/RIU and 7 • 10 -4 RIU resolution. The corresponding best samples were chosen for biosensing experiments.

Future efforts should prioritize enhancing the optical setup employed for sample characterization to increase the SNR. Improvements in the optical setup and the solution delivery method are required to minimize the labor-intensive nature of sample characterization for each LED in a given setup. The optical setup can be modified to accommodate a wide range of tested wavelengths by sequentially activating different LEDs. At the same time, an adapted microfluidic system can inject the tested solution. Dedicated software can automate the signal recording process and its transformation into meaningful parameters such as sensitivity and resolution.
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After, the characterized samples were subjected to surface functionalization. One of the ways of glass substrate functionalization was silanization. In the beginning, the tests were performed on planar surfaces with APTES, AEAPTES, APDMES, and AHAMTES silanized in liquid and vapor phases. Theoretically, the vapor phase was more efficient than the liquid due to mono-layer deposition and better control of silanization. The silanized samples were characterized via CA measurements. The grafting of two ODN probes was performed, and their ability to specifically detect their targets was validated through fluorescence revelation on glass slides. A dedicated spotting system capable of localized multi-probe grafting was developed to obtain multiplexed fiber biosensors. The first tests were performed on glass slides silanized with APTES in the liquid phase with deposited droplets of thiol-modified ODN-SH. The second test was done on slides silanized with AEAPTES, APDMES in liquid and vapor phases with grafted aldehyde-modified ODN-ALD probes. Both tests were confirmed by the fluorescence revelation approach where SNR and spot size were estimated.

We obtained spot sizes going from the largest, 119 ± 4 × 119 ± 5µm 2 (length × width) for AEAPTES in the liquid phase to the smallest, 70 ± 5 × 59 ± 2µm 2 for APDMES in the vapor phase. Silanization protocols (nature of silane agent and phase of deposition) may thus be chosen depending on the size of the surface to functionalize.

The results of spotting on the planar glass substrates were transferred on IC silanized in AEAPTES in the liquid phase, where two arrays of ODN-1-ALD and ODN-2-ALD were successfully deposited. The functionalized IC with multiple probes were chosen for biosensing experiments. An alternative technique, the photo-assisted functionalization approach, was developed for localized and accurate probe grafting on optical fibers. The method involved localized deprotection of photosensitive silane-containing molecules through targeted light exposure. A glass slide and a 12-core fiber were used for single probe grafting to test the approach. The successful functionalization was confirmed using the fluorescence revelation approach. The preliminary results show promising results for small feature functionalization with multiple probes.

In perspective, the ambient conditions during spotting experiments have to be wellcontrolled to ensure droplet reproducibility and potential cantilever drying. The optimization of photo-assisted functionalization should be continued and tested for multiplex probe functionalization.

Finally, the challenge of demonstrating the proof of concept of the developed devices could be met after successfully combining the results of numerical simulation, transducer fabrication, optical characterization, and multiplexed surface functionalization.

A dedicated detection setup was developed for biosensing experiments and biomolecular incubation support specifically tailored for multifiber assemblies. The biosensing test on IC functionalized with two different aldehyde-modified probes utilized a sandwich approach. The first step involved injecting the biotinylated complementary strand of ODN-1-comp, which bound to one of the probes. This was followed by the addition of streptavidin for IC Image Conduit 85-87, 89, 90, 92, 93, 95, 98-100, 108-113, 117, 118, 120, 121, 124, 129-137, 162, 163, 171, 173-178, 180-184, 187-189, 199 ITO Indium Tin Oxide 50, 51, 54 LED Light-Emitting Diode 52,[START_REF] Wood | On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating Spectrum[END_REF][START_REF] Fano | The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces (Sommerfeld's Waves)[END_REF][START_REF] Liang | Fiber Optic Surface Plasmon Resonance-Based Biosensor Technique: Fabrication, Advancement, and Application[END_REF][START_REF] Suzuki | Fundamental characteristics of a dual-colour fibre optic SPR sensor[END_REF][START_REF] Kim | Localized surface plasmon resonance biosensor using nanopatterned gold particles on the surface of an optical fiber[END_REF][START_REF] Moayyed | Analysis of a plasmonic based optical fiber optrode with phase interrogation[END_REF][START_REF]Free Image on Pixabay -Soap Bubble[END_REF][START_REF] Di -Photography | [END_REF][START_REF] Xia | In-line microfiber MZI operating at two sides of the dispersion turning point for ultrasensitive RI and temperature measurement[END_REF][START_REF] Bharadwaj | Evanescent wave absorbance based fiber optic biosensor for label-free detection of E. coli at 280nm wavelength[END_REF][START_REF] Anuj | Fiber optic evanescent wave absorption-based sensors: A detailed review of advancements in the last decade (2007-18)[END_REF][START_REF] Kavitha | Etched Fiber Bragg Grating Sensor for Quantification of DNA[END_REF][START_REF] Shao | Optical Refractive-Index Sensor Based on Dual Fiber-Bragg Gratings Interposed With a Multimode-Fiber Taper[END_REF][START_REF] Quero | Long period fiber grating nano-optrode for cancer biomarker detection[END_REF][START_REF] Zhao | Surface plasmon resonance refractive sensor based on silver-coated side-polished fiber[END_REF][START_REF] Dhara | Reflectance-based low-cost disposable optical fiber surface plasmon resonance probe with enhanced biochemical sensitivity[END_REF][START_REF] Tai Nguyen | A regenerative label-free fiber optic sensor using surface plasmon resonance for clinical diagnosis of fibrinogen[END_REF][START_REF] Song | Label-free in-situ real-time DNA hybridization kinetics detection employing microfiber-assisted Mach-Zehnder interferometer[END_REF][START_REF] Yang | Optofluidic twin-core hollow fiber interferometer for label-free sensing of the streptavidin-biotin binding[END_REF][START_REF] Wang | A High-Birefringence Microfiber Sagnac-Interferometer Biosensor Based on the Vernier Effect[END_REF][START_REF] Zhang | A new optical fiber biosensor for acetylcholine detection based on pH sensitive fluorescent carbon quantum dots[END_REF][START_REF] Wu | A real-time and highly sensitive fiber optic biosensor based on the carbon quantum dots for nitric oxide detection[END_REF][START_REF] Lin | A novel in vitro and in situ immunoassay biosensor based on fiber optic Fabry-Perot interferometry[END_REF][START_REF] Queirós | Microcystin-LR detection in water by the Fabry-Pérot interferometer using an optical fibre coated with a sol-gel imprinted sensing membrane[END_REF][START_REF] Chen | Fabry-Perot fiber-optic immunosensor based on suspended layerby-layer (chitosan/polystyrene sulfonate) membrane[END_REF][START_REF] André | Simultaneous measurement of temperature and refractive index using focused ion beam milled Fabry-Perot cavities in optical fiber micro-tips[END_REF][START_REF] Ziu | A dip-and-read optical aptasensor for detection of tau protein[END_REF][START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF][START_REF] Long | Compact quantitative optic fiber-based immunoarray biosensor for rapid detection of small analytes[END_REF][START_REF] Zhang | Multiplexed optical fiber sensors for dynamic brain monitoring[END_REF][START_REF] Song | Fiber-Optic Microsphere-Based Arrays for Multiplexed Biological Warfare Agent Detection[END_REF][START_REF] Deiss | Opto-electrochemical nanosensor array for remote DNA detection[END_REF][START_REF] Winsberg | Computer Simulations in Science[END_REF][START_REF] Hammond | Considerations and Best Practices in Agent-Based Modeling to Inform Policy[END_REF][START_REF] Bonabeau | Agent-based modeling: Methods and techniques for simulating human systems[END_REF][START_REF] Mclean | Understanding Aerodynamics: Arguing from the Real Physics[END_REF] LOD Limit of detection 
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Chapter 1 .

