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Analyse multimodale et multi-echelle de biomatériaux complexes : optimisation et contraintes des mesures par nanospectroscopie infrarouge

sies mammaires (typiquement quelques millimètres à quelques centimètres) contiennent généralement plusieurs MCMs avec une forte dispersion en taille, de quelques centaines de nanomètres à un millimètre. Une stratégie de caractérisation multi-échelle est donc nécessaire pour décrire chimiquement l'entièreté de l'échantillon mais également accéder à une description fine des MCMs. Une approche multimodale et multi-échelle a ainsi été mise en place. Celle-ci permet d'étudier les propriétés morphologiques des MCMs en utilisant la microscopie électronique à balayage, ainsi que leurs propriétés chimiques à l'échelle micrométrique et nanométrique grâce à la microscopie et nanospectroscopie IR (e.g., AFM-IR). Bien que l'étude d'objets inorganiques et cristallins au sein d'une matrice organique par AFM-IR soit complexe, en raison des fortes variations locales des propriétés optiques et mécaniques au sein de ces matériaux hybrides, nous avons réussi à caractériser par AFM-IR des dépôts calciques au sein de tissus biologiques. La mise en oeuvre d'une telle approche comporte plusieurs défis, tant d'un point de vue méthodologique qu'expérimental, notamment pour la préparation des échantillons, au cours des mesures, du traitement et de la gestion des données générées, ainsi que de leur interprétation. Tous ces aspects seront détaillés et des solutions proposées illustrant ainsi les capacités de l'AFM-IR pour l'étude des biomatériaux complexes. ing the physicochemical changes at the cellular level in tissues can be crucial for unraveling the mechanisms of pathological phenomena. However, the number of techniques providing chemical descriptions at the cellular/molecular level is limited. Infrared (IR) nanospectroscopy techniques, particularly AFM-IR (Atomic Force Microscopy-infrared), are promising as they offer materials' chemical descriptions at the nanometer scale. Up to now, AFM-IR is mainly used in biology for studying individual cells or micro-organisms, but its direct application in biological tissues is relatively scarce due to tissue sections' complex nature. Yet, many applications could benefit from such description, such as mineralization phenomena in breast tissue. Breast microcalcifications (BMCs) are calciumbased deposits (such as calcium oxalate and calcium phosphate) hypothesized to be associated with some breast pathologies, including cancer. Despite increased research over the past decade, BMCs' formation process and connection with breast conditions remain poorly understood. Still, BMCs nanoscale chemical speciation might offer new insights into their chemical architecture. However, breast biopsies typically range from a few millimeters to a few centimeters, containing many BMCs ranging from hundreds of nanometers to a millimeter. Thus, a breast biopsy multiscale characterization strategy is required to provide both a global chemical description of the sample and a fine chemical description of BMCs. We, thus, propose a new multimodal and multiscale approach to investigate BMCs' morphological properties using scanning electron microscopy and their chemical composition at the microscale using IR spectromicroscopy, extending up to the nanometer scale thanks to AFM-IR analysis. Although AFM-IR measurements of inorganic and crystalline objects can be challenging due to their specific optical and mechanical properties, we demonstrate AFM-IR capabilities to characterize pathological deposits directly in biological tissues. Furthermore, implementing a multimodal and multiscale methodology comes with significant challenges in terms of sample preparation, measurements, data processing, and data management, as well as their interpretation: challenges which will be outlined and addressed. le temps de discuter de mes manips, mes résultats, mes figures ou mes slides, même quand tu étais déjà sous l'eau ou que je râlais que ce n'était pas assez bien ou pas prêt. Merci d'avoir été mon acolyte pour les manips (et pour les bêtises), ou comme le résumait plus simplement Ariane, mon grand frère au labo. Merci pour tous les précieux conseils que tu m'as donnés, pour ton soutien infaillible et ton oreille attentive dans mes moments de doute. Ma thèse aurait été bien différente sans toi.
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General Introduction

Multiscale and multimodal study in the medical field: context of the thesis

In biomedicine, research themes focus on studying and understanding the biological responses of living organisms, particularly those subjected to pathological processes. In this context, one of the main goals in biomedical sciences is to identify, understand, and diagnose the origins of these abnormal processes at various scales, ranging from the entire organism down to the molecular level.

The final purpose being to uncover the specificity of the biological tissue under investigation and the relationship between its morphology, structure, and chemical composition with its biological function which becomes impaired during the pathological process.

Understanding the link between loss of function, emergence of functional disorders, and potential changes in morphology, structure, or chemistry poses a significant challenge. While various techniques enable precise and reliable diagnostics at the organ level (like radiography, echography, MRI, etc.), they each provide specific information but are often limited to the structural and morphological aspects rather than chemical information. Consequently, to answer complex biological questions and gain insights into the pathological mechanisms, it is often necessary to employ multiple techniques to cross-reference results and refine our understanding of the phenomenon. In particular, to understand the underlying processes associated with a pathology at the molecular level, so-called multimodal approaches are essential. These strategies combine standard clinical diagnosis techniques with additional analytical techniques (such as infrared spectroscopy, mass spectrometry, electron microscopy, chromatography, etc.) to investigate, in parallel, the organ's biological function, morphology, structure, and physicochemical properties. In addition to this multimodality, the concept of scale comes into play as, for certain pathologies, the diagnosis must be refined at the tissue, extracellular matrix, or even cellular level. Those latter require a study that is both multimodal and multiscale. Such methodology comes with significant challenges in terms of sample preparation, measurement, data processing, and data management, as well as their interpretation.

My thesis took place in this context. In collaboration with René-Dubos Hospital in Pontoise, the objective was to design a multimodal and multiscale characterization strategy to decipher breast microcalcifications physicochemical properties at the patient/biopsy level (e.g., micrometer scale) up to the nanometric scale to gain insight into their chemical structure and, possibly, their formation processes. Indeed, breast microcalcifications (BMCs) are calcium-based deposits that might be related to breast diseases. However, their formation process and connection with breast conditions are not well understood, despite increased research efforts over the past decade to decipher their composition and potential pathological implications. In that respect, this project aimed to propose a multimodal and multiscale characterization strategy to investigate BMCs' morphological and physicochemical properties -at the micro and nanometer scales -directly in breast biopsy, thanks to scanning electron microscopy, infrared microscopy, and infrared nanospectroscopy. Infrared (IR) spectroscopy is a valuable non-destructive tool for studying the chemical composition of a sample without the need for exogenous labeling. The sample preparation is relatively non-restrictive, and the information gathered is extensive and complex. However, when it comes to analyzing biological tissues, the complexity of the tissues and the wealth of information supplied by IR spectroscopy can make data interpretation challenging and often act as a barrier to the clinical use of IR spectroscopy. A case in point is the numerous attempts to use IR spectroscopy as a diagnostic tool for cancer [START_REF] Bellisola | Infrared spectroscopy and microscopy in cancer research and diagnosis[END_REF][START_REF] Rk Sahu | Fourier transform infrared spectroscopy in cancer detection[END_REF][START_REF] Tolstorozhev | Infrared spectroscopy in cancer diagnosis and chemotherapy monitoring[END_REF][START_REF] Kumar | Role of infrared spectroscopy and imaging in cancer diagnosis[END_REF], which have yielded mixed results due to the high variability in the tissues being examined. Despite these challenges in clinical applications, in the realm of biology and biomedicine fundamental research, IR microscopy is a valuable technique to shed light on the physicochemical mechanisms involved in pathological processes. However, IR microscopy has limited spatial resolution, restricting the study of biological specimens at the cellular and sub-cellular levels. This limitation can be overcome by Atomic Force Microscopy Infrared (AFM-IR), which allows sample IR chemical description to the nanoscale. Combining µFT-IR with AFM-IR allows for microscale and nanoscale descriptions of the sample. The microscale depiction allows us to investigate the sample's physicochemical features in regard to its histopathological context, while the nanoscale description offers new opportunities to uncover the molecular processes at play. In the scope of BMCs investigation, implementing such multimodal and multiscale strategy requires addressing both technological and experimental locks. From a technical point of view, it requires developing a protocol for AFM-IR analysis of mineralized biological tissues, which are inherently difficult samples to study due to their complex mechanical and structural architecture. On the experimental front, conducting a multimodal and multiscale characterization workflow requires optimized sample preparation, a method for precisely locating specific areas of interest across different instruments, and the development of a robust approach to analyze and interpret data collected at various scales. Despite these experimental challenges, BMCs' multimodal and multiscale characterization is necessary to fully understand the mineralization processes at play.

As part of this introduction, the following paragraphs aim to provide the biomedical context within which this thesis takes place. The manuscript is then divided into four chapters. Chapter 1 provides an overview of the different characterization techniques that have been implemented to characterize breast microcalcifications and discusses the need for a nanoscale description of microcalcifications' physicochemical features. Chapter 2 delves into the implementation of AFM-IR on mineralized biological specimens. This will include a brief theoretical description of AFM-IR, the experimental challenges associated with AFM-IR on mineralized tissues, as well as a proof of concept of AFM-IR analysis of mineralized biological objects thanks to mineralized bacteria. Thereafter, Chapter 3 describes the protocol for scanning electron microscopy (SEM), infrared microscopy (µFT-IR), and AFM-IR characterization of microcalcification in breast tissues and covers the data pre-processing workflow necessary for meaningful analysis and interpretation of the data. Finally, Chapter 4 presents the results of this multimodal and multiscale characterization strategy implemented on an initial dataset comprising samples from ten patients diagnosed with benign or cancerous lesions.

Generalities on breast cancer

Breast cancer is the most prevalent cancer worldwide [START_REF] Arnold | Current and future burden of breast cancer: Global statistics for 2020 and 2040[END_REF] (Figure 1). In 2020, the World Health Organization census 2.3 million diagnosed cases in women and 685 000 breast cancer-related deaths [6].

Although breast cancer primarily affects women, men are not exempt and represent approximately 1% of new breast cancer cases [START_REF] Ian S Fentiman | Male breast cancer[END_REF].

Some risk factors are acknowledged to foster breast cancer. Those factors encompass lifestyle contributions like diet, alcohol consumption, smoking, and regular physical activity practice, to name a few. Additionally, factors such as age, obesity, exposure to radiation, family history/genetic predispositions, the age of the first period and pregnancy, as well as endogeneous and exogeneous hormones (contraceptive pills for instance) may affect the risk of developing breast cancer [6,[START_REF] Seidman | A different perspective on breast cancer risk factors: Some implications of the nonattributable risk[END_REF][START_REF] Sun | Risk factors and preventions of breast cancer[END_REF]. However, those are informative risk factors given that half of the women affected by breast cancer do not exhibit specific risk factors apart from being a woman of/or over 50 years old. From [START_REF] Mcguire | Breast Anatomy and Physiology[END_REF].

Anatomy of the breast

The breast anatomy, as depicted in Figure 2, is primarily composed of lobules, lactiferous ducts, connective tissue,s and a vascular and lymphatic system [START_REF] Jeeves | Surgical anatomy of the breast[END_REF][START_REF] Bistoni | Anatomy and physiology of the breast[END_REF][START_REF] Sir | On the anatomy of the breast, volume I[END_REF]. The connective tissue is composed of adipose tissue and fibrous tissue called stroma. The stroma serves a crucial structural role, providing breast support and acting as a scaffold for the mammary glands, lobules, and vascular and lymphatic systems. The breast contains between 15 to 20 lobes; each lobe comprises between 20 to 40 lobules: smaller structures within the lobe that are made of acini (the glandular tissue involved in lactation) and connected to an intralobular terminal duct. Lactiferous ducts and lobules consist of an inner layer of myoepithelial cells (e.g., basal epithelium) and an outer layer of epithelial cells (e.g., luminal epithelium) [START_REF] Tomeu | A lock free approach to parallelize the cellular potts model: Application to ductal carcinoma in situ[END_REF] (Figure 4.B), while, the connective tissue is mainly composed of adipocytes, fibroblasts, vascular endothelial cells, as well as inflammatory and immune cells [START_REF] Kumar Biswas | The mammary gland: Basic structure and molecular signaling during development[END_REF]. Abnormal proliferation of the ducts or lobules epithelial cells or cells from the connective tissue can lead to breast cancer, called carcinoma and sarcoma, respectively.

The breast structure is not fixed but varies from one individual to another and evolves with time. The mammary glands' size and activity are hormone-regulated phenomena and evolve through life stages (e.g., puberty, pregnancies, lactation) and aging [START_REF] Macias | Mammary gland development[END_REF].

Breasts are highly vascularized organs composed of a vascular system with arteries and veins supplied via the internal thoracic arteries. The breast also possesses a lymphatic system consisting of lymphatic vessels and nodes that maintain tissue fluid homeostasis and support immune function. Furthermore, the lymphatic system plays a pivotal role in metastasis. If cancerous cells proliferate to the lymphatic system, they gain access to the bloodstream, enabling them to form secondary tumors in distant organs. 

Breast cancer types and grading systems

Sarcoma refers to breast cancer originating from the connective tissue of the breast, while carcinoma describes tumors arising within the epithelium: either a lactiferous duct epithelium or lobular epithelium [22]. Sarcomas are rare and represent less than 0.1% of all breast cancer cases [START_REF] Adem | Primary breast sarcoma: clinicopathologic series from the mayo clinic and review of the literature[END_REF]. On the other hand, carcinomas are very frequent and can be subdivided into two subcategories: in-situ carcinomas and invasive carcinomas (Figure 3). In in-situ carcinoma, the cancerous cells are localized and confined at their genesis location, whereas invasive carcinoma cancerous cells propagate into their surrounding tissue, as illustrated in Figure 4.A.

To assess cancer growth and malignancy, a cancer stage is determined according to the American Joint Committee on Cancer tumor-node-metastasis (TNM) cancer staging system [START_REF] Edge | The american joint committee on cancer: the 7th edition of the ajcc cancer staging manual and the future of tnm[END_REF]. According to the tumor size, the presence of cancerous cells in the lymphatic node, and the presence of metastasis, this staging system ranges from I to IV with increasing cancer progression and aggressiveness.

In-situ carcinoma refers to a non-invasive proliferation of epithelial cells [22], which can develop within either the lactiferous ducts or lobules. In such cases, there are respectively termed ductal carcinoma in-situ (DCIS) and lobular ductal carcinoma (LCIS) (Figure 3). DCIS is more frequent than LCIS and represents about 90% of the in-situ carcinoma diagnosis [START_REF] Ward | Cancer statistics: Breast cancer in situ[END_REF]. DCIS encompasses a broad range of cancerous cell growth architectures. Depending on the cancerous cells growth pattern, DCIS are characterized as comedo, cribriform, solid, micropapillary, papillary, and mixed (Figure 5). Alongside the cell growth pattern, DCIS are typically characterized by a nuclear grade, which assesses the size and shape of cancer cells compared to normal ones [22,[START_REF]Understanding ductal carcinoma in situ (dcis)[END_REF][START_REF] Shoker | Dcis grading schemes and clinical implications[END_REF]. The nuclear grade ranges from I to III, indicating low, intermediate, and high nuclear grades. The higher the nuclear grade, the more fast-growing and aggressive the cancerous cells are. It is common to observe nuclear grade variations within DCIS. Such variation reflects the intratumoral cells' genetic heterogeneities [22]. Invasive carcinomas cover a wide range of malignant proliferation of epithelial cells. Similarly to insitu carcinoma, invasive carcinoma can originate from the lactiferous ducts or mammary lobules, in which cases they are referred to as invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC). Even though IDC and ILC are the most common types of invasive carcinomas -approximately 80% and 10% of all invasive carcinomas, respectively [START_REF] Duraker | A comparison of the clinicopathological features, metastasis sites and survival outcomes of invasive lobular, invasive ductal and mixed invasive ductal and lobular breast carcinoma[END_REF] -rarer invasive carcinomas exist, such as tubular, medullary, mucinous (or colloid) invasive carcinoma to name a few [22,[START_REF] Gautam | Histological, molecular and functional subtypes of breast cancers[END_REF]. The Nottingham-modified Elston and Ellis grading system (grade EE), established in 1991, is routinely used to evaluate cancerous cell differentiation compared to normal cells [START_REF] Elston | pathological prognostic factors in breast cancer. i. the value of histological grade in breast cancer: experience from a large study with long-term follow-up[END_REF]. This system considers tubule formation, nuclear pleomorphism, and mitotic counts to grade tumors from I to III: I for welldifferentiated tumors (cancerous cells morphology closely resembles healthy cells), II for moderately differentiated tumors, and III for poorly differentiated tumors (cancerous cells lack healthy cells features).

Additionally, invasive carcinomas are also characterized by the Ki67 index value (in percent), which quantifies cancerous cell proliferation and helps evaluate the cancer aggressiveness [START_REF] Nishimura | Prognostic significance of ki-67 index value at the primary breast tumor in recurrent breast cancer[END_REF]. Combined, the grade EE and Ki67 index value help evaluate the cancer aggressiveness and orient the therapeutic approach.

To refine therapeutic strategies, clinicians also analyze tumors' hormonal and genetic biomarkers and define the cancer's molecular subtype. These biomarkers include:

-Oestrogen receptors -Progesterone receptors -HER2 receptors (human epidermal growth factor receptor 2, a proto-oncogene that, when overexpressed, promotes cell division and proliferation)

The expression of these biomarkers is assessed through immunochemistry, enabling the determination of the cancer's molecular sub-type (Figure 6.A): a crucial step in the diagnosis processes as it helps implementing a targeted therapeutic approach, evaluating the risk of recurrence and therefore improving the patient prognosis (Fig 6 .B). HER2-E refers to HER2 enhanced molecular subtype. Adapted from [START_REF] Zubair | Advanced approaches to breast cancer classification and diagnosis[END_REF]22,32,[START_REF] Coleman | Diagnostic Molecular Pathology: A Guide to Applied Molecular Testing[END_REF]. B) Correlation of breast cancer molecular subtypes with clinicopathological features. From [22].

Breast cancer and microcalcifications

In the breast, most cancerous lesions are painless, making regular self-examination and medical screenings crucial. Various morphological and structural changes can indicate benign or cancerous tumor development. These changes include [22]: change of size, shape, the density of the breast, the nipple and/or the areola (the skin surrounding the nipple), fluid discharge, hard mass, swelling, nipple retraction, skin irritation, and redness, among others.

While breast palpation is a common exam for detecting the development of mass, mammography is the gold standard for both breast cancer diagnosis and preventive screening [START_REF] Eddy | Screening for breast cancer[END_REF][START_REF] Hofvind | Mammographic morphology and distribution of calcifications in ductal carcinoma <i>in situ</i> diagnosed in organized screening[END_REF]. Mammography is an X-ray radiography of the breast, allowing the identification of a broad range of tissue abnormalities, including abnormal mass and microcalcifications (e.g., calcium-based deposits).

To obtain an optimal contrast between soft and dense tissue, mammography requires compressing the breast to decrease its thickness and enhance the tissue contrast. Nonetheless, getting sufficient contrast can be difficult for women with heterogeneously dense and extremely dense breasts. In such cases, ultrasonic screening or MRI are alternatives to mammography to image the breast and detect suspicious lesions [START_REF] Zhang | Detection of breast cancer with addition of annual screening ultrasound or a single screening mri to mammography in women with elevated breast cancer risk[END_REF]. However, regardless of the imaging screening method, further analyses are required if any abnormalities are detected, and biopsies are conducted to identify the lesions' nature.

Biopsies histopathological analyses are mandatory to detect the presence of cancerous cells and, if so, the nature of the cancer.

Microcalcifications on mammograms are an important feature for physicians, as they are considered early biomarkers of breast cancer [START_REF] Johnson | Histological correlation of microcalcifications in breast biopsy specimens[END_REF][START_REF] Azam | Mammographic microcalcifications and risk of breast cancer[END_REF] and are routinely used for non-palpable breast cancer detection [START_REF] Johnson | Histological correlation of microcalcifications in breast biopsy specimens[END_REF][START_REF] Gülsün | Evaluation of breast microcalcifications according to breast imaging reporting and data system criteria and le gal's classification[END_REF][START_REF] Tinnemans | The significance of microcalcifications without palpable mass in the diagnosis of breast cancer[END_REF]. Thanks to the density difference with the tissue, breast microcalcifications (BMCs) appear as white specks or spots on the mammograms. The Breast and Imaging Reporting and Data System (BI-RADS classification system), developed by the American College of Radiology, is a classification system used worldwide, providing a standardized framework for radiologists, surgeons, and oncologists breast imaging analysis [START_REF]ACR BI-RADS ATLAS[END_REF][START_REF] Spak | Bi-rads fifth edition: A summary of changes[END_REF]. The BI-RADS system grades mammograms from 0 to 6 with increasing risks of breast cancer: from low to very suspicious lesions. This classification considers various features such as the density of the breast tissue, breast morphological distortion, the presence of mass (its size, shape, margins), as well as the presence of microcalcifications. Indeed, the distribution, size, and shapes of BMCs are associated with varying risks of being associated with malignant lesions. There are five main distribution patterns: grouped (or clustered), linear, segmental, regional, and diffuse (Figure 7.A). While linear and diffuse distribution patterns are primarily associated with benign lesions, grouped, regional, and segmental distributions are associated with high risks of ductal carcinoma [START_REF] Hofvind | Mammographic morphology and distribution of calcifications in ductal carcinoma <i>in situ</i> diagnosed in organized screening[END_REF][START_REF] Kim | Evaluation of malignancy risk stratification of microcalcifications detected on mammography: A study based on the 5th edition of bi-rads[END_REF][START_REF] Lorena | Calcificaciones mamarias: descripción y clasificación según la 5.a edición bi-rads[END_REF]. Additionally, according to their size and shape, BMCs are assigned to different morphological categories, also associated with varying risks of cancerous lesions associations [START_REF]ACR BI-RADS ATLAS[END_REF]. For instance, popcorn-like, large rod-like, or eggshell morphologies are typically BMCs associated with benign lesions, whereas the BI-RADS classification considers coarse heterogeneous, amorphous, fine pleomorphic, and fine linear as suspicious calcifications (Figure 7) [START_REF]ACR BI-RADS ATLAS[END_REF].

In particular, fine pleomorphic or fine linear BMCs are recognized to be associated with a high risk of malignancy [START_REF]ACR BI-RADS ATLAS[END_REF][START_REF] Rao | A pictorial review of changes in the bi-rads fifth edition[END_REF].

BMCs are clinically used to assess, based on breast imaging, the risks of lesions to be associated with malignant lesions and the need for further medical examination. Nonetheless, all imaging techniques used clinically do not provide information about the composition of the microcalcification, and much remains to be discovered regarding BMCs' formation mechanisms and their pathological implication. Over the last decades, studies exploring BMCs' physico-chemical properties with breast pathologies have been multiplying. Those works, which will be detailed in Chapter 1, have highlighted a diverse range of mineral phases that can be found in the breast and outline that specific physico-chemical features might correlate with the patient's pathology and prognosis. This manuscript aims to propose a novel multimodal and multiscale characterization strategy for investigating BMCs: providing new insights into BMC's physico-chemical properties and expanding our current understanding about mineralization in the breast. 

-Morphological, elemental, and chemical speciation of breast microcalcifications: state-of-the art and new approaches

Breast micro and macro-calcifications is a medical term used by radiologists and pathologists to designate calcium deposits from a few dozens/hundred of µm up to 1 mm in breast tissue [START_REF] Henrot | Breast microcalcifications: The lesions in anatomical pathology[END_REF]. The presence of mineral deposits in the breast was first reported in 1913 by the German surgeon Albert Salomon [48], who was investigating breast cancer; research for which he studied about 3000 mammograms and observed breast microcalcifications (BMCs) appearing as white blemishes. In the 1950s, when mammography became widely used for breast cancer diagnosis, physicians led by Leborgne [START_REF] Leborgne | Diagnosis of tumors of the breast by simple roentgenography; calcifications in carcinomas[END_REF] started investigating BMCs for diagnostic purposes. Over the years, BMCs became a tool for evaluating the risks of breast lesions to be associated with cancer. For example, Le Gal's classification proposed in 1984 to rank the risk of lesions to be malignant ones from 1 to 5 based on BMCs' morphology on mammograms [START_REF] Gal | Diagnostic value of clustered microcalcifications discovered by mammography (apropos of 227 cases with histological verification and without a palpable breast tumor)[END_REF]. At this point in time, the most advanced and used classification system is the BI-RADS classification developed by the American College of Radiology since the late 1980s [START_REF]ACR BI-RADS ATLAS[END_REF]. The BI-RADS classification grades mammograms from 1 (no abnormality) to 5 (high risks of cancerous malignant lesions) according to BMCs' sizes, morphologies, and distribution in breast tissue. This classification is routinely used in hospitals worldwide, and BMCs have become crucial for detecting non-palpable breast cancer. Despite being routinely used as a benchmark for early signs of breast cancer, BMCs can't be chemically precised using mammograms. Mammography is an X-ray-based imaging technique and does not provide information about the elemental or the chemical composition of BMCs. In 1984, Frappart et al. [START_REF] Frappart | Structure and composition of microcalcifications in benign and malignant lesions of the breast: study by light microscopy, transmission and scanning electron microscopy, microprobe analysis, and x-ray diffraction[END_REF] characterized BMCs in benign and cancerous breast tissue using X-ray diffraction and emphasized the presence of two phases: calcium oxalate dihydrate (COD, CaC 2 O 4 • 2 (H 2 O)), also called weddellite) and hydroxyapatite (Hap, Ca 10 -x (PO 4 ) 6 -x (HPO 4 , CO 3 ) x (OH) 2 -x ). From there, BMCs were classified into two categories: BMCs of type I, composed of COD and acknowledged to be related to benign lesions exclusively, and BMCs of type II -composed of Hap -that can be associated with both benign and malignant lesions. However, over the last two decades, different characterization techniques have been implemented to characterize BMCs' physicochemical properties, rendering this binary classification outdated and insufficient. Indeed, BMCs were shown to be very complex structures characterized by a chemical diversity; and a lot remains to be discovered to fully understand biomineralization in the breast and its potential link with breast pathology. In this chapter, we will:

1. give an overview of the different methods implemented to investigate BMCs -from a morphological description to elemental and chemical characterization -and outline their contributions to understanding BMCs' structure and formation (section 1.1)

2. discuss the restricted spatial resolution of these techniques and propose alternative methods to address this limitation (section 1.2)

3. propose a new infrared spectroscopy-based multimodal and multiscale approach, including a sub-micrometric chemical description of BMCs (section 1.3)

. Breast microcalcifications micrometric characterization: state-of-the art

In order to comprehend the mineralization mechanisms in the breast and BMCs' involvement in breast pathology, diverse approaches have been implemented to characterize the morphological and physicochemical properties of BMCs. Understanding how BMCs are formed and unraveling their elemental, chemical, and crystalline structure holds the potential to decipher the microenvironment within which they developed and consequently shed light on the underlying mechanisms and links with the pathology: whether cancerous or not.

In the subsequent paragraphs, we will develop techniques that have been implemented and how they help gaining an understanding of mineralization in breast tissue. Except mentioned otherwise, these experiments were conducted on a few microns thick sections from breast biopsies or surgical resections. Besides, it is important to emphasize that these techniques are commonly employed in the realm of fundamental research and have not, yet, been standardized for clinical diagnosis.

. Morphological analysis

Examining pathological calcifications' morphology aims to provide a comprehensive description encompassing their size, color, shape, optical properties (such as birefringence), and surface texture (porosity, presence of aggregates, etc.). This morphological analysis is an initial step toward identifying the specific type of calcification.

. Polarized light microscopy

X-ray mammography systems typically offer a spatial resolution on the order of a few hundred microns [START_REF] Nico Karssemeijer | Spatial resolution in digital mammography[END_REF][START_REF] Pisano | Digital mammography[END_REF] and suspicious microcalcifications identified thanks to mammography (as indicated in the introduction, depending on their sizes, shapes, and distribution in the breast) are used to locate the biopsy sampling area. Consequently, detected BMCs are at least a hundred microns and can reach sizes up to the millimeter scale. Within this size range, BMCs can be observed directly using light microscopy on a breast biopsy section deposited on a standard glass microscope slide. While light microscopy studies of breast microcalcifications are not currently routinely implemented and performed clinically, investigating mineral deposits in tissues remains highly relevant as it may provide valuable information about the underlying pathology. In urology and nephrology, where minerals are prevalent in certain pathology, their examination with light microscopy plays a crucial role in the etiological diagnosis. The Daudon classification [START_REF] Daudon | Intérêt clinique de l'étude de la cristallurie[END_REF] which offers a comprehensive overview of kidney stone morphology, including form, color, and appearance according to their etiology, emphasizes the significance of such investigations.

In the context of fundamental research investigating the role of BMC, light microscopy observation is usually the initial step to depict the global architecture of large (dozens of microns in diameter or more) BMCs and identify their location within the tissue (e.g., duct, lobule, stroma, etc.). Such observation can be done directly on standard hematoxylin and eosin (H&E) stained histopathological slide, which usually makes Hap BMCs appear dark violet, or using Von Kossa staining containing silver ions that substitute calcium ions in calcium phosphate deposits and specifically stains them black [START_REF] Schneider | Von kossa and his staining technique[END_REF].

Besides, using polarized light microscopy, it is possible to distinguish between calcium oxalate (BMCs of type I) and calcium phosphate (BMCs of type II) deposits as COD and Hap minerals possess distinctive visual and optical characteristics. As initially reported by Frappart et al. in 1984 [51], COD deposits exhibit a yellowish/amber color, are slightly translucent, and are birefringent under polarizing light (Fig. 1.1.A). In contrast, Hap calcifications have a white or light gray color and are opaque and isotropic (Fig. 1.1.B).

Although the smallest BMCs that can be detected on mammograms have a diameter of a few dozen to a hundred microns, it is essential to note that breast tissue can contain BMCs of much smaller size and cannot be observed using light or polarized light microscopy. In that case, microscopy techniques with higher magnification power such as electron microscopy are required to identify them and locate them in the tissue, as well as to describe their morphology. 

. Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful imaging technique that produces high-magnification images of the sample surface with high spatial resolution. With magnification capabilities reaching up to a few hundred thousand times, SEM could be a key tool to describe macro and microcalcifications' morphologies and surface aspects in breast biopsies, but also to visualize and locate sub-micrometric calcifications that can't be detected on mammograms nor using light microscopy. Besides, biological calcifications, particularly those with high chemical purity, can exhibit distinctive structures and be identified through SEM analysis. For instance, COD calcifications can display characteristic bipyramidal or dodecahedral shapes (Figure 1.2.A-C), Hap micro and nano-calcifications often appear as spherulites (Figure 1.2.D-F), and Whitlockite (a magnesium calcium phosphate, Wk: Ca 9 Mg(HPO 4 )(PO 4 ) 6 mineral that has been reported in the breast [START_REF] Scott | Relationships between pathology and crystal structure in breast calcifications: an in situ x-ray diffraction study in histological sections[END_REF]) is recognizable thanks to its pseudo-cubical form (Figure 1.2.G-I). As shown in Figure 1.2, cubical, spherules, and bipyramids calcification are likely indicative of Wk, Hap, and COD-based calcifications, respectively. But the reverse statement isn't necessarily true. The appearance of COD, Hap, and Wk calcification can vary in shape and form depending on various factors, including chemical purity, crystalline structure, mineralization conditions, and other parameters. For instance, Wk spherules have been reported in the breast [START_REF] Kunitake | Correlative imaging reveals physiochemical heterogeneity of microcalcifications in human breast carcinomas[END_REF] demonstrating the variability in the appearance of calcifications.

As calcifications morphologies are linked to both their chemical composition and the mineralization processes, SEM has been widely used clinically and in the scope of fundamental research for pathological mineral deposit characterization. For example, kidney stone morphologies play a crucial role in the diagnosis, and SEM has been widely used in that regard [START_REF] Bazin | Scanning electron microscopy-a powerful imaging technique for the clinician[END_REF]. SEM is also use to investigate mineralization processes in various organs like breasts, thyroids, ovaries, and hearts [START_REF] Vidavsky | Multiple pathways for pathological calcification in the human body[END_REF].

In a nutshell, a SEM microscope consists in a vacuum chamber (10 -5 -10 -8 mbar) where a primary beam is generated, accelerated through an anode, and focused using electromagnetic lenses onto the sample's surface (Figure 1.3.A). The sample, as a result, emits different signals -among others, secondary electrons (SE) and backscattered electrons (BSE) (Figure 1.3.B) -which are then collected by the SEM detectors. SE arise from the inelastic scattering of the primary electron beam with the sample [START_REF] Mckay | Secondary electron emission[END_REF][START_REF] Seiler | Secondary electron emission in the scanning electron microscope[END_REF] and enable a high description of the sample's surface topography and roughness. On the other hand, BSE are electrons resulting from primary electrons elastic scattering within the sample, which ultimately reach the surface [START_REF] Napchan | Backscattered electrons in the sem[END_REF]. The amount of BSE electrons produced is proportional to the material atomic number. Therefore, BSE micrograph can provide qualitative information about the sample composition, topography, and crystallography [START_REF] Joseph I Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF]. Regarding SEM images' spatial resolution, it will vary according to the magnification, the primary electron beam energy and diameter, as well as the sample composition and geometry. Most recent systems using field emission guns enable the acquisition of SEM micrographs with spatial resolution reaching the nanometer range [START_REF] Joseph I Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF]. When it comes to biological specimens SEM analyses can be challenging due to charge accumulation. Indeed, as biological samples are non-conductive materials, electrons can accumulate at the sample's surface, leading to brightness saturation and/or unstable focus. To overcome this issue, a common strategy is sample coating with a conductive material such as carbon or gold. However, the coating strategy is not compatible with the use of chemical characterization techniques (such as vibrational spectroscopy techniques) afterward. To image biological samples without coating, alternatives are possible using either low beam energy (between 0.5 and 5 kV, which limits charge accumulation) [START_REF] Petay | Multiscale approach to provide a better physicochemical description of women breast microcalcifications[END_REF][START_REF] Bazin | Scanning electron microscopy-a powerful imaging technique for the clinician[END_REF][START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF] or by working under environmental SEM (ESEM) conditions [START_REF] Danilatos | Review and outline of environmental sem at present[END_REF]. ESEM operates under controlled gas pressure between 0.1 and 3 mbar, allowing the presence of gas in the SEM chamber, while maintaining a suitable environment for electron imaging. The main inconvenience of low voltage SEM and ESEM, is the difficulty of acquiring high-magnified images (> x18K with spatial resolution up to a nanometer or below [START_REF] Kazumori | Field emission sem with a spherical and chromatic aberration corrector[END_REF][START_REF] Vogel | Handbook of charged particle optics, 2nd edition[END_REF]) compared to standard SEM analysis (∼ 15 kV and primary vacuum). Both low-voltage SEM and ESEM configurations are commonly used to characterize abnormal inorganic deposits in tissue, including BMCs [START_REF] Frappart | Structure and composition of microcalcifications in benign and malignant lesions of the breast: study by light microscopy, transmission and scanning electron microscopy, microprobe analysis, and x-ray diffraction[END_REF][START_REF] Kunitake | Correlative imaging reveals physiochemical heterogeneity of microcalcifications in human breast carcinomas[END_REF][START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF][START_REF] Scott | Breast calcification micromorphology classification[END_REF]. In the scope of our study, BMCs SEM analyses were conducted using low beam energy and secondary electrons detector called SE2 detector. The full protocol is detailed in Chapter 3.

In the scope of breast macro, micro, and nano-calcifications, SEM has been widely used for their morphological characterization. In 1984, Frappart et al. [START_REF] Frappart | Structure and composition of microcalcifications in benign and malignant lesions of the breast: study by light microscopy, transmission and scanning electron microscopy, microprobe analysis, and x-ray diffraction[END_REF] published SEM images of COD and Hap BMCs extracted from breast tumor tissues. BMCs chemical identification was performed using energydispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD), as described in Section 1. For high-magnification imaging of BMCs in tissue, transmission electron microscopy (TEM) can also be used [START_REF] Scimeca | Microcalcifications in breast cancer: An active phenomenon mediated by epithelial cells with mesenchymal characteristics[END_REF]. However, the sample preparation required for TEM is more complex than the one for SEM. Indeed, SEM studies can be performed directly on histopathological slides or even uncolored sections, whether they are wax-embedded or not [START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF][START_REF] Scott | Breast calcification micromorphology classification[END_REF][START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF][START_REF] Gosling | Microcalcification crystallography as a potential marker of dcis recurrence[END_REF]. This makes SEM an easy-to-use and robust technique to describe BMCs' morphological features. The widespread usage of SEM for BMCs' morphological description has led to various adjectives to depict their shapes and aesthetic features, such as: agglomeration of micrometre scale spherules [START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF],

powdery, rounded or crushed calcifications [START_REF] Bonfiglio | Radiological, histological and chemical analysis of breast microcalcifications: Diagnostic value and biological significance[END_REF], spherical aggregates, irregular aggreates and psammoma bodies [START_REF] Zhang | Fluorescence-detected mid-infrared photothermal microscopy[END_REF] or spheroidal, compact, and laminate BMCs [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF]. Scott et al. [START_REF] Scott | Breast calcification micromorphology classification[END_REF] recently proposed a classification system to describe BMCs' micromorphologies and establish a standardized vocabulary across research groups. Using SEM-BSE in low vacuum mode (0.6 mbar), they analyzed 62 breast biopsies and surgical excisions of both benign and malignant lesions containing microcalcifications and were able to categorize them into five main groups according to their morphological attributes. These five categories represent the most prevalent morphological types observed: aggregate, spongy, banded, punctulate, and dense homogeneous (Figure 1.5). These groups solely describe macro and micro breast calcifications morphological features and have not been associated with specific chemical or pathological features. Besides, although these five categories reflect the most frequent BMCs observed, they do not encompass the entire spectrum of BMCs' morphologies.

The variety of BMCs' morphologies observed, including variations in the internal structure of Hap spherules (Figure 1.4), highlight the likelihood of different mineralization processes occurring in the breast that are yet to be fully understood. To comprehend the underlying mineralization phenomena, the morphological description provided by SEM, needs to be completed with information about the calcification composition. Such information can be accessed using either elemental or chemical characterization techniques, or both, as they provide complementary information as developed in the following sections. EDX and XRF operate based on the same principle: when atoms are exposed to a primary source of energy, an electron from the atom's inner electronic shell is ejected and generates a vacancy. Consequently, an electron from an outer shell is transferred into the vacancy, filling it and stabilizing the atom's electronic structure: a process resulting in the emission of an X-ray called characteristic X-ray (Figure 1.6). To fill this vacancy, the electron from the outer shell can originate from different electronic shells (L, M, N), leading to X-ray emission of different energy. Howsoever, the energy of the characteristic X-ray is quantized and specific to the atoms it stems from, and the electronic shell implicated. Hence, quantifying the energy of characteristic X-rays a material emits makes it possible to determine its elemental composition.

In the case of EDX measurements, the primary beam is made of particles: electrons, while for XRF measurements, the primary beam can be either X-rays or γ-rays. These two techniques are often complementary, as EDX is more sensitive to elements with low atomic numbers, while XRF tends to be more sensitive to heavier ones. Typical BMCs EDX and XRF spectra (presenting the number of Xrays detected as a function of the X-rays energy) acquired on breast calcifications are represented in Figure 1.6.B and C, respectively.

EDX measurements can be conducted on any SEM and TEM equipped with either a nitrogen-cooled Si(Li) detector or, more commonly used, a room-temperature Silicon Drift Detector (SDD) [START_REF] Goodge | Energy-dispersive x-ray spectroscopy[END_REF]. Due to its easy implementation, SEM BMCs' morphological description is often completed by EDX elemental analysis. The lateral spatial resolution of EDX is dependent on the beam size and can reach up to 10 nm [START_REF] Barkshire | High-spatial-resolution lowenergy electron beam x-ray microanalysis[END_REF] (Section 1.1.1.2). The probing depth sensitivity, which refers to the depth at which characteristic X-rays emitted by the sample can be detected by the detector, is mainly influenced by the nature of the sample and the accelerating voltage of the primary electron beam [START_REF] Burgess | High spatial resolution energy dispersive xray spectrometry in sem and the detection of light elements including lithium[END_REF]. In SEM systems with accelerating voltage typically ranging from 0.1 to 30 kV, the probing depth can range from several nanometers to hundreds of nanometers. However, it is important to note that EDX analyses are semi-quantitative experiments, and EDX spectra need to be analyzed with care as they can sometimes contain artifacts. For instance, in EDX, the simultaneous arrival of two oxygen K α X-rays on the detector can be mistakenly perceived as sodium-characteristic X-rays; a phenomenon referred as peak pileup and which can be mitigated by optimizing the experimental parameters such as the SEM intensity.