 1 Figure 1.2: Examples of biosensors' areas of application [12].

Figure 1 . 3 :

 13 Figure 1.3: Commonly implemented in vivo devices for various dysfunction treatments. The figure was adapted from (clockwise): [23, 24, 25, 26].

Chapter 1 .Figure 1 . 4 :

 114 Figure 1.4: Fiber-based technologies for in vivo application. Top: Fiber probe for confocal laser endomicroscopy[START_REF] Kea | [END_REF]. Bottom: Implanted optical fiber inside of the brain to slow down the development of neurodegenerative diseases[START_REF] Daniel | Turning On Lights to Stop Neurodegeneration: The Potential of Near Infrared Light Therapy in Alzheimer's and Parkinson's Disease[END_REF].
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 1 Scientific context cladding, has a lower refractive index n 2 (Figure 1.5) .

Figure 1 . 5 :

 15 Figure 1.5: Schematic representation of structure of conventional optical fiber.

Chapter 1 .Figure 1 . 6 :

 116 Figure 1.6: The most common classification of optical fibers based on their refractive index profile and corresponding ray transmission.

Chapter 1 .

 1 Figure 1.7: A) Experimental setup of Collandon [42]. B) Light behavior upon incidence on the medium with lower refractive index and conditions of TIR C) Light propagation under TIR with fiber's acceptance angle α.

Figure 1 .

 1 Figure 1.10: A) The standard PET and reversed PET mechanism where the oxidized analyte (analyte* on the figure) or by-product accepts an electron. B) Typical excitation and emission spectrum of Cy3 fluorescent dye [55].

Figure 1 .

 1 Figure 1.11: A) Schematic representation of functionalized fiber tip with a film containing fluorophore and enzyme B) Fluorescence quenching upon target binding caused by PET phenomenon employed in biosensing [59].

Figure 1 .

 1 Figure 1.12: A) Schematic representation of light propagation under TIR and corresponding exponentially decaying evanescence wave. B) Exposed core of optical fiber to sensing medium adapted for biosensing.

Figure 1 . 13 :

 113 Figure 1.13: Schematic representation of Top: Long period grating (LPG), Middle: Fiber Bragg grating (FBG), and Bottom: Tilted fiber Bragg grating (TFBG) with their corresponding input and output signals [62].

Figure 1 . 14 :

 114 Figure 1.14: Schematic representation of the SPR phenomena. A) Formation of the evanescent field under TIR. B) Coupling of surface plasmons with the TIR evanescent wave [66].

Figure 1 . 15 :

 115 Figure 1.15: Schematic representation of different SPR coupling methods. A) Prism coupling method: Otto's and Kretschmann's configurations. B) Grating coupling. C) Optical fiber. The figure was adapted from [66, 69].

Figure 1 . 17 :

 117 Figure 1.17: Schematic representation of Young's double-slit experiment [90].

Figure 1 . 18 :

 118 Figure 1.18: Schematic representation of different types of interferometric fiber biosensors. A) MZI B) MI C) SI [92].
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 1 Scientific context cavity.

Figure 1 . 19 :

 119 Figure 1.19: Schematic representation of different configurations of FPI with corresponding reflecting interfaces R and intensities I. A) Single cavity with its refractive index variation. B) Two cavities, one after another, with refractive index variation of the first cavity. C) Two consecutive cavities with a modification of length and refractive index of the second cavity.

Figure 1 . 20 :

 120 Figure 1.20: Typical adaptation of optical fiber for side-based sensing in evanescence-based biosensors. A) Unlad area. B) Side polished or D-shaped. C) U-shaped D) Tapered fiber. Figure was adapted from [98].

Chapter 1 .Figure 1 . 21 :

 1121 Figure 1.21: Typical adaptation of optical fiber for side-based sensing based on fiber gratings like A) LPG and B) TFBG. Figure was adapted from [98].

Figure 1 . 22 :

 122 Figure 1.22: Different SPR-based fiber adaptation for side-based sensing with plasmonic coating. A) Unclad or etched cladding. B) Side polished. C) Tapered. D) U-shaped. Grating-assisted via E) TFBG and D) LPG. Figure was adapted from [66].

Chapter 1 .Figure 1 . 23 :

 1123 Figure 1.23: Various configurations of interferometric biosensors. A) MZI [92] B) MI [122] C)SI [93] D) FPI [123].

Figure 1 .

 1 Figure 1.24: Tip modification adapted for plasmonic biosensors [79]. A) Straight probe with a mirror. B) Polished at a certain angle C) Tapered end. D) LSPR based fiber tip.

Figure 1 . 25 :

 125 Figure 1.25: The gold-coated microstructured fiber tip nanotips and micropillars with their corresponding light propagation path [153].
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 1 Figure 1.26: Tip-based interferometers. Top: MI [155]. Bottom: FPI [156].

Figure 1 . 27 :

 127 Figure 1.27: Various multiplexing attempts on optical fibers. A) Two lateral sensing regions with plasmonic nanoparticles and coatings[START_REF] Li | Dual-channel fiber surface plasmon resonance biological sensor based on a hybrid interrogation of intensity and wavelength modulation[END_REF][START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF]. B) Two lateral sensing regions with silver nanoparticles and gold nanorods[START_REF] Lin | Multiple resonance fiber-optic sensor with time division multiplexing for multianalyte detection[END_REF]. C) Two co-centering hollow capillaries with plasmonic coating with evanescence fields used for biosensing[START_REF] Kaur | A dual-channel surface plasmon resonance biosensor based on a photonic crystal fiber for multianalyte sensing[END_REF]. D) Hollow capillary with two different plasmonic coatings forming dual-channel sensing[START_REF] Lu | Dual channel multilayer-coated surface plasmon resonance sensor for dual refractive index range measurements[END_REF]. E) Fluorescencebased fiber biosensor with four fibers for detection of separate analytes[START_REF] Long | Portable and automated fluorescence microarray biosensing platform for on-site parallel detection and early-warning of multiple pollutants[END_REF].

Figure 1 .

 1 Figure 1.28:The fiber tip-based biosensor with four sensing areas and latter ex vivo detection in the brain model[START_REF] Zhang | Multiplexed optical fiber sensors for dynamic brain monitoring[END_REF].

Figure 1 . 29 :

 129 Figure 1.29: Multiplexed fluorescence biosensing on etched microwells filled with microspheres. A) Encoding microspheres via fluorescence set by various combinations and concentrations of fluorescence dyes. B) Encoding of the multiplexed array using i. Eu-dye and ii. fluorescein and consecutive fluorescence revelation (dashed area) of specifically bound targets labeled with Cy3 dye. The figure was adapted from[START_REF] Song | Fiber-Optic Microsphere-Based Arrays for Multiplexed Biological Warfare Agent Detection[END_REF].

Figure 1 .

 1 Figure 1.30: A) The fabricated array of microtips at the end of an optical fiber. B) Target and fluorescence binding with corresponding excitation and emission light paths C) The fluorescence signal observed at the opposite non-structured side. D) SPR images with retroreflected light after injection of i. anti-rabbit IgG ii. anti-rat IgG. E) Fluorescence-based confirmation of i. anti-rabbit and ii. anti-rat binding after the addition of Streptavidin-Rphycoerythrin (SAPE), a fluorescence dye. The figure was combined for A) andB) from[START_REF] Deiss | Opto-electrochemical nanosensor array for remote DNA detection[END_REF], for D) and E) from[START_REF] Desmet | Multiplexed Remote SPR Detection of Biological Interactions through Optical Fiber Bundles[END_REF].
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 1 Scientific context 1.6 The objective of the Ph.D. project

Figure 1 . 31 :

 131 Figure 1.31: Artistic representation of the long-term global goal of the project.

Figure 2 . 1 :

 21 Figure 2.1: Approximation of function u (blue line) with function u h (dashed red) which is represented by coefficient u i and basis function ψi . Reproduced from[START_REF]Detailed Explanation of the Finite Element Method (FEM)[END_REF] 

Figure 2 . 2 :

 22 Figure 2.2: Schematic representation of one fiber in a fiber bundle and corresponding equivalent model used for transducer study and optimization.

Figure 2 . 3 :

 23 Figure 2.3: A) Setting of boundary conditions (E x=0 = E x=W ) and excitation (Port 1) and detection (Port 2) ports B) Schematic representation of the generalized two-port network.

Figure 2 . 4 :

 24 Figure 2.4: Mesh element types for 2D and 3D problems used in FEM [203].

Figure 2 . 5 :

 25 Figure 2.5: Mesh refinement. A) Distribution of mesh with the size of λ/5 B) Mesh refinement study with λ/5 optimal mesh size.

Figure 2 .

 2 Figure 2.6: A) A typical simulated response of the sensor upon refractive index variation. B) Normalized response with respect to water.
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 227 Figure 2.7: A typical sensitivity curve with overlaid emission spectra of LED at our disposal.

Figure 2 .

 2 Figure 2.8: A) The variation of simulated reflectance upon modification of reflecting layer thickness B) The sensitivity curve for the 30 nm reflecting layer showing maximum sensitivity at particular wavelengths.
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 2 Modeling of interferometric sensor

Figure 2 . 9 :

 29 Figure 2.9: The highest sensitivities in absolute form. A) Sensitivity of 20-50 nm reflecting layers. B) Sensitivity of 5, 10 nm reflecting layers.

Figure 2 . 10 :

 210 Figure 2.10: Influence of thickness variation of the cavity on the spectral response of the simulated transducer.

Figure 2 . 11 :

 211 Figure 2.11: Normalized intensity for each cavity thickness overlapped with LEDs' emission spectra.

Figure 2 . 12 :

 212 Figure 2.12: Two best-expected sensitivities for each combination of reflecting layer and cavity with the corresponding wavelength of LED.

Figure 2 . 13 :

 213 Figure 2.13: Model configuration for the study of biomolecular layer attachment.
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 2214 Figure 2.14: Spectral and intensity response shifts upon an increase in biolayer thickness.

Chapter 2 .Figure 2 . 15 :

 2215 Figure 2.15: The results of A) normalization and B) sensitivity calculation upon biolayer thickness variation.

Figure 2 . 16 :

 216 Figure 2.16: Comparison of sensitivity curves obtained by refractive index and biolayer thickness variation.

Figure 3 . 1 :

 31 Figure 3.1: Image of samples used in the fabrication step. A) Quartz slide B) 125 µm single-mode fiber C) 125 µm multi-mode fiber D) 1.6 mm IC with 3012 cores E) 300 µm fiber bundle with 6000 cores F) 187 µm multi-core fiber with 12 cores.

Figure 3 . 2 :

 32 Figure 3.2: The planned transducer development cycle.

Figure 3 . 3 :

 33 Figure 3.3: Schematic representation of Ion-assisted e-beam evaporation technique. The figure was reproduced from [272].

Figure 3 . 4 :

 34 Figure 3.4: Comparison of experimentally measured and adapted spectral response of coated BK7 slide in TMM simulation. Run 6 with 33.4 nm T a 2 O 5 and 578.8 nm thick SiO 2 .

Figure 3 . 5 :

 35 Figure 3.5: Comparison of simulated spectral responses in COMSOL at requested (10 nm of T a 2 O 5 and 600 nm of SiO 2 ) and obtained (campaign 1, Run 5 with 11.9 nm of T a 2 O 5 and 639.8 nm of SiO 2 ) thicknesses of the interferometric layers.

Figure 3 . 6 :

 36 Figure 3.6: Image of one the face of 12-core Top: The worst case before i. and after ii. layer deposition. Bottom: Acceptable surface before i. and after ii. layer deposition.

Figure 3 . 7 :

 37 Figure 3.7: Schematic representation of proposed wedge-like deposition of reflecting layer and cavity made of T a 2 O 5 and SiO 2 , respectively.

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of optical setup for spectral interrogation of planar samples.

Figure 4 . 2 : 2 . 3 .

 4223 Figure 4.2: The refractive index of solutions used for the characterization of fabricated planar and fiber-bundle samples.

Chapter 4 .