Regarding XRF measurements, bench lab systems equipped with an X-ray source are also easily accessible. Similarly to EDX, the spatial resolution is limited by the spot size of the excitation X-ray beam, ranging from a few millimeters to a few microns for commercial XRF and micro-XRF devices, respectively. However, due to the source's low brilliance, it can be challenging to detect diluted or trace elements using a bench lab system, even with a micrometric spatial resolution. This can be circumvented by resorting to synchrotron radiation, which is very brilliant source [START_REF] Colboc | Pathologies related to abnormal deposits in dermatology: a physico-chemical approach[END_REF]. The brilliance characterizes the beam brightness per unit surface area and is expressed as the number of photons emitted per unit source area over the unit angle of emission and per unit of energy [START_REF] Adams | Microscopic x-ray fluorescence analysis and related methods with laboratory and synchrotron radiation sources[END_REF] (photons

• s -1 • mm -2 • mrad -2
per 0.1% of radiation bandwidth). For a given flux of photons, the brilliance is maximized by minimizing the beam size and divergence, and in synchrotron, the brilliance can be increased by more than 15 orders of magnitude compared to XRF benchlab systems [START_REF] Raimondi | Esrf-ebs: The extremely brilliant source project[END_REF]. X-ray synchrotron beamlines can also enable XANES (X-ray absorption near edge structure) and EXAFS (extended X-ray absorption fine structure) measurements: two X-ray spectroscopy techniques providing structural information about an element, as well as information about its electronic state. Besides, with specific setups, synchrotrons can achieve nanometric scale XRF measurement, such as the Nanoscopium beamline at Soleil synchrotron [START_REF] Somogyi | Nanoscopium: A scanning hard x-ray nanoprobe beamline at synchrotron soleil[END_REF]. However, synchrotron experiments are heavy measurements, planned months ahead, are typically limited to a few days of beamtime, and therefore less accessible experiments. In addition, XRF quantitative measurements are also challenging and require thorough calibration of the system, and the signal may not always be proportional to the element concentration due to the influence of the surrounding environment, a phenomenon known as the matrix effect.

EDX and XRF can provide valuable insights into the structure of BMCs and have proven useful to depict BMCs' elemental composition, such as variations in phosphate concentrations within the calcium phosphate matrix [START_REF] Hougen Poggi | Using scanning electron microscopy to study mineral deposits in breast tissues[END_REF] (see section 1.1.2.3). However, it is important to highlight that elemental analyses are not necessarily quantitative. Achieving quantitative measurements with both EDX and XRF requires a thorough calibration procedure using standard samples whose compositions are known, controlled and as close as possible to the composition of the sample of interest. Moreover, elemental analyses are greatly influenced by the thickness of the sample, which poses additional challenges for quantitative measurements, particularly in heterogeneous samples like biological tissues where significant thickness variations can occur. Besides, the signal intensity strongly depends on the distance between the sample and the detector. Therefore, the very same experimental conditions are required to compare measurements between samples. Lastly, EDX and XRF can be destructive measurements: burning and altering the local chemical composition of the sample. Therefore, they need to be implemented with care, especially in the scope of multimodal analyses using other chemical characterization techniques.

. X-ray diffraction

X-Ray Diffraction (XRD) is a powerful technique used for structural analysis of solid materials, relying upon the distinct diffraction pattern resulting from the diffraction of an X-ray beam by a solid. Indeed, X-rays are diffracted as they interact with a solid/crystal lattice, resulting in a diffraction pattern arising from the diffracted X-rays' constructive and destructive interference [START_REF] Warren | X-Ray Diffraction[END_REF][START_REF] Ramachandran | Handbook of Analytical Techniques in Concrete Science and Technology: Principles, Techniques and Applications[END_REF]. According to Bragg's law (Figure 1.7), which governs this phenomenon, constructive interference occurs when the path difference (δ) between the diffracted rays is an integer multiple of the X-ray beam wavelength. Hence, by analyzing the position (angle) at which the constructive interference occurs, we can extract characteristic structural features of the sample.

Bragg's Law

δ = nλ = 2.d.sin(θ)
n an integer λ the X-Ray wavelength d the spacing between diffracting planes θ the incident angle Experimentally, during XRD measurements, the detector measures the intensity of the scattered Xrays based on the angle between the detector and the sample. By detecting the constructive interference as a function of the angle, a diffraction spectrum is obtained, which is unique to the atomic (or molecular) arrangement within the crystal. This pattern can be compared to reference XRD spectra database, or the diffraction peaks can be mathematically analyzed to determine the structural characteristics of the sample. XRD can determine if a solid is amorphous or crystalline, but also if it contains different crystalline phases and their proportions. In the case of crystalline phases, XRD can provide valuable information, such as the crystal space group, the lattice parameters, and the positions of atoms within the lattice. XRD is particularly useful for mineral analysis and distinguishing two mineral phases of the same chemical composition but crystallized into two different crystalline phases. For example, with BMCs, it can differentiate amorphous calcium phosphate from calcium phosphate crystalline phases and characterize the various substitutions that can be present in Hap lattice.

. X-ray spectroscopy contributions to breast microcalcifications characterization

Early studies on BMCs characterization recognized the presence of two chemical phases: COD and Hap [START_REF] Frappart | Structure and composition of microcalcifications in benign and malignant lesions of the breast: study by light microscopy, transmission and scanning electron microscopy, microprobe analysis, and x-ray diffraction[END_REF]. While pure synthetic Hap chemical formula is Ca 10 (PO 4 ) 6 (OH) 2 , biological apatites -such as teeth and bone -are much complex structure and are typically non-stoichiometric [START_REF] Combes | Apatite biominerals[END_REF]. They can present substitutions of PO [START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF]. Based on their initial work, they were expecting increase of Mg content in malignant BMCs, but they surprisingly did not find such correlation. Indeed, through EDX, they investigated Ca/P, Mg/Ca and Na/Ca ratios content in BMCs (Figure 1.8. B 1 -3 ), and their results revealed only a significant correlation between Na content with malignancy. These correlation need to be considered with caution as samples were immersed in saline solution during the sample preparation. Interestingly, Scott et al. compared the results from their two studies (the synchrotron X-ray diffraction [START_REF] Scott | Relationships between pathology and crystal structure in breast calcifications: an in situ x-ray diffraction study in histological sections[END_REF] and SEM-EDX [START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF]) and found a significant increase of Wk percentage from benign, in-situ, and invasive specimen; while the Hap crystallite domain length and size ("c" axis length and "ab" plan) where higher in malignant samples compared to benign ones. 1.9.A), which suggests lower crystallinity and coherence length. These observations imply that none of the three groups exhibit structurally ordered Hap BMCs. However, they observed a decrease in peak broadening from benign to malignant BMCs, indicating an increase of BMCs crystallinity with malignancy, a conclusion supported by increased of coherence length with malignancy (Figure 1.9.B). Besides, these results align with Vanna et al. [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF] small and wide-angle X-ray scattering (SAXS & WAXS) study, who also reported an increase in BMCs crystallinity with malignancy.

The crystallinity properties and structural defects, such as anionic and cationic substitutions, of BMCs depend on the microenvironment of the tissue in which they form. Therefore, these studies emphasize and substantiate that different BMCs formation mechanisms may occur depending on the pathology and its severity. Those findings are consistent with the fact that benign and malignant cancer tissues exhibit distinct micro-environments. Malignant tissues are among other, more acidic than healthy tissue (hypoxic environment), which likely affect mineralization precursors and maturation andB) adapted from [START_REF] Scott | Relationships between pathology and crystal structure in breast calcifications: an in situ x-ray diffraction study in histological sections[END_REF] and [START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF], respectively.

processes. To investigate that hypothesis, Vidavsky et al. [START_REF] Vidavsky | Studying biomineralization pathways in a 3d culture model of breast cancer microcalcifications[END_REF] followed the formation of calcifications in 3D cellular models called spheroïds using XRF. Those models mimic breast tumors and XRF measurements highlighted the presence of minerals particles in both in-situ and invasive spheroids. XANES analyses of these particles showed they were composed of non-stoechiometric apatite. Besides, both pre-cancerous and invasive spheroids present a necrotic core, but BMCs where only observed within area of viable cells, with an increase of BMCs numbers and BMCs' size with malignancy. This suggest that BMCs formation might result from imbalance of mineralization promotors and inhibitors that depends on the cell malignity.

X-ray spectroscopy techniques, like EDX, XRD, and XRF, provide valuable information about BMCs' elemental and structural properties. However, they lack information about the chemical composition. Nonetheless, BMCs' chemical description can be accessed through complementary techniques, like vibrational spectroscopy techniques, including infrared and Raman spectroscopy, which have both already proven, in many studies, their ability to characterize BMCs' chemical composition (section 1.1.3.3). 

. Vibrational spectroscopies for breast microcalcifications chemical characterization

Spectroscopy refers to the study of the interaction between an electromagnetic field and a sample of interest, encompassing phenomena such as transmission, absorption, reflection, diffraction, and diffusion of light by the atoms and molecules of the sample. Vibrational spectroscopy is a specific type of spectroscopy that probes molecules' chemical bond vibrations, enabling the identification of the chemical functions the matter is made of. Vibrational spectroscopy includes Raman and Infrared (IR) spectroscopy, both powerful molecular structure and composition analysis tools. IR spectroscopy (section 1.1.3.1) relies upon the sample's IR light absorption, transmission, and reflection, while Raman spectroscopy (1.1.3.2) measures the inelastic scattering of the light by the sample.IR spectroscopy is limited to the 10 000 cm -1 (near-IR) to 30 cm -1 (far-IR) wavenumber range of the electromagnetic spectrum (Figure 1.10). In the scope of organic compounds characterization, the spectral range of interest can be reduced to the mid-IR range: 4000 -400 cm -1 , which covers the frequency of organic molecules' (fundamental) vibrational modes.

. Infrared microspectroscopy IR spectroscopy generalities

IR spectroscopy is a non-destructive spectroscopy technique using IR radiation to stimulate molecular vibration to shed light on a sample chemical composition. Indeed, a molecule possess energy that can be written as following: E tot = E trans + E qu where E trans is the energy associated to the molecule's translation movement through space, while E qu is its quantized energy [START_REF] Poilblanc | Spectroscopies Infrarouge et Raman[END_REF]. This quantized energy is the sum of three terms:

• E elec : the electronic energy that translate both the kinetic and potential energy of electrons in the nuclei When a molecule is exposed to light, it can absorb its photons if the photon energy matches the energy difference between the molecule's ground state and excited state of higher energy. In the case of IR light (400 -4000 cm -1 ⇌ ∼ 10 3 -10 5 J • mol -1 ) the rotational and vibrational modes are stimulated (Figure 1.11). The energy associated with these modes is quantized and specific to each molecule depending on its constituent atoms, physical state, and environment. Therefore, an IR spectrum serves as a unique chemical signature of a molecule. In practice, when working with condensed matter systems (liquid and solid), we do not observe the rotational absorption bands as they form a continuum of absorption.

The number of vibrational modes of a molecule is given by the 3N-6 formula, where N represents the number of atoms in the molecule. However, in the case of linear molecules, which have one less degree of freedom, the number of vibrational modes is 3N-5. A chemical bond can be compared to a spring-mass system. Therefore, the vibration frequency of a chemical bond corresponds to the resonance frequency of the spring-mass system: σ

= 1 2π . 2 k m *
where k is the spring constant of the chemical bond (which increases with bond multiplicity) and m * the reduced mass of the two entities between which the bond is established. A vibrational mode can be described as a stretching mode (variation of the bond length) or a bending mode (variation of the bond angle), as illustrated in Figure 1.12, for a triatomic molecular group. Measuring an IR spectrum consists of illuminating the sample with an IR source and looking at which frequencies are absorbed by the sample. As a molecular vibration frequency depends on the bond multiplicity and the atoms involved, by looking at the vibrational spectrum of a sample, it is possible to identify the chemical bond and chemical function present in the sample, and ultimately its chemical composition. An IR spectrum is, therefore, a molecular signature of the sample. Experimentally, IR spectra are measured using a Fourier Transform IR (FT-IR) spectrometer. An IR spectrometer is composed of 3 main components: an IR source, a Michelson interferometer, and a detector. Typically, the IR source is a Globar, which emits a continuous spectrum in the mid-IR range. The IR beam is then directed towards the interferometer (Figure 1.13.A), producing a modulated beam that is re-directed towards the sample. Finally, the detector measures the interferogram of the transmitted IR beam (Figure 1.13.B). By calculating the Fourier transform of the interferogram, we obtain the intensity of the transmitted light as a function of IR wavenumbers (Figure 1.13.C). In the spectrum, each absorption band corresponds to a vibration of a molecular bond: a chemical bond that can be identified using reference charts tabulating for chemical functions IR active molecular vibrations [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF]. 

IR microscopy

To investigate and understand the chemical characteristics of a sample across its surface, infrared microscopy (µFT-IR) has been developed. µFT-IR relies on hyperspectral imaging (Figure 1.14.B), where an infrared spectrum is measured at evenly spaced points over a specified area, ultimately providing chemical maps of the sample. Two main types of µFT-IR systems exist: wide-field and confocal IR microscopes.

In wide-field microscopy, imaging can be assessed either point-by-point using a nitrogen-cooled MCT detector or directly in 2D using a focal plane array (FPA) detector. In point-by-point measurements, a diaphragm is used to fix the beam size and is placed between the interferometer and the objective focusing the beam on the sample's surface. Using this configuration, imaging large areas is timeconsuming. An alternative approach is to use a 2D FPA detector. In that case, the whole sample is illuminated by the IR beam, and all pixels from the 2D detector are measured simultaneously. The size of the imaged surface area depends on the FPA detector's size and the magnification of the objective lens used to focus the beam. A principle scheme of wide-field imaging is displayed in Figure 1.14.A. On the other hand, confocal microscopy setup includes two conjugated pinholes: one between the interferometer and the objective focusing the IR beam onto the sample and a second between the sample and the detector. This configuration excludes photons from outside the focal plane, providing chemical information with resolved depth information in the z-axis. The sample is placed on a mobile sample holder, and the chemical imaging is done by measuring the spectrum point-by-point, similarly to IR imaging using a wide-field IR microscope equipped with an MCT detector.

When it comes to IR microscopy, choosing between confocal, wide-field point-by-point, and 2D imaging is a compromise. IR microscopes equipped with FPA detectors can offer much faster imaging of large areas than single-point detectors. However, the spectral range is often more limited using FPA detectors compared to MCT. Typically, FPA working spectral range cuts off above 3500 cm -1 , and below 850 cm -1 , whereas MCT detectors can cover the entire mid-IR spectral range (4000 -400 cm -1 ). From [START_REF] Chimenti | Qcl technology poised to transform ir spectroscopy[END_REF]. B) Scheme of a typical multidimensional data block resulting from hyperspectral imaging. This example is from a breast biopsy imaging. The heatmap represents the total absorption intensity for each point over the 1900 -900 cm -1 spectral range. The x and y axes provide spatial information and the z axis contains the spectral information. From [START_REF] Petay | Multiscale approach to provide a better physicochemical description of women breast microcalcifications[END_REF].

In terms of spatial lateral resolution, it's important to note that the size of the diaphragm or the FPA pixel size doesn't determine the lateral spatial resolution.

In microscopy, the spatial resolution is limited by the diffraction limit according to the Rayleigh criterion: ∆x ≈ 0.61 λ N A where NA represents the numerical aperture of the objective. The mid-IRrange covers the 4000 -400 cm -1 frequency range (e.g., 2.5 -25 µm). Considering a system with an NA = 1 objective acquiring spectra over that spectral range, the spatial lateral resolution, therefore, varies from 1.5 to 15 µm. In confocal microscopy, the depth of field (Df) is defined a Df ≈ 4•n•λ N A 2 [93] (where n is the sample's refractive index), which means that the probed depth varies from 10 to 100 µm. In the scope of biomedical applications, the tissue section thickness usually ranges from a few microns to a dozen microns, meaning that the entire section thickness is probed when doing IR imaging. The wavelengthdependent spatial lateral resolution is, thus, the main substantial limitation of IR microscopy.

FT-IR acquisition modes

So far, FT-IR and µFT-IR techniques have been developed and explained in transmission mode: the IR beam is focused onto the sample, and the transmitted light is collected by the detector (Figure 1.14.A). Nevertheless, other acquisition modes are available, such as ATR (for attenuated total reflection), reflection, and transflectance modes (Figure 1.15).

In ATR mode (FT-IR), the sample is placed on a high refractive index crystal, such as diamond, germanium, silicon, or zinc selenide. The incident IR beam navigates through the crystal and reaches the interface between the crystal and the sample. At this interface, an evanescent and a reflected waves are generated, the latter being collected by the detector to retrieve the sample's IR absorption spectrum. In the case of µFT-IR in ATR mode, the sample is typically deposited onto an IR transparent substrate, and an ATR objective, consisting of a high refractive index crystal, is pressed onto the sample's surface. Spectra are then collected at different positions to generate the hyperspectral dataset.

In reflectance and transflectance modes, the IR beam is focused onto the sample -similarly to the transmission mode -but the collected signal is the light reflected by the sample and the reflective substrate on which the sample is deposited, respectively.

Most IR microscopes are equipped to perform measurements in transmission, reflectance/ trans- flectance, and ATR modes. However, as summarized in Table 1.1 below, each acquisition mode has its own benefits and drawbacks. Therefore, the FT-IR method implemented for a specific study needs to be carefully chosen according to the sample properties, the sample preparation, and the objectives of the study. In the scope of BMCs studies, and more generally biomedical applications, transmission and transreflectance IR imaging are the most frequently used modes.

µFT-IR is widely used in the biomedical field due to its ability to provide detailed spatially resolved chemical information at the microscopic scale. At the cellular level, FT-IR spectroscopy can depict and characterize biomolecules like proteins, lipids, phosphates, and carbohydrates cellular-components (Figure 1.17.A). Regarding breast cancer research, µFT-IR has been widely used to investigate breast cancer cells [START_REF] Taha | Infrared microspectroscopy and imaging analysis of inflammatory and non-inflammatory breast cancer cells and their gag secretome[END_REF][START_REF] Kumar | A ftir imaging characterization of fibroblasts stimulated by various breast cancer cell lines[END_REF], tissues [START_REF] Taha | Characterization of inflammatory breast cancer: a vibrational microspectroscopy and imaging approach at the cellular and tissue level[END_REF][START_REF] Zawlik | Fpa-ftir microspectroscopy for monitoring chemotherapy efficacy in triple-negative breast cancer[END_REF] or blood serum towards biomarkers identification and diagnosis purposes [START_REF] Elmi | Application of ft-ir spectroscopy on breast cancer serum analysis[END_REF][START_REF] Vera | Breast cancer detection by atr-ftir spectroscopy of blood serum and multivariate data-analysis[END_REF]. Besides, µFT-IR also enables the identification and description of BMCs (Figure 1.17.B). BMCs present distinct IR signatures distinguishable from breast tissue IR signals. For example, phosphate calcium BMCs exhibit an intense characteristic phosphate band in the 1100 -950 cm -1 range, which shape, maximum, and shoulder(s) are specific to the phosphate group environment with the BMCs crystalline structure (cf. Chapter 2, section 2.3.2). Besides, µFT-IR can also provide insights regarding substitutions within the calcium phosphate lattice, such as the presence of carbonates. Indeed, carbonates present absorption bands in the 1560 -1540 cm -1 and 1465 -1400 cm -1 spectral ranges. The positions of the carbonates' absorption bands are also specific to their molecular environment within the BMCs' lattice. Yet, some absorption bands can be challenging to identify and interpret as they may result from the overlap of vibrational bands of two different chemical groups.

For instance, the carbonates ν 3 absorption band at 1545 cm -1 usually overlaps with the amide II absorption bands (1550 -1530 cm -1 ) from the BMC surrounding tissue or proteins contained within the BMC. Since different chemical functions can have distinct active molecular vibrational modes active in IR and Raman spectroscopy (cf. section 1.1.3.2), employing both techniques allows a more accurate description of the sample chemical composition. Besides, using Raman spectroscopy on inorganic objects, such as BMCs, is particularly interesting as polymorphs will exhibit specific Raman spectra. 

. Raman microspectroscopy

Raman spectroscopy relies upon the inelastic scattering of light by the matter, which occurs when the electromagnetic field from an incident monochromatic light interacts with the electromagnetic field of molecules within a sample of interest. Unlike IR spectroscopy which probes the change of the dipole moment, Raman spectroscopy probes the change of the molecule polarizability during the vibration of a chemical bond. Indeed, the incident electromagnetic field will induce a distortion of the molecule's electronic cloud, generating a induced dipole moment and change the molecule polarizability, even for unpolar molecules [START_REF] Toporski | Confocal Raman Microscopy[END_REF]. Therefore, some vibrational states are active in IR but not in Raman and vice versa, which makes the two techniques complementary (Figure 1

.19).

From a quantum point of view, Raman spectroscopy is an energy exchange between an incident photon and a molecule at an initial vibrational state. This process involves three possible transitions.The most frequent one is known as Rayleigh scattering (shown by green arrows in Figure 1.18) and occurs when a molecule reaches a virtual vibrational state and relaxes to its initial state. In Rayleigh scattering, the incident and scattered photons have the same energy. The two other possible phenomena correspond to inelastic scattering. After reaching a virtual vibrational state, the molecule can relax to its ground electronic state but at an excited vibrational level of the ground state. In that case, the scattered photon has lower energy than the incident photon: phenomenon called Stokes scattering (blue arrows in Figure 1.18). The third possible transition occurs when the molecule undergoes a tran- sition from an excited vibrational state of its ground electronic state to reach a virtual state. As the molecule returns to equilibrium, it emits a photon of higher energy than the incident photon. These photons are called Anti-Stokes photons (red arrows in Figure 1.18). Rayleigh scattering, Stokes scattering, and anti-Stokes scattering all contribute to the overall Raman signal intensity. However, in terms of intensity, Rayleigh scattering is the most intense, followed by Stokes scattering, and then by anti-Stokes scattering, which is typically the least intense [START_REF] Toporski | Confocal Raman Microscopy[END_REF]. Experimentally, when measuring a Raman spectrum, the Raman signal can be displayed either as a function of wavenumbers or as a function of the Raman shift, which represents the energy difference between the incident and scattered photons. Each molecule, thanks to its molecular structure, possess a characteristic set of Raman shifts: a unique molecular signature that complements the one given by IR absorption spectroscopy. Indeed, as the physical phenomena probed in IR and Raman spectroscopy are different (dipole moment and polarizability, respectively), for a given molecule, vibrational modes active in IR and Raman differ (Figure 1.19). As a result, both IR and Raman spectra provide a chemical fingerprint of a molecule of interest that are complementary to one another.

A confocal Raman microscope (Figure 1.20.A) uses a monochromatic laser (typically visible, near-IR, or near-uv sources) as the incident light source, focused onto the sample through a microscope objective. The light scattered by the sample is collected by the objective lens, filtered to remove the Rayleigh scattering, which is very intense compared to Stokes and Anti-Stokes scattering (using a Notch filter, for example), and finally analyzed into a spectrometer. In a Fourier Transform Raman spectrometer, the detector includes a Michelson interferometer, while a dispersive Raman spectrometer uses a grating to diffract the collected light according to its wavelength, which is then detected by a CCD detector (Figure 1.20.A). Regarding the source, different wavelengths can be used. As illuminating a sample with visible light can, in addition to Raman scattering, induce fluorescence emission, the monochromatic source wavelength must be selected in order to minimize the sample fluorescence signal as it will contribute to the Raman spectrum baseline and degrade the signal-to-noise ratio. Raman imaging, similar to IR imaging, is based on hyperspectral measurements (Figure 1.14.B). However, the lateral spatial resolution of Raman microscopy is much higher than IR microscopy. Indeed, it is fixed by the objectives (e.g, its numerical aperture NA) and the wavelength (λ) of the incident beam according to the Rayleigh criterion: ∆x ≈ 0.61 λ N A . For instance, using a green visible laser at 532 nm as a source and an objective with an NA of 1: a sub-micrometric lateral spatial resolution close to 350 nm can be achieved. Besides, in the same experimental condition, the probed depth (Df ≈ 4.n.λ N A 2 ) is close to 2 µm, making Raman microscopy a technique more sensitive to sample's surface features (for sample thickness > few µm) compared to IR microscopy. Raman spectroscopy has been widely used in the biomedical field for both fundamental research and diagnosis purposes because of its capability to identify and characterize biological samples' constituents (Figure 1.20.B). In the scope of breast cancer, Raman microscopy has been used for investigating breast cancer cell phenotypes with the cancer malignity [START_REF] Nieva | The lipid phenotype of breast cancer cells characterized by raman microspectroscopy: Towards a stratification of malignancy[END_REF]. It has also been widely applied to investigate breast biopsies from patients with non-cancerous and cancerous pathologies to study various tissue components such as lipids, proteins, carotenoids, collagen, unsaturated fatty acids, and calcifications towards in-situ diagnosis [START_REF] Kline | Raman chemical imaging of breast tissue[END_REF][START_REF] Christopher J Frankt | Raman spectroscopy of normal and diseased human breast tissues[END_REF][START_REF] Brozek-Pluska | Raman spectroscopy and imaging: Applications in human breast cancer diagnosis[END_REF][START_REF] Shafer-Peltier | Raman microspectroscopic model of human breast tissue: Implications for breast cancer diagnosis in vivo[END_REF][START_REF] Lazaro-Pacheco | Raman spectroscopy of breast cancer[END_REF][START_REF] Haka | Diagnosing breast cancer by using raman spectroscopy[END_REF]. Regarding breast microcalcifications chemical speciation, Raman spectroscopy is more frequently implemented than infrared microscopy (cf. section 1.1.3.3). Raman spectroscopy enables the distinction of BMCs from the tissue matrix and BMCs' chemical phases identification (Figure 1.21.A) with an increased spatial resolution compared to µFT-IR, which is of particular interest when investigating BMCs chemical heterogeneities (Figure 1.21.B-C). In addition to the increased spatial resolution, Raman microscopy can be easier to implement than µFT-IR analysis, as it doesn't require heavy sample preparation, is minimally affected by water, and usually display sharp/well-defined absorption bands that can facilitate Raman spectra bands attribution and interpretation. However, Raman microscopy experiments can also face many difficulties, such as low signal/poor signal-to-noise ratio, possible fluorescence contribution, and risks of sample photodamages. Besides, it is important to note that for crystalline objects -which can be the case of BMCs -Raman spectra can be influenced and vary according to the crystal orientation [START_REF] Greenan | The effect of crystal orientation on raman spectra[END_REF][START_REF] Johnston | Single-crystal raman spectroscopy study of dickite[END_REF]. As with any characterization technique, Raman microscopy presents benefits and drawbacks that must be considered when designing a study and its objectives. 

. Vibrational spectroscopy contributions to breast microcalcifications characterization

In section 1.1.2.3, we detailed how X-ray spectroscopies contributed to describing BMCs' physicochemical properties and helped understand their potential implication with breast pathologies. While EDX, XRF, and XRD provided valuable insight into the elemental composition of BMCs and their crystallographic structure (cf. section 1.1.2.3), they do have their limitation when it comes to unraveling their chemical composition. Nonetheless, vibrational spectroscopies, including IR and Raman, offer a complementary description of the one provided by X-ray spectroscopy and can shed light on BMCs chemical speciation. In the following paragraphs, we will explore how Raman and IR spectroscopies contributed to unveiling BMCs' intricate chemical composition.

Type II microcalcifications (Hap-based BMCs) are the most frequent BMCs, and it is widely recognized that biological Hap exhibits cationic and anionic substitutions [START_REF] Combes | Apatite biominerals[END_REF]. Type II BMCs, as any biological apatite (Ca 10 -x (PO 4 ) 6 -x (HPO 4 , CO 3 ) x (OH) 2 -x ), does contain chemical heterogeneity and biological impurities compared to stoichiometric hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 . A prevalent type of substitution involves carbonate ions CO 3 2that replaces either hydroxyl ions OH -or phosphate groups PO 4 3in Hap lattice, substitutions referred as type A and B respectively (Figure 1.22.B). These substitutions in-duce variation of the Hap lattice and chemical composition differences that can be identified through vibrational spectroscopy analysis. 2peak at 1070 cm -1 and the phosphate peak at 960 cm -1 in BMCs located in benign tissue compared to those in malignant tissue. This increase in FWHM results from a loss of crystalline long-range order due to the presence of carbonate substitutions that reduce the symmetry compared to pure hydroxyapatite crystalline unit cells. In addition to observe an increase in carbonate content in BMCs from benign ducts, they observed that BMCs from benign ducts contained smaller amounts of proteins than BMCs from malignant ducts. In 2010, Baker et al. [START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF] further investigated the variation of BMCs' carbonate content, using IR spectroscopy, by quantifying the percentage in weight of carbonates in BMCs according to the pathology -benign, DCIS and IDC -and the cancer's grade. To this end, they used commercially available hydroxyapatite samples with known carbonate content as standards to establish a calibration of the carbonate absorption band intensity at 1410 and 1450 cm -1 , associated with ν 3 asymmetric stretching of CO 3 2 -, as a function of carbonates weight percentage of the hydroxyapatite (Figure 1.23.A). These reference FT-IR spectra were then utilized to build a prediction model for evaluating the carbonate contents of BMCs from 110 patients diagnosed with benign conditions [START_REF] Zubair | Advanced approaches to breast cancer classification and diagnosis[END_REF], DCIS [START_REF] Elston | pathological prognostic factors in breast cancer. i. the value of histological grade in breast cancer: experience from a large study with long-term follow-up[END_REF], and IDC [START_REF] Schneider | Von kossa and his staining technique[END_REF], each pathology including in total 60, 54, and 112 calcifications respectively. Their results, concomitant with Haka et al. [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF] observation, emphasized a significant decrease in carbonate content from benign to invasive BMCs, as well as from low-to-high-grade cancer (Figure 1.23.B and C). On average, the carbonate content in BMCs from benign tissue was approximately 2% in weight, whereas in grade 3, invasive ductal carcinoma carbonate represented less than 1.25% of BMC's weight. As part of their study, they also used their infrared microscopy images of those breast samples to study the tissue matrix signal in BMCs by measuring the Amide I-to-phosphate ratio using the maximum of their absorption bands at 1650 and 1020 cm -1 , respectively. They discovered an increase in the Amide I signal with tissue malignancy, the increase being statistically significant between benign and cancerous lesions (DCIS and IDC) (Figure 1.23.D). This finding aligns with Haka et al. [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF] and was subsequently supported by Shin et al. study [START_REF] Kseniya | Quantitative chemical imaging of breast calcifications in association with neoplastic processes[END_REF]. Shin et al. used stimulated Raman scattering (e.g., a technique probing Raman scattering with enhanced signal compared to spontaneous Raman scattering thanks to a non-linear optical phenomenon stimulated by two lasers called a pump beam and stokes beam [START_REF] White | Stimulated Raman scattering[END_REF]) to investigate carbonate content and the phenylalanine-to-phosphate ratio (which serves as an indicator of the tissue matrix signal in BMCs) in benign tissue, atypical ductal hyperplasia, DCIS, and IDC breast tissue. The outcome of their study highlighted that BMCs were chemically heterogeneous within a single patient and observed an overall increase in the phenylalanine-to-phosphate ratio and a decrease in carbonate content from benign to invasive carcinoma. This carbonate content trend was also observed by Sathyavathi et al. study [START_REF] Sathyavathi | Raman spectroscopic sensing of carbonate intercalation in breast microcalcifications at stereotactic biopsy[END_REF]. They investigated BMCs' carbonate content and protein content in breast lesions with Hap BMCs in fresh breast biopsy tissues. The objective of their study being to build a Raman decision algorithm to distinguish benign and malignant breast lesions. Their work considered 26 patients, and calcifications were categorized according to the nature of the lesions: 42 fibrocystic changes, 17 tissue sites with fibroadenoma, 13 tissue sites with IDCS, and 1 with IDC. Their results outlined a 1.5-fold increase in calcium-carbonate in benign breast lesions compared to DCIS and IDC lesions. Besides, they also observed an increase of collagen in benign breast lesions compared to malignant ones. In contrast, they outlined a decrease of actin (predominant protein in ductal and lobular epithelial cells) in malignant breast lesions with Hap BMCs compared to benign ones. Expanding on BMCs carbonate substitutions, Zhang et al. [START_REF] Zhang | Fluorescence-detected mid-infrared photothermal microscopy[END_REF], using various techniques, including IR spectroscopy, were able to highlight that calcium carbonated phosphate BMCs were composed of both type A and B substitutions. Type A and type B refer to CO 3 2substitutions at the initial position of hydroxyl OH -and phosphate PO 4 3ions in Hap lattice respectively (Figure 1.22.B). These substitutions result in characteristic shifts of the ν 2 CO 3 2absorption band in IR spectra: at 800 cm -1 in type A and to 873 cm -1 in type B [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF][START_REF] Kseniya | Quantitative chemical imaging of breast calcifications in association with neoplastic processes[END_REF]. In their study considering 30 individuals diagnosed with breast carcinoma, Zhang et al. evaluated the carbonate content to range from 1.1% to 14.25% BMC's weight, and the proportion of type B carbonate substitution relative to type A varying from 1.1 to 18.7; indicating that carbonate-substituted Hap BMCs were a mixture of both type A and B. However, this is not a consensual conclusion. In their most recent study, Kunitake et al. [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF] examined 91 BMCs from 21 patients with breast carcinoma, including DCIS, IDC, lobular carcinoma, and Paget's disease (ulceration and eczematoid changes of the nipple-areola [START_REF] Sakorafas | Paget's disease of the breast[END_REF]), using Raman spectromicroscopy. Their data did not exhibit spectral markers for type A substituted Hap BMCs.Instead, they observed spectra displaying carbonate absorption bands corresponding to type B substituted BMCs, characterized by the ν1 CO 3 2symmetric stretching band at 1075 cm -1 . In that study, Kunitake et al. did not only look at BMCs but also examined their surrounding environment. In particular, they explored the lipid-to-protein ratio in relation to the patient's long-term prognosis. Their analyses revealed a lower lipid-to-protein ratio in patients with poor prognosis compared to those with good prognosis. However, those were preliminary data, and further studies are needed to confirm the possible correlation between the lipid in BMCs' surrounding tissue matrix and patient diagnosis and clinical outcomes.

Furthermore, it has been observed that BMCs' carbonate content does not only vary based on the pathology but also exhibits heterogeneity within the calcifications themselves. Through FT-IR analysis, Ben Lakhdar et al. [START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF] have shown that in a BMC from DCIS breast tissue, the carbonate content was greater at the center of the calcification compared to the edge. However, the opposite trend was reported by Gosling et al. [START_REF] Gosling | A multi-modal exploration of heterogeneous physico-chemical properties of dcis breast microcalcifications[END_REF]. In this study, Gosling et al. implemented XRD as well as Raman and IR microscopy on 5 macro-calcifications (∼ 100 -150 µm in diameter) from 2 patients with high-grade DCIS, and their Raman analyses highlighted an increase of carbonate content in the edge of the calcifications compared to the central area.

In addition to the heterogeneous level of carbonate content, their Raman results highlighted BMCs' chemical heterogeneities. According to the BMCs investigated, they observed a trend: BMCs being formed from the central area to the edge of Hap, amorphous carbonated calcium phosphate (ACCP, Ca α (PO 4 ) β (CO 3 ) γ (OH) δ ), and octacalcium phosphate (OCP, Ca 8 H 2 (PO 4 ) 6 • (H 2 O) 5 ) (Figure 1.21.C). Both ACCP and OCP are known precursors of Hap [START_REF] Legeros | Formation and transformation of calcium phosphates: relevance to vascular calcification[END_REF]. Although ACCP has already been observed, OCP was not directly measured in breast biopsy before. The absence of Hap precursor within the calcification central region suggests Hap precursors matured into Hap, while the transition hasn't occurred yet at the calcification edges. However, the authors highlight the unexpected observation of OCP at the very edge of the calcification instead of ACCP, as OCP is known to be an intermediate phase between ACCP and Hap. The presence of OCP furthest away from the calcification center might be explained by a change in the BMC's micro-environment favorable to OCP's formation as a second precursor. Finally, in this same work, Gosling et al. also reported the presence of Wk at the edge of the Hapcalcification. The presence of Wk in breast calcification has been previously reported. However, it is of particular interest as Wk implication with breast cancer malignancy is subject to debate [START_REF] Scott | Relationships between pathology and crystal structure in breast calcifications: an in situ x-ray diffraction study in histological sections[END_REF][START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF][START_REF] Morasso | Whitlockite has a characteristic distribution in mammary microcalcifications and it is not associated with breast cancer[END_REF].

In previous work, Kunitake et al. investigated BMCs using confocal Raman microscopy as part of a multimodal approach integrating elemental analysis [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF] and identified spherical BMCs made of Whitlockite (Wk) embedded within a collagen matrix. Vanna et al. [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF] also reported the presence of Wk-BMCs in breast tissue. However, unlike Kunitake et al., they did not observe Wk as spherical particles but rather found it colocalized with Hap in microcalcifications ranging from 15 µm to 1.2 mm in diameter. Through Raman spectroscopy, they, indeed, characterized a total of 474 BMCs from 56 patients diagnosed with benign and cancerous lesions (including DCIS and IDC) and identified Wk in 315 of them. The presence of Wk in BMC can be identified in Raman spectra through the maximum of the calcium phosphate ν 1 symmetric stretching at 970 cm -1 in Wk and expected at 960 -962 cm -1 in Hap and carbonated Hap [START_REF] Ren | Infrared spectroscopic characterization of carbonated apatite: A combined experimental and computational study[END_REF].

Furthermore, the study conducted by Vanna et al. also reported the presence of ACCP and calcite (CaCO 3 ). ACCP was observed alongside Wk and exclusively in benign tissue. The team hypothesized that ACCP and Wk were colocalized due to the stabilizing effect of Mg (from Wk) on ACCP. Calcite was observed as single small pure crystals in both benign and malignant lesions. Although calcite has been previously identified in other organs such as the pancreas [START_REF] Cros | Investigation at the micrometer scale of pancreatic calcifications in chronic pancreatitis by ftir spectroscopy and field emission scanning electron microscopy[END_REF], kidney [START_REF] Gay | Nanoscale analysis of randall's plaques by electron energy loss spectromicroscopy: Insight in early biomineral formation in human kidney[END_REF], and skin [START_REF] Colboc | Chemical characterization of inks in skin reactions to tattoo[END_REF], to the best of our knowledge, this is the first reporting calcite in breast tissues, and it was suggested that calcite may result from the maturation of ACCP as calcite is the stable crystalline form of ACCP [START_REF] Asta | Nanoscale ion dynamics control on amorphous calcium carbonate crystallization: Precise control of calcite crystal sizes[END_REF][START_REF] Molnár | Transformation of amorphous calcium carbonate in the presence of magnesium, phosphate, and mineral surfaces[END_REF]. Overall, their results outlined that calcifications from benign specimens were more chemically heterogeneous than calcifications from malignant samples.

To conclude, vibrational spectroscopy not only provides insights into the chemical composition of BMCs directly in breast tissue but also holds the potential to enhance our understanding of biomineralization processes. As a matter of fact, Bouzy et al. [START_REF] Bouzy | A time-course raman spectroscopic analysis of spontaneous in vitro microcalcifications in a breast cancer cell line[END_REF] implemented an experiment to investigate the in-vitro mineralization of breast cancer cells using breast cancer cell line and osteogenic media (media designed for inducing stem cells differentiation into osteoblasts: cells responsible for bone formation), and monitoring mineralization over a span of 14 days through Raman spectroscopy. After three days, they observed a band centered between 956 and 960 cm -1 , corresponding to the symmetric stretching mode ν 1 of PO 4 3 -, suggesting the formation of calcium phosphate. In Hap, ν 1 PO 4 3is expected to be centered at 960 cm -1 . However, they observed a shift of the band maximum towards 956 cm -1 , which they believe could be associated with calcium phosphate precursors or intermediate species such as Wk or OCP. This study and findings highlight the key role of vibrational spectroscopy for a better understanding of breast mineralization processes in the future.

. Prospective relationship between breast microcalcifications composition and the pathology

Since their first observations, BMCs have been extensively studied using electron spectromicroscopy, X-ray spectroscopy, and vibrational spectromicroscopy. These work have yielded significant findings regarding BMCs' physicochemical properties, which appear to exhibit correlations with patient's clinical diagnosis. The main observations are summarized in the Table 1.2 below.

BMCs composition reflects the environment in which they have developed. By correlating the physicochemical properties of BMCs with patient diagnoses, it becomes possible to hypothesize the underlying mineralization mechanisms. This is what Gosling et al. [START_REF] Gosling | Calcification microstructure reflects breast tissue microenvironment[END_REF] did by putting in parallel BMCs' elemental, structural, and chemical properties with known biochemical characteristics of benign and cancerous environments (Figure 1.24). Their propose explanation is the following. Cancerous cells, because of hypoxia in tumour, switch to glycolytic respiration which produces higher concentration of protons. To maintain a neutral pH, cancerous cells release these hydrogen ions into their microenvironment, leading to more acidic conditions in cancerous lesions compared to benign tissues. When it comes to Hap formation, acidic conditions promote Hap mineralization through OCP precursor; whereas neutral and basic conditions favor mineralization through the direct conversion of ACCP (noted ACP in Figure 1.24) into Hap. Additionally, ACCP is favorable to both type A and B carbonate substitutions, while OCP primarily favor substitutions of type B. Since Hap lattice possess six positions for type B substitutions but only two for type A (Figure 1.22.B), B-substituted Hap is expected to exhibit more strains and larger crystals than A-substituted Hap. Furthermore, as carbonate groups are larger than hydroxyl ions, type A substitutions should be associated with an increased lattice parameter compared to type B substituted BMCs.The proposed mechanisms, therefore, explained why BMCs in cancerous lesions tend to exhibit higher crystallinity and smaller lattice parameters compared to BMCs in benign lesions (Figure 1.24).

This mechanism attempts to explain BMCs physicochemical properties based on the biochemical conditions in which they form, but remains to be confirmed. Besides, from a biological point of view, the mineralization processes in breast tissue are still unclear. As of now, mineralization in breast tissue is believed to involve a combination of regulated and unregulated phenomena, including: apoptotic bodies (programmed cell death) that promote calcification nucleation by calcium and phosphate accumulation at their surface, breast-cells phenotype changes into osteoblast-like cells (cells responsible for bone production), as well as cell metabolism disequilibrium, in particular dis-regulation of pyrophosphate (mineralization inhibitor) secretion.

. New approaches for breast microcalcifications sub-micrometric description

Current chemical characterization techniques used for BMCs chemical speciation have limitations when it comes to analyzing sub-micrometric BMCs and investigating micrometric BMCs at the nanoscale. As previously mentioned, mid-IR spectroscopy lateral spatial resolution is wavelength-depend and, at best, a dozen microns, while Raman spectromicroscopy has a spatial resolution in the micrometer/submicrometer range, depending on the wavelength of the source and the microscope optics. Spatial resolution limitations that restrict the chemical characterization of micrometric and nanometric BMCs.

In addition to lateral spatial constraints, far-field techniques such as IR and Raman spectroscopy face challenges in terms of depth sensitivity. Indeed, the probe depth is a few microns and up to a few dozen microns for Raman and FT-IR spectroscopy, respectively. As nanometric BMCs in breast biopsy are surrounded and embedded in tissue, describing nanometric objects diluted within an organic matrix is challenging, as the tissue around and beneath the BMC of interest will dominate the signal. Yet, studies have emphasized that BMCs are intricate and complex structures. By investigating BMCs at the nanoscale level, we could access information about the early stages of mineralization and gain an understanding of mineralization processes occurring in the breast, as BMCs' chemical properties reflect the environment in which they are formed and in which they develop. Available techniques for material nanoscale chemical speciation are numerous. However, our lab expertise lies in photothermal IR-spectroscopy techniques and more specifically atomic force microscopy IR spectroscopy (AFM-IR). Therefore, in the following paragraphs, we will discuss photothermal and AFM-based techniques that could be implemented for the sub-micrometric chemical speciation of BMCs in breast tissue. These techniques include super-resolved IR technique based on the optical detection of the photothermal process (O-PTIR, section 1.2.1) and near-field based techniques (section 1.2.2) such as scattering-type scanning near-field optical microscopy (s-SNOM), tip-enhanced Raman spectroscopy (TERS), and AFM-IR. This section aims to introduce these techniques working principle and discuss their applicability to characterize BMCs in breast tissue.

. Optical photothermal infrared spectroscopy

Over the past years, a super-resolved IR technique emerged to analyze biological samples: optical photothermal infrared spectroscopy (O-PTIR). O-PTIR is an IR spectroscopy technique that achieves sub-micrometer resolution by probing -through an optical detection -the sample photothermal effect that occurs when absorbing the IR light [START_REF] Kansiz | Super resolution correlative far-field submicron simultaneous ir and raman microscopy: a new paradigm in vibrational spectroscopy[END_REF].

Briefly, O-PTIR is a pump-probe technique. The sample is illuminated by a pulse tunable IR laser -the pump -and visible continuous laser -the probe -as shown in Figure 1.25. Both lasers are focused onto the sample surface, and the reflection of the probe laser is collected and analyzed through a photodetector. If the sample absorbs at the IR laser wavenumber, the absorbed energy is converted into heat, leading to a local increase in temperature. This increase in temperature changes, locally, the refractive index of the sample and air at the vicinity of the surface, phenomena leading to a loss of focus of the probe laser and a decrease of the signal detected by the photodetector [START_REF] Zhang | Vibrational spectroscopic detection of a single virus by mid-infrared photothermal microscopy[END_REF]. In that case, the probe laser reflection is modulated at the IR laser frequency (∼ 100 kHz for the 1900 -900 cm -1 spectral range). Local IR spectra are, thus, reconstructed by monitoring the modulation of the reflected visible laser signal over a wavenumber range (Figure 1.26 D and E). Chemical maps can also be measured by fixing the IR laser wavenumber and scanning the sample's surface (Figure 1.26.B and C). Unlike µFT-IR microscope, the lateral spatial resolution is not dependent on the IR wavelength but is determined by the beam size of the focused visible laser and limited by the thermal diffusion of the absorbent object. If the spatial resolution is limited by optical parameters only (and not the sample thermic response), the spatial lateral resolution can be evaluated by the Rayleigh criterion ∆x ≈ 0.61 λ N A , with λ the wavelength of the monochromatic probe laser. Commercial systems are sold with λ = 532 nm or 785 nm visible laser and objective numerical aperture up to 0.78, hence reaching a theoretical spatial resolution in the sub-micron range (∆x 532 nm = 416 nm & ∆x 785 nm = 614 nm). Furthermore, by incorporating a Raman spectrometer, as the system uses a visible laser as a probe, it becomes possible to acquire both IR and Raman spectra with the same setup.

The concept of using the reflection of a continuous laser to probe the photothermal effect induced by a second pulsed laser was first introduced by Boccara and colleagues in the 1980s [START_REF] Boccara | Thermo-optical spectroscopy: Detection by the "mirage effect[END_REF][START_REF] Boccara | Mirage Effect and Optical Reflectance: New Improvements in Nondestructive Evaluation[END_REF], but the commercial availability of such systems remains relatively recent (2018). Yet, O-PTIR has already been implemented to investigate BMCs in breast tissue at the sub-micrometric level (Figure 1.26). Bouzy et al. [START_REF] Bouzy | Exploration of utility of combined optical photothermal infrared and raman imaging for investigating the chemical composition of microcalcifications in breast cancer[END_REF] used O-PTIR to confirm the presence of carbonate in BMCs through simultaneous IR and Raman spectroscopy at the same location and with the same spatial resolution using a commercially available Photothermal Spectroscopy Corp mIRage system. Moreover, O-PTIR has demonstrated its usefulness in sub-micrometric IR characterization across various fields, including life sciences [START_REF] Lima | Simultaneous raman and infrared spectroscopy: a novel combination for studying bacterial infections at the single cell level[END_REF][START_REF] Shams | Optical photothermal infrared spectroscopy: A novel solution for rapid identification of antimicrobial resistance at the single-cell level via deuterium isotope labeling[END_REF], material sciences [START_REF] Qin | Spontaneous formation of 2d/3d heterostructures on the edges of 2d ruddlesden-popper hybrid perovskite crystals[END_REF][START_REF] Wang | Resolving nanocomposite interfaces via simultaneous submicrometer optical-photothermal infrared-raman microspectroscopy[END_REF], and art and cultural heritage [START_REF] Marchetti | Novel optical photothermal infrared (o-ptir) spectroscopy for the noninvasive characterization of heritage glass-metal objects[END_REF][START_REF] Calligaro | Emerging nuclear methods for historical painting authentication: Ams-14c dating, mev-sims and o-ptir imaging, global iba, differential-pixe and full-field pixe mapping[END_REF], among others.

Nevertheless, O-PTIR does have its limitations. For instance, when working with samples with low reflectivity index or made of high extinction coefficient materials, the thermal response detected by the system can be weak. One possible solution is to increase the probe's power to achieve a reasonable signal-to-noise ratio. However, this carries risks similar to Raman spectroscopy, as it could potentially induce photodamages, as mentioned by Bouzy et al. in their study implementing O-PTIR on breast tissues. Furthermore, O-PTIR also has limitations in terms of depth sensitivity. Detecting low concentrations of substances diluted in a highly absorbent matrix, like isolated nano-calcifications on a few-micron-thick tissue section, is challenging. More importantly, the current theoretical understanding of the underlying phenomenon is limited, which poses significant difficulty in explaining spectral data obtained from complex samples. The existing theory is based on modulated light scattering and has been demonstrated using isolated nanoparticles measuring a hundred nanometers in diameter [START_REF] Zhang | Vibrational spectroscopic detection of a single virus by mid-infrared photothermal microscopy[END_REF]. However, in many published works, O-PTIR has been applied to investigate objects that are equal to or larger than the laser wavelength, as well as flat samples: overall samples that do not scatter visible light significantly. Besides, recent investigations conducted by our team have highlighted undetermined artifacts in IR maps and spectra for heterogeneous samples and outlined discrepancies when compared with FT-IR reference spectra. For instance, we observed interference fringes in the chemical and reflectivity maps while examining standard polymer films deposited on CaF 2 windows (Figure 1.27). Consequently, a complete optical theory and a better understanding of the impact of the optical effects on the chemical imaging are required to effectively apply O-PTIR to complex and heterogeneous samples like pathological calcifications in tissues. 

. Near-field-based techniques for nanoscale analyses

In addition to O-PTIR, other opportunities are offered for BMCs sub-micrometric characterization thanks to near-field-based techniques.

In the 80s', the development of scanning probe microscopy (SPM) using nanometric probe -also called tip (Figure 1.28. B and C) -enabled nanoscale manipulation and description of material by sensing the interaction between the tip and a sample's surface. SPM are surface characterization techniques providing insights about the material's surface chemical and physical properties. The first SPM technique invented was the scanning tunneling microscope (STM), developed by Gerb Binnig and Heinrich Rohrer at IBM in 1981 [START_REF] Binnig | Surface studies by scanning tunneling microscopy[END_REF]. STM uses a metallic tip, to which a voltage is applied, to generate a tunneling current between the tip and the sample. By measuring the tunneling current while scanning the sample with the tip, STM can provide, among other, topographic, electron density distribution, and surface roughness information. Binnig and Rohrer were recognized for their invention by being the Laureates of the Physics Nobel Prize in 1986. However, STM can only be used for conducting and semi-conducting samples. To overcome that limitation, Binnig, in collaboration with C. Gerber and C. Quate, developed in 1985 a much more versatile technique called atomic force microscope (AFM), which uses a sharp tip (usually in silicon) to image the sample by probing the interaction forces between the atoms of the tip apex and the sample surface [START_REF] Binnig | Atomic force microscope[END_REF] (Figure 1.28.A).

Over time, different AFM acquisition modes were developed. AFM static and dynamics modes are the main ones and can be implemented in both air and vacuum systems [START_REF] Bhushan | Scanning Probe Microscopy in Nanoscience and Nanotechnology[END_REF]. The particularity of vacuum analysis is that AFM measurements can be conducted in non-contact between the tip and the sample. In static mode, the tip is in permanent contact (air, liquid, or vacuum measurements) or brought close to the surface of the sample (vacuum non-contact measurements), and the tip scans the surface. In dynamic mode, the cantilever is in a forced oscillation regime, in intermittent contact (air, liquid, or [START_REF] Mathurin | Nanospectroscopie infrarouge avancée: développements instrumentaux et applications[END_REF]. B) and C) SEM images of an AFM cantilever for contact mode analysis and its dimension. B) View from the top and C) from the front to see the tip at the extremity of the cantilever. From [START_REF] Dazzi | Afm lecture, master2 nanosciences, universite paris-saclay[END_REF]. vacuum measurements) or not (vacuum non-contact measurements) during scanning. In the scope of this manuscript, only the static mode and dynamic mode in the air will be addressed. In the air, the static mode can also be referred to as contact mode, as the tip makes permanent contact with the surface. Besides, we will also consider the tapping mode: a dynamic mode where the amplitude of the cantilever oscillation is superior to the tip radius of curvature, which allows the tip to make intermittent contact with the surface during scanning. Both modes will be further explained in the following paragraphs. In both static and dynamic, as the tip interacts with the surface, different forces can apply to the cantilever; for instance, attractive forces (such as adhesion forces) and repulsive forces (like contact and electrostatic forces) which will cause deformation of the cantilever in the z-axis (Figure 1.28.A and 1.29.A): deformation called deflection. During scanning, other forces can also apply to the cantilever, like shear/friction forces that will induce deformation of the cantilever in the xy plane (Figure 1.29.A-B): deformation called torsion. By monitoring the cantilever deflection and torsion as the tip scans the sample, information about the surface's topography, roughness, and mechanical properties is acquired (Figure 1.29.C).

To track the cantilever deflection and torsion during scanning, a laser photodiode is directed on the top of the cantilever and reflected towards a 4-quadrant photodetector (Figure 1.30.A). Then, the voltage measured by each quadrant is used to characterize the cantilever deflection and torsion (Figure 1.30.B). At equilibrium, when the tip is not in contact with the sample, no force applies: the diode reflection is centered at the intersection of all 4 quadrants, and the voltage difference between the upper and lower quadrants serves as a reference. During scanning, depending on the deflection of the cantilever, the reflection will shift towards the upper quadrants when repulsive forces apply and conversely towards the lower quadrants in case of attractive forces. In such cases, the tension difference between the upper and lower quadrants is proportional to the cantilever deflection and the sample topographic variations (I mes > 0 or I mes < 0, Figure 1.30.B). Similarly, the difference between the left and right quadrants is related to the torsion of the cantilever. By measuring the deflection of the cantilever at each point while scanning the sample surface, topographical images representing the variations in height across the sample surface can be obtained. On the other hand, information about the lateral forces and friction can be accessed through the torsion signal (Figure 1.29.C). In contact mode, the tip is in permanent contact with the sample's surface. As the tip presses onto the surface, the forces at play are repulsive forces. During the measurement, the force between the tip and the surface is kept constant. This force is in the order of a few nanonewtons. However, any local height variation of the sample surface will induce an increase or decrease of this force. To maintain the force between the tip and the surface constant during scanning, the system is equipped with a feedback loop (Figure 1.31). This feedback loop plays an essential role by adjusting the cantilever (or sample) z-position to keep the force between the tip and the surface constant during scanning. It, thus, prevents the tip from losing contact or crashing onto the surface. The feedback loop is controlled by a PI (proportional integral) amplifier, as shown in Figure 1.31. The PI takes input from the cantilever's deflection signal (I mes , Figure 1.31), which is then compared to a desired reference value I 0 (also called setpoint) set by the user. During scanning, as long as the measured value I mes does not match the reference I 0 , the PI output voltage V z is adjusted and applied to the z-direction piezo-electric translator to finetune the cantilever's deflection until reaching I mes = I 0 . In static mode, since the cantilever deflection is directly correlated to the sample's surface height variations, topographic images of the surface are generated by monitoring the cantilever's deflection corrected signal by the feedback loop during the scanning. Contact mode AFM is an easy and straightforward AFM mode to implement, which provides a mechanical description of materials at the nanoscale. The lateral spatial resolution of contact AFM measurements depends on various parameters, including the tip radius and the system's stability. In most cases, the lateral spatial resolution is about a few nanometers to a few dozen nm, while the vertical resolution is typically about tens to hundreds of pm [START_REF] Angel | Surface Analysis Using Contact Mode AFM[END_REF]. However, as the tip is in permanent contact with the surface, contact mode isn't suitable for soft and poorly adherent samples. Indeed, as shear and friction forces are important, contact mode AFM analysis of such sample can induce instabilities, sample deformation and/or deterioration, displace the sample on the surface (typical with nanoparticles, for example), or even artifact linked to adhesion issues. AFM dynamic modes have been developed to address contact mode limitations. In this mode, the cantilever is in a forced oscillation regime -at a frequency matching one of the cantilever contact resonance modes -using a piezoelectric oscillator [START_REF] Rabe | Vibrations of free and surface-coupled atomic force microscope cantilevers: Theory and experiment[END_REF][START_REF] Magonov | Phase imaging and stiffness in tapping-mode atomic force microscopy[END_REF]. As the tip oscillates, the feedback loop is optimized to keep the cantilever oscillation amplitude constant thanks to a lock-in filter. Any variation of the surface topography will induce a change in the oscillation amplitude. Hence, the sample's surface topography is acquired thanks to the measurement of the feedback loop corrected signal of the cantilever oscillation amplitude. Besides, the sample's mechanical properties can also induce a change in the oscillation amplitude due to the dissipation of energy during contact. By monitoring not only the cantilever amplitude but also its phase, the sample mechanical properties can be imaged simultaneously with the topography. Since the cantilever is in a forced oscillation motion, the tip is in intermittent contact with the sample, slightly tapping the surface at each oscillation cycle. Thanks to the intermittent contact, the lateral forces between the tip and sample are reduced compared to static mode AFM, making it suitable for loose, soft, and sensitive samples. Furthermore, since the time contact between the tip and the surface is reduced compared to static AFM measurements, the lateral forces that apply are also diminished, resulting in an increase in the lateral spatial resolution.

The contact and tapping modes were explained as part of an AFM imaging acquisition. However, contact and tapping AFM can also be used in a spectroscopy approach for surface nano-mechanical characterization through force-distance curve measurements. The force-distance curve measures the deflection (in contact mode) or the cantilever amplitude and phase (in tapping mode) as a function of the distance between the tip and the surface. This type of analysis allows material nanomechanical characterization, enabling, for instance, the quantification of the material adhesion and elasticity (e.g., Young's modulus). AFM acquisition modes integrating force-distance curves as part of the imaging were developed to enable materials nano-mechanical imaging, such as the peak-force tapping mode [START_REF] Xu | Recent development of peakforce tapping mode atomic force microscopy and its applications on nanoscience[END_REF].

In contrast to STM, AFM is suitable for both conductive and non-conductive samples, making it a much more versatile technique for sample surface analyses, enabling the characterization of a wide range of materials from polymers, thin films/monolayers, semi-conductors, biological samples, to inorganic materials [START_REF] Magonov | Characterization of polymer surfaces with atomic force microscopy[END_REF][START_REF] Benstetter | A review of advanced scanning probe microscope analysis of functional films and semiconductor devices[END_REF][START_REF] Chen | Applications of atomic force microscopy in materials, semiconductors, polymers, and medicine: A minireview[END_REF][START_REF] Alessandrini | Afm: a versatile tool in biophysics[END_REF]. AFM provides a fine description of surface properties, such as their topography, roughness, and mechanical properties like stiffness, elasticity, or adhesion. To extend materials physico-chemical characterization, advanced techniques based on AFM setups have been developed. Techniques allowing the description of material's thermal behavior [START_REF] Zhang | A review on principles and applications of scanning thermal microscopy (sthm)[END_REF], magnetic properties [START_REF] Hartmann | Magnetic force microscopy[END_REF], conductivity [START_REF] Binnig | Surface studies by scanning tunneling microscopy[END_REF], or chemical speciation [START_REF] Dazzi | Afm-ir: Technology and applications in nanoscale infrared spectroscopy and chemical imaging[END_REF].

In the scope of our study, with the objective in mind to provide breast calcifications chemical description at the nanometric level, our focus goes towards AFM-based techniques allowing material's chemical speciation. Different techniques providing such analyses exist. Amongst those, the main ones are: 

. Scattering-type scanning near-field optical microscopy

Scattering-scanning nearfield optical microscopy (s-SNOM) is an imaging technique that combines AFM with IR spectroscopy to provide a nanoscale description of the sample's surface optical properties [START_REF] Knoll | Near-field probing of vibrational absorption for chemical microscopy[END_REF]. As illustrated in Figure 1.32.A, the setup consists of an AFM with an visible or IR source [START_REF] Taubner | Performance of visible and mid-infrared scatteringtype near-field optical microscopes[END_REF] -continuous [START_REF] Keilmann | Near-field microscopy by elastic light scattering from a tip[END_REF] or pulsed [START_REF] Wang | Scattering-type scanning near-field optical microscopy with low-repetition-rate pulsed light source through phase-domain sampling[END_REF] -focused onto the sample and the AFM tip. The AFM operates in tapping mode. The metallic-coated tip plays a key role as it acts as an optical nano-antenna, amplifying the local electromagnetic field at the tip apex vicinity. As the tip oscillates close to the sample's surface, the amplified electromagnetic field leads to an intermittent interaction with the sample's surface generating a modulated scattered light. By measuring the amplitude and phase of the scattered light, it becomes possible to extract the sample's optical properties with a nanoscale resolution [START_REF] Atkin | Nano-optical imaging and spectroscopy of order, phases, and domains in complex solids[END_REF]. Indeed, the changes in the amplitude and phase of the scattered light are linked to the sample's refractive index. s-SNOM measurements are very sensitive to the tip coating and the optical properties of the surface, as it determines the confinement and enhancement of the electromagnetic field, enabling nanometric spatial resolution. s-SNOM is, primarily, an imaging technique (Figure 1.33.A). However, spectra can be measured by using a broadband source instead of the IR source: a setup referred to as nano-FTIR. Nano-FTIR monitors the broadband scattered light's amplitude and phase, which are linked to the sample's reflectivity and absorption, hence providing local IR spectra of the surface plasmon. For simple and weakly dispersive samples, nano-FTIR spectra closely resemble far-field FT-IR spectra (Figure 1.33.B). This technique has found applications, for example, in nanophotonics, plasmonics, material sciences, and biological imaging, including biominerals characterization (Figure 1.33.B) [START_REF] Centrone | Infrared imaging and spectroscopy beyond the diffraction limit[END_REF]. However, the relation between the amplitude and phase of the scattered IR light and the material refractive index is complex. This can lead to shifts of absorption bands maximum and shape differences compared to reference far-field IR spectra [START_REF] Mastel | Nanoscale-resolved chemical identification of thin organic films using infrared near-field spectroscopy and standard fourier transform infrared references[END_REF][START_REF] Mester | Subsurface chemical nanoidentification by nano-ftir spectroscopy[END_REF]. For instance, Mastel et al. [START_REF] Mastel | Nanoscale-resolved chemical identification of thin organic films using infrared near-field spectroscopy and standard fourier transform infrared references[END_REF] have shown that s-SNOM phase spectra of poly(methyl methacrylate) (PMMA) films varied with the film thickness. When focusing on films ranging from 10 to 174 nm in depth deposited on CaF 2 windows, they found that the absorption band at 1730 cm -1 , characteristic of carbonyl C=O stretching mode, was shifting within a 10 cm -1 range. These variations, observed in PMMA, which is often used as a standard model polymer, highlight the challenges of analyzing complex unknown samples. s-SNOM is a surface plasmon characterization technique and does not always enable a direct comparison with reference transmission IR spectroscopy spectra. As a result, interpreting s-SNOM data for complex materials can be challenging.

. Tip enhanced Raman spectroscopy

Tip-enhanced Raman spectroscopy (TERS) couples SPM with Raman spectroscopy, providing Raman spectra and chemical imaging with a spatial resolution typically of a few nanometers and under specific conditions even sub-nanometric spatial resolution [START_REF] Zhang | Chemical mapping of a single molecule by plasmon-enhanced raman scattering[END_REF][START_REF] Lee | Visualizing vibrational normal modes of a single molecule with atomically confined light[END_REF]. A TERS system, as illustrated in figure 1.32.B, is composed of an AFM or STM system using a metallic-coated tip (gold or silver coated tip, or gold or silver nanostructured tip [START_REF] Anderson | Locally enhanced raman spectroscopy with an atomic force microscope[END_REF][START_REF] Hayazawa | Metallized tip amplification of near-field raman scattering[END_REF]) coupled with a Raman microscope and spectrometer. As in a standard Raman spectrometer, the monochromatic source is focused on the sample (and the tip), and the Raman scattered light is collected and analyzed by the spectrometer. TERS specificity lies in the tip. The laser excites the metal particles of the tip, generating a surface plasmon that enhances the electromagnetic field up to 1000 times in the vicinity of the apex: a field enhancement increasing the Raman effect up to 10 8 fold [START_REF] Zhang | Tip-enhanced raman spectroscopy[END_REF]. TERS is a powerful technique that provides nanoscale Raman spectra and has already been success-fully implemented on complex biological samples such as Hemozoin crystals in red blood cells (Figure 1.34). However, TERS measurements can be quite challenging. TERS field enhancement strongly depends on the tip and tip-sample distance, resulting in a signal and signal-to-noise ratio very sensitive to the tip stability and its degradation (coating alterations, tip damage or contamination). Besides, as TERS spatial resolution can be very high (< 1 nm) [START_REF] Lee | Visualizing vibrational normal modes of a single molecule with atomically confined light[END_REF][START_REF] Latorre | Spatial resolution of tip-enhanced raman spectroscopy -dft assessment of the chemical effect[END_REF], the analysis might detect all variability inherent to the material at the molecular level. That is why TERS is prone to reproducible issues. Spatial variation in the local electromagnetic field enhancement can lead to chemical and relative concentration distribution inaccuracies. TERS is an up-and-coming technique and has successfully been applied in various fields such as electrochemistry, material sciences, biology for structural and dynamics studies, and single molecule analysis [START_REF] Kurouski | Advances of tip-enhanced raman spectroscopy (ters) in electrochemistry, biochemistry, and surface science[END_REF][START_REF] Jiang | Tip-enhanced raman spectroscopy: From concepts to practical applications[END_REF][START_REF] Dieringer | Introductory lecture : Surface enhanced raman spectroscopy: new materials, concepts, characterization tools, and applications[END_REF][START_REF] Zrimsek | Singlemolecule chemistry with surface-and tip-enhanced raman spectroscopy[END_REF]. Nonetheless, its implementation for complex heterogeneous sample characterization remains limited.

. Atomic force microscopy-infrared spectroscopy

Atomic force microscopy infrared spectroscopy (AFM-IR) -unlike s-SNOM and TERS, which rely on an optical detection -is based on the detection of the photothermal process that occurs after the sample absorption of the IR radiation. AFM-IR combines an atomic force microscope with infrared spectroscopy, using the AFM tip as a nanosensor to detect the IR absorption [START_REF] Dazzi | Afm-ir: Technology and applications in nanoscale infrared spectroscopy and chemical imaging[END_REF][START_REF] Dazzi | Local infrared microspectroscopy with subwavelength spatial resolution with an atomic force microscope tip used as a photothermal sensor[END_REF]. As depicted in Figure 1.32.C, the sample is illuminated by a tunable (in wavelength) pulsed IR source. If the laser wavelength corresponds to the energy of a vibrational mode of the sample, the sample absorbs the light. The accumulated energy induces a temperature increase, generating a local expansion. This expansion is detected by the AFM tip in contact with the surface, and the resulting impulse forces the cantilever to oscillate. The amplitude of the cantilever oscillation is directly proportional to the local photothermal expansion and the sample absorption [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF] (cf. Chapter 2). This property allows AFM-IR to provide nanoscale spectra directly comparable to reference transmission FT-IR spectra. The lateral spatial resolution of AFM-IR measurements depends on several parameters and can be difficult to determine accurately. However, as a first approximation, AFM-IR lateral spatial resolution is often defined by the contact area between the tip and the sample's surface: typically, between a few and tens of nanometers. AFM-IR system can perform sequentially two types of measurements: i) chemical mapping (Figure 1.35.B), where the laser wavelength is fixed and the tip scans the sample's surface or ii) local spectra (Figure 1.35.D and E), where the tip position is fixed, and the amplitude of the tip oscillation (e.g., the AFM-IR signal) is measured while the laser wavenumber is tuned over a define spectral range. AFM-IR name lies in the coupling with IR spectroscopy, but the system is adaptable to other light sources (for example, UV-visible lasers) and is, therefore, also referred to as PTIR for photothermal induced resonance.

Like any near-field technique, the AFM-IR signal-to-noise ratio may vary according to several parameters, including the quality of the tip, the cantilever transfer function, the capability of the sample to expand, and the orientation of the molecules. Nonetheless, over the years, instrumental and technological developments have contributed to making AFM-IR a robust and versatile technique for nanoscale chemical analysis (cf. Chapter 2). As a result, AFM-IR has attracted significant interest in diverse fields such as materials sciences, astrochemistry, biology and biomedical application, as well as environmental sciences [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF][START_REF] Kurouski | Infrared and raman chemical imaging and spectroscopy at the nanoscale[END_REF][START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF]. Notably, AFM-IR has made substantial contributions in biology, enabling the characterization of objects that were challenging to chemically describe at the nanoscale otherwise, like cells, bacteria, protein fibrils, crystals within cells, or even bone and tissues [START_REF] Catarina | Afm-ir for nanoscale chemical characterization in life sciences: Recent developments and future directions[END_REF]. In terms of biological inorganic samples, even though this kind of application is limited, AFM-IR has already been used to characterize bones [START_REF] Ahn | Matrix/mineral ratio and domain size variation with bone tissue age: A photothermal infrared study[END_REF][START_REF] Imbert | Dynamic structure and composition of bone investigated by nanoscale infrared spectroscopy[END_REF] and abnormal deposits in kidney tissue [START_REF] Esteve | Nanometric chemical speciation of abnormal deposits in kidney biopsy: Infrared-nanospectroscopy reveals heterogeneities within vancomycin casts[END_REF]. 

. Understanding biomineralization processes: a need for a mutlimodal and multiscale approach

In the first section of this chapter (section 1.1), we have shown that electron spectromicroscopy, X-ray spectroscopy, and vibrational spectromicroscopy techniques complement each other. These techniques have collectively contributed to uncover BMCs' physicochemical properties, which is an essential step to decipher their involvement and potential relationship with cancer. Employing multiple characterization techniques on a single sample: combining information (histopathological, morphological, elemental, and chemical) enables a more reliable and comprehensive chemical speciation analysis. Consequently, numerous research groups have adopted a multimodal and multiscale approach to investigate and explore BMCs' properties.

. Multimodal strategies implemented until now: strengths and weaknesses

Over the past decade, there has been a significant increase in the use of multimodal strategies for studying BMCs. Table 1.3 presented below summarizes the key multimodal studies and their experimental characteristics. All multimodal strategies presented below, incorporate morphological analysis (SEM), elemental characterization (using EDX, XRD, or X-ray radiography), as well as chemical characterization (IR and/or Raman spectroscopy). Some studies even extended their investigation to BMCs surrounding tissue, specifically the collagen matrix, through second harmonic generation (SHG) imaging. These multimodal approaches are highly valuable as they provide interconnected information about the crystal structure and physicochemical properties of BMCs, which can, ultimately, interpreted in the context of breast pathology. By combining elemental, chemical, and morphological data, it becomes possible to propose potential explanations for the features observed in BMCs based on their microenvironment, such as the one proposed by Gosling et al. [START_REF] Gosling | Calcification microstructure reflects breast tissue microenvironment[END_REF] (section 1.1.4).

When implementing such multimodal characterization workflows, sample preparation plays a crucial role. With the exception of Kunitake et al. [START_REF] Kunitake | Correlative imaging reveals physiochemical heterogeneity of microcalcifications in human breast carcinomas[END_REF][START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF] and Bouzy et al. [START_REF] Bouzy | Exploration of utility of combined optical photothermal infrared and raman imaging for investigating the chemical composition of microcalcifications in breast cancer[END_REF] who implemented different techniques on the unique sample per patient (EDX, Raman, and SHG, as well as FT-IR, O-PTIR, and Raman, respectively), all other multimodal studies used serial sections: one for each technique. This is primarily due to each characterization method's specific sample preparation requirements. For instance, SEM analysis of non-conductive samples often involves carbon coating (although alternatives are possible, as mentioned in section 1.1.1.2), and coated samples cannot be further examined using vibrational spectroscopy. IR spectroscopy requires uncolored and uncoated specimens deposited on a transparent substrate in the mid-IR Range, like CaF 2 , BaF 2 , ZnSe, diamond, etc. On the other hand, Raman spectroscopy requires transparent substrates to the excitation wavelength, which minimizes fluorescent background signals, among others. Besides, each technique has varying requirements in terms of sample thickness. X-ray spectroscopy benefits from thicker samples to reduce the influence of substrate signals in the spectra. However, thick samples might not be optimal for µFT-IR as all the light can get absorbed, and thus no light reaches the detector (e.g., spectra saturation). Hence, due to the difficulty of finding sample preparation suitable for all techniques, most groups choose to prepare a sample for each method through serial sections.

However, when working with serial sections, it is important to note that the information obtained from one section may differ significantly from the adjacent section. As indicated in Table 1.3, the sections prepared for BMC characterization are typically between 5 to 10 µm thick but can reach up to 20 or 50 µm (Winters et al. [START_REF] Winters | Human breast microcalcification: Comparative study involving contact microradiography and basckscattered-electron-imaging plus x-ray microanalysis[END_REF], Vanna et al. [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF]). However, BMCs' size range is large, from hundreds of microns to the nanoscale level. Consequently, the objects being characterized can differ substantially from one section to another, and the comparison between techniques can, in that case, be delicate. As discussed by Kunitake et al. [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF], even if measurements -such as EDX and Raman -are conducted on the same sample, the alignment of the chemical and elemental maps remains a meticulous and difficult task as the spot size/image pixel size and focal depth aren't the same from one technique to another. As a result, making the comparison between techniques non-trivial.

Studies summarized in Table 1.4 were limited to BMCs with diameters of a few microns or larger. For example, Vanna et al. [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF] explicitly focused on BMCs ranging from 15 µm to 1.2 mm in diameter. These studies greatly contributed to our knowledge about BMCs and have helped initiate the exploration of potential formation pathways and their relationship with breast pathology (section 1.1.4). Yet, BMCs formation and mineralization processes in the breast remain poorly understood. Therefore, the next step in multimodal characterization workflows is to include a technique that can provide nanoscale chemical speciation. This would enable the characterization of sub-micrometric calcifications, which have been poorly investigated until now. It would also allow fine analysis of larger BMCs to describe their chemical properties and gain insights into the microenvironments they developed in. The need for sub-micrometric characterization of BMCs is gaining interest in the medical field, as indicated by Bouzy et al.'s recent work, which explored the feasibility of investigating BMCs using O-PTIR and Raman spectroscopy simultaneously, providing chemical information with a sub-micrometric spatial resolution [START_REF] Bouzy | Exploration of utility of combined optical photothermal infrared and raman imaging for investigating the chemical composition of microcalcifications in breast cancer[END_REF]. 

. A new micro to nano infrared spectromicroscopy characterization strategy

Various solutions can be explored to address the challenge of BMCs nanoscale characterization. The group led by Stones, known for their extensive expertise in breast mineralization [START_REF] Bouzy | Exploration of utility of combined optical photothermal infrared and raman imaging for investigating the chemical composition of microcalcifications in breast cancer[END_REF], is currently leaning towards O-PTIR analysis, but considering the strengths and limitations of available techniques for nanoscale chemical characterization (section 1.2), AFM-IR holds high promises. Therefore, we propose to implement a multiscale and multimodal approach for the morphological and physicochemical characterization of BMCs in breast tissue: from the µm to the nm scale using AFM-IR (an extensive theoretical description of AFM-IR will be provided in Chapter 2). Breast biopsies are often sizable samples -sometimes a few centimeters wide -which can contain millimeter, micrometer, or nanometer sized calcifications spread within the entire biopsy. In order to have a full understanding of the sample, both global and fine analyses are required. With this objective in mind, our proposed pipeline relies upon three main techniques (Figure 1.36), implemented in the following order:

-SEM: for BMCs location in the biopsy as well as BMCs morphological description -µFT-IR: for global chemical description of BMCs and the tissue of the biopsy -AFM-IR: for nano-chemical speciation of BMCs (micro and nano calcifications)

The new approach we are proposing focuses solely on chemical characterization using IR spectroscopy. Yet, we previously observed that IR spectroscopy, coupled with Raman and X-ray spectroscopy, provide valuable insights into the chemical, elemental, and crystalline properties of BMCs, properties that can ultimately be analyzed in regard to the patient's clinical diagnosis. Although AFM-IR could highly contribute to the field, its application for abnormal mineral deposit characterization in tissue has been limited to a few isolated studies from our group [START_REF] Esteve | Nanometric chemical speciation of abnormal deposits in kidney biopsy: Infrared-nanospectroscopy reveals heterogeneities within vancomycin casts[END_REF]. Consequently, our objective is to implement and develop a robust protocol for AFM-IR analysis in mineralized breast tissue that could be incorporated into a multimodal strategy (Figure 1.36), where all measurements are performed on the exact same breast tissue section. Since both µFT-IR and AFM-IR are non-destructive techniques, they can be employed sequentially without damaging the sample. Looking ahead, it seems realistic to integrate additional techniques, such as Raman spectroscopy, as well as elemental characterization techniques like EDX as the final step of the workflow.

. General conclusion and objectives of the thesis

In this chapter, we have highlighted how each characterization technique enhanced our understanding of BMCs and their potential link with the pathology. BMCs are inherently complex entities. BMCs current classification considers two chemical subtypes: COD and Hap-based BMCs. COD BMCs are less frequent than Hap BMCs and are primarily associated with benign lesions. On the other hand, Hap BMCs have been outlined to present strong chemical heterogeneity: at the calcifications level (intra-BMC chemical heterogeneity), at the patient level (BMCs of different compositions within a single individual), and finally heterogeneity between patients and pathologies. As discussed in section 1.1, there are strong indications of a correlation between the chemical composition of BMCs and the nature of the pathology and its severity. Nonetheless, no consensus has been reached yet regarding how BMCs' physicochemical properties relate to breast pathology, and their formation remains poorly understood. To further describe them, we propose a novel multimodal and multiscale strategy that incorporates chemical characterization using IR spectromicroscopy at the nanoscale, thanks to AFM-IR.