 4 Optical characterization of interferometric sensorsHence, the optical setup presented in Figure4.1 was no longer relevant for characterization. The adapted setup for image conduit characterization was inspired by the one developed by Karim Vindas during his Ph.D. project[START_REF] Vindas | Development and optimization of new plasmon resonance based biochips and biosensors[END_REF] (Figure4.3). The setup was comprised of the following elements:

Figure 4 . 3 :

 43 Figure 4.3: Schematic representation of optical setup used for spectral interrogation of IC.

Figure 4 . 4 :

 44 Figure 4.4: A typical response of quartz slide obtained during spectral characterization.

I

  measured = I source * I coupler * I spectrometer * I sample (4.1) Such a combined signal is not a huge obstacle for the purpose of optical characterization and can be overcome in several ways. Since the responses I source , I coupler , and I spectrometer do not change neither over time nor with the variation of the tested medium, we can extract the I sample via the normalization step. Normalization of measured signals is done with respect to water using formula 4.2 ∆I I = I n -I water I water (4.2)where I n is the back-reflected signal recorded in the presence of a certain glycerol concentration, while I water is the signal measured in the presence of water. The normalized dependence of the combined signal in percentage form is given in Figure4.5, demonstrating a relative shift of sample response caused by the presence of various glycerol concentrations.

Figure 4 . 5 :

 45 Figure 4.5: Normalized intensity of the measured signal with respect to water in solutions of various glycerol concentrations.

Figure 4 . 6 :

 46 Figure 4.6: Sensitivity dependence and optimization of the emission spectrum of 565 nm LED by 560 nm band-pass filter.
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 474 Figure 4.7: Sensitivity curve with emission spectra of all available LED after band-pass filtration.

Figure 4 . 8 :

 48 Figure 4.8: Spectral response comparison of non-coated and two different coated quartz slides.

Figure 4 . 9 :

 49 Figure 4.9: Comparison of sensitivity curves obtained experimentally and theoretically. A) sensitivity curves with the same scale. B) Sensitivity curves with adapted scale.
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 4410 Figure 4.10: Sensitivity curve for SL-R3-13-451 with optimized emission spectra of LEDs.
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 4 Optical characterization of interferometric sensors

Figure 4 . 11 :Figure 4 . 12 :

 411412 Figure 4.11: Experimental sensitivity comparison of IC-R6-21-598 and IC-R4-22-380.

Figure 4 . 13 :

 413 Figure 4.13: Adaptation of cavity thickness in simulation for IC-R6-21-598.
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 4 Optical characterization of interferometric sensors

Figure 4 . 14 :

 414 Figure 4.14: Selection of the most optimal wavelength for intensity interrogation of IC-R6-21-598.

  It was challenging to work at such low backreflected light and recover a complete useful signal. Moreover, the simulation did not include the influence of various effects like imperfections of the tested samples, optical elements in the characterization setup, surface diffusion, intermediate reflections, and other background signals. All this brings uncertainty to measurement. The scheme of the simplified light intensity distribution in the optical setup is illustrated in Appendix A.6.

Figure 4 . 15 :

 415 Figure 4.15: The challenge with low reflectance signal. A) Scheme of a structure used to simulate the response. B) A theoretical reflectance curve of water signal for IC-R3-10-338 with very low reflectance R < 0.06% around 600 nm.
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 416 It has a similar configuration

Figure 4 . 16 :

 416 Figure 4.16: Schematic representation optical characterization setup used for intensity interrogation of 12-core fiber and IC.

Figure 4 .

 4 Figure 4.17: A) Noise reduction with an increase in averaged image number. B) Experimental test of averaged image number influence on the noise level (Adapted from [69]).

Figure 4 . 18 :

 418 Figure 4.18: The intensity variation of the broadband light source with its temperature modification.
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 4 Optical characterization of interferometric sensorsthe samples interrogated at various wavelengths. After troubleshooting, we discovered that the main impact came from the optical instability of the setup caused by the temperature modification in the experimental room. Therefore, we applied stabilization measures. The room was heated at +25 ± 1.5 • C by three convection heaters (136-8770, Solar&Palau). The temperature was monitored by a thermistor integrated into a Shielded I/O Connector Block (SCB-68A, National Instruments) and run by a custom program created in LabVIEW (National Instruments). After the room temperature stabilized, the light source and the camera were left on for at least 1 hour to reach steady performance. The applied efforts dramatically improved the response of the core where the produced step of intensity was caused purely by refractive index variation. The signal extracted from the cladding demonstrated fluctuations around zero level (Figure4.19 B).

Figure 4 .

 4 Figure 4.19: A) Core and cladding areas selected for temperature influence study. B) The normalized intensity of core and cladding during standard optical characterization experiments before and after temperature stabilization (Core and cladding stabilized).

Figure 4 .

 4 Figure 4.20: A) Differential image before and after alignment. B) The movement effect of IC on the intensity from an area selected between two cores before and after image alignment.

Figure 4 .

 4 [START_REF] Bryant | Chips with everything: DNA microarrays in infectious diseases[END_REF] A shows a differential image (the last image from the stack subtracted from the first image) between the stack's first and last image before and after the image alignment. The IC movement on the differential image manifests as shadows and highlights around cores.

Figure 4 .

 4 20 B demonstrates the influence of mechanical drift on the intensity of a non-aligned image from an area selected between two cores. The image alignment of the same stack reduced the influence of fiber movement. Hence, the image alignment procedure has to be applied for all experimental results related to intensity interrogation.

Figure 4 .

 4 Figure 4.21: A) Global and core selection approaches. B) Comparison of the corresponding normalized intensities extracted from zones and a core.

Figure 4 .

 4 Figure 4.22: A) Image of 12-core fiber before and after the threshold B) Image of IC without contrast enhancement before and after threshold application C) Enhanced image of IC before and after threshold application.

Figure 4 .

 4 22 C 

Figure 4 .

 4 23). The corrected normalized intensity of the core is described by the formula below: ∆I I = I coren -I corewater -I cladn -I cladwater I corewater (4.7)

Chapter 4 .Figure 4 . 23 :

 4423 Figure 4.23: Face of 12-core fiber with selected core and cladding areas for data correction step.

Chapter 4 .Figure 4 . 24 :

 4424 Figure 4.24: Data treatment flow for intensity interrogated fiber.
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 37 Experimental results 4.3.7.1 Sensitivity and resolution: 12-core fiber

Chapter 4 .Figure 4 . 25 :

 4425 Figure 4.25: Experimental sensitivity curve of SL-R3-13-451 with emission spectra of LED.

  Figure 4.27 demonstrates the sensitivity and the resolution of each core of the 12-core fiber and their corresponding color-coded maps. Core #3 and #9 had the highest sensitivity showing -271%/RIU and -265%/RIU while possessing the best resolution of 8.24 • 10 -4 RIU and 7.20 • 10 -4 RIU .

Chapter 4 .Figure 4 . 26 :

 4426 Figure 4.26: Normalized intensity of one core of the same F12-R3-13-451 12-core fiber interrogated at two different wavelengths with upward and downward intensity variation trends.

Chapter 4 .Figure 4 . 27 :

 4427 Figure 4.27: Top: Sensitivity and resolution of each core of the 12-core fiber as a bar chart. Bottom: Color-coded maps of 12-core fiber with corresponding sensitivity and resolution.

Chapter 4 .Figure 4 . 28 :

 4428 Figure 4.28: Comparison of theoretical (mesh pattern), experimentally obtained sensitivities for 12-core fiber (no pattern) and quartz slide (diagonal stripes) with various interferometric layers.

Chapter 4 .Figure 4 . 29 :

 4429 Figure 4.29: Sensitivity of each core in 12-core fiber. A) 12-core fibers with a reflecting layer close to 30 nm. B) 12-core fibers with a reflecting layer around 15 nm.

Figure 4 . 30 :

 430 Figure 4.30: Resolution of each core in 12-core fiber. A) 12-core fibers with a reflecting layer close to 30 nm. B) 12-core fibers with a reflecting layer around 15 nm.

Figure 4 .

 4 Figure 4.31: A) Sensitivity curve of IC-R6-21-598. B) Normalized intensity of one core of the same IC interrogated at 660 nm and 590 nm with upward and downward intensity variation trends.

Figure 4 . 32 :

 432 Figure 4.32: Comparison of theoretical (meshed pattern) and mean experimental sensitivity obtained via intensity (no pattern) and spectral interrogation (diagonal stripes).
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 4433 Figure 4.33: Color-coded map for sensitivity (A) and resolution (B) of IC.

Chapter 4 .Figure 4 . 34 :

 4434 Figure 4.34: Distribution of core number as a function of sensitivity. A) IC with a reflecting layer close to 30 nm. B) IC with a reflecting layer around 15 nm.

Figure 4 . 35 :

 435 Figure 4.35: Distribution of core number as a function of sensitivity for IC-R3-10-338 characterized at 590 nm.
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 446 36 A). 75% of cores could reach a resolution better than 9.5 • 10 -4 RIU . The second-best resolution had IC-R2-25-248 with a maximum of 7.5 • 10 -4 RIU and 1.2 • 10 -3 RIU for 75 % of cores. Similar to the sensitivity discussion, the least favorable sample was IC-R6-21-598 with 9.5 • 10 -4 RIU Chapter 4. Optical characterization of interferometric sensors List of the most optimal IC in terms of sensitivity and resolution based on the performance of 75% of cores.NameLED, nm Sensitivity, %/RIU Resolution, RIU

Figure 5 . 1 :

 51 Figure 5.1: Artistic representation of optical fiber assembly adapted for multiplexed biosensing.

Figure 5 . 2 :

 52 Figure 5.2: Schematic representation of general silane-containing coupling agent.

Figure 5 . 4 :

 54 Figure 5.4: Structural irregularities and interactions in APTES-derived layers. a) hydrogen bonding, b) electrostatic attraction, c) covalent bonding with the substrate, d) horizontal and e) vertical polymerization with neighboring silanes, f ) oligomeric/polymeric silanes interacting with functionalities present at the interface. The figure is adapted from [285].

Figure 5

 5 Figure 5.5: A) The structure of APTES and APDMES. B) Structure of APTES, N-(2-Aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), and N-(6-AminoHexyl)AminoMethylTriEthoxySilane (AHAMTES) and other aminosilanes and their ability in intermolecular catalysis. C) The catalyzed hydrolysis of three types of aminosilanes: APTES, AEAPTES, AHAMTES. Figures B) and C) were adapted from [285].

Figure 5 . 6 :

 56 Figure 5.6: CA measurements on silanized slides with APDMES, AEAPTES, and AHAMTES.

Figure 5 . 7 :

 57 Figure 5.7: Schematic representation of steps required for thiolated probe grafting on aminosilanized slide.

Figure 5 . 8 :

 58 Figure 5.8: Schematic representation of steps required for fluorescence revelation procedure.

Figure 5 . 9 :

 59 Figure 5.9: Schematic representation of probe grafting map with two different thiolated ODNs on slides #1 and #2.

Figure 5 . 10 :

 510 Figure 5.10: Results of fluorescence revelation of two different thiolated ODNs deposited on slides silanized with various aminosilanes in liquid and vapor phases. The green color of the probe on the grafting map indicates which probe demonstrated fluorescence. The white scale bar is 500 µm.

Figure 5 . 11 :

 511 Figure 5.11: SNR calculated from thiolated ODN-1 and ODN-2 (dashed bars) functionalized areas for each revealed slide silanized with various aminosilanes in the liquid (LP) and vapor (VP) phase. The error bars represented the error of SNR estimated using the spot and background intensity standard deviations.

Figure 5 . 12 :

 512 Figure 5.12: Results of fluorescence revelation observed under the inverted microscope in reflectance mode. A) Evolution of fluorescence signal with 1.5-minute interval on fiber #2 face grafted with ODN-2-SH and incubated with its complementary strand. B) Fiber #1 functionalized with ODN-1-SH and incubated with its complementary strand. C) Slide #2 incubated with ODN-2-comp and Slide #1 with ODN-2-comp. The green color indicates the probe which experienced fluorescence.

Figure 5 . 13 :

 513 Figure 5.13: Optimization of a surface functionalization step by replacing cross-linker and thiolated ODN by Benzaldehyde-modified ODN, able to react directly with amino groups of deposited aminosilane.

Figure 5 . 14 :

 514 Figure 5.14: The fluorescence observation of areas functionalized with two different aldehyde-modified ODN. The green color on the grafting map indicates the probe that exhibited fluorescence. The white scale bar is 500 µm.

Figure 5 . 15 :

 515 Figure 5.15: Surface grafting by deposition of droplets containing probes. A) Automated microarrayer system used for several hundred-micrometer spot deposition on planar samples [290]. B) Array with 250 µm pitch containing 50 × 55 µm 2 spots of proteins printed by dip-pen lithography [291]. C) Bioplume containing several dozens of microcantilevers used for grafting of several ODN (Zip9, Zip6, Zip7) via electropolymerization [69].

Figure 5 .

 5 Figure 5.16: A) Developed spotting system containing three motorized linear stages, CMOS camera, and translation stage with mounted polymer cantilever. B) i. Rendered image of polymer cantilever with 1 mm area dedicated for liquid confinement, 60 × 60 µm 2 footprint tip, and 20 × 50 µm 2 microchannel for liquid release. ii. SEM image of fabricated polymer cantilever. iii. The droplet deposition occurs upon short-term contact of the cantilever tip with the substrate.

Figure 5 .

 5 Figure 5.17: A) Polymer cantilever during i. and after ii. loading with the solution containing probes. B) Spotting map and reservoirs with spotting solutions and water used for ODN grafting. C) Arrays of deposited ODN-1-SH (left) and ODN-2-SH (right) on silanized glass slides with various tested pitch sizes. The white scale bar is 200 µm.

Figure 5 . 18 :

 518 Figure 5.18: Fluorescence revelation on the silanized slide with APTES. A) Revealed ODN-1-SH grafted via polymer cantilever B) ODN-1-SH spot deposited with conventional laboratory pipette. C) Spotting map, where green color indicates the probes exhibiting fluorescence.