As developed in section 1.3, the objective is to elaborate a method for applying SEM, µFT-IR and AFM-IR on a same sample. To do so, two main challenges needs to be addressed: i) Tailor a protocol for AFM-IR analysis in mineralized breast tissue ii) Develop an experimental protocol for implementing this multimodal strategy Indeed, AFM-IR is extensively used in biology to investigate objects that could not be well-described through classical µFT-IR analysis, such as cells, bacteria, amyloid fibrils, and more. Still, only a few studies have used AFM-IR for mineralized tissue characterization. For a long time, AFM-IR was thought to be limited to soft materials, mainly because inorganic and crystallized objects usually possess low thermal expansion coefficients, resulting in little photothermal expansion. However, with time, AFM-IR measurements involving inorganic materials increased, including in tissue [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF]. Nonetheless, BMCs characterization in breast biopsy through AFM-IR analysis remains challenging due to substantial height variations within biopsy sample and significant mechanical heterogeneity between BMCs and the tissue. Besides, these AFM-IR measurements need to be integrated as part of our multimodal strategy. However, implementing and interpreting correlative measurements can be challenging. It requires a well-designed workflow, including careful consideration for the sample preparation -that needs to be suitable for all techniques -as well as a well-defined timeline so that the order in which measurements are done minimizes the sample degradation (if some techniques are destructive). Moreover, a strategy needs to be established to accurately relocate regions of interest between methods, which is nothing but trivial. Finally, given the substantial amount of spectral data generated per sample, particularly when acquiring hyperspectral measurements (e.g., µFT-IR and AFM-IR), it is necessary to develop a robust pipeline for spectra preprocessing and analysis. To successfully implement our multiscale strategy, my thesis was divided into four main steps, which will be developed in the following chapters. Those steps are: 

-AFM-IR: a super-resolution chemical characterization technique for inorganic deposits in biological tissue -From theory to application

In this chapter, we aim to explore the applicability of AFM-IR analysis for characterizing breast microcalcifications within breast biopsy tissue. This task presents challenges from both a technical point of view and the physicochemical properties of such samples. Among others, inorganic materials' optical, mechanical, and thermal proper•ties make their investigation particularly difficult using AFM-IR. Additionally, tissue samples are inherently not well-suited for AFM and AFM-IR analyses due to their soft nature and the roughness of tissue sections.

To evaluate the response of the AFM-IR system to hybrid organic/inorganic biological samples, we propose first to investigate mineralized bacteria. Bacteria are perfectly fitted for AFM-IR measurements. Their size and surface physicochemical properties make them easy to image, allowing us to focus on understanding the signal obtained from the mineralized parts.

The first section of this chapter focuses on AFM-IR theoretical considerations, providing an overview of the technique's working principles, available technological setups, the different acquisition modes available, and their strengths and limitations. Understanding these technical aspects is crucial for ensuring robust and meaningful measurements and interpreting the AFM-IR signal accurately when working with complex samples. The second part of the chapter is dedicated to AFM-IR measurements of mineralized bacteria: evaluating the technique's robustness and developing a protocol for characterizing biological calcifications. This initial work serves as a stepping stone towards extending the methodology to investigate inorganic deposits directly in tissue, which will be the final focus of this chapter.

. AFM-IR theoretical considerations

AFM-IR is a super-resolved analytical technique combining atomic force microscopy with infrared spectroscopy, using the AFM tip as a mechanical probe to transduce the photothermal expansion of the sample resulting from IR light absorption. AFM-IR was briefly described in section 1.2.1 with a top-down illumination configuration: the sample is illuminated by a pulsed and tunable IR source from the top. This configuration is currently the most frequently employed. Still, many instrumental developments were undertaken to achieve a robust commercial version. In the upcoming paragraphs, we summarize the principle behind AFM-IR and delve into its various configurations.

. Introduction to AFM-IR

AFM-IR was invented by Professor Alexandre Dazzi in 2004 [START_REF] Dazzi | Local infrared microspectroscopy with subwavelength spatial resolution with an atomic force microscope tip used as a photothermal sensor[END_REF] and patented with the American firm Anasys Instruments in 2007. The first home-made setup was based on a total reflection configuration similar to ATR spectroscopy. The sample was deposited on a ZnSe prism and illuminated from beneath with a 30°angle using a free electron laser as a pulsed and tunable IR source. In this configuration, an evanescent wave is generated at the sample/air interface, enabling a relatively homogeneous illumination of the sample by the IR beam. If the sample absorbs the IR light, it will expand due to photothermal effect. This vertical expansion is probed by the AFM tip in contact with the sample's surface (Figure 2.1). As the tip isn't illuminated by the IR beam, these measurements can be conducted with standard silicon AFM tips. This configuration is called the bottom-up configuration. In 2010, the first commercial bottom-up systems were available but with a 45°illumination angle and using an optical parametric oscillator (OPO) laser. In this configuration, an evanescent wave is generated at the prism/sample interface, enabling -for thin sample (< ∼ 1 µm) -relatively homogeneous illumination of the sample by the IR beam. As the AFM tip is very sensitive to vertical variations (around 50 to 500 pm, depending on the quality of the system's electronics), this allows fine measurements of the transient expansion of the sample following the IR absorption. At each pulse, the sample accumulates energy converted into heat, leading to a local increase in the sample volume (Figure 2.2). After each pulse, the sample accumulated heat diffuses in the surrounding environments, and the sample volume exponentially decreases within a few ns to a few ms. The dynamics at play are very dependent on the sample size, thickness, thermal properties, and interfaces with the external environment. During AFM-IR measurements, the power of the IR beam is controlled to generate a local temperature increase of the sample of only a few kelvins [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF], causing a slight vertical expansion in the pm to nm range. Even though the vertical expansion is minor, the short time scale within which the photothermal expansion occurs (tens of ns to a few hundreds of ns depending on the pulse length of the laser) generates a spike of the sample-tip force interaction, kicking the tip, leading the cantilever to oscillates in a ring-down motion. Indeed, with both the free electron laser and OPO, the pulse rate of these lasers is not tunable (25 Hz and 1kHz, respectively), and the cantilever oscillates in a ring-down motion (damping) before going back to equilibrium between pulses.

The AFM-IR signal is a product of different contributions, including factors function of the sample optical and thermal properties, the cantilever physical and mechanical characteristics, and the incident IR beam, that can be written as [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF][START_REF] Ramer | Quantitative chemical analysis at the nanoscale using the photothermal induced resonance technique[END_REF]:

S AF M -IR (λ) ∝ H m H AF M H opt (λ)H th I inc (λ) (2.1)
With each term representing the contribution from:

H m the mechanical contribution of the sample according to its thermal expansion coefficient H AF M the AFM cantilever properties depending on its modal stiffness, its dimensions, contact resonance frequency, deflection sensitivity/quality factor, and tilt angle During the laser pulse (green line) -if the laser wavelength is fixed at a wavenumber of an absorption band of the sample -the sample accumulates energy and increases in temperature, which is associated with photothermal expansion U(t) (red line). The fast photothermal expansion is felt as a kick by the AFM cantilever oscillating in a ring-down motion (blue curve). AFM-IR spectra are constructed sequentially, wavenumber by wavenumber, by plotting the maximal amplitude of the cantilever oscillation over wavenumber. Adapted from [START_REF] Mathurin | Nanospectroscopie infrarouge avancée: développements instrumentaux et applications[END_REF].

H opt (λ) the optical contribution, translating the absorbed light depending on the sample optical properties and its complex optical index ñ(λ) = n(λ) + ik(λ) , where the real part n is the refractive index and k the optical extinction coefficient, also called absorption coefficient H th the thermal contribution depending on the thermal properties of the sample, in particular its thermal conductivity that will impose the relaxation regime

I inc (λ) the intensity of the incident IR beam
In this expression, H opt (λ) and I inc (λ) are the only two wavelength-dependent parameters. The latter, I inc (λ), corresponds to the power delivered by the IR source and is experimentally determined by measuring the laser power emission for the spectral range of interest using a power meter. This measurement is usually referred as the background and depends, among others, on the pulse width, and the repetition rate. During a measurement, these parameters are fixed. The second wavelengthdepend factor is H opt (λ), which translates the sample's absorption. The absorption corresponds to the sample's absorbed power P abs from the incident IR beam. For sub-wavelength objects (e.g. the electric dipole approximation: object dimensions << λ), P abs can be written as [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF]):

P abs = 2π λ cϵ 0 9Im(ñ(λ))Re(ñ(λ)) [Re(ñ(λ)) 2 + 2] 2 |E inc | 2 V (2.2)
With λ the wavelength of the incident light, c the speed of light, ϵ 0 the vacuum permittivity, Re(ñ) and Im(ñ) the real and imaginary part of the sample complex optical index, E inc the incident electric field, and V the sample volume.

For small absorbent objects: Re(ñ(λ) 2 ) » Im(ñ(λ) 2 ), hypothesis valid for most samples analyzed with AFM-IR, Re(ñ(λ)) variations close to an absorption band are very small compared to Im(ñ) variations.

In those conditions, P abs ∝ Im(ñ(λ)) λ : the sample's absorption as defined by Beer-Lambert's law [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF].

As the terms H m , H AF M , andH th are wavelength independent, the AFM-IR signal S AF M -IR (λ) varies solely according to H opt (λ) and is directly proportional to the sample absorption. Mathematically, establishing the proportional relationship between the sample absorption and the deflection signal of the cantilever is not straightforward. It necessitates establishing the link between:

1. The optical absorbance (Abs) by the sample and power/energy absorbed from the incident beam 2. The energy absorbed and the sample temperature increase [START_REF] Dazzi | Afm-ir: Technology and applications in nanoscale infrared spectroscopy and chemical imaging[END_REF][START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF][START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF]. Ultimately, the deflection signal z(t) of the cantilever is a combination of all its n resonance frequencies resulting from the sample short and fast photothermal expansion as:

Z(t) = A n P n ∂g n ∂x x=L ( sin(2πf n t) 2πf n )e -Γt 2 U 0 (2.3)
Where A is a constant taking into account the mechanical, optical, and thermal properties of the sample (comparable to H m H opt H th in Eq. 2.1) and P n , g n and f n parameters translating the cantilevers properties (similar to H AF M in Eq. 2.1). P n represents the tip surface transfer coefficient of the n mode of the cantilever, g n the deformation of the cantilever mode (Figure 2.3.C), f n its frequency, and L the length of the cantilever. Γ is the damping factor, and finally, U 0 is the maximum vertical dilation of the sample resulting from the thermal expansion and proportional to the absorbance. Z(t) is linearly proportional to U 0 , the maximum thermal expansion following a laser pulse at a fixed wavenumber, and is itself directly proportional to the optical absorbance. Besides, as the ring-down motion of the cantilever results from the excitation of its contact resonance frequencies in the time domain ( In the 2010s, the technique made a big step forward by introducing two key developments: the topdown illumination setup and the use of quantum cascade lasers (QCL). In the top-down illumination configuration [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF], the sample is deposited on a standard thin IR-transparent slide -such as CaF 2 , ZnSe, ZnS, BaF 2 , gold, diamond, or silicon wafer -and is illuminated from the top (Figure 2.4). This configuration eliminates the penetration depth problem as the IR beam illuminates the full sample thickness. However, in this setup, the sample and the AFM tip are illuminated by the IR beam, necessitating IR reflective tips (usually Si gold-coated tips) to prevent the cantilever self-absorption.

Concurrently with the introduction of the top-down illumination configuration, Quantum Cascade Laser (QCL) emerged as a viable IR source. The repetition rate of these lasers is tunable. For QCL emitting in the mid-IR range, their repetition rate can be tuned up to a few MHz. Thus, using QCL, the repetition rate of the IR beam can fixed to match one of the cantilever's eigenmode. By tuning the laser's repetition rate to match a specific resonance frequency of the cantilever, the energy transmitted by the sample to the tip at each photothermal expansion is preferentially distributed to that particular mode, contrarily to OPO which excites all the cantilever's eigenmodes. Thanks to this advancement, resonance-enhanced contact AFM-IR and tapping AFM-IR were subsequently developed. Currently, most AFM-IR measurements use the top-down illumination configuration along with resonance-enhanced contact or tapping mode. These two modes, which will be developed in the following paragraphs (2.1.2 and 2.1.3, respectively), significantly improved the capabilities of AFM-IR analyses and expanded the fields of applications.

. Resonance-enhanced contact AFM-IR

. Description of the mode

With the availability of QCL sources operating in the mid-IR region with tunable repetition rate frequency from a few kilohertz to a few megahertz, it became possible to selectively excite one of the cantilever's resonance frequencies. When the laser's pulse rate aligns with the cantilever's frequency, the energy transferred from the sample to the tip during each photothermal expansion is confined to a single resonance mode of the cantilever rather than all the modes: putting the cantilever into a resonant oscillation regime (Figure 2.5). Hence, the mode name resonance-enhanced contact mode (Re-mode) AFM-IR. This mode was introduced by Lu et al. [START_REF] Lu | Infrared absorption nano-spectroscopy using sample photoexpansion induced by tunable quantum cascade lasers[END_REF] and played a crucial role in enhancing the sensitivity of AFM-IR measurements.

From a mathematical point of view, the cantilever's deflection signal at each photothermal expansion shifts from being a combination of all the resonance frequencies (Eq. 2.3) to a function of only one resonance frequency (Eq. 2.4). The deflection of the cantilever does no longer contain the damping factor and is amplified by a factor Qn 2π , with Q n the quality factor of the mode n, which results in a substantial increase in the AFM-IR signal of at least one order of magnitude compared to OPO-based AFM-IR measurements. In this context, it became possible to characterize thin samples of only a few nanometers [START_REF] Ruggeri | Nanoscale studies link amyloid maturity with polyglutamine diseases onset[END_REF][START_REF] Felts | Atomic force microscope infrared spectroscopy on 15 nm scale polymer nanostructures[END_REF], such as self-assembled monolayers [START_REF] Lu | Tip-enhanced infrared nanospectroscopy via molecular expansion force detection[END_REF] for example; objects that could not have been detected otherwise.

Z(t) = AP n ∂g n ∂x x=L ( sin(2πf n t) 2πf n ) Q n 2π U 0 (2.4)
In a bottom-up illumination configuration setup, the sample is prepared so that the IR beam homogeneously illuminates the entire sample thickness. In that case, the probed depth corresponds to the sample thickness. However, when using a top-down illumination configuration, measurements can be conducted on any sample without pre-requisite on the sample thickness: from a few nm to dozens of µm, and the photothermal expansion probed by the tip doesn't necessarily translate the absorption from the entire sample thickness anymore. Estimating the probe depth is challenging, as it depends on various parameters, including the thermal properties of the material analyzed (its thermal expansion coefficient and thermal conductivity) and experimental parameters. Quaroni et al. [START_REF] Quaroni | Understanding and controlling spatial resolution, sensitivity, and surface selectivity in resonant-mode photothermal-induced resonance spectroscopy[END_REF] investigated the influence of the laser repetition rate and pulse width on AFM-IR signal intensity and lateral spatial resolution. This study highlighted that the spatial resolution of the AFM-IR signal was not limited by the thermal wave and demonstrated that the thermal diffusion length of the thermal wave from the surface of an absorbing region is proportional to f of the cantilever n resonance mode). Following that work, Mathurin et al. [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF] underlined that the thermal length and thermal expansion length of a material were not following the same law: the thermal expansion being proportional to the contact resonance frequency according to f n . Outlining that working with high contact resonance mode reduces the volume probed. Using Re-mode, the vertically probed depth is expected to be at least a few hundred of nm [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF].

. Influence of the sample mechanical properties on the AFM-IR signal

The free resonance of a cantilever (in air, without contact with the sample) is defined by its morphological and physical characteristics, including its mass, rigidity, spring constant, and damping coefficient. However, when the cantilever is in contact with the sample, its contact resonance frequencies f n , will differ from the free resonance due to the mechanical interaction between the tip and the sample [START_REF] Rabe | Vibrations of free and surface-coupled atomic force microscope cantilevers: Theory and experiment[END_REF][START_REF] Kenkel | Probe-sample interactionindependent atomic force microscopy-infrared spectroscopy: Toward robust nanoscale compositional mapping[END_REF] and will vary according to the local mechanical properties of the sample, the contact radius between the tip and the surface, and the indentation. Therefore, in Re-contact AFM-IR, where the laser's repetition rate must match one of the contact resonances of the cantilever, it becomes essential to continuously track the changes in the contact resonance frequency during the measurements. Indeed, any variations of the local mechanical properties of the sample or of the contact radius can induce a shift in the resonance frequency (Figure 2.6.A). If this shift is ignored during measurement, the AFM-IR signal will decrease; fluctuations of the AFM-IR signal induced by changes in the tip/surface interaction and which might be misinterpreted as chemical changes (Figure 2.6.B). For instance, considering polystyrene (PS) and gold, two materials with significantly different mechanical properties, characterized by a Young's modulus of E = ∼ 3 GPa [START_REF] Oral | Measuring the young's modulus of polystyrenebased composites by tensile test and pulse-echo method[END_REF] and E = 78 GPa [START_REF] Böhlke | Estimation of mechanical properties of polycrystalline microcomponents[END_REF], respectively, can induce a few kHz frequency shift as shown in Figure 2.6.A. A cantilever resonance frequency tends to shift to low frequency when in contact with soft material and vice versa towards higher frequency when in contact with harder materials. For mechanically homogeneous samples, such contact resonance shifts may have a minimal impact on the signal. However, considering the mechanical contribution is crucial for strongly heterogeneous samples, as it will otherwise implicate significant artifacts in the data, leading to misinterpretation of the chemical information. Besides, it is worth noting that abrupt topographic variations can generate cantilever motion that resembles those resulting from photothermic expansion and can introduce artifacts in the IR signal, similar to the loss of resonance due to the sample's mechanical properties. -Chirp that follow the maximum amplitude of the contact resonance [START_REF] Ramer | Implementation of resonance tracking for assuring reliability in resonance enhanced photothermal infrared spectroscopy and imaging[END_REF] -A phase locking loop (PLL) that allows following the frequency by tracking the phase shift of the contact resonance frequency [START_REF] Kobayashi | Resonance tracking ultrasonic atomic force microscopy[END_REF] Experimentally, the working resonance frequency is defined at the beginning of the experiment and can be tracked during the sample imaging using either the chirp or the PLL. The chirp consists of performing a fast frequency sweep (a limited number of points measured over an imposed frequency range usually centered at the resonance frequency determined at the beginning of the experiment) at each measured point. On the other hand, the PLL follows, over time, the phase shift typical of the resonance region. In practice, the PLL allows faster tracking than the chirp while providing qualitative information about the sample mechanical variation through the phase signal. However, it is important to highlight that the PLL and the chirp are active only for absorbent regions of the surface analyzed.

. Tapping mode AFM-IR

Re-contact AFM-IR, likewise, contact AFM presented in section 1.2.1, presents some limitations when it comes to image soft and loosely adherent samples. Tapping AFM-IR overcomes these constraints using the tapping AFM acquisition mode. Tapping AFM-IR is based on the non-linear interaction between the tip in a forced oscillation motion -defined by a frequency f 1 -and the sample periodic photothermal expansion induced by the IR source at a repetition rate f p (Figure 2.8).

Tapping AFM-IR relies on a heterodyne detection principle [START_REF] Mathurin | Advanced infrared nanospectroscopy using photothermal induced resonance technique, afmir: New approach using tapping mode[END_REF] using two resonant modes of the cantilever, one at f 1 for the tapping and a second one at f 2 stimulated thanks to the IR absorption of the surface (Figure 2.8). As for the laser repetition rate f p , it is set to f p = |f 2 ± f 1 |. When the laser is tuned to a wavenumber where the sample absorbs, it triggers a photothermal response at the laser's repetition rate f p . This induces a non-linear interaction between the frequencies f 1 and f p , resulting The IR laser repetition rate f p is set to match f p = f 2 ± f 1 . As the sample absorbs the IR light, the photothermal expansion excites the cantilever's resonance mode f 2 through a non-linear interaction. Adapted from [START_REF] Mathurin | Advanced infrared nanospectroscopy using photothermal induced resonance technique, afmir: New approach using tapping mode[END_REF].

in the excitation of the cantilever's resonance frequency f 2 (Figure 2.8). Then, the IR signal is retrieved from the overall oscillating signal by demodulating the signal at the frequency f 2 (Figure 2.9).

For the contact resonances selection, two options are possible: the fundamental mode of the cantilever can used for the driving mode f 1 and the second harmonic for the IR detection f 2 , but the opposite can also be implemented using f 1 and f 2 for the IR detection and driving mode respectively.

In tapping AFM-IR, the signal results from the non-linear interaction between the oscillation of the cantilever and the sample's periodic photothermal expansion. As in contact AFM-IR, precisely determining the probe depth is challenging. Nonetheless, it is acknowledged that due to the non-linear interaction, the probe depth of tapping AFM-IR is reduced compared to Re-mode AFM-IR. As previously mentioned, the probe depth is dependent on various factors, including the material and its thermal properties, the tip-sample interaction, and the laser repetition rate. Indeed, similarly to the Re-mode, the probe depth decreases with the increase of the IR laser repetition rate. To reduce as much as possible the probe depth, tapping AFM-IR can be implemented with higher resonance frequencies than the fundamental and second mode, as long as the laser repetition rate is set to |f driving ± f IR |. In tapping AFM-IR, similarly to contact AFM-IR, the signal's amplitude is proportional to the sample absorbance (maximal photothermal expansion) and enhanced by Q IR , the quality factor of the mode. This was demonstrated by Mathurin et al. [START_REF] Mathurin | Advanced infrared nanospectroscopy using photothermal induced resonance technique, afmir: New approach using tapping mode[END_REF] and can be expressed as:

||Z||= Bχ s t tap |f IR -f driving | f 2 IR f driving Q IR U 0 (2.5)
With:

-B a constant taking into account the driving tapping mode parameters χ s a non-linear elasticity contact coefficient t tap the duration of contact between the tip and sample f driving and f IR the contact resonance frequencies used for the tapping and IR detection respectively -Q IR the quality factor of the mode used for the IR detection (f IR ) -U 0 the thermal expansion of the sample at a fixed wavenumber

In tapping AFM-IR mode, the shear forces are reduced due to the brief contact between the tip and the sample surface, and the lateral spatial resolution is enhanced compared to Re-contact AFM-IR.Consequently, tapping AFM-IR offers the capability to achieve high-resolution chemical characterization for samples with poor adherence (such as nano-objects) or soft materials, opening new fields of applications. However, tapping AFM-IR needs to be implemented with care. The cantilever contact resonance frequencies (f driving and f IR ) are strongly dependent on the tip/surface interaction, as well as the sample's mechanical properties. A few kHz shifts of the contact resonance frequencies (f driving and f IR ) can result in the loss of the non-linear interaction and, subsequently, the IR signal. A double PLL is recommended to track the phase and resonance frequency of the tapping and IR modes during tapping AFM-IR acquisition to ensure that the AFM-IR signal conveys chemical information and avoids artifacts.

Experimentally, Re-contact AFM-IR is the most accessible and easy-to-implement mode but is unsuitable for soft, rough, and/or non-adherent sample analyses. These limitations are addressed by tapping AFM-IR, an intermittent contact mode that enables chemical imaging of samples with low stiffness and weak adhesion to the substrate. However, tapping AFM-IR is less straightforward to optimize than Re-contact AFM-IR, and the non-linear interaction can sometimes be challenging to establish, especially when working with complex and highly mechanically heterogeneous samples. In a nutshell, both contact and tapping AFM-IR have their strengths and drawbacks. That is why, when designing a study, the mode and experimental parameters must be carefully chosen in alignment with the application, the nature of the sample and its characteristics, and the study's objectives; points discussed throughout this chapter's second part.

In the scope of this study, the Re-contact and tapping AFM-IR modes will be used using top-down illumination configuration systems. For convenience, the Re-contact mode will now be called contact mode.

. AFM-IR analysis of inorganic and/or crystalline samples

AFM-IR signal theoretical expressions (Equations 2.3 and 2.4 for contact and tapping modes, respectively) established a proportional relationship between the signal intensity and the sample absorbance [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF]. However, these expressions lie on the hypotheses that studied samples characterized by a complex optical index ñ(λ) = n(λ) + ik(λ) are:

-Small absorbent : n(λ) 2 >> k(λ) 2

-For a given absorption band n(λ) = n -Fit within the electric dipole approximation These hypotheses hold true for soft, organic samples, which constitute most samples studied with AFM-IR. However, this theoretical framework reaches its limits when investigating materials characterized by a high extinction coefficient and a low thermal expansion coefficient, such as silicate glass, ceramics, and minerals [START_REF] Ting Lin | Photothermal atomic force microscopy coupled with infrared spectroscopy (afm-ir) analysis of high extinction coefficient materials: A case study with silica and silicate glasses[END_REF]. Indeed, these materials exhibit high coefficient k(λ) and wavelength dependent n(λ) in the absorbing spectral range. As the contribution from the sample refractive index comes into play, the AFM-IR signal no longer maintains a linear correlation with the sample's absorbance, and local spectra might not be easily comparable to conventional transmission FT-IR spectra.

Moreover, studying inorganic objects and minerals presents unique challenges as they can be highly orientated objects. This implies that their thermal expansion behaviors are likely anisotropic and influenced by the polarization of the incident IR beam. While most AFM-IR systems are equipped with fixed-polarization IR sources, such as QCL or OPO lasers, the polarization of the incident light has been demonstrated to influence the AFM-IR signal of orientated nano-objects such as, for instance, poly(vinylidene fluoride) electro-spun fibers [START_REF] Hinrichs | Polarization-dependent atomic force microscopy-infrared spectroscopy (afm-ir): Infrared nanopolarimetric analysis of structure and anisotropy of thin films and surfaces[END_REF] and is also expected to impact the signal of minerals. Besides, as suggested by Mathurin et al. [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF], instrumental settings also need to be taken into consideration. Indeed, the incident IR beam is focused onto the sample surface at a fixed incident angle, which can generate reflections and affect the measurements of crystalline objects. The IR beam incident angle and beam polarization can contribute to the IR signal of such samples and result Even though spectral distortions are possible with highly orientated samples such as monocrystals (Figure 2.10.A), AFM-IR has shown promising outcomes on mineral samples, such as silica nanoparticles [START_REF] Katzenmeyer | Nanoscale infrared spectroscopy: Improving the spectral range of the photothermal induced resonance technique[END_REF][START_REF] Katzenmeyer | Assessing chemical heterogeneity at the nanoscale in mixed-ligand metal-organic frameworks with the ptir technique[END_REF][START_REF] Cattinari | Nanostructural evolution of natural rubber/silica nanoparticle coagulation from binary colloidal suspensions to composites: Implications for tire materials[END_REF], geological specimens [START_REF] Hassenkam | Elements of eoarchean life trapped in mineral inclusions[END_REF], or astromaterials [START_REF] Kebukawa | Nanoscale infrared imaging analysis of carbonaceous chondrites to understand organic-mineral interactions during aqueous alteration[END_REF][START_REF] Mathurin | Nanometre-scale infrared chemical imaging of organic matter in ultra-carbonaceous antarctic micrometeorites (ucamms)[END_REF][START_REF] Yabuta | Macromolecular organic matter in samples of the asteroid (162173) ryugu[END_REF], which are complex mixed organic/inorganic samples. AFM-IR has also shown interesting results on the biological side, enabling the differentiation of cystine and cysteine crystals in kidney biopsies despite their closely resembling spectral signatures [START_REF] Bazin | Cystinuria and cystinosis are usually related to l-cystine: Is this really the case for cystinosis? a physicochemical investigation at micrometre and nanometre scale[END_REF]. Several groups have also leveraged AFM-IR to characterize bones and teeth [START_REF] Ahn | Matrix/mineral ratio and domain size variation with bone tissue age: A photothermal infrared study[END_REF][START_REF] Imbert | Dynamic structure and composition of bone investigated by nanoscale infrared spectroscopy[END_REF][START_REF] Sereda | Monitoring demineralization and remineralization of human dentin by characterization of its structure with resonance-enhanced afm-ir chemical mapping, nanoindentation, and sem[END_REF][START_REF] Qian | A pilot study on the nanoscale properties of bone tissue near lacunae in fracturing women[END_REF][START_REF] Rammal | Mechanobiologically induced bone-like nodules: Matrix characterization from micro to nanoscale[END_REF], like Imbert et al., who investigated the composition and structure of mature and newly formed sheep bones. Through AFM-IR spectra and chemical maps, they could delineate the layered structure of bones and differentiate stages of bone mineralization [START_REF] Imbert | Dynamic structure and composition of bone investigated by nanoscale infrared spectroscopy[END_REF]. Their work has shown good concordance between AFM-IR and FT-IR spectra as depicted in Figure 2.10.B. Focusing on the 1200 -920 cm -1 spectral range, which corresponds to the IR signal of the bone mineral compounds (in particular inorganic phosphate groups), AFM-IR spectrum of mature bone matches the reference FT-IR bone spectrum. However, some discrepancies were observed in the absorption band shapes as with the spectrum of newly formed bone, which exhibits a more prominent shoulder at 1128 cm -1 compared to the FTIR spectrum. Some differences were also observed in the absorption band relative intensity, in particular, the protein amide I and II absorption bands at 1650 and 1530 cm -1 . The amide I absorption bands at 1650 cm -1 being more intense in AFM-IR mature and newly formed bones compared to the FTIR reference spectrum, whereas the amide II absorption bands at 1530 cm -1 were weaker in the bone AFM-IR spectra compared to the reference FT-IR spectrum. Bone and teeth are composed of Hap, which is also the most frequent phase observed in breast microcalcifications. Therefore, these studies pave the way towards breast microcalcifications characterization through AFM-IR analysis, highlighting the feasibility of investigating biological inorganic deposits using AFM-IR.

. BMCs characterization through AFM-IR analysis: mineralized bacteria as a starting model 2.3.1 . Introduction and objectives

When studying pathological calcifications within tissues using AFM-IR, three main challenges arise related to:

-The imaging: calcifications' morphology often present abrupt height variations (> hundreds of nm), which can be challenging to image -The IR signal stability: BMCs' mechanical and morphological features and the high mechanical variations between the tissue and the calcifications can compromise the stability of the AFM-IR signal when studying the tissue/calcification interface as well as the calcification itself -The interpretation of the AFM-IR signal: the signal from inorganic, mixed organic/inorganic, and crystalline objects might differ from bulk FT-IR reference spectrum (as detailed in section 2.2)

Given these complexities, before looking straightforwardly at calcifications within tissue, we implemented two intermediate steps. Firstly, an FT-IR and AFM-IR study of isolated pure calcifications that will serve as references to understand and interpret the signal obtained in mineralized tissue.

Secondly, an investigation of mineralized bacteria to evaluate the feasibility of analyzing inorganic deposits within a biological matrix with AFM-IR. Finally, we will focus on the characterization of calcification embedded in tissue and propose a tailor-made protocol for AFM-IR analysis of this kind of sample.

. Pathological calcifications FT-IR and AFM-IR reference spectra

To confirm the suitability of AFM-IR for characterizing mineralized bacteria, it is necessary to acquire AFM-IR and µFT-IR reference spectra of the expected mineral phases. Samples used for AFM-IR and µFT-IR, reference spectra measurements, comprise kidney stones with a chemical purity of at least 95% (COM, COD, CA, ACCP, Wk ks ), as well as synthetic crystals (nanocrystalline carbonated apatite -NCA, stoichiometric Hap, and whitlockite -Wk synth ). These samples were prepared as KBr pellets or directly deposited onto CaF 2 windows, as summarized in Table 2.1. Samples IR analyses using KBr pellets present some drawbacks, like the quality of the spectra that depends on the uniformity of the sample powder prepared and the grains' size, the possibility of introduction of contaminants during the process, or the likelihood of water signal in the spectra due to KBr hygroscopic nature. This strategy was, nonetheless, selected as it offers a standardized protocol for the sample studied, independently of their form (sub-millimetric powder, friable or solid millimetric stones, cf. Table 2.1). µFT-IR spectra were collected in transmission mode, and AFM-IR data were collected in contact mode. For AFM-IR measurements, spectra were recorded from three distinct regions of the KBr pellet and averaged (approximately a hundred spectra per chemical phase).

To differentiate between various calcium phosphate mineral phases, two main components are of significance: the signal originating from the orthophosphate group PO in this absorption band among different calcium phosphate species reflect local heterogeneities of the PO 4 3structure within the calcium phosphate lattice [START_REF] Rey | Resolution-enhanced fourier transform infrared spectroscopy study of the environment of phosphate ion in the early deposits of a solid phase of calcium phosphate in bone and enamel and their evolution with age: 2. investigations in the v3 po4 domain[END_REF]. For instance, in carbonated apatite, the nature of carbonate substitution influences this band [START_REF] Brangule | Importance of ftir spectra deconvolution for the analysis of amorphous calcium phosphates[END_REF]. The ν 3 asymmetric stretching of free PO 4 3ion is inherently threefold degenerated. Still, due to symmetry loss, this degeneracy can be lifted, leading to additional local maxima and intricate sub-structuring of the absorption band [START_REF] Rey | Resolution-enhanced fourier transform infrared spectroscopy study of the environment of phosphate ion in the early deposits of a solid phase of calcium phosphate in bone and enamel and their evolution with age: 2. investigations in the v3 po4 domain[END_REF].

Besides, shoulders of the phosphate absorption band at 1127 and 1110 cm -1 can suggest the presence of acid phosphate HPO 4 2substitutions in the lattice [START_REF] Spevak | Fourier transform infrared spectroscopic imaging parameters describing acid phosphate substitution in biologic hydroxyapatite[END_REF].

Regarding the carbonates, the CO 3 2ion possesses four normal vibrational modes, with three being active in IR: the asymmetric stretching (ν 3 , 1550-1410 cm -1 ), the out-of-plane bending (ν 2 , 880 -860 cm -1 ), and in-plane bending (ν 4 , 740 -680 cm -1 ) modes [START_REF] Ren | Infrared spectroscopic characterization of carbonated apatite: A combined experimental and computational study[END_REF]. The positions of the carbonate absorption band can be used to decipher CO 3 2environment in apatite, such as differentiating between carbonate substitution type (type A or B).

In the scope of BMC characterization, the ν 3 absorption bands at 1450 and 1410 cm -1 are often employed to identify carbonates within the apatite lattice. Yet, they should not be used for determining the substitution type. Ren et al. [START_REF] Ren | Infrared spectroscopic characterization of carbonated apatite: A combined experimental and computational study[END_REF], while investigating the IR signature of carbonates in synthetic apatite with controlled type A and B substitutions, highlighted that the absorption bands at 880 cm -1 (ν 2 ), 1450 and 1413 cm -1 (ν 3 ) should not be relied upon for determining substitution type, as these bands are also present in apatite with surface-adsorbed carbonates. The study instead suggests using carbonate absorption bands at 1465 and 1546 cm -1 as signatures of type A and B substituted apatite, respectively, as they are specific to these forms. However, detecting the 1546 cm -1 band can be challenging in mineralized bacteria or BMC in tissues, as it overlaps with the amide II band, emphasizing that within biological samples, carbonate absorption bands need to be analyzed with caution.

For AFM-IR measurements, given that samples were reduced to homogeneous fine grains, the tip presumably interacts with grains with isotropic spatial orientations, which mitigates issues that can arise when working with orientated objects, as discussed in section 2.2. Consequently, the AFM-IR and µFT-IR spectra for COM, COD, and ACCP are consistent both in terms of absorption band positions and intensity. Slight discrepancies can be observed in CA spectra, particularly regarding the relative intensities of the absorption bands at 1040 cm -1 and 1450 -1430 cm -1 . These variations could result from experimental artifacts or chemical heterogeneities within the kidney stone. Similarly, minor variations are noticeable in the relative intensity of local maxima within the synthetic Wk's phosphate µFT-IR spectra (dark blue curves) were measured in transmittance mode using a Vector 22 spectrometer from Bruker between 4000 and 400 cm -1 with a 4 cm -1 spatial resolution, or with Lumos infrared microscope from Bruker over the 4000 -600 cm -1 spectral range and a spatial resolution of 4 cm -1 . AFM-IR spectra (light blue curves) were measured in contact mode over the 1900 -900 cm -1 spectral range with a 1 cm -1 spectral resolution. A baseline correction and vector normalization were applied to both µFT-IR and AFM-IR spectra. In the graph, the area highlighted in orange corresponds to the spectral range associated with phosphate ions' vibrational modes, and the areas highlighted in blue/green to spectral regions related to the carbonates signal. On the right, a zoom of the 1200 -900 cm -1 spectral range is shown for a better view of the calcium phosphate species structure of the ν 3 phosphate absorption band. Main absorption bands are annotated with letters and reported with their attribution in Table 2.2.

band, spanning from 1200 to 900 cm -1 , although the positioning of this absorption band local maxima remains unchanged. Overall, AFM-IR spectra are in good alignment with µFT-IR spectra.

In Table 2.2, we indexed principal absorption bands for each species and technique and proposed a chemical attribution. This proposition is subject to discussion. Many publications explored IR spectra of calcifications [START_REF] Legeros | Two types of carbonate substitution in the apatite structure[END_REF][START_REF] Gibert-Jouve | Caractérisation du tissu osseux par spectrométrie d'absorption infrarouge[END_REF][START_REF] Gadaleta | Fourier transform infrared spectroscopy of the solution-mediated conversion of amorphous calcium phosphate to hydroxyapatite: New correlations between x-ray diffraction and infrared data[END_REF][START_REF] Bailey | Fourier transform infrared spectroscopy and characterisation of biological calcium phosphates[END_REF][START_REF] Destainville | Synthesis, characterization and thermal behavior of apatitic tricalcium phosphate[END_REF][START_REF] Michelot | Spectroscopic characterisation of hydroxyapatite and nanocrystalline apatite with grafted aminopropyltriethoxysilane: nature of silane-surface interaction[END_REF][START_REF] Petit | Vibrational signatures of calcium oxalate polyhydrates[END_REF][START_REF] Shippey | Vibrational studies of calcium oxalate monohydrate (whewellite) and an anhydrous phase of calcium oxalate[END_REF], but due to their complexity, absorption band attribution and interpretation are not consensual. Indeed, the spectra presented in Figure 2.11 are challenging to interpret as any variation of the mineral crystallinity state or chemical substitution in the crystal lattice results in spectral variations, like absorption band maxima shift, shoulder emergence, or absorption bandwidth variations. Furthermore, as biological calcifications are prone to impurities and/or the presence of trace elements, spectral variations such as band shifts and emergence of additional absorption bands/shoulders are also expected, thereby complicating the interpretation process. 2.11 characteristic absorption bands and their attributions [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF][START_REF] Legeros | Two types of carbonate substitution in the apatite structure[END_REF][START_REF] Gibert-Jouve | Caractérisation du tissu osseux par spectrométrie d'absorption infrarouge[END_REF][START_REF] Gadaleta | Fourier transform infrared spectroscopy of the solution-mediated conversion of amorphous calcium phosphate to hydroxyapatite: New correlations between x-ray diffraction and infrared data[END_REF][START_REF] Bailey | Fourier transform infrared spectroscopy and characterisation of biological calcium phosphates[END_REF][START_REF] Destainville | Synthesis, characterization and thermal behavior of apatitic tricalcium phosphate[END_REF][START_REF] Michelot | Spectroscopic characterisation of hydroxyapatite and nanocrystalline apatite with grafted aminopropyltriethoxysilane: nature of silane-surface interaction[END_REF][START_REF] Petit | Vibrational signatures of calcium oxalate polyhydrates[END_REF][START_REF] Shippey | Vibrational studies of calcium oxalate monohydrate (whewellite) and an anhydrous phase of calcium oxalate[END_REF]. Absorption bands are indexed according to their maxima or local maxima wavenumber, and letters refer to the letter legend in Figure 2.11 (with the same color code). ν and δ refer to stretching and bending mode, respectively. ν sym , and ν asym stand for symmetric and asymmetric stretching modes. In () are specified the vibrational mode chemical groups involved. For ACCP, absorption bands annotated with the star * were unexpected and might suggest the presence of impurities.