Figure 5 . 19 :

 519 Figure 5.19: Spotting map and reservoirs with spotting solutions used for ODN grafting.

Figure 5 .

 5 Figure 5.20: Top: deposited arrays of aldehyde-modified ODN on silanized slides with AEAPTES in liquid and vapor phases. Bottom: Fluorescence revelation of deposited arrays incubated with ODN-2-comp. The green color on the spotting map indicates the probes which exhibited fluorescence. The white scale bar is 200 µm.

Figure 5 .

 5 Figure 5.21: Top: deposited arrays of aldehyde-modified ODN on silanized slides with APDMES in liquid and vapor phases. Bottom: Fluorescence revelation of deposited arrays incubated with ODN-2-comp. The green color on the spotting map indicates the probes which exhibited fluorescence. The white scale bar is 200 µm.

Figure 5 .

 5 Figure 5.22: A) deposited arrays of aldehyde-modified ODN on silanized IC with AEAPTES in the liquid phase. B) Visual control for surface level of IC. The white scale bar is 250µm.
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 523 Figure 5.23: Deposited arrays of aldehyde-modified ODN-ALD on silanized IC with AEAPTES in the liquid phase. A) IC-R1-13-298 functionalized with ODN-2-ALD array on top and ODN-1-ALD array at the bottom. B) The duplicate of IC-R5-9-503 functionalized in a similar manner. The white scale bar is 250µm.

Figure 5 .

 5 Figure 5.24: Photo-assisted functionalization. A) Patterned image of Marilyn Monroe inside of a green frame obtained by Glutathione (GSH)-Glutathione S-transferase (GST) interaction labeled by photoactivatable mCherry and enhanced Green fluorescent protein (GFP), respectively [297]. The white scale bar is 50 µm. B) i. Epifluorescence image of Yin-Yang pattern formed by Cy3-labeled fibronectin (red) and Alexa-488-labeled streptavidin (green). ii. Epifluorescence of S180 cells attaching to Yin pattern. iii. Phase contrast images of S180 cells and mouse embryonic fibroblasts attaching to fibronectin-coated Yin and biotinylated fibronectin-coated Yang, correspondingly [298]. The white scale bar is 100 µm C) Fluorescence images of UV assisted protein patterning. (a) Biotin-Polyethylene Glycol (PEG)-SH patterned with 20× magnification and revealed with SAPE. (b) Anti-CD3 IgG patterned areas with bound multiple cells at 10× magnification. (c) Anti-CD3 IgG patterned areas 20× magnification and individually bound cells [299].

Figure 5 . 25 :

 525 Figure 5.25: Fluorescence image of Deterministic Lateral Displacement (DLD) with the deprotected silane-containing agent repetitively functionalized with CD61-3 and EpCAM aptamers [301].

5. 3 . 2 . 1

 321 Photosensitive silane molecules.The photosensitive silane molecule has a relatively similar structure to other silane coupling agents observed in previous sections. It contains three anchoring points in the form of methoxy groups around silicon atoms (Figure5.26). The opposite end is connected through the alkyl chain to the protected oxyamine group. Protection is achieved by 2-(2-nitrophenyl)propyloycarbonyl (NPPOC) photosensitive part that cleaves under exposure to UV light. The synthesis of the molecule and its supply was done by our colleagues from CEA Leti[START_REF] Dendane | Efficient surface patterning of oligonucleotides inside a glass capillary through oxime bond formation[END_REF].

Figure 5 . 26 :

 526 Figure 5.26: Schematical representation of the structure of the photosensitive silanecontaining molecule.

Figure 5 . 27 :

 527 Figure 5.27: Schematic representation of photo-assisted deprotection of photosensitive silane-containing molecule and subsequent functionalization with aldehyde-modified ODN.

Figure 5 . 28 :

 528 Figure 5.28: The results of fluorescence revelation on glass slide functionalized via the photo-assisted method. A) Observed localized deprotected area functionalized with aldehyde-modified ODN-ALD with induced fluorescence quenching. The white scale bar is 250 µm. B) The gradual intensity decrease from the white dashed area measured for a stack of images recorded during photo-bleaching.

Figure 5 . 29 :

 529 Figure 5.29: Deprotection step on multi-core fiber. A) Configuration for deprotection of photosensitive group on 12-core optical fiber. The figure was created in [303]. B) Three irradiated areas on the face of 12-core fiber, where blue light came from the fluorescence of germanium-doped cores. Blurred images were caused by vibrations and the long acquisition time of the camera.

Figure 5 . 30 :

 530 Figure 5.30: Result of fluorescence revelation on multi-core fiber functionalized via the photo-assisted method. A) Recorded images of functionalized fiber face during fluorescence photo-bleaching. The white scale bar is 25 µm. B) Variation of fluorescence intensity for three selected areas (dashed areas of different colors) upon prolonged irradiation.

Figure 6 . 1 :

 61 Figure 6.1: Schematic representation of the optical setup used for detection of biomolecular interactions.

Figure 6 . 2 :

 62 Figure 6.2: Image of the biomolecular incubation support where the functionalized tip of IC was inserted in PDMS form while the syringe with the needle was used for liquid evacuation between measurements.

Figure 6 . 3 :

 63 Figure 6.3: Schematic representation of incubation steps targeting ODN-1-ALD and ODN-2-ALD.

Figure 6 . 4 :

 64 Figure 6.4: Biosensing experiment. A) Differential image observed after ODN-1-comp and streptavidin injection. The white scale bar is 250 µm. B) Signal variation extracted from ODN-1-ALD, ODN-2-ALD, and background areas.

Chapter 6 .

 6 Biological applications of interferometric biosensorsignificantly compared to the ODN-1-ALD area. This is usually observed when the solution with a different refractive index is injected, causing an abrupt change in back-reflected light.

Figure 6 . 5 :

 65 Figure 6.5: Biosensing experiment. A) Differential image observed after ODN-2-comp injection. The white scale bar is 250 µm. B) Signal variation extracted from ODN-1-ALD, ODN-2-ALD, and background areas.

Figure 6 . 6 :

 66 Figure 6.6: The responses of individual cores extracted from ODN-1-ALD and ODN-2-ALD areas. A) Signal variation after ODN-1-comp and streptavidin injections. B) Evolution of signal after injection of ODN-2-comp.

Chapter 6 .Figure 6 . 7 :

 667 Figure 6.7: Fluorescence spots observed after SAPE injection. The white scale bar is 250 µm.

Figure 6 . 8 :

 68 Figure 6.8: The spotting on regenerated IC. The array of ODN-2-ALD on the top, whereas ODN-1-ALD on the bottom. The white scale bar is 250 µm.

Figure 6 . 9 :

 69 Figure 6.9: Biosensing experiment on the regenerated IC. A) Differential image observed after ODN-2-comp and SAPE injections. The white scale bar is 250 µm. B) Signal variation extracted from ODN-1-ALD, ODN-2-ALD, and background areas during SAPE injection after ODN-2-comp hybridized.

Figure 6 . 10 :

 610 Figure 6.10: Biosensing experiment on the regenerated IC. A) Differential image observed after ODN-1-comp and SAPE injections. The white scale bar is 250 µm. B) Signal variation extracted from ODN-1-ALD, ODN-2-ALD, and background areas during SAPE injection after ODN-1-comp hybridized.

Figure 6 . 11 :

 611 Figure 6.11: The responses of cores extracted from ODN-1-ALD and ODN-2-ALD ares after SAPE injection. A) Signal variation after hybridized ODN-1-comp and SAPE injection. B) Signal evolution after hybridized ODN-2-comp and injection of SAPE.

Figure 6 .

 6 Figure 6.12: A) Excitation and emission spectrums of SAPE compared to transmission spectrum of the 560 nm bandpass filter. B) The fluorescence image of the functionalized face of IC after the detection experiment. The white scale bar is 250 µm.

EDC 1 - 42 FBG 41 FDA Food and drug administration 14 FEM 186 FPI

 1424114186 Ethyl-3-(3-dimethylaminopropyl)carbodiimide Fiber Bragg grating 23, 34-36, Finite element method 58-60, 65, Fabry -Perot interferometer 30-34, 38-40, 46-49, 135 GFP Green fluorescent protein 164 GSH Glutathione 164 Acronyms GST Glutathione S-transferase 164 HB Hybrydization buffer 147, 207

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 . 2 :

 22 List of potential LEDs that could be used for biosensing at each cavity with corresponding sensitivity trends.

	Cavity, nm Sensitivity trend	LED, nm
	200	Upward Downward	-470, 490, 530, 590
	300	Upward Downward	490, 530, 590 660
	400	Upward Downward	455, 625, 660 530, 590
	500	Upward Downward	530 455, 470, 625, 660
	600	Upward Downward	470, 625, 660 530
	500	Upward Downward	-490, 625, 660

Table 3 . 1 :

 31 Campaign 1. List of requested and measured thicknesses after fabrication and corresponding differences from the expected values. "-" sign indicates the undershoot to the requested thickness O 5 , % ∆SiO 2 , % T a 2 O 5 , nm SiO 2 , nm T a 2 O 5 , nm SiO 2 , nm

	Run ∆T a 2 1 Requested Measured 10 300 14.6 303.4 46.0	1.1
	2	30	300	29.2	333.9	-2.7	11.3
	3	10	400	12.9	451.2	29.0	12.8
	4	30	400	31.3	420.5	4.3	5.1
	5	10	600	11.9	639.8	19.0	6.6
	6	30	600	33.4	578.8	11.3	-3.5

had an opposite trend, where the thickness of T a 2 O 5 underwent 11.3% overshoot and 3.5% undershoot for SiO 2 .

Table 3 . 2 :

 32 Campaign 2. List of requested and measured thicknesses after fabrication and corresponding differences from the expected values. "-" sign indicates the undershoot to the requested thickness Run Requested Measured ∆T a 2 O 5 , % ∆SiO 2 , % T a 2 O 5 , nm SiO 2 , nm T a 2 O 5 , nm SiO 2 , nm

	1	10	300	13.2	297.6	32.0	-0.8
	2	30	300	25.3	248.3	-15.7	-17.2
	3	10	400	9.9	337.7	-1.0	-15.6
	4	30	400	22.3	379.9	-25.7	-5.0
	5	10	600	9.4	503.4	-6.0	-16.1
	6	30	600	21.0	598.3	-30.0	-0.3

Table 4 . 1 :

 41 List of optically characterized quartz slides.

	Name	Reflecting layer, nm Cavity, nm
	SL-R1-15-303 14.6	303.4
	SL-R2-29-334 29.2	333.9
	SL-R3-13-451 12.9	451.2
	SL-R4-31-421 31.3	420.5
	SL-R5-12-640 11.9	639.8
	SL-R6-33-579 33.4	578.8

Table 4 . 2 :

 42 List of the most sensitive wavelengths for characterized samples with corresponding sensitivities. " -" sign indicates a downward trend of intensity variation.

	Name	LED, nm	Sensitivity, %/RIU
			No filter With filter Simulation
	SL-R1-15-303	530 560	437 299	443 353	1298 623
	SL-R2-29-334	590 457.9	242 -191	242 -193	587 -245
	SL-R3-13-451	490 590	449 -230	484 -230	1380 -530
	SL-R4-31-421	490 470	333 299	338 306	374 340
	SL-R5-12-640	590 457.9	-274 -254	-274 -257	-551 -430
	SL-R6-33-579	660 490	496 304	505 317	579 345
	4.2.4.2 Experimental results: image conduit		

The characterization protocol and data treatment steps described in Sections 4.2.2 and 4.2.3 were applied for the optical characterization of IC. To remind, the list of tested samples is given in table 4.3.

Table 4 . 3 :

 43 List of optically characterized image conduits.

	Name	Reflecting layer, nm		Cavity, nm
			Experiment Adapted simulation
	IC-R1-13-298 13.2	297.7	319
	IC-R2-25-248 25.3	248.4	265
	IC-R3-10-338 9.9	337.8	353
	IC-R4-22-380 22.3	379.9	390
	IC-R5-9-503 9.5	503.4	532
	IC-R6-21-598 21.0	598.4	641

Table 4 . 4 :

 44 List of the most sensitive wavelengths of characterized IC with corresponding experimental sensitivity, theoretical sensitivity, and reflectance in water.

	Name	LED, nm Sensitivity, %/RIU		Theoretical values
				Sensitivity, %/RIU Refl., %
	IC-R1-13-298	560 530	816 714	1691 1399	0.26 0.34
	IC-R2-25-248	470 457.9	372 319	501 440	2.38 2.64
	IC-R3-10-338	590 625	1043 714	4174 3036	0.07 0.08
	IC-R4-22-380	660 530	406 -271	1009 -332	0.68 3.63
	IC-R5-9-503	560 590	918 489	3365 1673	0.13 0.09
	IC-R6-21-598	660 590	302 -230	566 -380	0.79 2.71

Table 4 . 5 :

 45 8 • 10 -4 RIU , respectively. List of the most optimal fibers in sensitivity and resolution based on the performance of 75% of cores.