. Bacterial mineralization

Bacterial mineralization is a well-known phenomenon in both geology [START_REF] Schultze-Lam | Mineralization of bacterial surfaces[END_REF][START_REF] Terry | Role of cellular design in bacterial metal accumulation and mineralization[END_REF] and medicine [START_REF] Michel Daudon | Urinary tract infection inducing stones: some clinical and chemical data[END_REF]. Notably, bacteria play a pivotal role in forming infectious kidney stones. Urinary tract infection can be triggered by the presence of several bacterial strains, for example, Proteus mirabilis, Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus faecalisor Escherichia coli. Depending on the bacteria's metabolic and enzymatic activities, they can induce biomineralization of different species, such as magnesium ammonium phosphate, calcium oxalate, or calcium carbonated phosphate species [START_REF] Michel Daudon | Urinary tract infection inducing stones: some clinical and chemical data[END_REF].

The study of kidney stone is of primary importance as it concern between 8 to 10% of the population [235], and that is why a few studies have delved into the mechanism driving bacterial mineralization to understand the formation of infectious kidney stones. For instance, Marine Livrozet's PhD thesis explored the processes of bacterial mineralization in urine as a model for infectious stones in kidneys [236]. Her work highlighted a close relationship between bacterial mineralization and bacteria enzymatic activity, and particularly phosphatase activity. Phosphatase is a family of enzymes that catalyze the hydrolysis of organic phosphates -such as glucose or glycerophosphate -releasing orthophosphate HPO 4 2and carbonated ions into the extra-cellular medium. The increasing concentration in the vicinity of the bacteria, ultimately, entails supersaturation of these ions, resulting in the precipitation of calcium phosphate species like ACCP and Hap.

Thanks to a close collaboration with Tenon Hospital physicians, more specifically Dr. Jeremy Zaworski and Pr. Emmanuel Letavernier, we were able to investigate E. coli mineralization, at the bacterial level, over a 24-hour culture period at the bacterial level using AFM-IR. The objectives were to demonstrate the feasibility of characterizing biological calcifications using AFM-IR and study mineral deposits' formation and temporal evolution at the individual bacteria level. In the scope of this study, bacterial mineralization experiments were conducted using E. coli IAI1 bacterial lab strain. IAI1 is a gram-negative bacterial strain without urease activity and is recognized for its rapid mineralization activity under specific culture conditions.

. Sample preparation and methodology

Bacterial Culture and sample preparation -Bacteria were initially stored at -80°C. After thawing, bacteria were propagated in 10 ml of Luria-Bertani (LB) medium for two days at 37°C under agitation at 180 rpm. Following this incubation period, bacteria were re-sown at an initial concentration of 10 8 cells/mL in either LB (control medium) or human urine (mineralizing medium). Both sets of cultures were incubated at 37°C under continuous agitation at 180 rpm. Aliquots were collected after 0 and 6h for controls and at 4h, 6h, and 24h for bacteria in the mineralizing medium. For each condition and time point, 500 µl of bacterial culture medium were harvested, rinsed, and fixed according to the following protocol:

1. The bacteria suspension was centrifuged at 7500 rpm for 6 min at 4°C. The supernatant was removed, and the pellet resuspended in 1 ml of phosphate-buffered saline (PBS). This step was repeated twice.

2. Following the latter PBS wash, the supernatant was withdrawn, and the pellet resuspended in 5 ml of 2.5% glutaraldehyde in PBS and left at room temperature for 12 minutes.

3. Subsequently, bacteria were centrifuged at 7500 rpm for 6 min and washed 4 times sequentially with 1 ml of PBS, 1 ml of 50:50 PBS in deionized water, 1ml of 25:75 PBS in water, and lastly in 1 ml of water.

Post-washing, bacterial pellets were resuspended in 2 ml of water. A 2 µl droplet was then deposited on a CaF 2 windows and dried.

AFM-IR measurements and data preprocessing -AFM-IR measurements of the control samples and mineralized bacteria at 4h were made using a NanoIR2 system (Anasys Instrument), while mineralized bacteria at 6 and 24h were analyzed using an IconIR system (Bruker). All AFM-IR measurements were carried out in contact mode, with a gold-coated cantilever with a 0.2 N/m spring constant (Budget Sensors) and using the cantilever 4 th resonance frequency (∼ 1.2 MHz). AFM-IR spectra were acquired over the 1900 -900 cm -1 spectral range, with a 1 cm -1 spectral resolution and 4 co-averaged spectra per point. Prior to analysis, spectra were pre-processed through a rubber-band baseline correction and vector normalization (Quasar software). AFM-IR topographies and chemical maps were treated using MountainMap 9.2 Software. Topographic images were plan-fitted, and IR maps were corrected by the laser power coefficient.

. Bacteria mineralization over time: an AFM-IR study

To investigate the progressive mineralization of IAI1, AFM-IR measurements were executed on fixed bacteria following 4, 6, and 24h of culture in the mineralizing medium. For each time point, three distinct regions of interest (ROI) of the deposit were selected for analysis, encompassing either isolated bacteria or bacterial aggregates. Figure 2.12 presents an AFM topography of isolated bacteria for each time condition and the mean spectrum measured on three ROIs.

From a morphological standpoint, isolated bacteria subject to mineralizing conditions don't exhibit distinctive surface features compared to control ones. According to the topography images presented in Figure 2.12, a subtle variation in dimension might be observed as mineralized bacteria appear less homogeneous in terms of length and width compared to their control counterparts.

From a spectral point of view, mineralized bacteria exhibit very distinctive IR spectra compared to control bacteria. For all bacteria -cultivated in both control and mineralizing media -intense amide I and II absorption bands are observed at 1655 and 1540 cm -1 associated with the bacteria proteins C=O stretching and N-H bending vibrational modes. Looking at the other side of the spectral range, between 1150 and 900 cm -1 , control bacteria present a large and weak absorption centered at 1080 cm -1 associated with the organic phosphate stretching mode. In contrast, mineralized bacteria possess a medium to intense absorption band centered between 1040 and 1030 cm -1 . These spectral discrepancies between control and mineralized bacteria point towards the presence of calcium phosphate deposits.

Besides, bacteria IR spectra evolve significantly from 4h to 24h of incubation time. After 4h in a mineralizing medium, bacteria present a broad and feeble absorption band, growing into a more intense and structured band with time. Comparing those spectra with calcification reference spectra, after 4h and 6h hours of culture, mineralized bacteria spectra closely resemble to ACCP, while after 24h of mineralization, bacteria present a distinctive absorption band with a local maximum at 1030 cm -1 and a shoulder spanning from 1060 to 1120 cm -1 : structure akin to Hap spectral signature. These experimental observations align with underpinning biological phenomena. Indeed, the metabolic activity of IAI1 releases PO 4 3ions that accumulate in the bacteria adjacent extra-cellular environment, concentration progressively increasing until eventually reaching the supersaturation threshold and precipitating under the form of ACCP calcium phosphate deposits, which is a precursor of Hap [START_REF] Lotsari | Transformation of amorphous calcium phosphate to bone-like apatite[END_REF][START_REF] Xie | Tracking amorphous precursor formation and transformation during induction stages of nucleation[END_REF][START_REF] Sakae | Historical review of biological apatite crystallography[END_REF].

The results shown in Figure 1.12 correspond to the global signal measured per condition, but the strength of AFM-IR lies in its ability to look at a single bacterium. Figure 2.13 presents one of the three ROIs analyzed for IAI1 after 24h of mineralization. This is a square ROI of 20 µm in width, which, in conventional µFT-IR (as discussed in section 1.1.3.1), would correspond to the equivalent of 1 to 4 pixels. The AFM topography shows a bacterial aggregate. Within this area, 39 local spectra were acquired, and the mean spectrum (Figure 2.13.B) emphasizes the presence of Hap. However, the spectral dispersion is high within the ν 3 phosphate region. A principal component analysis (PCA) based on the IR signal of the 1150 -900 cm -1 spectral range was subsequently calculated to investigate further that spectral diversity. The first principal component (PC1, brown curve in Figure 2.13.C) highlights that the most important variation lies within the absorption band centered at 1027 cm -1 . When examining spectra with a positive PC1 score (Figure 2.13.D), they indeed exhibit a weaker absorption band centered at 1027 cm -1 compared to spectra with negative scores. This decrease in the calcification phosphate band intensity coincides with an increased protein signal, with more intense amide I and II absorption bands. This suggests that PCA's first component reflects variations in mineralization rates among bacteria. Focusing on the second principal component (PC2, green curve in Figure 2.13.C), the PC2 underscores an inverse correlation between the phosphate absorption band at 1024 cm -1 (shifted of 3 cm -1 of compared to PC1) and the shoulder at 1070 cm -1 . Spectra with positive PC2 scores (Figure 2.13.E) indeed exhibit a pronounced and well-defined absorption band centered at 1024 cm -1 , associated with an increase in the signal at 1450 cm -1 (which may indicate an increase in carbonate content), and an absorption band at 1590 cm -1 . In contrast, spectra with negative PC2 scores display a broader phosphate absorption band alongside a more intense protein signal. Thus, the PC2 seems to reflect variations in calcification maturation -from ACCP to Hap -between bacteria. A more advanced mineralization stage aligns with a sharper phosphate absorption band -which typically outlines an increase in mineral crystallinity -hence suggesting differences in the degree of calcium phosphate maturation across bacteria. Looking at the local spectra of isolated bacteria (Figure 2.14), a notably distinct signal emerged compared to the signal observed on the bacterial aggregate (Figure 2.13). The local spectra of isolated bacteria closely resemble the one of ACCP. This observation implies that the mineralization kinetics of isolated bacteria might significantly differ from those of their aggregated counterparts. With time, bacterial division, and growth, E. coli tends to form biofilms and/or aggregates [START_REF] Beloin | Escherichia coli Biofilms[END_REF]. This may affect the mineralization process as a high concentration of bacteria within a confined volume impacts local ion concentrations, influencing the precipitation of inorganic deposits. Moreover, bacterial aggregation provides a larger effective surface area, promoting mineral nucleation and growth. Besides, extracellular polymeric substances produced by bacteria [START_REF] Hufnagel | The biology of the escherichia coli extracellular matrix[END_REF] -which are responsible, among others, for bacterial cohesion and adhesion -can also serve as a scaffold for mineral nucleation and growth [START_REF] Zorzetto | Induced mineralization of hydroxyapatite in escherichia coli biofilms and the potential role of bacterial alkaline phosphatase[END_REF][START_REF] Azulay | Biopolymers from a bacterial extracellular matrix affect the morphology and structure of calcium carbonate crystals[END_REF]. As a result, within the same time frame, bacterial aggregate and isolated bacteria can have very distinctive mineralization advancement: which can explain why 24h IAI1 bacterial aggregates display Hap-like spectra (Figure 2.13), while in contrast, isolated bacteria exhibit spectra characteristic of ACCP (Figure 2.14).

In addition to local spectra analyses (Figures 2.13 and 2.14), bacteria chemical imaging could contribute to exploring the distribution of calcified deposits on the bacterial surface and even potentially pinpoint nucleation sites. For the three isolated bacteria already presented in Figure 2.14, chemical maps at 1660 cm -1 and 1070 cm -1 -primarily corresponding to the bacteria amide I band and the calcification phosphate band -were acquired (Figure 2.15). Both chemical maps exhibit regions within the bacteria where the IR signal approaches zero. Looking at the phase signal, measured simultaneously of the chemical maps, the absence of IR signal coincides with phase loss. As already discussed in section 2.1.2.2, there are three main reasons for the loss of the phase signal:

-Sample lack of absorption: the cantilever does not oscillate -Significant height variations that affect the cantilever deflection and the IR signal detection -Severe mechanical variations inducing shifts of the cantilever contact resonance and loss of the IR amplitude and phase signals

In our case, the loss of signal is unlikely due to a lack of IR absorption, as even non-calcified bacteria exhibit residual absorption between 1120 and 1030 cm -1 , while pure calcifications also display an absorption band within the amide I region (Figure 2.12). Therefore, a minimum of IR signal is expected for both chemical maps. Substantial topographical variations, particularly steep height variations along the bacterial edges, can disrupt the cantilever contact resonance and cause signal loss. According to the topography images and extracted profile sections (Figure 2.15.C), bacteria are about 500 nm thick, which isn't problematic for topographical imaging but might impact chemical imaging. However, modifying the scanning angle of the IR map should solve, or at least alleviate, the problem. Yet, comparing IR maps obtained with 0°and 90°scanning angles (Figure 2.15 A and B) doesn't alter the position where the signal loss occurs, thereby ruling out topographical variation as the primary cause of the IR signal loss. Therefore, after a thorough evaluation of the possible factors contributing to the signal loss and by process of elimination, it becomes apparent that a prominent mechanical variation contribution-potentially amplified by topographical fluctuations-is responsible for the observed signal loss. Indeed, spectra acquired within these objects (Figures 2.14 and 2.16) present characteristic absorption bands of ACCP. The local distribution of calcifications (rough mineral deposits) on the bacteria surface (soft organic material) might induce too important mechanical variations that cannot be corrected by the usage of PLL during chemical imaging.

By excluding localized areas where the IR signal cannot be reliably monitored, AFM-IR still offers the opportunity to investigate the precise locations where bacterial mineralization nucleation occurs on the bacterial surface. For instance, Figure 2.16 presents the 1070 cm -1 to 1660 cm -1 ratio of IR maps zoomed in on a single bacteria and highlighting hot spots of calcification signal within the bacteria.

The signal observed in this chemical map is consistent with local IR spectra (Figure 2.16.C), demonstrating the robustness and feasibility of investigating such phenomena using AFM-IR. Forthcoming, we can imagine a more advanced study focusing on mineralization at the bacterial membrane level. Indeed, as measurements were conducted in contact mode, the possibility of implementing the surface-sensitive mode (a new contact-based AFM-IR mode probing the first dozens of nm of the sample's surface only [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF]) can be explored, thus offering new perspectives for bacterial mineralization exploration. The AFM-IR analysis of mineralized bacteria presented in this section provides promising preliminary results. The IR signal from both local spectra and chemical maps was shown to be consistent. Using AFM-IR, we were able to highlight the progression of calcium phosphate deposits over time and pinpoint localized disparities in mineralization, maturation, and crystallization rates among individual bacteria. Furthermore, we illustrated the feasibility of employing AFM-IR for chemical imaging of mineralized bacteria despite the difficulty of imaging mechanically heterogeneous samples. The area 1660 cm -1 ratio of the area highlighted with the red rectangle in A). IR maps were recorded with an active PLL and 6 nm pixel width. C) Local AFM-IR spectra measured at the location indicated by the color-coded squares on B). The 1210 and 1190 cm -1 spectral range, highlighted by the light gray frame, cannot be interpreted in these specific spectra, as with the parameters of the laser used for this measurement, it corresponds to the discontinuation between two chips of the IR laser where the power falls to 0.

analyzed in that regard needs to be carefully chosen as experimental artifacts might be present. Bacteria are usually easy samples to analyze in AFM-IR. The difficulties in measuring IR maps that convey accurate chemical information rather than unintended topographical or mechanical artifacts underscore the inherent challenges of studying organic/inorganic samples (e.g., high stiffness contrast) at the nanometer scale.

. From mineralized bacteria to mineralized tissue

Investigating abnormal inorganic deposits directly in tissue is more than relevant from a medical point of view, as it offers the potential to juxtapose the tissue's histopathological history with the deposits' physicochemical attributes. Nonetheless, the investigation of tissues, whether mineralized or not, using AFM-IR remains limited due to the inherent complexity of the samples. The first measurements on mineralized tissues performed during this thesis were conducted in mice kidney papillas featuring kidney stones. Those experiments were conducted in collaboration with Dr. Elise Bouderlicque and Pr. Emmanuel Letavernier from Tenon Hospital, as part of a project investigating the formation of Randall's plaques in mice models. This project played a crucial role in refining the AFM-IR protocol for characterizing mineralized tissues. Both mice kidney tissue and breast tissue share a comparable hemstitched tissue architecture, as shown in Figure 2.17. Architecture enriched with calcifications/kidney stones adding a supplementary layer of intricacy to the overall tissue morphology heterogeneity. For instance, in the mice kidney papilla presented below, the tissue contained isolated and aggregated nano-spherules of apatite as depicted wit the red arrows in Figure 2.17.C.

. AFM-IR for biological tissue analysis

Studies reporting AFM-IR analysis directly within tissues remain quite rare to this day. This scarcity is likely due to the intricate nature of working with biological tissue, which necessitates a high degree of skill in both sample preparation and experimental execution. AFM-IR is especially suited for the examination of nanometric, thin, and flat samples. Consequently, dealing with macroscopic biological tissues entails thorough sample preparation, usually involving micro or ultra-microtomy at either room or cryogenic temperature. Over the years, few research groups have demonstrated the feasibility of conducting AFM-IR experiments directly within biological tissues and the relevance from a biomedical standpoint. For instance, Paluszkiewicz et al. [START_REF] Paluszkiewicz | Differentiation of protein secondary structure in clear and opaque human lenses: Afm -ir studies[END_REF] utilized a top-down AFM-IR setup in contact mode to analyze the secondary structure of proteins in both healthy and cataractous human lenses. Employing a bottom-up system in contact mode, Bildstein et al. [START_REF] Bildstein | Discrete nanoscale distribution of hair lipids fails to provide humidity resistance[END_REF] investigated the distribution of lipids in hair sections; while using the same system, Kemel et al. [START_REF] Kemel | Nanoscale investigation of human skin and study of skin penetration of janus nanoparticles[END_REF] were able to depict nanoparticle penetration in human skin sections. Kidney tissue research has also garnered considerable interest. Esteve et al. [START_REF] Esteve | Nanometric chemical speciation of abnormal deposits in kidney biopsy: Infrared-nanospectroscopy reveals heterogeneities within vancomycin casts[END_REF], utilizing a bottom-up illumination AFM-IR configuration in contact mode, were able to identify vancomycin casts in a human kidney section; while using a top-down illumination configuration system in contact mode, Bazin et al. [START_REF] Bazin | Cystinuria and cystinosis are usually related to l-cystine: Is this really the case for cystinosis? a physicochemical investigation at micrometre and nanometre scale[END_REF] were able to successfully differentiate cystine and cysteine crystals in a human kidney section. Based on this work, the objective is to implement AFM-IR on mineralized tissue using a top-down illumination configuration.

. Mineralized tissue characterization at the nanoscale thanks to AFM-IR: protocol optimization

Contact AFM-IR is the most straightforward acquisition mode to implement and is suitable for various tissue applications, but proved to be inadequate for mice tissues due to the tissue's structure, surface texture, and softness. The permanent contact between the tip and the sample's surface during scanning led to unintended scratching and material removal: hindering a precise surface description and acquisitions, which were also associated with fast alteration of the tip. Consequently, transitioning to tapping AFM-IR was necessary to make tissue imaging possible. Figure 2.18 shows topography images of spherical nanoparticles of apatite within a mouse kidney (similar to the calcifications presented in the high magnification SEM image in Figure 2.17.C) in both contact and tapping modes, illustrating the inadequacy of contact AFM-IR for accurately imaging calcifications in kidney tissue.

Using tapping AFM-IR addressed the difficulty of delicate sample imaging. Notwithstanding, the main system during my PhD was a NanoIR2 system (Anasys Instrument): a system that does not offer PLL (or chirp) for the tapping mode. Yet, when working with mineralized tissues: materials featuring substantial height and mechanical variations, using a PLL becomes indispensable to mitigate mechanical and topographic artifacts. For example, Figure 2.19 presents the resonance frequencies measured at different locations on a silicate mineral, and we observed significant frequency shifts from one location to another (Figure 2.19.A): contact resonance frequency shifts that can reach more than a hundred kHz (Figure 2.19.B). Monitoring such variations during measurements -for both IR maps and local spectra -is crucial. If the laser frequency is offsetted compared to the cantilever resonance frequency, it will lead to a loss of AFM-IR signal enhancement (Figure 2.6.B), resulting in poor signal-to-noise ratio spectra and IR maps that don't reflect the sample's actual chemical distribution. To circumvent that limitation, we established an alternative strategy that entails imaging the sample topography in tapping mode to locate and identify the objects of interest and transitioning to contact mode to acquire local spectra. In contact mode, both the chirp and PLL can be used to address the resonance shift and measure meaningful local AFM-IR spectra. However, it is essential to note that both the PLL and chirp can monitor the contact resonance over a frequency range covering about 100 kHz maximum. For extreme variations -such as the ones presented in Figure 2.19 -the PLL and chirp won't be able to track efficiently the contact resonance. In that case, measuring the spectra by checking manually the contact resonance frequency at each location can be an alternative.

Tapping AFM-IR requires the usage of a cantilever of higher spring constant compared to contact AFM-IR. To enable the switch from one mode to the other without changing the tip and losing the position of interest, AFM-IR measurements were conducted using soft-tapping cantilevers with a 3 N/m spring constant, suitable for tapping mode imaging and contact mode spectra acquisition. If the region of interest exhibited relatively minor mechanical variations, tapping IR chemical maps could also be acquired. Figure 2.20 illustrates our experimental approach coupling tapping and contact AFM-IR and demonstrates its suitability for tissue and calcification analysis. N.B: The implementation of this experimental strategy lies in the lack of a PLL system for the tapping mode on the NanoIR2 system that I used for the majority of my measurements. Some specific experiments in Chapter 4 were done using an IconIR system (Bruker), the latest commercial system which has a very efficient double PLL for the tapping mode. A first PLL tracks the resonance of the driving mode, and a second PLL tracks the resonance of the mode used for the IR detection. In that case, both the imaging and spectra were acquired using a single mode: either contact or tapping AFM-IR (cf. Chapter 4, Table 4.3).

. Conclusion

This chapter focused on AFM-IR, giving an overview of its theoretical and instrumental aspects, along with its application to mineralized biological samples. Over the years, several illumination configuration setups (bottom-up and top-down) and acquisition modes have been developed, making AFM-IR a versatile technique applicable to a broad range of applications. The two most common acquisition modes are contact and tapping modes, which have their own strengths and drawbacks. Contact AFM-IR is a straightforward and easy-to-use acquisition mode. However, contact AFM-IR encounters limitations when working with soft or little adherent samples, with risks of sample surface scratching, material removal, or materials displacement during scanning. Tapping AFM-IR is an alternative acquisition mode that addresses those limitations. Tapping AFM-IR is a dynamic mode based on the intermittent contact between the tip and the sample, reducing shear forces compared to the contact mode and making it suitable for sensitive or poorly adherent sample analysis. However, tapping AFM-IR relies on generating a non-linear interaction between the cantilever resonance frequency used for the tapping mode and the resonance frequency used for the IR detection. Because the contact resonances of the cantilever are strongly influenced by the sample's mechanical properties and the tip/surface interaction, tapping AFM-IR requires meticulous fine-tuning of the acquisition parameters and can be slightly more challenging to implement than contact AFM-IR.

The second half of this chapter was dedicated to the feasibility of using AFM-IR for biological calcification chemical characterization. AFM-IR analysis of inorganic and crystalline objects poses difficulties due to their unique properties. Such samples can be highly orientated objects with unique optical and thermal properties that will dictate their photothermal response when illuminated by IR light and, therefore, affect the AFM-IR signal. Using mineralized bacteria as a model, we demonstrated the potential of AFM-IR for studying biological calcifications. Indeed, experimental spectra were in good alignment with µFT-IR and AFM-IR reference spectra. Besides, we successfully monitored the calcification signal over time in individual bacteria, identified the presence of different calcification species, and revealed differences in mineralization rate and calcium phosphate maturation.

Building on these results, we extended AFM-IR applications to mineralized tissue. Investigating calcification in mice kidney papillas, we emphasized how AFM-IR measurements in mineralized tissue are intricate. The softness of the tissues associated with the surface rugosity and hemstitch architecture were unsuitable with contact AFM-IR imaging. These imaging difficulties were addressed by switching to the tapping mode. Still, new challenges arise due to the tissue's strong topographical and mechanical heterogeneities, leading to unstable AFM-IR signals. To mitigate the mechanical and topographical contributions in the signal resulting from shifts of the contact resonances, the stability of the tapping AFM-IR signal can be assured by using, like in contact mode, a PLL. However, such phase locking loop tracking the resonance phase shift during scanning is not implemented on all commercial systems. We bypassed that issue by implementing a hybrid approach that combines both tapping and contact mode. The tapping mode is used for the sample imaging (topography and, when feasible, IR maps), while the contact mode is employed for the IR spectra acquisition. Although this strategy is less direct than using a single mode for both chemical imaging and spectra measurements, this approach proved to be effective for successfully conducting AFM-IR analysis, independently of the tissue complexity.

-Breast microcalcifications characterization: strategy and protocols for multimodal and multiscale analysis using scanning electron microscopy, infrared microscopy, and infrared nanospectroscopy

Breast microcalcifications are mineral deposits that vary in size from a few nanometers to a millimeter. Chapter 1 acknowledged the various characterization techniques used to investigate BMCs' chemical properties and whether they are linked to breast pathologies -notably breast cancer -or bystander phenomena. Those techniques encompass elemental analysis, such as X-ray fluorescence spectroscopy, structural methods like X-ray diffraction, and chemical speciation techniques, like IR and Raman spectroscopy. These studies outlined possible connections between the BMCs' physicochemical properties and breast pathologies; however, the mechanisms behind mineralization remain to be fully clarified. To get a better understanding of BMCs' structure and formation process, BMC's chemical description at the nanoscale would be valuable. Yet, because of experimental and instrumental limitations, most of these studies focused on calcifications of a dozen micrometers in size or larger and looked at BMCs' mean signal rather than investigating BMCs' physicochemical heterogeneities. Indeed, for BMCs' chemical specification, Raman and IR spectroscopy are the two most frequently used methods. Still, Raman lateral spatial resolution extends to the micron range, whereas µFT-IR microspectroscopy is limited to a dozen microns: thus restricting the BMCs minimal size studied and hampers the in-depth chemical description of individual BMCs. For BMCs' fine analysis, we have designed a protocol for BMCs AFM-IR characterization, which offers chemical insights at a spatial resolution of approximately a few tens of nanometers. Nonetheless, as the spatial resolution improves, the usual trade-off is a reduced field of view. In the context of AFM-IR, the scanning area can span between a few hundred nanometers to ∼ 80 micrometers (Figure 3.1). Considering the size of breast samples (a few millimeters to the centimeter range) and the broad spectrum of BMCs sizes, focusing solely on a few dozen microns doesn't capture the complete representation of the entire sample: thus, there is a need for both a global and fine analysis approach.

Our strategy consists of implementing IR spectroscopy at both the micro and nanometric levels to provide a global overview of BMCs composition -using conventional µFTIR spectroscopy -and a fine analysis thanks to AFM-IR (Figure 3.1). Besides, our approach aims to pair this chemical information with BMCs' morphological and histopathological description using SEM and H&E histopathological staining. In this chapter, we provide the detailed experimental protocol to implement SEM, µFT-IR, and AFM-IR on a single sample and outline the subsequent steps in processing the data to effectively analyze and contextualize the results obtained across the different methods. 

. Experimental strategy

Below, we introduce a multimodal and multiscale strategy for morphological and chemical characterization of microcalcifications within breast tissue. Our workflow is subdivided into 8 steps as defined and summarized in Figure 3.2.

To begin, samples are prepared from formalin-fixed and paraffin-embedded (FFPE) breast biopsies or surgical resections at the Department of Pathological Anatomy and Cytology of René Dubos Hospital in Pontoise (step 1). From the FFPE blocks, consecutive sections are sliced: one section is placed onto a glass microscope slide for H&E staining and histopathological analysis (step 2), while the following section is deposited onto an IR-compatible substrate for multimodal analyses (e.g., SEM, µFT-IR, and AFM-IR: steps 3 to 6). It is important to note that steps 3 to 6 are all performed on the same section/sample to ensure that the object characterized across the different techniques is consistently identical. First, to identify and locate BMCs within the tissue section and obtain an initial description of BMCs' morphology, SEM analysis is performed (step 3). Then, the sample (or the most relevant identified area) is chemically imaged using µFT-IR (step 4). Subsequently, nanometric BMCs that have been pinpointed and located using SEM, or those of micrometric size exhibiting noteworthy morphological attributes on SEM micrographs and/or showcasing heterogeneous signals in µFT-IR, undergo further analysis at the submicrometric level using AFM-IR (step 5). If high-magnification SEM micro-graphs of the region analyzed in AFM-IR weren't captured in step 3, an additional SEM analysis could be performed (step 6). Once steps 3 to 6 are completed for a specific region of interest (ROI), the collected data can undergo pre-processing (step 7) before analysis and interpretation (step 8). The data pre-processing phase entails two main aspects. On the one hand, it involves preparing the spectral data for analysis, which includes cleaning the dataset, correcting spectra baseline effects, and normalization. On the other hand, it encompasses registering all images acquired with different setups. This latter step aims to align and overlay images acquired with different techniques, ensuring that corresponding features in the images accurately match each other. Overall, step 7 aims to make sure that IR spectra and chemical and morphological images can be analyzed meaningfully. Finally, after spectra pre-processing and image registration, the data are ready for analysis (step 8) at the sample level (comparing the homogeneity and heterogeneity of the signal at the micro and nanoscale) and across the entire set of samples included in the study. In particular, principal component analysis (PCA) will be used to compare BMCs' spectral signature across samples and pathology at the micro and nano scales (cf. Chapter 4). The protocol proposed here was designed on an initial dataset of 10 samples from patients diagnosed with benign rearrangements (n=3), DCIS (n=3), or IDC (n=4) (Table 3.1). All samples presented microcalcifications on the initial histopathological analysis conducted for the clinical diagnosis. Historically, working in close collaboration with Tenon Hospital Department of Nephrology on deposits in the kidney -department, which uses daily IR spectroscopy as a diagnosis tool -FT-IR measurements were conducted on samples deposited on low-e slides. Low-e slides are glass microscope slides with a metallic coating enabling IR spectroscopy in transreflectance mode. Their dimension, comparable to standard glass microscope slides, makes them easy to handle during sample preparation and measurements for clinical routine analysis compared to other IR spectroscopy substrates like CaF 2 or ZnSe windows (which are also more expensive). Hence, an initial set of samples was prepared on such low-e slides. However, measurement in transreflectance mode presents many downsides, which were first introduced in Chapter 1 (section 1.1.3.1) and will be further detailed in section 3.2.1.3.

To address transreflectance drawbacks, a second batch of samples was prepared using CaF 2 windows, as summarized in Table 3 Table 3.1: Presentation of the dataset. Samples were named according to their clinical diagnosis: "Ct-" for benign/control samples, and "DCIS-" and "IDC-" for patients diagnosed with DCIS and IDC, respectively. For each sample is indicated the nature of the sampling (SE: surgical excision, B: biopsy, T: tumorectomy), the pathology (DE: ductal ectasia, M: mastopathy, DCIS: ductal carcinoma in-situ, and IDC: invasive ductal carcinoma) and the sample's substrate.

. Multiscale and multimodal analysis: methods and protocols

The following section describes the detailed experimental methodology for BMCs SEM, µFT-IR, and AFM-IR analyses, and provides a pre-processing pipeline of the resulting data: an essential step towards robust data mining and results interpretation.

. Experimental methodology

. Breast tissue section preparation

Breast biopsy and surgical resection samples were acquired from René-Dubos Hospital in Pontoise in compliance with the Declaration of Helsinki. The Department of Pathological Cytology and Anatomy prepared both the histopathological slides and breast tissue deposits for the characterization of BMCs as follows.

From the FFPE block, a ruban of two sequential sections measuring 5 µm in thickness was microtomed. One section was deposited onto a glass microscope slide, while the second section was placed on an IR spectroscopy compatible substrate: either low-e microscope slide (mirrIR low-e microscope slide, Kevley technologies) or CaF 2 windows ((111) ∅ 25 mm x 1 mm, Crystal GmbH) (cf. Table 3.1). Those latter were meticulously cleaned beforehand by being first immersed in an absolute ethanol ultrasonic bath and then using optical paper and a 50:50 absolute ethanol and methanol mix. After deposition, both sections were allowed to dry in an oven at 40°C for 2 hours to ensure secure adhesion of the sections to the substrates. Thereafter, sections were deparaffinized into two consecutive 1h xylene baths and dried at room temperature. Finally, the glass microscope slide underwent hematoxylin and eosin (H&E) staining [START_REF] Fischer | Hematoxylin and eosin staining of tissue and cell sections[END_REF], while the section deposited on low-e slide or CaF 2 window was stored in a UVprotected sample box storage under dry air atmosphere until further use.

→ Critical points: Despite the microtome cutting thickness being set to 5 µm, due to the presence of calcifications, the knife can be deviated during sectioning, leading to thickness heterogeneity within sections. Besides, it is important to mention that the sectioning process often fragments large calcifications (∅ > ∼ 10 µm). Moreover, the extracellular matrix cannot be studied using this protocol due to the fixation of the biopsy, its embedding in paraffin, and subsequent paraffin removal processes. These steps alter the organic matrix by removing tissue lipids and potentially leaving paraffin residue behind.

. Scanning electron microscopy characterization

SEM measurements were performed using a Gemini Supra 55 VP (Zeiss) scanning electron microscope. Slides were fixed on SEM specimen stubs using carbon tape and placed within the SEM chamber. In order to apply SEM, µFT-IR, and AFM-IR on the same sample, no metallic coating was applied. Instead, micrographs were acquired under primary vacuum, at low voltage, and using an SE2 detector (cf. section 1.1.1.2). In that regard, the diaphragm was set to 30 µm x 30 µm, the beam energy was fixed to 1 kV, and the sample was brought to a 4 mm working distance from the beam. The astigmatism and wobble were optimized according to these parameters until reaching high-resolved and stable imaging. The advantage of using SE2 rather than a BSE detector is that SE2 images provide more details about the surface roughness and morphology (cf. section 1.1.1.2), which are essential features to consider for AFM-IR measurement feasibility.

Once the parameters are appropriately fine-tuned, tissue sections are imaged. First, at low magnification, to have a global overview of the sample. Then, the magnification is progressively increased to pinpoint and locate BMCs within the tissue section. Imaging the section with a gradual increase in magnification plays a pivotal role in our approach, facilitating the identification of regions of interest and providing a basis for locating these ROIs across different instruments (as illustrated in Figure 3.3). Indeed, initial imaging at low magnification (around x100 or lower) is crucial to ensure that SEM images are comparable to the optical images produced by other instruments like µFT-IR and AFM-IR.

Whereas intermediate and high magnification images (greater than x1 000) are essential for identifying nano-calcifications and locating them within sections spanning millimetric to centimetric dimensions. Without these, attempting AFM-IR analysis of a precisely identified 10 µm x 10 µm ROI within a dense macroscopic sample would be unfeasible (Figure 3.4). → Critical points: Despite working at low voltage (1 kV), as biological tissues are non-conductive samples, charges can accumulate at the sample's surface, leading to bright and blurry images. In that case, the voltage can be reduced to 0.5 kV and the working distance adjusted.

. Infrared microspectroscopy characterization

For µFT-IR measurements, two systems were used during this study: a Lumos and a Hyperion IR microscope, both manufactured by Bruker. Lumos µFT-IR microscope is a user-friendly semi-automated instrument equipped with an MCT detector. As MCT detector enables point-by-point imaging, large acquisitions -such as imaging biopsies -can be time-consuming. Typically, a matrix covering 500 x 500 µm 2 , resulting in ∼ 1400 spectra/positions is acquired in approximately 4h. To tackle this issue, a Hyperion microscope equipped with an FPA detector was also employed. The FPA detector significantly speeds up the imaging of large samples. However, one challenge arising from the broader area analyzed is the substantial increase in the number of spectra generated, which can be challenging to analyze afterward. For example, the imaging of 1.5 x 2 cm 2 , using a x15 objective, generates approximately 411 000 spectra and requires about 3h of measurements. As a result, taking into account both the experimental time and the volume of generated data, in most cases, only regions containing the ROIs identified in SEM were imaged (typically measuring a few hundred micrometers by a few hundred micrometers) rather than the entire section. As mentioned at the beginning of this chapter (cf. Table 3.1), breast tissue sections were either prepared on low-e slides or CaF 2 windows, and thus measured in transreflectance and transmission mode, respectively. While both Lumos and Hyperion IR microscopes are capable of performing transmission and transreflectance measurements, in practice, transreflectance measurements were done using Lumos microscope, while transmission spectra were acquired using the Hyperion.

Transreflectance mode measurements

Hyperspectral measurements in transflectance mode were performed using Lumos microscope equipped with an x8 Schwarzschild objective, using a 30 µm x 30 µm diaphragm and a 15 µm step between consecutive points (e.g., pixel size). Spectra were collected over the 4000 -600 cm -1 spectral range, with 4 cm -1 spectral resolution, and 24 spectra were co-averaged per point. The size of the hyperspectral measurements was defined to fit within the detector temperature stability (∼ 6h), and the detector was refilled between measurements.

Transmission mode measurements

Transmission mode measurements were acquired on a Hyperion microscope using an x15 Schwarzschild objective, resulting in an FPA pixel size of 2.7 x 2.7 µm 2 . Spectra were collected over the 3500 -900 cm -1 spectral range, with 4 cm -1 spectral resolution, and 24 spectra were co-averaged per point. In this case, the spectral range is reduced compared to spectra measured in transreflectance mode with the MCT detector as the FPA detector cuts off above 3500 cm -1 and below 900 cm -1 .

→ Critical points: When working with biological tissue sections, chemical IR imaging, both in transreflectance and transmission modes, experimental challenges can arise, such as:

Poor signal-to-noise ratio: because of the section morphological heterogeneities and the refractive index variations between the tissue (n tissue ∼ 1.35-1.55) and the calcifications (n BM C ∼ 1.6), spectra signal-to-noise ratio can vary significantly from on position of the sample to another. The imaging parameters (e.g., diaphragm size, number of spectra co-averaged per point) can be difficult to optimize when imaging large areas, resulting in more or less noisy datasets.

Spectra saturation: The sample should not be excessively thick nor concentrated to ensure that enough of the transmitted/reflected beam reaches the detector. The saturation effect is more pronounced on BMCs than on tissue since they often exceed the tissue thickness, making them highly susceptible to saturation. Spectra saturation can be observed for transmission and transreflectance measurements but are more frequent with the latter mode as the IR beam passes through the sample twice before reaching the detector.

Baseline distortion & dispersion artifacts (signal intensity decrease at high wavenumber) resulting from Mie scattering and resonant Mie scattering effects because of the objects' sizes and morphologies [START_REF] Bassan | Resonant mie scattering in infrared spectroscopy of biological materials -understanding the 'dispersion artefact[END_REF][START_REF] Bassan | Resonant mie scattering (rmies) correction of infrared spectra from highly scattering biological samples[END_REF] and BMCs' granulometry.

In addition, transreflectance measurements are susceptible to spectral distortions like baseline distortion, absorption band shift, and standing wave patterns (Figure 3.5) -particularly at the objects' edges [START_REF] Romeo | Infrared spectral imaging of lymph nodes: Strategies for analysis and artifact reduction[END_REF][START_REF] Hanifi | Differences in infrared spectroscopic data of connective tissues in transflectance and transmittance modes[END_REF] -because of:

Dispersion artifacts [START_REF] Bassan | Resonant mie scattering in infrared spectroscopy of biological materials -understanding the 'dispersion artefact[END_REF][START_REF] Romeo | Infrared spectral imaging of lymph nodes: Strategies for analysis and artifact reduction[END_REF] Electric field standing waves: the interaction between the incident electromagnetic wave and the reflective substrate used for transreflectance measurement can generate a sinusoidal electric field [START_REF] Filik | Optical standing-wave artifacts in reflection-absorption ftir microspectroscopy of biological materials[END_REF][START_REF] Brooke | A study of electric field standing waves on reflection microspectroscopy of polystyrene particles[END_REF].

Non-linear absorption with the sample's thickness [START_REF] Filik | Optical standing-wave artifacts in reflection-absorption ftir microspectroscopy of biological materials[END_REF][START_REF] Bassan | The inherent problem of transflection-mode infrared spectroscopic microscopy and the ramifications for biomedical single point and imaging applications[END_REF] Overall, IR imaging in transreflectance mode is more prone to spectral distortions than in transmission mode; thus, when investigating complex samples, transmission mode should be preferred to mitigate spectral artifacts and facilitate the analysis. 