	Chapter 4. Optical characterization of interferometric
				sensors
	Name	LED, nm Sensitivity, %/RIU Resolution, RIU
	F12c-R1-15-303 530	278	1.1 • 10 -3
	F12c-R2-29-334 590	190	1.4 • 10 -3
	F12c-R3-13-451 590	309	7.8 • 10 -4
	F12c-R4-31-421 490	198	8.3 • 10 -4
	F12c-R5-12-640 457.9	227	1.3 • 10 -3
	F12c-R6-33-579 660	203	1.4 • 10 -3
	4.3.7.2 Sensitivity and resolution: image conduit

  Acronyms AEAPTES N-(2-Aminoethyl)-3-aminopropyltriethoxysilane 141, 142, 144, 145, 147, 149, 159-163, 170, 171, 180, 188 AFM Atomic Force Microscopy 94, 155, 172 AHAMTES N-(6-AminoHexyl)AminoMethylTriEthoxySilane 141, 142, 144, 145, 147, 149, 170, 171, 188 APDMES 3-AminoPropylDimethylethoxylsilane 141, 142, 144, 145, 147, 149, 159-162, 170-172, 188 APTES 3-(Aminopropyl)-triethoxysilane 42, 138-145, 147, 148, 150, 152, 156, 158, 161, 170-172, 188, 208, 209 BSA Bovine serum albumin 40, 43, 147, 176 CA Contact Angle 137, 144, 145, 157, 161, 171, 172, 188 CQD Carbon quantum dot 42 DI Deionized Water 92, 97, 98, 101, 143, 144, 146, 152, 156, 159, 167, 168, 176 DLD Deterministic Lateral Displacement 165, 166 DNA Deoxyribonucleic acid 9, 12, 34, 36, 38-40, 46, 49, 53, 54, 145

  11, 34-36, 38-40, 42-44, 46-50, 184 LPG Long period grating 23, 34-37, 41, 47 LSPR Localized surface plasmon resonance 41, 43, 44, 46 MI Michelson interferometer 30, 31, 34, 38, 39, 46-48 MZI Mach-Zehnder interferometer 30, 34, 38, 39 NA Numerical Aperture 17, 18, 99, 100, 106 NHS N-hydroxysuccinimide 42 NO Nitric Oxide 42 NPPOC 2-(2-nitrophenyl)propyloycarbonyl 166, 171 ODN Oligonucleotide 53, 54, 145-154, 156-163, 167-169, 171-173, 176-184, 188, 189, 207-209 PAH Poly(allylamine hydrochloride) 9, 38, 40, 49 PBS Phosphate Buffered Saline 146, 147, 207 PDEs Partial differential equations 59 PDMS PolyDiMethylSiloxane 48, 175, 183 PEG Polyethylene Glycol 164, 165 PET Photoinduced electron transfer 19-21, 41, 42 PSS Sodium poly(4-styrenesulfonate) 9, 38, 40, 48, 49 QDs Quantum dots 21, 42
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The resolution for the two measurements was similar. The maxima of distribution were 5.0 • 10 -4 RIU and 4.5 • 10 -4 RIU for the first and the second characterization, respectively. Additionally, 75% of cores for the first measurement showed better than 9.5 • 10 -4 RIU meanwhile 7.5 • 10 -4 RIU for the second one.

Chapter 7. Conclusions and perspectives signal amplification. After, the second ODN-2-comp hybridized with its complementary pair. The obtained signals were analyzed by dividing them into zones (positive and negative controls, background areas) and individual cores. The binding of ODN-1-comp was not well detected, whereas the streptavidin amplified signal reached 1.05% of normalized intensity. On the other hand, the ODN-2-comp showed more noticeable results, resulting in a 1.5% increase in intensity compared to the signal from ODN-1-ALD and the background areas.

The analysis by cores demonstrated heterogeneous intensity variation profiles. For Streptavidin injection, the maximum signal from ODN-1-ALD varied from 1.3% to 2.1% while from ODN-2-ALD after ODN-2-comp injection, from 1.0% to 2.1%.

The regeneration test on the same IC was tried that comprised the sample cleaning, re-silanization, and the new probe grafting with two aldehyde-modified ODN-ALD. The biosensing experiment was similar to the previous test, except only SAPE was injected for signal amplification. The intensity from ODN-1-ALD area dramatically increased after SAPE injection, reaching 1.75%, while the signal from ODN-2-ALD after SAPE injection specifically targeted for this probe surged to 2.25%. The core analysis results showed heterogeneous signal variation with plateaus ranging from 0.9% to 3% for ODN-2-ALD and 1.5% to 3.5% for ODN-1-ALD.

In conclusion, we successfully demonstrated the proof of concept for multiplexed detection of ODN-comp, SAPE, and streptavidin using intensity variation of back-reflected light at the tip of a multi-fiber assembly. The biosensing tests showed that the developed interferometric biosensors, integrated into an optical fiber bundle, enabled real-time remote measurements and label-free multiple analyses. These results pave the way for potential in vivo applications.

Implementing the setup and incubation support improvement is necessary. More detection tests have to be performed with several diluted analytes present in saline solution. The gradual increase in the complexity of the solution and number of targets, the detection tests on model tissue, would bring the method closer to in vivo application. The refractive indexes of materials in the model were given at λ = 589.3nm -the wavelength of light used for this particular calculation (Table A.1). The exact refractive indexes of the fiber coupler's core and quartz substrate were not available since the manufacturers Appendix A. Appendix to optical characterization chapter could not provide them. Therefore, the closest index from the literature was used. The theoretically calculated reflectance R in the presence of index-matching gel was equal to 2.6 • 10 -3 %, whereas with an air gap -12%. The presence of index-matching gel provided a dramatic improvement in the transmittance rate. It is worth noticing that this was a rough estimation, where the approximate refractive indexes were taken from the literature. The proportion of light would vary in reality due to differences in the refractive index of quartz slide and optical fiber. However, the improvement in light loss will still hold true. A.2 Band-pass optimization 

B.2 Comparison of simulated responses by TMM and COMSOL

To verify the accuracy of the model built in COMSOL, another simulation method was employed called TMM. One of the subcontractors of the layer fabrication step performed this alternative method using a standard geometry of the model. These simulation were performed before the fabrication steps to estimate correctness of our model. The model width, W , was set to 1 µm, and the thickness of the fiber's core, d 1 , was set to 1 µm with a refractive index n 1 equal to 1.4696. The tested medium with a 500 nm thickness d 4 , and a refractive index, n 4 , equal to 1.333. To obtain the response for all possible combinations of 10 and 30 nm reflecting layers and 300, 400, and 600 nm cavities, the model was excited in the wavelength range of [400 -950] nm. 

D.6 Localized probe grafting tests on optical fiber

At the beginning of the project, several spotting tryouts were performed on the Sumitomo fiber bundle silanized with APTES in the liquid phase. The fiber was incubated with Sulfo-GMBS and the solution containing 10 µM of thiolated ODN-2-SH and 5%(v/v) of glycerol was used for probe grafting. During this experiment, we did not have an extra camera that could help us find the level of the fiber's surface easily. Despite this inconvenience, several droplets of ODN-2-SH were deposited (Figure D.4). However, even if they did not merge at the moment of the deposition, the droplets would absorb water and expand during the maturation process in a humid chamber, leading to their eventual fusion. The grafted probes were fluorescently revealed by