. Infrared nanospectroscopy characterization

AFM-IR measurements were carried out using a NanoIR2 (Anasys Instrument) in top-down illumination configuration with a multichip QCL IR source (MIRcat, Daylight Solutions) covering the 1900 -900 cm -1 spectral range. Gold-coated silicon cantilever (Multi75GB-G, BudgetSensors, 75 kHz fundamental resonance frequency, and 3 N/m spring constant) were used in both tapping and contact mode for the imaging and spectra acquisition, respectively (cf. Chapter 2). The regions of interest for AFM-IR analysis were localized using the system optical view and BMCs SEM micrographs, as illustrated in Figures 3.3 and 3.4.

Topography and chemical maps

AFM-IR measurements begin with the acquisition in tapping mode of the topography and IR map (single wavenumber chemical map), when possible. As mentioned in Chapter 2, since the NanoIR2 system does not enable contact resonance tracking (PLL) in tapping mode, IR maps of ROI portraying significant roughness and/or mechanical variations might be challenging to acquire. However, an IR map was systematically measured (using the protein amide I band at 1650 cm -1 or the calcification phosphate absorption band at 1040 cm -1 ) while recording the initial topography of the ROI studied. IR maps were acquired using the 3 rd mode of the cantilever for the tapping and the 4 th mode for the IR detection. For the 3 N/m cantilever used, the 3 rd and the 4 th resonance frequencies are about ∼ 840 kHz and ∼ 1.2-1.3 MHz, respectively. The laser repetition rate was set to f 4 th modef 3 rd mode , the laser pulse width fixed between 140 and 180 ns, and the laser power between 2 and 12% (depending on various factors such as the cantilever gold coating quality, the modes quality factor, the sample, etc.).

Local spectra

For spectra measurements, the mode is switched from tapping AFM-IR to contact AFM-IR. To do so, the cantilever setpoint and strength are progressively increased and decreased, respectively, until the contact between the tip and the sample surface is lost. Then, the feedback loop is turned off, the contact mode is selected, and the feedback loop is turned back on. Turning off the AFM feedback loop while changing the mode prevents the tip from crashing into the sample's surface as a response to the mode change while in contact. As soon as the feedback loop is turned back on in contact mode, the cantilever should be brought back in contact with the sample's surface. If not, the setpoint must be progressively increased until reaching contact again. Hereafter, spectra can be acquired as it would be normally done in contact AFM-IR. Spectra were acquired using either the 2 nd ,3 rd ,or 4 th mode of the cantilever, depending on the mode stability and efficiency. Spectra were collected over the 1900 -900 cm -1 spectral range, with a 1 cm -1 spectral resolution. At least 3 spectra were measured per point and co-averaged*. Spectra were either acquired manually (by selecting the position on the topography and verifying the contact resonance frequency) or by defining a sequence of local spectra positions, automatically collected using a PLL or chirp tracking. When IR chemical map measurements were not possible, hyperspectral measurements were acquired as a substitute. In that case, a matrix of points was defined (Figure 3.6), and a spectrum was measured at each location. The sampling rate (e.g., distance between two measured points) of AFM-IR hyperspectral experiments is usually lower than single wavenumber AFM-IR chemical maps as those measurements are time-consuming. For instance, the acquisition of the matrix presented in Figure 3.6 -and further analyzed in Chapter 4 -covering 0.8 x 2.2 µm 2 with a spectrum measured every 50 nm and 3 replicates per point, for a total of 2295 spectra measured, took 9h35. * Spectrum replicates obtained at a single point can either be automatically co-averaged during the acquisition or not. Occasionally, the communication between the software and the laser fails, leading to spectrum acquisition without laser emission, which results in a spectrum that contains only noise. When replicates are automatically co-averaged, they might include such noise-dominated spectra, leading to an overall decrease in the mean spectrum signal-to-noise ratio. An alternative option is to not automatically co-average replicates but instead remove at the end of the acquisition noisedominated spectra and average, for each point, only spectra where the laser worked.

→ Critical points: Several parameters can affect AFM-IR IR maps and spectral measurements. Those parameters includes: Contact resonance frequency shift: the mechanical properties of the sample can lead to abrupt change of the cantilever response, such as significant shifts of the cantilever contact Hyperspectral analysis of a 50 µm-diameter calcification (fragmented into smaller pieces) from a breast tissue section from a patient diagnosed with DCIS. The measurements cover a 0.8 x 2.2 µm 2 , with a 50 x 50 nm 2 pixel size. For each position, 3 spectra were measured (1900-900 cm -1 spectral range) and co-averaged after the end of the acquisition. The PLL was used to follow the cantilever contact resonance at each position. In total, the acquisition took 9 hours and 35 minutes.

resonance from one point to another or even change of the cantilever mode distribution (cf. Chapter 2, Figure 2.19). Measuring spectra in contact mode using 3 N/m cantilever (soft-tapping cantilever) rather than contact-mode cantilever (e.g., lower spring constant ∼ 0.1 -0.2 N/m) is likely to reduce these mechanical effects. However, it also results in lower sensitivity.

Gold-coated tip local field enhancement & influence of the polarization: the tip gold-coating affects the electromagnetic field at the tip vicinity by enhancing and bending (change of polarization) the electromagnetic field [START_REF] Hinrichs | Polarization-dependent atomic force microscopy-infrared spectroscopy (afm-ir): Infrared nanopolarimetric analysis of structure and anisotropy of thin films and surfaces[END_REF][START_REF] Lu | Tip-enhanced infrared nanospectroscopy via molecular expansion force detection[END_REF][START_REF] Waeytens | Probing amyloid fibril secondary structures by infrared nanospectroscopy: Experimental and theoretical considerations[END_REF]. These local changes are spatially confined to a few nanometers around the tip apex and are thus particularly critical when studying thin samples (< 10 nm). In our case, working with thick samples, the polarization of the incident light must be conserved. However, it is important to note that the incident beam polarization might affect the sample's photothermal response -and therefore AFM-IR signal -if it possesses anisotropic optical properties (such as crystalline objects). In contrast, if the studied BMCs are amorphous and have isotropic optical properties, the incident IR-light polarization should not influence the sample photothermal response.

Sample & thermal drift: many factors, such as the system thermal drift, the sample stability, the size of the ROI studied, and the duration of the experiment, among others, will collectively contribute to the sample drift over time. The error of the tip position on the sample's topography is likely to be increased with the change of mode. Therefore, once the spectra are collected, it is important to re-acquire the topography (or a part of it) to evaluate the sample shift through-out the experiment. This step is of utmost importance to assess the degree of error associated with the positions of the collected local spectra. The thermal drift varies significantly from one system to another. This point will be discussed in Chapter 4 (section 4.5) by comparing the stability of the NanoIR2 and IconIR systems.

Sample and tip degradation: during prolonged measurements, like multiple IR maps acquisition or HS measurements (Figure 3.6), the tip apex may deteriorate (changes in size and shape) over time. The degradation of the tip can result in a loss of the AFM-IR signal intensity and/or a reduction of its signal-to-noise ratio. Additionally, the enlargement of the tip apex is associated with a decrease in the spatial resolution (increase of the contact surface between the tip and the sample's surface), which can typically be observed through the topography. In the case of prolonged measurements on the same region of interest (ROI), the sample surface might also be altered, especially with sensitive samples (for instance, friable calcifications).

NB: Most samples were analyzed using a NanoIR2 system according to the protocol detailed above, but a few samples (cf. Table 4.2, samples Ct-1 and IDC-4) were studied using an IconIR system. In that case, the measurements are quite straightforward. Topography, IR maps, and spectra were collected using a single acquisition mode, either in contact mode (sample Ct-1) or tapping mode (sample IDC-4). Measurements in contact mode were acquired using a gold-coated cantilever with 0.2 N/m spring constant (ContGB-G, BudgetSensors) and a PLL to track the cantilever contact resonance. Measurements in tapping mode were acquired using a gold-coated cantilever with a 42 N/m spring constant (PPP-NCHAu-MB-10 from NanoSensors), using the 3 rd or 4 th mode of the cantilever for the tapping (f driving , eq. 2.5) and 2 nd mode for the IR detection (f IR , eq. 2.5). PLL 1 and PLL 2 were enabled during the chemical map measurements to track the contact resonance frequencies of the tapping (f driving ) and IR (f IR ), respectively, and avoid signal loss due to local mechanical variations.

. Infrared spectra pre-processing pipeline

For µFT-IR and AFM-IR spectral data obtained following the protocol previously outlined, a pre-processing step is required to generate meaningful results from the raw data. The pre-processing of IR spectra can include transformations such as baseline correction, derivative calculation, normalization, segmentation, noise reduction, and smoothing. As the subsequent analysis/interpretation lies on the dataset quality, the pre-processing steps are crucial to generate high-quality input for further analyses. The pre-processing pipeline should be tailored to each technique/dataset and kept as minimal as possible. Indeed, the more transformations are applied, the greater the risk of information loss or artifact introduction. In the context of our study, the pre-processing transformations employed for µFT-IR and AFM-IR spectra and IR maps are summarized in Table 3.2 and developed in more detail in the following paragraphs. µFT-IR and AFM-IR spectral data were explored and visualized using matplotlib [START_REF] Hunter | Matplotlib: A 2d graphics environment[END_REF]258] Python library. µFT-IR and AFM-IR spectra treatment were implemented using Quasar [START_REF] Toplak | Quasar: Easy machine learning for biospectroscopy[END_REF]260] and Python, and in particular using the biospectools package [261], while IR maps were treated using MountainLab 9.2 software [262].

. Infrared microspectroscopy hyperspectral dataset

Hyperspectral (HS) µFTIR consists of imaging a sample and collecting a spectrum for each pixel of the image. However, HS datasets encompass not only relevant spectra from the sample but also spectra from the substrate and potentially distorted spectra (saturated, noisy spectra, etc.). Consequently, each µFT-IR measurement mandates a cleaning process to eliminate/mask undesired spectra and retain those containing valuable chemical information about the sample studied. Furthermore, these spectra must undergo baseline correction and normalization, as well as labeling to separate spectra from the tissue organic matrix from calcified objects. To address these requirements, we established a systematic workflow. This approach is applied to each HS measurement independently and involves EMSC [START_REF] Kohler | Extended multiplicative signal correction as a tool for separation and characterization of physical and chemical information in fourier transform infrared microscopy images of cryo-sections of beef loin[END_REF][START_REF] Tafintseva | Extended multiplicative signal correction for ftir spectral quality test and pre-processing of infrared imaging data[END_REF] (enhanced multiplicative signal correction) algorithm, rubber band baseline correction, vector normalization, as well as K-means clustering for the spectra labeling step (Figure 3.7). Calcifications often deviate the knife during the specimen sectioning, resulting in heterogeneous section thickness within and between samples: therefore, it is very important to normalize spectra to remove any scaling effect before comparing them.

HS pre-processing pipeline:

1. An EMSC is applied on the raw HS dataset (Figure 3.7.B), using:

-a tissue spectrum from the raw HS dataset, showcasing little baseline and scattering effect as the reference spectrum -a polynomial order of 2 for the baseline model 2. Substrate and noisy spectra masking using a threshold on the EMSC-corrected spectra multiplicative parameter. The masked spectra at this step are labeled as "substrate" (Figure 3.7.C) 3. K-mean clustering on the EMSC corrected spectra to cluster and label spectra as "tissue", "calcification" or "noise" spectra (Figure 3 EMSC, for enhanced multiplicative signal correction, is a mathematical model calculating the pure absorbance spectra from raw spectra with scattering effect, baseline background, and scaling effect, for example. The model takes as an input a raw IR (or Raman) spectra dataset, as well as a reference spectrum, and calculates parameters associated with the sample's physical properties, morphology, and scattering to retrieve the pure absorbance spectra [START_REF] Kristian | Extended multiplicative signal correction in vibrational spectroscopy, a tutorial[END_REF][START_REF] Stanislau Trukhan | Grayscale representation of infrared microscopy images by extended multiplicative signal correction for registration with histological images[END_REF]. Among those parameters is the multiplicative parameter, also referred to as "b", which translates the effective optical thickness and morphology of the sample [START_REF] Kohler | Extended multiplicative signal correction as a tool for separation and characterization of physical and chemical information in fourier transform infrared microscopy images of cryo-sections of beef loin[END_REF]. By applying a threshold on this multiplicative coefficient, spectra from the background/substrate can easily be isolated from spectra of the foreground [START_REF] Tafintseva | Extended multiplicative signal correction for ftir spectral quality test and pre-processing of infrared imaging data[END_REF].

An EMSC was applied to the raw HS dataset, using a tissue spectrum from the dataset showcasing little scattering and baseline background. As an output, spectra are baseline-corrected and normalized according to the reference spectrum intensity (Figure 3.7.B). Then, by applying a threshold on the multiplicative coefficient, calculated as part of the EMSC model, spectra from the substrate and noisy spectra are easily masked (Figure 3.7.C). Thereafter, k-mean clustering is applied to label spectra as either Tissue or BMC. If the dataset contains poor-quality spectra, more than two clusters can be used during the k-means clustering to isolate noisy spectra and label them as noise to be ultimately masked (Figure 3.7.D). At this stage, spectra are baseline corrected, normalized, and labeled. However, the spectra are normalized according to the reference spectrum. As the reference spectrum is specific to each measurement, this can result in the presence of a scaling factor when comparing spectra from different HS measurements/samples. To avoid this multiplicative effect, two possibilities emerge: either using the same reference spectrum for all samples or applying a baseline correction and normalization on the reference spectrum before the EMSC [START_REF] Tafintseva | Extended multiplicative signal correction for ftir spectral quality test and pre-processing of infrared imaging data[END_REF]. However, as the reference should reflect the sample spectral signature, finding a reference spectrum valid for different samples with very heterogeneous chemical signatures can be challenging. Therefore, when comparing different measurements from different samples, raw spectra undergo a rubberband baseline correction and a vector normalization while using the substrate mask and labeling obtained from the EMSC corrected spectra (Figure 3.7.E and F).

→ Critical points: The quality of the analysis lies in the quality of the initial raw data. Nonetheless, the pre-processing step is a key phase to enhance the meaningful information. Working with large datasets often requires supervised or unsupervised clustering or classification algorithms. The robustness of such approaches is strongly dependent on the quality of the input data. Hence, the need to remove unwanted spectra (substrate, saturated spectra, noisy, artifact) and implement a robust pre-processing strategy.

The proposed pipeline works well for relatively small HS datasets acquired using the Lumos system. However, when using the Hyperion with an FPA detector, the datasets are much larger, and this approach is less robust. For example, the labeling step isn't perfect; some clusters identified as BMC contain tissue spectra and vice-versa. Hence, this pipeline is a starting point and will need improvements in the future.

. Infrared nanospectroscopy local spectra and chemical maps

Local spectra

AFM-IR spectra pre-processing is very straightforward and consist of three steps: Contrary to standard FT-IR microscopes, AFM-IR uses QCL or OPO lasers, which are tunable in wavenumber IR sources. QCLs are composed of semiconductor crystals that generate IR light on a defined spectral range. For example, our system is equipped with 4-chip QCL, which collectively span the 1900 -900 cm -1 spectral range. However, as illustrated in Figure 3.8.B, the power emitted by the laser is discontinuous from one chip to another. The power offset between two consecutive chips can result in an intensity offset in AFM-IR local spectra (Figure 3.8.C). Therefore, the first step of AFM-IR spectra pre-processing is to correct the laser power breaks at the chips' junction. This was done using a homemade script that calculates the multiplying factor at the chip junction. Then, similarly to µFT-IR spectra, AFM-IR local spectra undergo baseline correction and vector normalization (Figure 3.8.D and E). AFM-IR spectra exhibit higher levels of noise compared to traditional FT-IR spectra. To minimize this inherent noise, AFM-IR spectra can be slightly smoothed using, for instance, Savitzky-Golay filtering. Nonetheless, when possible, it should be preferred to work on unfiltered spectra, as smoothing can modify them (loss of absorption band shoulder, shift in the maximum of absorption bands, etc.). For all AFM-IR data presented in this work, the spectra were not smoothed except if mentioned otherwise.

→ Critical points: Except for highly noisy spectra where calculating the multiplying factor between chips can be challenging, the break correction is quite a robust process to correct the laser power intensity offset. 

Chemical maps

To compare two (or more) IR maps acquired on the same ROI, it is, beforehand, necessary to:

1. Colocalize the IR maps 2. Correct the laser power coefficient Indeed, if two (or more) IR maps were acquired on the same ROI, IR maps must be realigned before being compared (or before IR maps ratio, for example) to correct the sample drift that occurs while scanning. The drift can be of only a few nanometers but can also be more significant. In this study, IR maps were colocalized (or registered) using MountainLab software. This consists of manually defining fiducial markers on the topography associated with the IR map, corresponding to features observed in both images. The coordinates of each marker in the two images are then used to calculate the transformation (rotation and shift in the X/Y plane) between the two images. This image registration can also be done using open-source image registration software [START_REF] Ramer | Image processing as basis for chemometrics in photothermal atomic force microscopy infrared imaging[END_REF]. Finally, as mentioned for the local spectra, the power emitted by the laser varies with wavenumbers. Hence, when comparing IR maps acquired at the same location but at different wavenumbers, the signal intensity does not only reflect chemical concentration relative variation but also the difference in laser power. To correct that, each chemical map was divided by the power of the laser for the wavenumber at which they were acquired.

→ Critical points: The accuracy of the IR maps realignment depends on how precisely the morphological markers are defined. When measuring a large number of IR maps in the same ROI, the tip may degrade over time, causing a loss of topographical definition. In such cases, precisely locating the marker can be challenging. Calculating the ratio between the two realigned IR maps can be useful for assessing the quality of the realignment. If the two IR maps aren't perfectly colocalized, this misalignment usually appears with outlier values in the ratio map, whose distribution overlays with the edges of objects in the topography.

. Multimodal imaging analysis: image registration

Until this point, we have detailed, for each individual technique, the experimental protocols and the pre-processing treatments. Yet, the goals of our approach are to compare BMCs' chemical signature at the micro and nanoscale and to contextualize their chemical composition with their morphological attributes and histopathological context. Nonetheless, achieving a straightforward comparison among all the techniques poses a challenge.

The sample was positioned into the instruments with different orientations for each measurement and analyzed at different scales/resolutions. Thus, we need to proceed to an image registration procedure to align images acquired with different microscopes to ensure that after registration, a pixel defined by its x and y coordinates corresponds in µFT-IR, SEM, and AFM-IR images to the same spatial position.

The image registration process is akin to the one described for AFM-IR IR map colocalization. Nevertheless, in this case, the implementation is slightly more intricate due to the considerable differences in scale and magnification levels of the acquired images. To achieve this, we used SEM images at low, intermediate, and high magnification as reference images to realign the data collected at vastly differing scales (Figure 3.9). To achieve this, we followed a stepwise scale approach (Figure 3.9) using the colocalization tool in MountainLab. To begin with, we undertook the colocalization process with low-magnified images.

This involved aligning the low-magnified SEM images with the H&E light microscopy image and the optical view from the FT-IR microscope using three -or more -fiducial markers that can be pinpointed on each image. Subsequently, we expanded this alignment to encompass an additional layer of information at a higher magnification. This entailed colocalizing the low-magnified SEM image with a zoomed-in micrograph of the region of interest beforehand. This latter serves as a reference for realigning the light microscopy H&E image (at x40 magnification, for instance, cf. Figure 3.9). Finally, we extended this alignment process to the high-magnification SEM image ( ≥ x2K), aligning it with the intermediate magnification SEM image. Lastly, the AFM topography can easily be colocalized with the high-magnification SEM micrograph using morphological benchmarks identifiable across the two images. If high-magnified micrographs of the region analyzed by AFM-IR are missing and cannot be easily localized, the optical view from the AFM-IR system with the cantilever can be used as a (less precise) alternative. As summarized in Figure 3.9, ultimately, by zooming in and out of the generated set of aligned images, the different measurements can be correlated with one another (Figure 3.10). → Critical points: Similarly, as for the colocalization of AFM-IR chemical maps, the accuracy at which the multimodal images are realigned depends on how precisely the morphological markers are de-fined. Identifying and pinpointing these markers can be challenging, especially if the SEM images were not captured at the same magnification as the light microscopy image/microscope camera view/ AFM topography. That is why SEM analyses can be required after µFT-IR and AFM-IR measurements to re-acquire micrographs of the ROI analyzed and to enable an image registration process as precise as possible (Step 6 of the multimodal and multiscale strategy in Figure 3.2). Depending on the morphological marker identification, the colocalization error can range from a few nanometers to several microns.

NB: In MountainLab, the colocalization module can only be applied on surface objects. Therefore, images such as SEM micrographs and camera views, must be converted to surfaces after loading and before proceeding to the colocalization.

. Application of the method and perspectives

In this chapter, we have detailed the experimental protocol to implement -on the same sample -SEM analysis and BMCs IR characterization at the micrometric and nanometric level using µFT-IR and AFM-IR. Additionally, we introduced a strategy to register the results obtained from all imaging techniques, which facilitates a global interpretation of the chemical and morphological data. This protocol was developed through many tests and optimization of the experimental parameters for each method across various mineralized breast tissue, and its robustness has been confirmed by its implementation on a set of 10 breast tissue samples as part of this BMCs characterization study (cf. Chapter 4). Yet, there remains room for improvement.

From an experimental point of view, the sample preparation can be refined. In the presented results, two types of substrate were tested: low-e slide and CaF 2 windows. The key advantage of low-e slides is their size, comparable to conventional glass microscope slides, which is very convenient for the hospital technicians carrying out the sample preparation, as no specific setup and protocol has to be implemented. However, IR-reflective substrate and transreflectance measurements can contain various artifacts and result in difficult interpretation. To address those downsides, the protocol was also tested on breast sections deposited on CaF 2 windows, which allows much more controlled measurements. The main limitation observed using CaF 2 window is the tissue section adherence. In contrast to the stability observed with low-e slides, we observed that tissue sections exhibited lesser adhesion and tended to peel off after a few weeks. Consequently, in future studies, it could be worthwhile to explore additional substrates that are compatible with IR spectroscopy in transmission mode, such as ZnSe or BaF 2 , to assess section adherence over time. Furthermore, this protocol could also be improved by including additional characterization techniques, in particular elemental characterization methods such as EDX. Indeed, for BMCs, and more widely inorganic samples, elemental characterization holds significant importance in the chemical characterization study; however, our current approach lacks this crucial information. As elemental characterization techniques (EDX, XRF, etc.) are likely to degrade the sample, these techniques must be performed after IR spectroscopy analyses. Nevertheless, they can easily be integrated within the existing pipeline, following step 6 -AFM-IR studies -in Figure 3.2.

In terms of data treatment, particularly for µFT-IR data, the proposed workflow is a starting point. The generated dataset contains thousands of spectra that are challenging to pre-process simultaneously due to the spectral variability; spectral variability which leads to challenging spectra labeling. In the future, it would be reasonable to implement automatic labeling based on machine learning algorithms. Yet, these algorithms require an initial labeled dataset to learn from. Currently, managing such large datasets is the weak point of our multimodal and multiscale strategy and the main point to work on. Nonetheless, our approach has proven reliable and robust to overlay the results from all techniques and compare the spectral and morphological data at the micro and nanoscale. One drawback: it involves using commercial software for the image registration process. However, there are open-source alternatives for image registration, which can be used as substitutes [START_REF] Stanislau Trukhan | Grayscale representation of infrared microscopy images by extended multiplicative signal correction for registration with histological images[END_REF][START_REF] Mayela | Multimodal image registration in 2d and 3d correlative microscopy[END_REF]. These open-source solutions are typically designed to align images acquired at similar or nearly similar magnifications. Consequently, adapting these tools for the alignment of chemical, morphological, and topographical images spanning from the micrometer to the nanometer scale can be a challenging and thorough task. Nevertheless, considering the growing interest in multiscale and multimodal analyses across various fields, the development of user-friendly, open-source image registration solutions is to be expected in the near future.

In a nutshell, we proposed a comprehensive experimental and analytical workflow for conducting multiscale chemical and morphological analyses of BMCs within breast tissues. This initial protocol has showcased its dependability and opens new opportunities regarding multimodal strategy, including AFM-IR analysis. Indeed, while this pipeline has been developed in the scope of breast microcalcifications investigations, it can undoubtedly, be expanded to a broader range of applications requiring both a micrometric and nanometric chemical description.

-Breast microcalcifications multimodal and multiscale analysis: implementation of the method

In this chapter, we applied the multimodal and multiscale approach presented in Chapter 3 to investigate a set of ten breast tissue samples confirmed to contain BMCs based on physician histopathological reports. After briefly introducing the dataset (e.g., the sample nature, the patient pathology, etc.), we will sequentially describe BMCs' morphological characteristics using SEM and explore their chemical properties at the micro and nanoscales through µFT-IR and AFM-IR analyses.

. Histopathological description of the dataset

As part of this study, ten samples collected from ten different patients were investigated (Table 4.1). These patients have been diagnosed with benign (n=3) or cancerous lesions (n=7). Among the benign samples, one patient was diagnosed with duct ectasia (DE: dilatation and thickening of the duct walls [START_REF] Dixon | Mammary duct ectasia[END_REF]), and two patients with mastopathy (M: benign changes of the breast tissue morphology and density which can be associated with the formation of fibrous tissue, [START_REF] Hanson | Fibroadenomatosis (fibroadenomatoid mastopathy): A benign breast lesion with composite pathologic features[END_REF]). Cancerous samples include three patients with DCIS lesions, each varying in nuclear grade (high, intermediate, and low), and four patients with IDC lesions of grade 1 (n=3) or grade 2 (n=1) according to the EE grading system introduced in the general introduction. The architecture of DCIS lesions and the molecular subtype of the IDC lesions are further detailed in Table 4.1 below. These tissues were harvested through surgical excision, lumpectomy, or biopsy and prepared following the protocol outlined in section 3.2.1.1. The tissue sections were deposited either on low-e slides or CaF 2 windows, as described in Table 3.1.

. Exploration of breast calcifications morphologies thanks to scanning electron microscopy

In Chapter 1, section 1.1.1.2, discussing calcification morphological description thanks to SEM analyses, we outlined that Hap, COD, and Wk calcifications could, respectively, appear with distinctive spherical, bipyramidal, and pseudo-cubical shapes. However, in most cases, BMCs' shapes and sizes are highly heterogeneous and diverse, as illustrated in 4.2), with dense homogeneous, aggregate, and punctulate morphologies being the most frequently observed across all samples. Interestingly, nanoscale spherical particles (punctulate calcifications) were observed in all samples except for sample Ct-2. In the article, Scott et al. [START_REF] Scott | Breast calcification micromorphology classification[END_REF] mention that punctulate calcifications were spherical calcifications of diameter lower than 10 µm and observed in close proximity with dense homogeneous calcifications. In our case, those calcifications were most of the time in the nanometer range and not necessarily observed in close proximity to larger calcifications but have also been observed isolated. 

! ! ! ! ! ! ! - ! Aggregate ! ! - - - ! ! ! ! ! Punctulate ! - ! ! ! ! ! ! ! ! Spongy - ! - - - - - - - -

. Breast calcifications chemical speciation at the microscale using infrared-microscopy: exploration of calcifications' heterogeneity across samples and pathologies

As a reminder, previous vibrational (IR and Raman) spectroscopy studies have:

• suggested that the carbonate content is heterogeneous within calcifications [START_REF] Ben Lakhdar | Underlining the complexity of the structural and chemical characteristics of ectopic calcifications in breast tissues through fe-sem and µftir spectroscopy[END_REF][START_REF] Gosling | A multi-modal exploration of heterogeneous physico-chemical properties of dcis breast microcalcifications[END_REF] and that BMCs' total carbonate content decreases with the lesion's malignancy [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF][START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF][START_REF] Sathyavathi | Raman spectroscopic sensing of carbonate intercalation in breast microcalcifications at stereotactic biopsy[END_REF] • identified the presence of ACCP and OCP which are acknowledged to be precursors of Hap-BMCs [START_REF] Gosling | A multi-modal exploration of heterogeneous physico-chemical properties of dcis breast microcalcifications[END_REF] • highlighted an increase of BMCs' protein content with the lesion's malignancy [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF][START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF] • observed the colocalization of Wk with Hap [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF] Thus, after identifying BMC-containing regions in our samples through SEM analysis, these specific areas were chemically imaged through µFT-IR to investigate BMCs' spectral signature -for each sample and pathological group (e.g., benign, DCIS and IDC) -and observe if those latter align with the findings reported in the literature.

For each sample, the region analyzed using µFT-IR was between 500 µm and 1000 µm broad (Figure 4.2) and contained either multiple microcalcifications (a few dozen of microns in diameter or lower, such as samples Ct-2, DCIS-1, DCIS-2, DCIS-3, IDC-1, IDC-2 and IDC-4 in Figure 4.2) or one large micro/macro calcification (∼ few hundred microns in diameter, such as sample Ct-1 and IDC-3 in Figure 4.2). For each sample is presented from left to right: the µFT-IR optical image of the region studied, the chemical maps at 1040 cm -1 , the color-coded maps indicating pixels associated with either tissue (purple pixels) or BMCs (orange pixel) spectra, and finally the average spectrum for each category. On this latter plot, the legend indicates the number of spectra averaged in the mean spectrum (purple and orange solid lines for the mean tissue and BMC spectra, respectively). The mean spectrum envelope outlines the spectral distribution using the 1 st and 3 rd quantiles.

Figure 4.2 presents the optical image of the analyzed region for each sample, along with the chemical map at 1040 cm -1 . 1040 cm -1 being within the phosphate absorption band range, the 1040 cm -1 IR map highlights the distribution of BMCs within the tissue. HS measurements were pre-processed as detailed in section 3.2.2.1, enabling the identification and labeling of tissue and BMCs spectra using k-mean clustering. It is important to note the difference in number of spectra measured depending on the instrument used. Indeed, µFT-IR measurements were done using two instruments, either a Hyperion (Bruker) IR microscope equipped with an FPA detector or a Lumos (Bruker) IR microscope equipped with an MCT detector. Samples analyzed using an FPA detector were imaged with a pixel size of 2.7 x 2.7 µm 2 , whereas samples imaged point by point with an MCT detector had a pixel sizeabout five times larger -of 15 x 15 µm 2 . Consequently, for the same surface analyzed, the number of spectra measured significantly increased when imaged with the FPA detector compared to the MCT. As a result, the average spectra of BMCs and tissue in samples analyzed with the FPA (Ct-3, DCIS-2, DCIS-3, and IDC-4, Figure 4.2) are less noisy compared to the average spectra of samples imaged using the MCT detector (Ct-1, Ct-2, DCIS-1, IDC-1, IDC-2, and IDC-3, Figure 4.2). BMCs spectra showcase distinctive features, especially in the 1200 -900 cm -1 spectral range corresponding to the calcium phosphate absorption, setting them apart from the organic matrix signal. BMCs spectra were identified in all samples except for Ct-3 (Figure 4.2.A). For the latter, micro-and nano-calcifications were identified during the SEM analysis (Figure 4.1). The absence of BMCs spectra can be attributed to two main reasons: 1) BMCs spectra were too noisy and thus masked during the pre-processing and/or 2) for the spectra from the nano-calcifications, the contribution from the inorganic objects was too weak compared to the organic matrix and got confounded with tissue spectra during the labeling step. For all other samples, BMCs-identified spectra correlate with intense absorption signals at 1040 cm -1 on the chemical maps (as shown in Figure 4.2).

In In the case of benign samples (Ct-1 and Ct-2, green spectra in Figure 4.3.A), an intense absorption band between 1180 -900 cm -1 , characteristic of PO 4 3asymmetric stretching modes, is observed. This absorption band doesn't present specific structuration and is very broad, suggesting amorphous calcium phosphate deposits. Indeed, Ct-1 and Ct-2 BMCs' spectral signature within the 1200 -900 cm -1 spectral range closely resembles the ACCP FT-IR reference spectrum (Figure 2.11). Additionally, Ct-1 and Ct-2 mean BMC spectra show two absorption bands at 1458 and 1405 cm -1 . Although these bands are also present in tissue spectra (Figure 4.2), they may suggest the presence of carbonate substitutions within the calcium phosphate lattice. The presence of carbonate in these BMCs being further supported, particularly for Ct-1, by the absorption band at 870 cm -1 , which is characteristic of the out-of-plane bending vibration of CO 3 2 -.

Regarding DCIS and IDC specimens, BMCs mean spectra (blue and red spectra in Figure 4.3.A), a more structured inorganic phosphate absorption band is observed compared to BMCs from benign samples. Except for DCIS-1, which presents a very particular spectral signature that will be further discussed later on, BMCs' mean spectra of DCIS-2, DCIS-3, IDC-1, IDC-2, IDC-3 and IDC-4 display similar signals. These spectra present an intense absorption band centered at 1025 cm -1 associated with the asymmetric stretching mode of the orthophosphate group PO 4 3 -, along with two shoulders located at 1120 cm -1 and 960 cm -1 . The 1120 cm -1 shoulder likely results from HPO 4 2stretching mode, hence highlighting the presence of protonated phosphate groups, while the shoulder at 960 cm -1 is likely associated with ν 1 stretching mode of PO 4

3 - [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF][START_REF] Gibert-Jouve | Caractérisation du tissu osseux par spectrométrie d'absorption infrarouge[END_REF]. This inorganic phosphate signal observed for DCIS and IDC specimens closely resembles the CA reference spectrum (Figure 2.11). The observation of a more structured inorganic phosphate absorption band (1200 -900 cm -1 ) for DCIS and IDC specimens compared to benign ones reflects a higher order level in BMCs' lattice. Although this observation is purely qualitative, it aligns with Vanna et al. WAXS study [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF], which highlighted an increase of BMCs' crystallinity with malignancy. Furthermore, DCIS and IDC BMCs mean spectra, similar to benign BMC spectra, also present two absorption bands at 1456 and 1405 cm -1 . However, their association with carbonates is difficult to confirm in the absence of the signal in the 900 -800 cm -1 spectral range and the CO 3 2absorption band at 870 cm -1 . Indeed, the 1500-1400 cm -1 spectral range is challenging to interpret. In addition to the CO 3 2asymmetric stretching mode, this spectral range is associated with CH 2 symmetrical bending modes, CH 3 asymmetrical bending modes, the symmetrical stretching modes of carboxylates, as well as OH vibrational mode of carbohydrates [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF][START_REF] Naumannand | Infrared spectroscopy, a tool for probing bacterial peptidoglycan[END_REF]. Hence, as such, the attribution of the absorption bands at 1456 and 1405 cm -1 is challenging to establish. Among DCIS specimens, DCIS-1 BMCs' mean spectrum significantly differs from DCIS-2 and DCIS-3. Upon comparing DCIS-1 µFT-IR spectra identified as BMCs (Figure 4.2.B) with SEM micrographs (Figure 4.1), BMC-labeled spectra do not coincide exclusively with the presence of BMCs but also include signals from the surrounding tissue. Yet, these spectra present a very characteristic absorption signal in the phosphate region (1200 -900 cm -1 ), close to the one expected from BMC. This discrepancy can be explained by the possible presence of proteoglycans, particularly versican, which are suspected to be involved in cancer progression and can be overexpressed in cancerous lesions [START_REF] Spyros S Skandalis | Versican but not decorin accumulation is related to malignancy in mammographically detected high density and malignant-appearing microcalcifications in non-palpable breast carcinomas[END_REF][START_REF] Tzanakakis | Proteoglycans in the pathogenesis of hormonedependent cancers: Mediators and effectors[END_REF][START_REF] Sotoodehnejadnematalahi | Structure, function and regulation of versican: the most abundant type of proteoglycan in the extracellular matrix[END_REF]. Peptidoglycans contain carbohydrates, leading to an intense and structured absorption band in the 1200 -900 cm -1 spectral range, and DCIS-1 local maxima at 1160, 1120, 1070, and 1040 cm -1 are consistent with the spectral signature of isolated peptidoglycans from E.coli and Micrococcus luteus bacteria [START_REF] Naumannand | Infrared spectroscopy, a tool for probing bacterial peptidoglycan[END_REF]. Furthermore, the DCIS-1 histopathological report indicated the presence of necrotic tissue, which might locally contribute to tissue spectral differences compared to tissue reference spectra. In a nutshell, DCIS-1 spectra labeled as BMCs and presented in Figure 4.3 do not include exclusively BMCs spectra but certainly encompass spectra acquired on the tissue. Finally, all BMCs spectra (benign, DCIS, and IDC) exhibit significant organic components, characterized by intense amide I and II absorption bands at 1650 and 1540 cm -1 and a weaker amide III absorption band at 1240 cm -1 . The latter could also be a contribution from inorganic phosphates [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF] but is likely associated with the protein signal, as it is also present in most tissue spectra (Figure 4.2). The organic signal observed in BMCs spectra can originate from the tissue surrounding and/or beneath the BMCs, as well as organic compounds included within the BMCs lattice. BMCs amide I and II signals are particularly interesting since BMCs are known to contain -to some extent -proteins, and this protein content has been hypothesized to increase with the lesions' malignancies [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF][START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF](Table 1.2). However, as water possesses an absorption band centered at 1640 cm -1 (water scissor bending mode) [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF], it is important to note that BMCs' amide I and II absorption bands can be affected by the presence of water in the BMCs lattice, potentially inducing spectral shift and increase noise in this specific spectral region [START_REF] Gibert-Jouve | Caractérisation du tissu osseux par spectrométrie d'absorption infrarouge[END_REF].

As mentioned at the beginning of this chapter, it was hypothesized in the literature that BMCs' carbonate and protein contents could be linked to the lesion's nature. To assess BMCs' protein and carbonate contents using IR and Raman spectra, the calculation of carbonate-to-phosphate and proteinto-phosphate absorption bands ratios has been used [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF][START_REF] Gosling | A multi-modal exploration of heterogeneous physico-chemical properties of dcis breast microcalcifications[END_REF][START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF]. Figure 4.4. A 1 -3 illustrates, for all samples studied, the carbonate-to-phosphate ratio for the three main carbonate absorption bands at 1455 cm -1 (A 1 ), 1405 cm -1 (A 2 ), and 870 cm -1 (A 3 ), divided by the maximum of the inorganic phosphate absorption band at 1025 cm -1 (Figure 4.3). Additionally, Figure 4.4.B presents the BMCs protein-to-phosphate ratio using the amide I signal at 1650 cm -1 .

Through the evaluation of these ratios, the objective was not to conduct any quantitative measurements (as the number of samples is too low for performing statistically significant quantitative calculations) but rather to evaluate if we observed trends consistent with the ones reported in the literature [START_REF] Haka | Identifying microcalcifications in benign and malignant breast lesions by probing differences in their chemical composition using raman spectroscopy[END_REF][START_REF] Baker | New relationships between breast microcalcifications and cancer[END_REF][START_REF] Sathyavathi | Raman spectroscopic sensing of carbonate intercalation in breast microcalcifications at stereotactic biopsy[END_REF]. In Figure 4.4.A, the carbonate-to-phosphate ratios appeared slightly higher for BMCs from benign samples compared to BMCs from DCIS and IDC samples. However, this difference was not significant. Furthermore, when examining the protein-to-phosphate ratio (Figure 4.4.B), substantial variations appear between samples, and no notable trend could be identified across pathological groups (gray boxes in Figure 4.4). Even though these ratios provide a simple and straightforward method for assessing carbonate and protein contents in BMCs, it raises questions. In Raman spectroscopy, carbonates, and inorganic phosphates have distinct absorption bands at 1070 cm -1 and 960 cm -1 , respectively, enabling direct ratio calculations. However, in IR spectra, the evaluation of the carbonate content using the carbonate-to-phosphate ratio is more complicated because carbonate absorption bands (at 1458, 1405, 1160, 1080-1090, and 870 cm -1 [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF]) overlap with absorption bands from both the organic matrix and the inorganic phosphates. Consequently, using IR absorption bands ratio to evaluate carbonate and protein contents is a poorly reliable approach. Besides, as illustrated in Figure 4.4, BMCs spectra ratio values exhibit significant variation for a given sample. This variability is not solely due to BMCs' chemical heterogeneity but also arises from the spectra signal-to-noise ratio. As discussed in Chapter 3 (section 3.2.1.4), µFT-IR analyses of such heterogeneous objects often result in noisy spectra possibly containing artifacts, which, when used to calculate absorption band ratios, can lead to extreme ratio values and outliers. To circumvent those issues, a strategy that has been used is to work with BMCs' mean spectrum: either calculating the mean spectrum for each BMC or the mean spectrum of all BMCs within a sample [START_REF] Kunitake | Biomineralogical signatures of breast microcalcifications[END_REF][START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF]. Given the complexity of the mineralized tissue section, dealing with noisy data is a prevalent challenge. Employing average spectra allows to investigate BMCs' chemical composition while mitigating the noise. However, this method masks the inherent chemical variability among BMCs within a sample. An alternative approach for exploring BMCs' chemical properties without resorting to mean spectra is Principal Component Analysis (PCA). By conducting PCA on all BMCs spectra, pooled from all samples investigated, and examining the most significant components and BMCs spectra associated PCA scores, it becomes possible to study the chemical heterogeneity of BMCs both within and across samples.

Figure 4.5 presents the PCA results calculated on pooled BMC spectra from benign, DCIS, and IDC samples. For a meaningful analysis, only spectra acquired in the same conditions, particularly using the same acquisition mode, can be compared with one another. Since more samples were measured in transreflectance mode than in transmission mode (cf. Table 3.1), only the samples analyzed in transreflectance (Ct-1, Ct-2, DCIS-1, IDC-1, IDC2, and IDC-3) were included in the PCA.

In this figure, the first 6 principal components (PC), explaining 96% of the dataset spectral variability, are displayed, as well as the associated PC score map distribution for each sample. Among those components, PC1 and PC2, with a cumulative explained variance of 59 and 76% respectively are particularly interesting. PC1 exhibits an intense positive signal at 1650 cm -1 and 1540 cm -1 , along with a negative signal between 1100 cm -1 and 900 cm -1 , thus reflecting the protein signal within the inorganic deposits. When comparing the component scores between benign (Ct-1, Ct-2) and IDC samples (IDC-1, IDC-2, and IDC-3), no specific trends are observed: both pathological groups showcase BMCs with low and high PC1 scores. However, juxtaposing PC1 score with BMCs' size -using SEM micrographs (Figure 4.1) and µFT-IR maps (Figure 4.2) -we can notice that large calcifications ( > 100 µm, e.g., samples

Ct-1 and IDC-3) present lower PC1 scores compared to smaller BMCs ( ∼ a few dozens of µm, Figure 4.5). As shown in Figure 4.6, the difference in the PC1 scores with BMCs's size was observed for both benign (Ct-1, and Ct-2) and IDC (IDC-1, IDC-2, and IDC-3) specimens. Moreover, the distribution of the PC1 scores within these large calcifications is particularly interesting. Samples Ct-1 and IDC-3 exhibit higher PC1 scores at the outer edge of the calcification compared to the inner part, suggesting an increase in protein content within the deposits at the BMC/tissue compared to the inner part of BMC.

Hereafter, focusing on the PC2, we notice that the PC2 is very similar to CA reference spectrum (Figure 2.11). PC2 exhibits positive signals at 1105 cm -1 , 1030 cm -1 , and 960 cm -1 , characteristic of the inorganic phosphate within the Hap lattice, as well as signals at 1650, 1415 and 870 cm -1 which are characteristic of CO 3 2vibrational modes. Figure 4.6, presenting for each PC the score distribution across samples, highlights that BMCs from Ct-1 and Ct-2 possess lower PC2 scores than BMCs from IDC-1, IDC-2, and IDC3. This is consistent with the study of BMCs mean spectrum presented in Figure 4.3, which suggested that BMCs within the benign samples studied are primarily composed of ACCP, while BMCs from IDC specimens were mainly composed of Hap.

The advantage of µFT-IR lies in its ability to conduct large-area imaging, allowing for the chemical characterization of multiple BMCs within a single sample and, thus, the investigation of BMCs' chemical diversity within a single specimen. To investigate BMC chemical properties and study their chemical diversity through µFT-IR analyses, several options are available. Here we detailed absorption band ratios (considering all samples from the dataset, Figure 4.4), as well as PCA (including only samples were calculated A) the carbonate-to-phosphate and B) the protein-to-phosphate ratios. For the carbonate, three ratios were calculated using the three main carbonate absorption bands in the 2000 -800 cm -1 spectral range at: 1455 (A 1 ), 1405 (A 2 ), and 870 cm -1 (A 3 ). The Amide I absorption band at 1650 cm -1 was used to evaluate the protein-to-phosphate ratio. The ratio per pathological group (benign, DCIS, IDC) is also represented (gray boxes) and was calculated using the sample's mean value.

analyzed in transreflectance mode, Figure 4.5). While calculating absorption band ratios can be a straightforward and visual representation for evaluating the relative proportion of chemical groups in a sample (as shown in Figure 4.4 with BMCs' carbonate and protein contents), it is difficult to confidently interpret and analyze because of the absorption bands of interest that overlap with one another. An alternative strategy is to implement principal component analysis on all BMCs spectra acquired across all samples. This approach highlights at which wavenumber (and thus absorption band) the most significant variations across spectra occur. The PCA calculated on our set of samples (Figure 4.5) has highlighted interesting patterns, including the possible increase of protein content with BMCs' size (an observation that will need to be confirmed in the future with a more extensive study including more samples and BMCs studied per samples). However, when it comes to the fine descrip-tion of BMC chemical heterogeneity at the single calcification level -a study required to understand BMCs' chemical structure complexity and formation -µFT-IR reaches its limits. Hence, there is a need for further investigation at the nanoscale level. 

. Breast microcalcifications fine chemical description through infrared nanospectroscopy analyses

To delve into BMC's chemical properties in detail, for each sample, a BMC -among the ones identified through SEM (Figure 4.1) and studied with µFT-IR (Figure 4.2) -was further explored using AFM-IR (Table 4.2, Figure 4.7). For each BMC, the area covered by the analysis span from 1 µm (sample IDC-4) to 15 µm (DCIS-3) in width, and local spectra were acquired widespread over the whole surface studied. For each BMC's ROI investigated, Figure 4.7 presents the average spectrum of AFM-IR spectra acquired over the entire region, an AFM-IR spectrum of the tissue surrounding the BMC, as well as the FT-IR spectrum or average spectrum (extracted from the HS analysis shown in Figure 4.2) acquired at the location at which the AFM-IR analysis was conducted. The identification of the FT-IR spectrum associated with the AFM-IR region analyzed (or spectra if the AFM-IR topography overlaps with more than one pixel from the HS measurement shown in Figure 4.2) was carried out thanks to the colocalization strategy explained in Chapter 3, section 3.2.3: enabling a comparison between the signal at the micro and nanoscale.

When comparing BMCs average AFM-IR spectrum with FT-IR spectrum, only three out of nine samples -Ct-3, IDC-2, and IDC-4 (Figure 4.7) -show similar responses at both the nano and micro scales (aside from variations in absorption band relative intensities). For instance, samples Ct-1, Ct-2, DCIS-2, and IDC-1 µFT-IR spectra associated with the AFM-IR ROI studied exhibit very broad absorption bands in the 1200 -900 cm -1 spectral range, while the AFM-IR spectra display well-defined absorption bands. These observations highlight the experimental difficulties of imaging and characterizing unique BMC through µFT-IR analysis; difficulties that arise because of BMCs' peculiar optical and morphological characteristics, which may include anisotropic optical properties, morphological heterogeneity with varying thickness, and sharp edges. Although AFM-IR analysis of inorganic samples comes with its own limitations (as extensively discussed in Chapter 2), it offers the opportunity for BMCs' fine chemical description when µFT-IR falls short. The high spatial resolution of AFM-IR and small probed volume (tens of microns) allow for a more sensitive description of BMCs compared to µFT-IR, which analyzes the entire sample thickness (the whole BMCs and the tissue underneath if present) and, depending on BMCs' size, their surrounding microenvironment. Figure 4.8 displays BMC average AFM-IR spectra for all ten samples investigated and organized by pathological group. In benign samples (Ct-1, Ct-2, and Ct-3, green spectra in Figure 4.8.A), the signals vary significantly from one BMC to another. Sample Ct-3 presents three main absorption bands at 1635, 1530, and 1225 cm -1 , corresponding to amides I, II, and III. Such spectra are characteristic of biological objects and are expected to be measured on pure tissue. However, the analyzed area corresponds to spherical particles with a diameter of about 1 µm (Figure 4.7.A), which, on SEM micrographs, could fit calcifications. The absence of an inorganic phosphate signal in the spectra can be attributed to several possible reasons. For instance, spectra might not have been measured on the objects (error of the tip position when measuring the spectra, which can happen if the sample shift is important), or the objects might not be inorganic deposits. To confirm the latter, elemental analysis is necessary to confirm the presence or absence of calcium.

In contrast, BMCs from Ct-1 and Ct-2 exhibit intense absorption bands characteristic of inorganic phosphates and no organic contributions. The AFM-IR spectrum of Ct-1 shows a broad absorption band between 1150 cm -1 and 1000 cm -1 with a well-defined structure and local maximums at 1120 cm -1 , 1046 cm -1 , and 1030 cm -1 , resembling NCA reference spectrum (Figure 2.11). The signal similarity to nanocrystalline calcium phosphate species is surprising, considering the size of the analyzed BMCs (around 100 µm to 200 µm in width and length). On the other hand, the BMC analyzed in Ct-2 presents a sharp absorption band centered at 1030 cm -1 . Although the BMC from Ct-2 has a distinct spectral signature compared to the Ct-1 BMC, this sharp absorption band also suggests a highly crystalline inorganic phosphate deposit. Yet, X-ray spectroscopy studies of BMCs emphasized that the degree of crystallinity increases with the malignity of the lesions [START_REF] Vanna | Raman spectroscopy reveals that biochemical composition of breast microcalcifications correlates with histopathologic features[END_REF]. Therefore, our observations are unexpected since these BMCs are localized within benign lesions. However, the µFT-IR spectra associated with these BMCs (Figure 4.7.A) exhibit a broad unstructured absorption that could align with amorphous inorganic phosphate deposits. In that case, our AFM-IR analyses might indicate the presence of locally crystalline calcium phosphate within a larger amorphous calcium phosphate deposit; complementary X-ray spectroscopy analysis would be interesting to validate those observations. Finally, the lack of protein signals in the AFM-IR spectra of Ct-1 and Ct-2 BMCs could be explained by two main reasons: 1) the absence (or low molecular fraction) of organic compounds within the BMCs lattice or 2) the experiment and experimental parameters itself. Indeed, since AFM-IR probes a limited volume (which depends on the frequency of the cantilever eigenmode used for the measurements), if the BMC, locally, lacks organic molecules, the spectra won't show the characteristic amide I and II absorption bands typically seen in biological molecules. Thus, the absence of these absorption bands in the spectra should not be interpreted as the total absence of organic components throughout the entire BMC structure.

Unlike BMCs from Ct-1 and Ct-2, which do not show organic-related absorption bands, BMCs from DCIS and IDC specimens exhibit both inorganic phosphates and amide I and II absorption bands. BMCs from DCIS lesions (DCIS-1, DCIS-2, and DCIS-3, blue spectra in Figure 4.8.A) display a strong absorption band centered between 1040 and 1020 cm -1 and a shoulder at 1120 cm -1 : more or less intense depending on the BMC. This signal could correspond to Hap and CA-based calcifications. DCIS-2 and DCIS-3 phosphate absorption bands have a more prominent shoulder at 1120 cm -1 compared to DCIS-1. This difference likely indicates the presence of PO 4 3with different symmetry within the crystal lattice and/or the presence of both PO 4 3and HPO 4 2 -. BMCs from DCIS-2 and DCIS-3, in addition to the shoulder at 1120 cm -1 , also exhibit relatively intense amide I and II absorption bands, whereas the BMC from DCIS-1 present a sharper phosphate absorption band and much weaker signal in the amide I and II spectral range: which might suggest a correlation between the BMC's protein content and the phosphate symmetry and/or the nature (protonated phosphate group or not).

The studied BMC from DCIS-3 also presents a medium-intensity absorption band at 1750 cm -1 and a weak absorption band at 1255 cm -1 . In biological samples, the absorption at 1750 cm -1 is often associated with the C=O stretching mode from lipids. However, in our case, tissue sections were deparaffinized using xylene (section 3.2.1.1), which should have removed both paraffin and lipids from the samples. Therefore, the observed absorption bands could either be remnants of lipids entrapped in the calcification or a contamination.

In contrast to BMCs from DCIS samples, BMCs from IDC patients (red spectra in Figure 4.8.A) display relatively uniform spectral signatures. The BMCs studied for all four IDC samples (IDC-1, IDC-2, IDC-3, and IDC-4) present a phosphate absorption band with a maximum at 1040 cm -1 and a shoulder at 1110 cm -1 : a spectral signature consistent with CA reference spectrum (Figure 2.11). The BMC from IDC-4 * shows a phosphate band more structured compared to IDC-1, IDC-2, and IDC-3, with local maximums at 1110, 1060, and 1040 cm -1 . However, the IDC-4 mean AFM-IR spectrum also exhibits an increased signal-to-noise ratio compared to the IDC-1, IDC-2, and IDC-3 spectra. Therefore, the fine structuration observed for IDC-4 might also be present in the other IDC spectra but hidden by the noise. The fact that all four BMCs from IDC samples exhibit very similar spectral signatures at the nanoscale is particularly interesting, given their differences in size and morphology (Figure A.7.C). These BMCs, indeed, cover a wide size range: from a few micrometers in diameter (IDC-2), between 20 and 30 µm for IDC-1 and IDC-4, and up to 200 µm in diameter for IDC-3. Besides, they have significantly different morphologies: IDC-2 BMC is a homogeneous granular spherule, IDC-1 BMC consists of an aggregate of particle, IDC-4 BMC can be characterized as dense homogeneous, while IDC-3 correspond to a spongy/friable BMC.

Finally, even though it is difficult to interpret, it is worth noting that all BMCs from DCIS samples exhibit a weak absorption band at 960 cm -1 , likely resulting from a phosphate symmetric stretching mode, while this band is absent in all BMCs from IDC samples. * The IDC-4 BMC area analyzed and presented in this section contains paraffin residues. Paraffin can be easily identified by the three very sharp absorption bands at 1473 cm -1 , 1463 cm -1 , and 1378 cm -1 , and is unlikely to affect the signal in the 1200 -900 cm -1 range which we focus on.

To better understand BMCs' chemical framework, chemical imaging is essential. Most samples were analyzed using a NanoIR2 system (Table 4.2); however, due to instrumental limitations, single IR map imaging of such objects is challenging, if not impossible (section 2.4.2). We circumvent that chemical imaging issue by doing HS AFM-IR analyses (section 3.2.1.5).

Figure 4.9.A presents the PCA results obtained from the HS analysis of spherical BMCs from benign, DCIS, and IDC lesions. These particles were sectioned and cut open during the tissue section preparation, allowing a fine description of their internal chemical structures by pinpointing them with the AFM-IR tip. When comparing the first three principal components of Ct-2, DCIS-1, and IDC-2 PCA (Figure 4.9), we notice that only Ct-2 PC1 exhibits signal in the 1420 -1400 cm -1 spectral range. As previously mentioned, this wavenumber range is difficult to interpret as it may contain contributions for several chemical groups, including CO 3 2 -, CH 2 , CH 3 and carbohydrate OH vibrational modes. However, in this specific ROI, there is no organic signal between 1750 and 1500 cm -1 detected, nor an absorption band at 1378 cm -1 (CH 3 ), indicating that the signal might come from carbonate asymmetric stretching modes. Nonetheless, the signal between 900 and 800 cm -1 is necessary to confirm the presence of CO 3 2 -, by observing (or not), the carbonate out-of-plane bending absorption band at 880 -870 cm -1 .

For the DCIS-1 BMC, AFM-IR spectra were acquired along a line following the particle's diameter. The PCA results obtained from these spectra output a PC1 with positive signals at 1660 cm -1 and 1530 cm -1 , as well as a negative signal at 1030 cm -1 : thus indicating the distribution/relative concentrations of organic compounds within the BMC. Analyzing the PC1 score distribution along the spectral line (Figure 4.9.A, red-color coded line), we observe negative scores at the central part of the BMC and positive scores at the edge, implying an increase in protein content at the BMC's periphery and its interface with the surrounding tissue. This observation aligns with the increase of protein signal at the outer part of the BMC compared to the inner part: a pattern also observed through µFT-IR analyses of Ct-1 and IDC-3 (Figure 4.5). Similarly to DCIS-1, the PC1 from the IDC-2 BMC displays invert organic (1630 cm -1 and 1535 cm -1 ) and inorganic (1105 -1030 cm -1 ) contributions. Unlike IDC-2, this signal not only highlights differences in protein content within the BMCs but -since the HS analysis was performed at the tissue/BMC interface (cf. IDC-2 topography in Figure 4.9.A) -distinguishes tissue spectra from the BMC spectra. Furthermore, in the phosphate region, IDC-2 PC1 and PC3 exhibit signals at 1120, 1105, 1030/1025, and 960 cm -1 , which, when compared to reference spectra (Figure 2.11 and Table 2.2), match a combination of CA and NCA, suggesting apatite with heterogeneous crystallinity state.

In the PCA analysis of BMCs from DCIS lesions (Figure 4.9.B), an interesting pattern emerges across all BMCs: the PC1 exhibits a positive signal at 1660 -1640 cm -1 and 1540 -1530 cm -1 , coupled with a broad negative band in the phosphate region centered at 1030 cm -1 . The wide band centered at 1030 cm -1 likely indicates the presence of ACCP or poorly crystalline CA or Hap. Hence, for all three BMCs, the PC1 reflects the distribution of organic molecules within the calcium phosphate lattice.

Analyzing the PC1 distribution score maps (Figure 4.9.B, red-color scale maps) reveals significant heterogeneity in protein distributions with the BMCs. These heterogeneities of the organic content within the BMCs' are also highlighted by DCIS BMCs' PC2 score maps (green scaled maps, Figure 4.9.B). However, contrarily to the PC1, the PC2 is either correlated (DCIS-1 PC2) or anti-correlated (DCIS-2 PC2) with sharper inorganic phosphate absorption bands centered between 1040 and 1020 cm -1 , thus describing the correlation between the organic matrix and the calcification crystalline regions. Comparing the distribution of PC1 (red scaled maps, Figure 4.9.B) and PC2 (green scaled maps, Figure 4.9.B), we can notice that the distribution of the protein content in the amorphous and crystalline parts of the BMC strongly differs from one BMC to another. For the DCIS-2 BMC, the PC1 score distribution appears binary: one side of the studied area shows a minimal protein signal and intense phosphate signal (left side of the HS with negative scores: dark red pixels), while the other half displays a strong amide I and II signals (right side of the HS with positive scores: white pixels). In contrast, the PC1 score distribution map for the DCIS-3 BMC shows a gradual change in the PC1 score: with negative scores at the inner part of the BMC gradually transitioning to positive scores while reaching the BMC's edges (Figure 4.9.B, sample DCIS-3, red color scale map). Furthermore, for the DCIS-2 BMC, the PC3 presents a sharp negative band centered at 996 cm -1 with two shoulders at 1030 and 960 cm -1 , which likely indicates the presence of highly crystalline phosphate species. Notably, examining the associated score distribution map (Figure 4.9.B, sample DCIS-2: blue color scaled map), regions associated with negative scores (e.g., intense contribution from crystalline objects) exhibit little organic signal (red color scaled map) and are surrounded by areas with more intense protein signal: possibly highlighting the segregation of highly crystalline calcium phosphate from organic components. For all five BMCs investigated through AFM-IR HS analyses (Figure 4.9.A and B), the PCA components reveal highly intricate spectral signals that are challenging to interpret. To fathom the heterogeneity observed in the AFM-IR spectra, different contributions need to be considered:

The calcification chemical diversity:

-the diversity of the calcium phosphate groups (PO 4 3 -/HPO 4 2 -) as well as their symmetry within the crystal structure which appear as complex signal in the 1200 -900 cm -1 spectral range -The presence of carbonate substitutions which, in the 1900 -900 cm -1 spectral range accessible with our AFM-IR systems, will appear through absorption band(s) between 1500 -1400 cm -1 , and will influence the phosphate signal (local change of symmetry)

-The nature of the organic component(s) (cellular remnants, lipids, glycoproteins, glycopeptides, etc.) included within the BMCs amorphous and crystalline structure or adsorbed on the BMCs's surfaces -The BMCs degree of hydration: water signal which overlaps with the amide I and II absorption bands

The sample optical properties and the AFM-IR system configuration. As BMCs are (or can be) crystalline objects with anisotropic optical properties, the polarized IR light used during AFM-IR measurements and the fixed illumination angle might induce anisotropic photothermal response. Yet, if the photothermal response does not occur in the z-axis (direction orthogonal to the sample's surface and colinear with the AFM-IR tip axis), the cantilever won't detect the IR photothermal expansion, and no IR absorption will be measured.

The probed depth: the volume probed during AFM-IR measurements (spectra & chemical maps) depends on the cantilever and the contact resonance frequency used for the measurement. It is well-acknowledged that the probe volume decreases with increasing eigenmode frequency (section 2.1, [START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF][START_REF] Quaroni | Understanding and controlling spatial resolution, sensitivity, and surface selectivity in resonant-mode photothermal-induced resonance spectroscopy[END_REF]. Yet, without calibration of the cantilever, it is difficult to evaluate the probe volume and to compare the signal acquired on different ROI/samples when analyzed with different cantilevers, as the probe volume might differ from one measurement to another. Therefore, additional tests are required to gain a better understanding of our results and further understand the influence of the AFM-IR instrument configuration (e.g., IR laser polarization and IR beam illumination angle) and the experimental parameters (cantilever spring constant and eigenmodes) on BMCs' AFM-IR signals. Additionally, as these preliminary results emphasized an intricate organization of the organic and inorganic components within the BMCs, it would be valuable to also focus on identifying the nature of the organic components present within the BMCs.

. Multimodal and multiscale analysis: limitations of the study and perspectives

Using simultaneously SEM, µFT-IR, and AFM-IR on the same breast tissue section, we were able to characterize BMCs' morphological features (dimension, shape, surface aspect) and explore their chemical properties at the sample level (µFT-IR global analysis) and the single calcification level (AFM-IR analysis). µFT-IR results revealed a potential correlation between the calcification size and protein content (Figure 4.6), as well as a difference in CA signal between BMCs from benign and DCIS specimens. Those observations were carried out considering measurements in transreflection mode only: two and three samples for benign and IDC pathological groups, respectively. Therefore, further measurements and a larger sample size are required to validate these potential correlations. Besides, exploring the chemical signature of BMCs in relation to their size could be relevant, as differences seem to exist: discrepancies that have not been described in the literature beforehand. Finally, after the µFT-IR analysis, BMCs' fine chemical structure has been described thanks to AFM-IR analysis. This study marked the first application of AFM-IR to study calcifications directly within breast tissue. Despite the challenges of studying heterogeneous samples with AFM-IR, these initial measurements demonstrate the feasibility of depicting BMC chemical features at the nanoscale. Our results revealed that BMCs are complex and heterogeneous chemical edifices comprising intricate organic and inorganic components. Thanks to the high spatial resolution provided by the technique compared to standard µFT-IR, we could outline phosphate signal diversity that has not been described formerly.

The current protocol for AFM-IR analysis of BMCs (section 3.2.1.4) is the initial step toward understanding their chemical organization. However, there is room for improvement, particularly concerning measurement accuracy and stability. AFM-IR has the capability to acquire single-wavelength IR maps, which are essential for studying the chemical heterogeneity and distribution of chemical groups in a sample. As the NanoIR2 system on which those measurements were conducted didn't allow those IR maps acquisition (because of the sample's complexity), we propose hyperspectral imaging to spatially explore BMCs' chemical features as an alternative solution. However, it's important to note that AFM-IR hyperspectral measurements are less precise than single-wavenumber IR maps and come with significant stability issues, impacting the analysis precision. Those issues include:

Because of spectra acquisition time & system stability, HS measurements cannot be acquired with the same sampling rate (distance between two consecutive measured points) as IR map: providing less spatially detailed information.

The HS measurement comes with errors of the tip localization (error of spectra (x,y) positions) compared to the topographical image (Figure 4.10) because of:

-The change of the acquisition mode between the imaging (tapping mode) and spectra acquisition (contact mode) -The system thermal drift (up to 10-20 nm • min -1 with our NanoIR2 system) -The sample drift linked to the sample stability. If the BMC investigated is not well fixed to the substrate or embedded within the tissue matrix, the BMCs can move due to the tip pressure on the sample's surface during scanning.

-Error of the tip location and tip/surface contact during spectrum acquisition: because of the AFM-head modest stability & the topographical heterogeneity of the sample, the tip/surface contact and tip (x,y) position during spectra acquisition isn't necessarily stable resulting in degradation of spectra spatial resolution and signal-to-noise ratio.

However, thanks to technological improvements, these limitations are being addressed. Tests were conducted using the latest commercial AFM-IR system (IconIR, Bruker), which features a highly stable AFM (e.g., mechanical and acoustic stability, minimal thermal drift < 0.5 nm • min -1 ) and a double PLL to monitor and correct the tapping-IR signal topographical and mechanical contributions enabling BMCs analyses in tapping mode (both imaging and spectra) with significantly increased spatial resolution and spectral sensitivity ( 4.7.C using this latter system. Thanks to the system stability, we were able to explore a 1.5 µm x 1.5 µm area and acquire IR maps (Figure 4.11.E) to spatially precise the chemical heterogeneities hinted by the HS analysis in Figure 4.9. By measuring IR maps at 1650 cm -1 and 1040 cm -1 to examine the local distribution of organic and inorganic components, we identified regions primarily showing signals from organic molecules (blue regions in the composite map in Figure 4.11.E), areas exclusively composed of calcium phosphate species (red regions in the composite map in Figure 4.11.E), and areas containing a mix of both organic and inorganic species (depicted in pink in the composite map in Figure 4.11.E). These measurements were acquired directly onto the BMC's surface, yet we were able to measure relatively pure organic signals, highlighting that in those experimental conditions (in tapping mode, using 42 N/m spring constant cantilever and with f T ap = 1.69 MHz and f IR = 276 kHz), the probe depth is little enough to detect organic inclusions within the BMC lattice without probing the inorganic matrix underneath. A line of spectra was acquired across the ROI (Figure 4.11.B and C) to further investigate the signal associated with the regions displaying organic, inorganic or a mixture of both organic/inorganic signals on the IR maps (Figure 4.11.E). The spectra line, consistently with the composite IR map, exhibits spectra with primarily organic signal (spectra 25 to 18 located within the blue area on the composite map), spectra presenting mainly inorganic phosphate absorption bands (spectra 10 to 7, located within the red/orange area on the composite map) and spectra with both relatively intense organic and inorganic absorption bands (spectra 17 to 11 and 4 to 1, located within the pink regions on the composite chemical map). Spectra 25 to 18 in purple/dark blue in Figure 4.11.C and acquired at locations predominantly displaying organic signals on the composite chemical map (Figure 4.11.E), exhibit strong organic signals with intense amide I and II absorption bands at 1650 cm -1 and 1535 cm -1 . These spectra unexpectedly show two absorption bands centered at 1120 and 967 cm -1 , whose origin remains undetermined. Furthermore, they possess medium intensity absorption bands at 1467, 1457, and 1378 cm -1 , likely arising from CH 2 and CH 3 vibrational modes due to paraffin residues. These absorption bands are also present spectra 17 to 1 but with weaker intensities compared to spectra 25 to 18. Focusing on the inorganic phosphate signal -the 1200-900 cm -1 spectral range -the spectra confirm the presence of different calcium phosphate species as suggested by the PCA analysis (Figure 4.9).

The evolution of the inorganic phosphate absorption band from spectra acquired at the interface with the pure organic phase to spectra measured in regions showcasing pure inorganic signal (spectra 17 to 5 in Figure 4.11.C) is particularly interesting. Initially, the inorganic signal appears -along side amide I and II absorption band -as a broad and unstructured absorption band similar to ACCP (spectra 17 and 16), gradually evolves into a more structured absorption band (spectra 13 to 11) until -in the absence of the amide I and II absorption bands -evolving into a sharp, intense absorption band centered at 1030 cm -1 with a shoulder at 1090 cm -1 (spectra 10 to 7) suggesting the presence of highly crystalline CA. This evolution trend suggests an interconnection between the organic and inorganic matrix, and the inorganic matrix degree of crystallinity. Finally, we can notice that spectrum 13 presents a very characteristic calcium phosphate absorption band with local maximums at 1120, 1105, 1030, and 967 cm -1 : a structure very similar to the spectrum obtained on synthetic nanocrystalline carbonated apatite reference sample (Figure 2.11, Table 2.2), whereas spectra 10 to 7 inorganic phosphate signal closely resembles the calcification signal obtained in chapter 2 (cf. Figure 2.12 and 2.13) while investigating mineralization in bacteria.

This preliminary BMCs chemical characterization study at the nanoscale shed light on the BMCs' complex chemical architecture and the intricate interaction between BMCs' organic and inorganic components. BMCs AFM-IR spectra highlighted the presence of different inorganic phosphate signals, and BMCs chemical imaging (both HS measurements (Figure 4.9) and the chemical maps (Figure 4.11)) showed an intricate organization of the inorganic phosphates with the organic matrix. However, BMCs AFM-IR spectra and their variability are challenging to interpret within the biomedical context of breast microcalcifications and breast cancer since no study characterizing BMCs at this scale nor thoroughly investigating the chemical variability of individual calcifications is available. Nonetheless, these initial results demonstrate the feasibility of investigating BMCs at the submicrometric level using AFM-IR despite the samples' significant mechanical heterogeneity and surface rugosity. Besides, thanks to the most recent AFM-IR system's increased stability, it offers new opportunities to describe BMCs complex chemical structure, including describing pure organic and inorganic regions. However, as BMCs AFM-IR signals can be impacted by the instrumental setup (e.g., polarization of the IR source, sample illumination angle), as well as the experimental parameters (such as the cantilever spring constant and the contact resonance frequencies used for the measurements), the next step of this work would be to study the influence of those factors on the AFM-IR spectra of calcium phosphate crystals using pure synthetic reference samples. By including in this study, reference calcium phosphate samples with a chemical composition similar to those observed in breast tissues (e.g., different carbonate substitution percentage, presence of protonated phosphate group, ...), and with varying crystallinity levels (amorphous and crystalline calcium phosphate), this work would establish essential baseline knowledge to analyze the signal acquired on BMCs. 

General conclusion & perspectives

In the biomedical field, when investigating pathological phenomena, characterizing the physicochemical changes that occur at the cellular level in the tissue/organ concerned can be crucial for gaining a comprehensive understanding of the underlying mechanisms. Yet, techniques offering physicochemical descriptions of biological samples at the cellular/molecular level are limited. AFM-IR emerges as a promising solution to address this gap by providing a comprehensive chemical description of material at the sub-micrometric scale. Although AFM-IR is widely used in biology to study isolated cells and bacteria, its application directly in biological tissues has been relatively limited. This limitation arises from the intricate nature of biological tissues, which are inherently morphologically and mechanically heterogeneous: characteristics that pose challenges for AFM-IR measurements. Despite these challenges, leveraging AFM-IR capabilities to directly investigate pathological phenomena at the molecular level in tissue is promising for comprehending poorly understood biological phenomena such as mineralization processes in the breast. BMCs are calcium-based deposits that can be observed in both benign and cancerous lesions. Various techniques, including x-ray and vibrational spectroscopy methods, have been employed for characterizing BMCs (Chapter 1). While these methods have revealed possible correlations between BMCs' chemical features and breast pathologies, the mechanisms behind their formation and their relationship with breast pathologies remain poorly understood. Hence, BMCs' description at the submicrometric level -a description currently lacking -could provide new insights into mineralization processes in the breast and BMCs' pathological implications. During my PhD, I thus designed a comprehensive strategy that integrates electron microscopy and infrared spectroscopy to morphologically and chemically characterize BMCs at the micrometric and nanometric scales directly in breast tissues. The objective was to use µFT-IR for BMCs' chemical characterization in the scope of the patient's histopathological context, alongside AFM-IR for BMCs' chemical speciation at the nanoscale, to access new insight into their chemical structure.

Due to their peculiar optical and mechanical properties, AFM-IR analyses of inorganic materials can be challenging, and the obtained results difficult to interpret. Therefore, prior to the investigation of BMCs, we first confirmed the feasibility of characterizing biological inorganic deposits with AFM-IR using mineralized bacteria as a model (chapter 2), as bacteria possess dimensions and surface properties that make them easy to image compared to breast tissue sections. This initial step aimed to understand and validate the signal measured on mineralized biological objects without contribution from topographical or mechanical artifacts affecting the signals. This initial study, conducted in contact mode, provided AFM-IR signals consistent with calcification reference spectra and demonstrated AFM-IR capabilities in characterizing mineralized biological objects by identifying and differentiating bacteria inorganic deposits' chemical evolution from ACCP to Hap over time. However, switching from bacteria to mineralized tissues, many challenges arose. Due to the tissue surface roughness, tapping mode AFM-IR was required for imaging the section. On the other hand, substantial contact resonance shifts occurred because of significant mechanical variations between the tissue's organic and inorganic phases. These shifts could not be monitored (with our NanoIR2 AFM-IR system because of the lack of PLL in tapping mode) and hindered spectra acquisition. Consequently, a customized protocol, employing both tapping and contact mode AFM-IR, had to be implemented for imaging the sample and acquiring the spectra, respectively. Based upon that protocol, BMC's fine analysis thanks to AFM-IR, was included as part of a multimodal and multiscale approach, entailing electron microscopy and IR spectromicroscopy (Chapter 3, Figure 3.2). Through SEM analyses, BMCs are localized within the breast tissue sections and morphologically described. Subsequently, the identified BMCs are chemically imaged using µFT-IR and AFM-IR. Thanks to µFT-IR, large (hundreds of microns wide) BMC-containing regions are investigated for each sample, providing information about chemical heterogeneity between BMCs at the patient level. In contrast, AFM-IR describes chemical heterogeneity at the single calcification level. Finally, to analyze, interpret, and compare BMCs' chemical signature at the micro and nanometer scale, a spectra pre-processing pipeline was optimized for each technique, and an image registration strategy designed to realign SEM micrographs and µFT-IR and AFM-IR chemical images. This image registration process is not straightforward due to significant differences in scale between the three techniques. For instance, the area covered by the ROI investigated in AFM-IR (typically 5 to 10 µm wide) can be equivalent to less than a pixel (either 2.7 or 15 µm in width) in the µFT-IR hyperspectral measurement of the sample. We implemented an image registration strategy relying on SEM micrographs of the investigated region captured at different scales. Low-magnification images allow the colocalization of SEM micrographs with µFT-IR optical and chemical images. Those latter are then colocalized with SEM micrographs at increasing magnifications until the SEM micrograph depicting the morphological features of the ROI investigated in AFM-IR is reached. The quality of this registration process depends on the resolution and quality of SEM micrographs but has proven to be a quite robust strategy.

In the final chapter of this manuscript, we applied our multimodal and multiscale characterization strategy to study BMCs from ten patients, including three patients with benign lesions, three with DCIS lesions, and four with IDC lesions (Chapter 4). SEM analyses revealed the presence of macro-, micro-, or nano-calcifications in all specimens. However, no consistent pattern was observed regarding BMCs' size, shape, or morphology across the different samples and pathologies. The majority of observed calcifications exhibited either dense homogeneous or aggregate micromorphologies, as per Scott et al.'s classification [START_REF] Scott | Breast calcification micromorphology classification[END_REF]. On the other hand, our µFT-IR analyses revealed intriguing trends. By conducting PCA on BMC spectra from all samples analyzed in transreflection mode (n benign = 2,n DCIS = 1,n IDC = 3), we noticed an increase in protein content with decreasing BMC's size. Additionally, in larger microcalcifications ( > 100 µm), the protein content seemed higher at the edges than the central part of the BMCs. Nevertheless, those observations are based on the analysis of a total of five samples only and, therefore, require further analyses (additional samples studied and more BMCs studied per sample) to be confirmed statistically. To continue on BMCs' protein content, AFM-IR provided valuable insights into its distribution within the calcifications. Nanoscale chemical imaging of sectioned BMCs through AFM-IR HS analyses revealed distribution patterns that greatly vary from one sample to another: with BMCs showcasing protein content localized to specific areas (DCIS-2, Figure 4.9), while some BMCs presented gradual variation in organic compounds' local concentrations (DCIS-3, Figure 4.9). Furthermore, across all samples, AFM-IR analyses highlighted the complexities of the composition and structure of calcium phosphate deposits. The analyses showed substantial heterogeneity in the inorganic absorption bands, indicating chemical, structural, and crystalline diversity within the calcification lattice. Our current protocol for AFM-IR BMC analysis -along with the system used in this study -outlined limitations in characterizing these heterogeneities further due to measurement/instrument stability issues. However, recent tests using the latest commercial AFM-IR system have shown promise in exploring these heterogeneities in greater depth. Indeed, preliminary results demonstrated the ability to detect organic inclusions within the calcium phosphate matrix and to describe the calcification's inorganic species diversity. Furthermore, the stability and sensitivity of the system open new opportunities to investigate the nature of the organic compound entrapped within the BMC lattice. In the future, expanding our study to fresh cryosectioned specimens (e.g., unfixed and not embedded in paraffin) would allow us to explore the potential presence of lipids. Some AFM-IR spectra measured during this study could correlate with the presence of such compounds (DCIS-3, Figure 4.8). However, due to our current protocol, especially the use of xylene for paraffin removal, these findings could not be confidently interpreted. Moreover, working with fresh tissue sections would provide an opportunity to investigate the interaction between BMCs and the BMC's extracellular organic matrix.

In the near future, this multiscale and multimodal strategy could be upgraded by integrating additional characterization techniques. For instance, including Raman spectroscopy would complement the information obtained from IR spectroscopy and provide valuable information about BMCs' carbonate content and BMCs polymorphs. Similarly, integrating elemental analysis techniques such as EDX or XRF would help corroborate the nature of the calcifications inferred from vibrational spectroscopy (for example, validating the presence of Mg to confirm Wk-based BMC). In contrast, techniques like XRD and FIB-TEM would provide new insights into BMCs' crystallographic structure. To take a step further, methods could be considered for characterizing BMCs' microenvironment, such as fluorescence microscopy, mass-spectromicroscopy, or SHG measurements to investigate BMCs' collagen extracellular matrix (Figure 4.12). Implementing multimodal and multiscale characterization strategies can be challenging. It's essential to keep in mind that such approaches demand careful optimization of the experimental workflow, specifically refining the sample preparation process to be compatible with all the techniques and leveraging the order in which the measurements/techniques are conducted. In particular, if destructive methods are involved, it is essential to arrange the experimental workflow to minimize the sample's degradation and ensure that destructive experiments are conducted at the final stage of the workflow. Besides, it also requires a robust data pre-processing pipeline and analysis strategy. Nevertheless, despite the challenges associated with multimodal and multiscale characterization strategies, these approaches hold high value as they provide complementary information for comprehending intricate biological phenomena and addressing complex questions. The protocol proposed in this work, optimized for mineralized breast tissue characterization, marks the initial exploration of BMCs' physicochemical characteristics at the nanometer scale thanks to AFM-IR and demonstrates AFM-IR capabilities for complex biomaterials characterization. Besides, this protocol could readily be adapted and refined for other complex biomaterials requiring both micro and nanoscale chemical description. 
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 1 Figure 1: A) Number of new cases in 2020 for the six most frequent cancers, and B) the number of deaths for the five most deadly cancers. For A), the skin category considers non-melanoma cancers, only. Numbers according to the World Health Organization [8].

Figure 2 :

 2 Figure 2: Anatomy of the breast. A) Components of the breast. B) Lymphatic drainage of the breast. C) Fully developed breast lobular unit. From [11].

Figure 3 :

 3 Figure 3: Classification of the different types of breast cancers and their frequency. Adapted from[START_REF] Ward | Cancer statistics: Breast cancer in situ[END_REF][START_REF] Duraker | A comparison of the clinicopathological features, metastasis sites and survival outcomes of invasive lobular, invasive ductal and mixed invasive ductal and lobular breast carcinoma[END_REF][START_REF]Invasive breast cancer (idc/ilc)[END_REF][START_REF] Zubair | Advanced approaches to breast cancer classification and diagnosis[END_REF] 

Figure 4 :

 4 Figure 4: A) Duct architecture in normal duct, ductal in-situ carcinoma and invasive ductal carcinoma. From [25] B) Normal (1) and DCIS (2) duct histological structure. A) The duct is formed of a double cellular layer: the innermost layer defined by the luminal epithelium (elongated nucleus cells, blue arrow) surrounded by myoepithelial cells (rounded nucleus cells, red arrow). The entire structure is surrounded by a basal membrane (in pink). B) DCIS structure, where the light of the duct is invaded by cancerous cells. From [15].

Figure 5 :

 5 Figure 5: DCIS classification based on their predominant microscopic growth pattern: A) comedo, B) cribriform, C) solid, D) micropapillary, E) papillary subtypes. A large proportion of DCIS exhibit complex mixture of different growth patterns as shown in F). From [28].

Figure 6 :

 6 Figure 6: Breast cancer molecular subtypes and associated prognosis. A) Description of breast cancer molecular subtypes depending on the estrogen receptor (ER), progesterone receptor (PR), HER2 receptor and histologic grade (e.g. cell proliferation). HER2-E refers to HER2 enhanced molecular subtype. Adapted from[START_REF] Zubair | Advanced approaches to breast cancer classification and diagnosis[END_REF]22,32,[START_REF] Coleman | Diagnostic Molecular Pathology: A Guide to Applied Molecular Testing[END_REF]. B) Correlation of breast cancer molecular subtypes with clinicopathological features. From[22].

Figure 7 :

 7 Figure 7: BMCs distribution and morphological description on mammograms. A) Main distributions of microcalcifications in the breast. Distributions highlighted in red are distributions with higher risks of breast cancer. B) Digital zoom mammographic projection images of calcifications with morphological features associated with increasing risks for malignancy. From left to right: coarse heterogeneous, amorphous, fine pleomorphic, and fine linear. Red arrows highlight the location of BMCs. A) and B) from [46].

Figure 1 . 1 :

 11 Figure 1.1: A) Calcium oxalate dihydrate (COD) and B) Amorphous Carbonate Calcium Phosphate (ACCP) kidney stones observed under polarizing light. Adapted from Daudon et al., 2004 [54]. Scale bar 25 µm.

Figure 1 . 2 :

 12 Figure 1.2: SEM micrographs of BMCs composed of COD (A-C), CA (D-F), and Wk (G-I). (A-C) COD in (A) breast, magnification ×980, (B) kidney -5 µm scale bar, and (C) thyroid -2 µm scale bar. (D-F) Hap observed in (D) breast -2 µm scale bar, (E) kidney -5 µm scale bar and (F) thyroid -5 µm scale bar. (G-I) Wk in (G) breast -5 µm scale bar, (H) and (I) in kidney -5 µm and 2 µm scale bar respectively. A) is from Frappart et al. [51].

Figure 1 . 3 :

 13 Figure 1.3: Schematic representations of A) a scanning electron microscope system, and B) the volume of interaction between the sample and the SEM electron beam and the generated signals. In the figure, electrons are noted e -.

1 . 2 .

 12 Still, this study paved the way for combining SEM with spectroscopic techniques to characterize both the morphology and physicochemical properties of BMCs. Building upon this work, in 1998, Poggi et al. [69] image BMCs directly in tissue using SEM-BSE. Taking a step further, SEM has enabled the exploration of the internal structure of Hap spherules in specific cases where the tissue sectioning process cut Hap BMCs in half. Ben Lakhdar et al. [64], within a single sample from a patient diagnosed with fibroadenoma, observed Hap spherules with an internal radial structuration (Figure 1.4.A-B) or constructed of concentric layers (Figure 1.4.C-D). Observations that align with those of Frappart et al. [51], which distinguished three Hap BMCs subtypes characterized by concentric layers, randomly arranged felting of fibers, and granular materials.

Figure 1 . 4 :

 14 Figure 1.4: SEM images of Hap spherical calcifications internal structure. (A, B) Radial and (C,D) concentric layer structuration. 1 µm scale bar. SEM images were aquired using in-lens SE and Everhart-Thornlet secondary electron detectors, at low voltage of between 0.5 and 2 kV. 1µm scale bar. Adapted from Ben Lakhar et al. [64].
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 15 Figure 1.5: SEM images of BMCs with morphological features corresponding to the 5 categories proposed by Scott et al. Measurements were performed using ESEM and BSE imaging. Adapted from Scott et al. [68].

Figure 1 . 6 :

 16 Figure 1.6: A) Schematic representation of the electronic shells of an atom and the electronic reordering that occurs during EDX and XRF measurements leading to characteristic X-ray emission. B) and C) Examples of EDX and XRF spectra of breast microcalcifications in tissue.

Figure 1 . 7 :

 17 Figure 1.7: Geometric derivation of Bragg's law: Constructive interference occurs when the delay between waves scattered from adjacent lattice planes given by a1 + a2 is an integer multiple of the wavelength λ. From Stanjeck et al. , reproduced with permission from Springer Nature [85].
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 18 Figure 1.8: Synchrotron XRD study (A) and EDX (B) of Hap BMCs. A 1 ) Sum diffractogram of 548 diffractograms measuremed on 56 BMCs and digitally isolated large crystallite diffractogram versus theoretical line positions and intensities. A 2 ) Whitlockite weight percentage per sample and grouped by diagnosis. B 1 ), B 2 ), and B 3 ) elemental analysis of BMCs from 31 specimens showing Calcium/Phosphate, Magnesium/Phospahte and Sodium/Phosphate ratios. Figures A)and B) adapted from[START_REF] Scott | Relationships between pathology and crystal structure in breast calcifications: an in situ x-ray diffraction study in histological sections[END_REF] and[START_REF] Scott | Elemental vs. phase composition of breast calcifications[END_REF], respectively.
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 19 Figure 1.9: A) Normalised X-ray diffractograms of calcifications associated with benign, in-situ and invasive breast tissue and stochiometric Hap. The red dashed square indicate peak broadening decrease from benign to invasive lesions between 24 and 29°, highlighting a change of crystallinity depending on the diagnosis. B) Resultsof coherent length (CL) measurements grouped by 00l, hk0 and 0k0 directions and color-coded according to the diagnosis. Significant increase of CL in the 00l and 0k0 directions was found between benign and in-situ BMCs, as well as between in-situ and invasive BMCs in the 0k0 direction. Statistical significance were carried out using Mann-Whitney U test. Error bars represent 95% confidence intervals. From Gosling et al.[START_REF] Gosling | Calcification microstructure reflects breast tissue microenvironment[END_REF] 

Figure 1 . 10 :

 110 Figure 1.10: Electromagnetic spectral range and associated spectroscopies. The red dashed square highlights the mid-IR spectral range.

Figure 1 . 11 :

 111 Figure 1.11: Representation of the energy levels of a diatomic molecule A-B. A) The potential energy of the molecule fundamental electronic state E" and its first electronic exited state E', as a function of the bond length r A-B , R e being the equilibrium length of the A-B bond. The vibrational states associated with the electronic states are represented with the solid and dashed horizontal lines. B) Focus on the rotational states of the two first vibrational level V"=0 and V"=1 of the molecule electronic ground state (highlight on A) with the blue dashed circle). The rovibrational transitions are represented in light green, and the pure rotational transition in dark green.

Figure 1 . 12 :

 112 Figure 1.12: Illustration of stretching and bending molecular vibrational modes for a chemical group composed of three atoms.

Figure 1 .

 1 Figure 1.13: A) Scheme of a Michelson interferometer as part of an IR spectrometer. M 1 and M 2 are the fixed and mobile mirrors, respectively. M ′ 1 is the image of M 1 through the beam splitter and δ the path difference between the two mirrors. B) Typical interferogram measured by a IR spectrometer on a biological sample and C) the IR absorption spectrum after Fourier-Transform (FT) of the interferogram.

Figure 1 . 14 :

 114 Figure 1.14: A) Schematic representation of a wide-field FT-IR microscope. From [92]. B) Scheme of a typical multidimensional data block resulting from hyperspectral imaging. This example is from a breast biopsy imaging. The heatmap represents the total absorption intensity for each point over the 1900 -900 cm -1 spectral

Figure 1 . 15 :

 115 Figure 1.15: Illustration of the possible IR microscopy acquisition modes: transmission, internal reflection (e.g., attenuated total reflection or ATR), external reflection, and transflection (also called transreflectance) modes. Reprinted from Beć et al. [94], Copyright 2020, with permission from Elsevier.

Figure 1 . 16 :

 116 Figure 1.16: Illustration of the different reflection phenomena possible when doing IR microscopy on complex sample in reflectance and transreflectance modes. Adapted from [96].

Figure 1 . 17 :

 117 Figure 1.17: A) ATR-FT-IR spectrum of a human blood-serum showing the spectral regions associated to known bond vibrations of biomolecules' components such as proteins, lipids, phosphates, and carbohydrates. From [103]. B) Typical transmission spectra of tissue (orange curve) and breast calcium phosphate deposits (red curve).

Figure 1 . 18 :

 118 Figure 1.18: Diagram of energy exchange between an incident photon of energy E = hν and a molecule vibrational state. Vibrational states represented on the scheme are associated with the molecule fundamental electronic state (V") and the first electronic excited state (V'). Arrows representing Rayleigh transitions are colorcoded in green, whereas Stokes and Anti-Stokes are, respectively, represented in blue an red. For comparison infrared transitions are indicated in dashed purple arrows.

Figure 1 . 19 :

 119 Figure 1.19: Comparison of diatomic and triatomic molecule vibrational modes active in IR and Raman spectroscopy. Adapted from [104].

Figure 1 . 20 :

 120 Figure 1.20: A) Scheme of a dispersive Raman microscope. From Campanella et al. [105], reproduced with permission from Springer Nature. B) Raman spectrum from a single human primary glioblastoma cell, showing the spectral regions associated with the different cellular constituents. From Xu et al. [106].

Figure 1 . 21 :

 121 Figure 1.21: A) Illustration of Raman spectra from breast calcification (purple curve) and surrounding tissue matrix (orange curve). B) Standard Raman spectra of hydroxyapatite (Hap, blue curve), amorphous carbonated phosphate (ACP, red curve), octacalcium phosphate (OCP, green curve), and whitlockite (WH, purple curve). C) Example of color-coded map of a breast calcification showing Hap in blue, OCP in green, and ACP in red. Map generated from Raman hyperspectral analysis. 150 µm scale bar. A), B) and C) are from Gosling et al. [116].

Figure 1 . 22 :

 122 Figure 1.22: A) Description of Wk and Hap crystalline structure. Adapted from Gosling et al. [87]. B) Hap crystalline structure with highlight of hydroxyl ions (OH -) and phosphate (P O 3-

Figure 1 . 23 :

 123 Figure 1.23: Investigation of BMCs carbonate content depending on breast lesions. A) Reference transmission FT-IR spectra of commercial Hap powder with known percentage of carbonate substitution: 0 % (CHAP), 0.5 % (05 CHAP), 1.4 % (14 CHAP), 2.3 % (23 CHAP), and 3.5 % (35 CHAP). B) and C) carbonates content of patient's BMCs evaluated using a predictive model based on the reference spectre presented in A) according to the breast lesion nature: benign and cancerous lesions in B), and the cancer stage and grade in C). D) Comparison of the carbonate and tissue signal in BMCs depending on the breast lesions: benign, in-situ cancer and invasive cancer. From [119].

Figure 1 . 24 :

 124 Figure 1.24: Proposed mechanisms by Golsing et al. [87] regarding BMCs micro-environment effect on their structural and chemical features.

Figure 1 . 25 :

 125 Figure 1.25: Schematic representation of an O-PTIR microscope developed and commercialized by Photothermal Spectroscopy Corp. Adapted from [135].

Figure 1 . 26 :

 126 Figure 1.26: Study of BMCs in breast tissue using O-PTIR. A) White light image of the breast biopsy, x10 magnification. The presence of calcification is highlighted by the red box. B) and C) O-PTIR chemical maps at 1656 cm -1 and 1044 cm -1 (respectively emphasizing the tissue and calcification spectral signals) D) and E) local spectra measured at location indicated by the black and yellow arrows in B) and C). Adapted from Bouzy et al. [138].

Figure 1 . 27 :

 127 Figure 1.27: Investigation of silicate nanoparticles within a polystyrene matrix using O-PTIR. A) From left to right: visible image, O-PTIR signal at 1075 cm -1 (absorption band characteristic of the nanoparticles), and associated reflectivity (DC) signal. B) O-PTIR signal (left panel) along the black arrow drawn on the camera view in A) for different wavenumbers and associated DC signals (right panel).

Figure 1 .

 1 Figure 1.28: A) Schematic representation of the cantilever deflection in case of repulsive (top) and attractive (bottom) forces between the tip and the sample's surface. From[START_REF] Mathurin | Nanospectroscopie infrarouge avancée: développements instrumentaux et applications[END_REF]. B) and C) SEM images of an AFM cantilever for contact mode analysis and its dimension. B) View from the top and C) from the front to see the tip at the extremity of the cantilever. From[START_REF] Dazzi | Afm lecture, master2 nanosciences, universite paris-saclay[END_REF].

Figure 1 .

 1 Figure 1.29: A) Illustration of the AFM cantilever deformation during measurements. B) Illustration of the cantilever torsion linked to the sample mechanical properties (left) and its topographical variations (right). The blue and red curves respectively represents the forward and backward scans. C) AFM analysis of polymer blend of polystyrene and polybutadiene. From left to right: topography, friction force, and 3D overlay of the topography and friction force. B) and C) from [150].

Figure 1 .

 1 Figure 1.30: A) Schematic representation of the photodiode setup to monitor the cantilever deflection during AFM measurements. B) Scheme of the 4-quadrant photodetector. From [148].

Figure 1 . 31 :

 131 Figure1.31: Schematic layout of an AFM system and its feedback loop. In static mode, I mes and I 0 correspond, respectively, to the measured deflection signal and reference deflection value (setpoint). I mes is continuously compared to I 0 during measurement through the PI controller, that adjusts, as a results the cantilever z-position. P gain and I gain are the PI amplifier gain parameters to optimize the feedback loop speed of convergence. From[START_REF] Mathurin | Nanospectroscopie infrarouge avancée: développements instrumentaux et applications[END_REF].

•Figure 1 . 32 :

 132 Figure 1.32: Setup description of nearfield techniques providing chemical analysis at the nanoscale. A) s-SNOM setup with visible or IR sources, from Chen et al. [162], 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.B) Illustration of a typical AFM-based TERS system. Adapted with permission from Verma [163]. Copyright 2017, American Chemical Society. C) Schematic diagram of an top-down illumination AFM-IR system. Adapted with permission from Dazzi et al. [161], Copyright 2017 American Chemical Society.
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 133 Figure 1.33: Examples of A) s-SNOM and B) nano-FTIR applications. A 1 ) s-SNOM chemical imaging of a single myeloma cell at 1667 cm -1 (Amide I). 3 µm scale bar. The dashed yellow line highlight the region showed in A 2 ) presenting in greater details fibrallar centre (FC) and dense fibrillar components (DFC). 500 nm scale bar. A 3 ) s-SNOM signal along the magenta line at 1667 cm -1 (blue curve) and 1020 cm -1 (orange curve). B) Synchrotron nano-FTIR analysis of a polished M. edulis shell. The shell presents two CaCO 3 polymorph: calcite and aragonite. B 1 ) AFM topograpy of the shell interface region with calcite (left) and aragonite (right).B 2 ) nano-FTIR spectra of calcite (blue curve) and aragonite (red curve) measured at the location indicated by the colorcoded dots on B 1 ). The inset shows a zoom of calcite and aragonite CO 2- 3 ν 2 mode. Figures A) and B) adaptedfrom Greaves et al.[START_REF] Greaves | Label-free nanoscale mapping of intracellular organelle chemistry[END_REF], and from Bechtel et al.[START_REF] Bechtel | Ultrabroadband infrared nanospectroscopic imaging[END_REF], respectively.
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 134 Figure 1.34: Example of TERS application in biology: characterization of hemozoin crystals in red blood cells. A) 30 x 30 µm 2 topography of malaria-infected red blood cells. Blue square highlights the region of interest: a cell showing hemozoin crystals. B) and C) AFM topography images with increasing magnification from left to right of the region highlighted in A). D) TERS spectrum recorded at the edge of a hemozoin crystal. Adapted with permission from Wood et al. [179]. Copyright 2011 American Chemical Society.
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 135 Figure 1.35: Example of AFM-IR application in biology: macrophage internalization of PLA-based nanoparticles (PLA-Np). A) AFM topography of a macrophage. B) AFM-IR chemical map recorded to localize PLA-Np in the cells at 1770 cm -1 (PLA characteristic C=O ester absorption band). C) 3D overlay of the topography and IR map shown in A) and B). D) and E) zoomed AFM-IR analyses of the regions showing isolated and intense signals at 1770 cm -1 and corresponding local spectra. The color-coded arrows on D) and E) IR maps indicate the positions at which local spectra were measured. Adapted from Pancani et al. [187].
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 136 Figure 1.36: graphical representation of our multiscale characterization workflow. Pipeline offering BMCs morphological description at the micrometric (SEM) and namometric level (SEM & AFM), as well as both micrometric (µFT-IR) and nanometric (AFM-IR) chemical characterization of BMCs.

1 .

 1 Demonstrate the feasibility of pathological calcifications characterization through AFM-IR using mineralized bacteria as a starting model (Chapter II) 2. Protocol optimization for AFM-IR analysis of mineralized tissue (Chapter II) 3. Implementation of the multimodal and multiscale characterization strategy of BMCs in breast tissue (Chapter III), including : -Sample preparation -SEM, µFT-IR, AFM-IR protocol optimization -Measurements colocalisation -Data processing and analysis 4. Implementation of our multiscale strategy on a set of samples diagnosed with benign lesions, ductal carcinoma in-situ, and invasive ductal carcinoma (Chapter IV)
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 21 Figure 2.1: Scheme of an AFM-IR system in a bottom-up illumination configuration. The proof-of-concept set-up used CLIO free electron laser working over the 3-150 µm spectral range and delivering 10 µs macro-pulses at a 25 Hz frequency, each macro-pulse containing 10 ps micro-pulses spaced by 16 ns. The first commercial systems used OPO lasers delivering 10 ns pulses at 1 kHz frequency over the 4000-1000 cm -1 spectral range.
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 22 Figure 2.2: Schematic representation of the photothermal phenomena at play during AFM-IR measurements.During the laser pulse (green line) -if the laser wavelength is fixed at a wavenumber of an absorption band of the sample -the sample accumulates energy and increases in temperature, which is associated with photothermal expansion U(t) (red line). The fast photothermal expansion is felt as a kick by the AFM cantilever oscillating in a ring-down motion (blue curve). AFM-IR spectra are constructed sequentially, wavenumber by wavenumber, by plotting the maximal amplitude of the cantilever oscillation over wavenumber. Adapted from[START_REF] Mathurin | Nanospectroscopie infrarouge avancée: développements instrumentaux et applications[END_REF].
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 23 Figure 2.3: A) Ring-down deflection signal of the cantilever following a fast photothermal expansion. For standard silicon-based AFM tip, the cantilever time response range between a few µs to dozens of µs. B) The Fourier transform of the cantilever deflection signal in the time domain provides the contact resonance frequencies in the frequency domain and their respective amplitude. C) Each resonant mode of the cantilever is associated with a specific deformation pattern. The cantilever deformation of the fundamental (M 1 ) and first two harmonics (M 2 & M 3 ) are represented from left to right. From [148].

3. The temperature increase and the photothermal expansion 4 .

 4 The photothermal expansion and the deflection signal (Z(t)) of the cantilever It has been demonstrated by Dazzi et al. in the articles

Figure 2 . 3 .

 23 A), the frequency of the different contact resonance can be obtained by calculating the Fourier transform of the cantilever deflection signal (Figure2.3.B). The frequency of these modes depends on the cantilever's spring constant and the contact between the tip and the sample. The strength of AFM-IR lies in this proportionality between the cantilever deflection and the absorbance, as it makes AFM-IR spectra (modulo a scaling factor, H m H AF M H th in Eq. 2.1) comparable to transmission FT-IR spectra. Experimentally, AFM-IR spectra are recorded by fixing the tip position, tuning the laser wavenumber, and measuring the cantilever deflection signal (Figure2.2.B). Similarly, IR maps can be acquired by fixing the laser wavenumber and monitoring the cantilever deflection during the topography measurement.The initial commercial AFM-IR setup comes with several drawbacks and limitations. Major limitations come from the total internal reflection illumination configuration, which restricts the penetration depth of the IR beam into the sample, making it suitable for thin samples only. For samples thicker than 1µm, the IR beam is exponentially attenuated, resulting in any excitation of the sample's surface or a loss of the linearity between the sample absorption and the cantilever deflection signal. As a consequence, AFM-IR analysis with this configuration imposes high constraints on the sample preparation, involving processes like ultramicrotomy, FIB sectioning, or spin-coating, depending on the sample's nature. Besides, first commercial systems used OPO table laser as a pulsed and tunable IR source. While these lasers could deliver intense (0.1 W) short pulses (10-20 ns), they had a low-rate frequency (1 or 10 kHz), resulting in time-consuming experiments. For instance, acquiring a spectrum over the 4000 -1000 cm -1 spectral range could take up to 15 minutes.
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 24 Figure 2.4:Schematic representation of a top-down illumination configuration AFM-IR system. The sample is deposited onto an IR transparent substrate and is illuminated from the top by a pulsed and tunable IR source (usually a QCL). In this configuration, tips with IR reflective coating are needed to prevent the tip absorption of the IR light. From[START_REF] Dazzi | Afm-ir: Technology and applications in nanoscale infrared spectroscopy and chemical imaging[END_REF].
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 25 Figure 2.5: Comparison between ringdown (red lines) and Re-mode AFM-IR (blue lines). For each laser pulse (bottom left), the associated cantilever deflection signal is shown (upper left). On the right are displayed the Fast Fourier Transform (FFT) of the deflection signals, showing the energy distribution among the cantilever eigenmodes for both acquisition modes.[START_REF] Dazzi | Afm lecture, master2 nanosciences, universite paris-saclay[END_REF] 
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 26 Figure 2.6: A) Comparison of contact resonance frequencies of a gold-coated AFM cantilever (13 kHz, 0.2 N/m spring constant) measured on a gold substrate (yellow curve) and a 180 nm thick polystyrene (PS) film (red curve). The softer PS has a lower contact resonance frequency compared to gold. Adapted from Ramer et al. [204], copyright 2017, Sage Publications. B) Influence of the shift resonance on the signal -cantilever deflection -recorded at a single frequency. From [205].
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 27 Figure 2.7: Illustration of PLL and chirp resonance tracking. The red and purple curves correspond to the amplitude and phase signal of a cantilever resonance frequency centered at about 1141 kHz. During measurement, the PLL tracks the resonance phase shift (in green), whereas the chirp tracking system does a fast frequency sweep (dotted blue curve) and locks the laser repetition rate to the maximum amplitude detected.
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 28 Figure 2.8: Principle representation of tapping AFM-IR. The oscillation of the cantilever is forced at a frequency f 1 . The IR laser repetition rate f p is set to match f p = f 2 ± f 1 . As the sample absorbs the IR light, the photothermal expansion excites the cantilever's resonance mode f 2 through a non-linear interaction. Adapted
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 29 Figure 2.9: Typical cantilever deflection signal in AFM-IR tapping mode in the time domain (left panel) and frequency domain (right panel). In the frequency domain, the deflection signal displays the driving tapping mode (f driving ) at 75 kHz, the laser repetition rate frequency (f p ) at 375 kHz and the second cantilever mode f IR at 450 kHz. The AFM-IR signal is obtained for the deflection signal demodulation at f IR = 450 kHz. Used with permission of Royal Society of Chemistry, from Kurouski et al. [188]; permission conveyed through Copyright Clearance Center, Inc.

  in absorption band shifts, or even additional absorption bands in the AFM-IR spectra compared to reference transmission IR spectra[START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF] (Figure2.10.A).
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 210 Figure 2.10: A) µFT-IR and AFM-IR spectra of a polished section of a forsterite monocrystal. AFM-IR spectrum was measured in contact mode, in top-down configuration and gold coated tip. Reprinted from Mathurin et al.[START_REF] Mathurin | Photothermal afm-ir spectroscopy and imaging: Status, challenges, and trends[END_REF], with the permission of AIP Publishing. B) Comparison of AFM-IR spectra of mature and newly formed bones with µFT-IR bone reference spectrum. AFM-IR spectra were measured in contact mode, using a top-down configuration setup and gold coated tip. Adapted from Imbert et al.[START_REF] Imbert | Dynamic structure and composition of bone investigated by nanoscale infrared spectroscopy[END_REF].
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 2 Figure2.11: µFT-IR spectra (dark blue curves) were measured in transmittance mode using a Vector 22 spectrometer from Bruker between 4000 and 400 cm -1 with a 4 cm -1 spatial resolution, or with Lumos infrared microscope from Bruker over the 4000 -600 cm -1 spectral range and a spatial resolution of 4 cm -1 . AFM-IR spectra (light blue curves) were measured in contact mode over the 1900 -900 cm -1 spectral range with a 1 cm -1 spectral resolution. A baseline correction and vector normalization were applied to both µFT-IR and
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 212 Figure 2.12: AFM-IR IAI1 24-hour mineralization study. The upper section of the figure presents, for each time point and experimental condition, 6 x 6 µm 2 AFM topography images of isolated bacteria -1 µm scale bar. The lower section of the figure showcases AFM-IR spectra corresponding to each time point and condition. For each condition, the solid line corresponds to the average spectrum (of the three ROIs investigated). The spectrum outline illustrates the spectral distribution using the 1 st and 3 rd quantiles. Mineralized bacteria at 4 hours, 6 hours, and 24 hours are depicted in yellow, orange, and red, respectively. Control samples, labeled as "Ct" in the plot legend, are represented in green and blue/green. On the right panel, AFM-IR reference spectra of Hap and ACCP are shown for comparison (dark blue curves).
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 213 Figure 2.13: AFM-IR analysis of an IAI1 bacterial aggregate at 24h. A) AFM topography. B) Average spectrum of 39 spectra measured in this region (gray solid line), and the spectral distribution within the 1 st and 3 rd quantiles (light gray highlights). C) First two loadings of the PCA calculated over the 1150-900 cm -1 spectral range and their respective cumulative explained variance (CEV). D) and E) Average spectrum of spectra with positive (blue) and negative (red) PC1 and PC2 scores, respectively. The black arrows highlight the most significant variations between positive and negative score groups. The color-coded dots on the topography in D) and E), indicate the position where spectra where measured and their PC1 and PC2 score signs, respectively. D) Among the 39 spectra, 16 and 23 had positive and negative PC1 scores, respectively. E) For the PC2, 23 and 16 spectra had positive and negative scores. The spectra with negative PC1 score and positive PC2 score aren't the same.
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 214 Figure 2.14: AFM-IR analysis of IAI1 isolated bacteria following 24h of mineralization. The AFM topography shows 3 isolated bacteria. 35 local spectra were measured within this frame, and the solid gray line present the mean spectrum. The spectral distribution within the 1st and 3rd quantiles is highlighted in light gray. For comparison, the mean spectra of IAI1 after 6h and 24h of culture (spectra measured across all three ROIs per time point confounded) are represented in dashed orange and red lines, respectively.
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 215 Figure 2.15: AFM-IR analysis of isolated bacteria at A) 1660 cm -1 with a 0°scanning angle and B) 1070 cm -1 with a 90°scanning. A) and B) from left to right, topography, phase signal, and IR map. Those measurements were acquired in contact mode with an active PLL. In the phase images and IR maps, the thin solid white lines outline bacteria contours. White arrows emphasize locations associated with the loss of the phase and IR signal. C) Profil sections extracted from the topography in A) and B) according to the blue and orange color-coded dashed lines.
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 216 Figure 2.16: A) Topography image of IAI1 isolated bacteria after 24h of culture in the mineralizing medium. B) IR maps 1070 cm -11660 cm -1 ratio of the area highlighted with the red rectangle in A). IR maps were recorded with an active PLL and 6 nm pixel width. C) Local AFM-IR spectra measured at the location indicated by the color-coded squares on B). The 1210 and 1190 cm -1 spectral range, highlighted by the light gray frame, cannot be interpreted
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 217 Figure 2.17: A) Low magnification SEM image of a mouse kidney papilla. B) and C) high magnification SEM images of the papilla to depict the surface morphology of the tissue and calcifications, respectively. Calcifications are identifiable by appearing whiter than the tissue and are highlighted with red arrows on C). The light gray background corresponds to the CaF 2 substrate.
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 218 Figure 2.18: Comparison of mice kidney calcifications imaging in contact (green square) and tapping mode (blue square) AFM. A) Large SEM image of the mice kidney papilla indicating the region where contact and tapping analysis were measured. B) andC) Topography of apatite nano-spherules in kidney tissue imaged using contact and tapping mode, respectively. Contact measurements were done using a gold-coated tip, with a 0.2 N/m spring constant and 13 kHz fundamental resonance frequency, while tapping measurements were done using a soft tapping gold-coated cantilever, with a 3 N/m spring constant and 75 kHz fundamental resonance frequency.
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 219 Figure 2.19: Observation of the contact resonance frequency shifts for a mechanically heterogeneous material. A) Color-coded map representing the contact resonance frequencies of the AFM-IR cantilever amplitude (colorscale) over the 0 kHz to 2 MHz range (x-axis) measured over 100 points (y-axis) distant of 4 nm from one another on a silicate-based mineral. B) AFM-IR cantilever contact resonance frequencies over the 0 kHz to 2 MHz range for three points (red, orange, and yellow line in (A) and frequencies in (B)) of the silicate mineral studied. Measurements were done on an IconIR AFM-IR system (Bruker) in contact mode using gold-coated 0.2 N/m spring constant cantilever (PPP-CONTAu-MB-10, NanoSensors).
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 220 Figure 2.20: Illustration of the AFM-IR strategy implemented to analyze mineralized tissue combining both tapping and contact AFM-IR. This workflow is suitable with both A) tissue and B) calcification. For A) and B), from left to right: AFM topography, IR phase, and IR amplitude signal measured at 1660 cm -1 in tapping mode. A mask was applied on the IR maps where the phase signal was lost. Masked points are noted as not measured (NM) and displayed in black on the IR maps. C) Average spectrum of spectra measured on the two regions (shown in A) and B)) in contact mode.
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 31 Figure 3.1: Graphical overview of the field of view and spatial resolution of the instruments used in our multimodal and multiscale strategy. From top to bottom: IR spectromicroscope Lumos and Hyperion (both manufactured by Bruker), Gemini scanning electron microscope (Zeiss), and finally AFM-IR NanoIR2 (Anasys Instrument), and IconIR (Bruker) systems.
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 32 Figure 3.2: Graphical abstract of the proposed multimodal and multiscale characterization strategy.
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 33 Figure 3.3: SEM enables the identification of BMCs (and ROIs for AFM-IR analyses) and provides reference images of the sample for colocalization with the other instruments. A) SEM micrographs of a breast biopsy from a patient diagnosed with IDC, from x30 (left) to x2k (right) magnification. At the highest magnification, a BMC presenting smooth areas and aggregate of spherules can be observed (red arrowheads). The low-magnification SEM micrographs are essential to relocate this region within the sample for further investigation using µFT-IR and AFM-IR. B) From left to right: H&E slide at 5-time magnification, optical view from Lumos FT-IR microscope, optical view from the AFM-IR NanoIR2 system, and overlay of the SEM micrograph of the ROI and AFM topography.
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 34 Figure 3.4: Illustration of an ROI localization for AFM-IR analysis. Top views: series of SEM micrographs with increasing magnification from left to right. Bottom views: camera view from the AFM-IR system. Lower-right: overlay of the AFM topography and 3.22K SEM micrograph.
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 35 Figure 3.5: Illustration of transmission and transreflectance FT-IR spectra spectral distortions. A) Transreflectance raw spectra acquired on the same sample during a unique experiment on either tissue (green and light blue curves) or on a BMC (dark blue curve), according to the protocol detailed above. Similarly, raw transmission spectra B) were acquired on the same sample, on both tissue (green curve) and a BMC (dark blue). The arrows indicate the different spectral distortions observed: scaling factor (black arrows) due to the section thickness heterogeneity, baseline distortion/scattering (light blue arrow), and oscillation pattern and/or contribution from H 2 O (g) (red arrows).
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 36 Figure 3.6:Hyperspectral analysis of a 50 µm-diameter calcification (fragmented into smaller pieces) from a breast tissue section from a patient diagnosed with DCIS. The measurements cover a 0.8 x 2.2 µm 2 , with a 50 x 50 nm 2 pixel size. For each position, 3 spectra were measured (1900-900 cm -1 spectral range) and co-averaged after the end of the acquisition. The PLL was used to follow the cantilever contact resonance at each position. In total, the acquisition took 9 hours and 35 minutes.

.7.D) 4 .

 4 On the raw HS dataset: rubberband baseline correction and vector normalization (Figure 3.7.E and F)

1 .

 1 Correction of the laser breaks (Figure 3.8.C) 2. Baseline correction (Figure 3.8.D) 3. Normalization (Figure 3.8.E)
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 37 Figure 3.7: Illustration of the different steps of the µFT-IR HS pre-processing pipeline. The µFT-IR HS measurement presented was acquired on a breast tissue biopsy with BMCs, deposited on a low-e slide, and conducted in transreflectance mode. A) Raw data. From left to right: FT-IR microscope optical image, heatmap at 1040 cm -1 and the associated spectra. The red arrows on the optical image indicate the presence of calcifications. B), C), and E) heatmap at 1040 cm -1 and the pre-processed spectra. D) and F) Colored map showing the distribution of BMCs (yellow) and Tissue (blue/green) spectra in the ROI investigated and the associated pre-processed spectra for the BMC and Tissue clusters. For all chemical maps: 85 µm scale bar.
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 38 Figure 3.8: A) Topography of a calcification with colored squares indicating spectra locations. B) QCL power over its working spectral range (e.g., AFM-IR background). C) Raw spectra: the laser chips junctions are highlighted by the dashed gray lines. D) Laser break corrected (LBC) spectra and E) Laser break corrected (LBC), baseline corrected (BC) and vector normalization (Norm) spectra.
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 39 Figure3.9: Schematic representation of the H&E, SEM, µFT-IR, and AFM-IR image registration process using SEM micrographs at different magnifications as reference images for the data colocalization. For each technique, fiducial markers are defined according to morphological features that can be pinpointed on both SEM images and system camera view/ light microscopy image/AFM topography and used for the image colocalization, as illustrated by the color-coded square, triangle, and circle.
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 310 Figure 3.10: Typical results which can be obtained after colocalization of SEM, µFT-IR, and AFM-IR results. A) and B) µFT-IR map at 1030 cm -1 of a breast biopsy from a patient diagnosed with invasive ductal carcinoma and the associated SEM micrograph. 85 µm scale bar. On the IR map, spots with high-intensity match locations with high concentrations of BMCs in the SEM image. C,D) and E,F) µFT-IR and AFM-IR analyses of a single BMC. C) SEM zoomed micrograph of the BMC. The squares correspond to the µFT-IR spectra -as part of the hyperspectral measurement shown in A) -measured in this region and displayed in D). On the micrograph C) is overlayed the AFM topography of the region further analyzed in AFM-IR in E) and F). E) 3D representation of the topography acquired on the BMC of interest shown in C). F) AFM-IR analysis of the BMC. The gray spectrum is the mean spectrum of 16 spectra acquired across the entire region, and the blue spectra are local spectra acquired at the position indicated by the color-coded pointers in E). The BMC in the ROI investigated (C) is constituted of an aggregate of spherical particles that has been cut open during sectioning and presented in Figure 3.3. The µFT-IR signal (D) shows an intense absorption band characteristic of calcification in the 1100-900 cm -1range and an intense Amide I and II absorption bands characteristic of proteins. The µFT-IR signal suggests chemical heterogeneity within the calcification through the presence of both a large phosphate absorption band centered at 1030 cm -1 and a more structured band with a local maximum at 1005 cm -1 and a shoulder at 950 cm -1 . AFM-IR (F) enables a more precise description of the calcification spectral signature. The AFM-IR analysis of the calcification characteristic phosphate band shows strong discrepancies depending on the location within the calcification, suggesting the presence of different chemical and/or crystalline phases.
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 41 Figure 4.1 presents SEM micrographs of calcifications (micro-and nano-calcifications) observed within the tissue section from each sample studied, and no cubical nor bipyramidal deposits were observed. Despite this diversity, these heterogeneous calcifications can be classified using Scott et al.'s breast calcification micromorphology classification [68]. This classification categorizes calcifications into five classes according to their morphologies in SEM (Figure 1.5): aggregate, spongy, banded, punctulate, and dense homogeneous. Based on this classification, no consistent trend in BMC morphology was observed among the different pathologies (benign: Figure 4.1.A, DCIS: Figure 4.1.B, and IDC: Figure 4.1.C). All samples displayed BMCs with varied morphological aesthetics (Table
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 41 Figure 4.1: SEM micrographs of calcifications observed in the ten samples studied. A) benign samples, B) DCIS samples, and C) IDC samples. For each micrograph, the color-coded frame corresponds to the calcification category according to Scott et al.'s calcification micromorphology classification[START_REF] Scott | Breast calcification micromorphology classification[END_REF]. Red: dense homogeneous, green: aggregate, blue: punctulate, and yellow: spongy.
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 42 Figure 4.2: µFT-IR analyses of A) benign, B) DCIS,and C) IDC samples. Ct-1, Ct-2, DCIS-1, IDC-1, IDC-2, and IDC-3 were analyzed in transreflectance mode using Lumos IR microscope (Bruker), whereas Ct-3, DCIS-2, DCIS-3, and IDC-4 were analyzed in transmission mode using a Hyperion IR microscope (Bruker). For each sample is presented from left to right: the µFT-IR optical image of the region studied, the chemical maps at 1040 cm -1 , the color-coded maps indicating pixels associated with either tissue (purple pixels) or BMCs (orange pixel) spectra, and finally the average spectrum for each category. On this latter plot, the legend indicates the number of spectra averaged in the mean spectrum (purple and orange solid lines for the mean tissue and BMC spectra, respectively). The mean spectrum envelope outlines the spectral distribution using the 1 st and 3 rd quantiles.

Figure 4 . 3 ,

 43 the BMCs mean spectrum is presented for each of the ten samples analyzed and reveals distinct spectral variations between BMCs found in DCIS and IDC (Figure 4.3.B and C) compared to BMCs in benign samples (Figure 4.3.A).
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 43 Figure 4.3: A) Average BMCs spectrum, from top to bottom, of the benign, DCIS, and IDC samples. The solid and dashed lines, respectively, represent mean spectra acquired in transreflectance and transmission mode. The color-coded envelope outlines BMCs spectral distribution using the 1 st and 3 rd quantiles. B) Summary table of absorption bands observed for CA, ACCP, and Wk (Wk ks biological Wk from kidney stone, and Wk synth synthetic Wk) FT-IR reference spectra, extracted from Table 2.2.
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 44 Figure 4.4: Evaluation of BMCs' carbonate and protein contents. For all BMCs spectra & samples (colored boxes)were calculated A) the carbonate-to-phosphate and B) the protein-to-phosphate ratios. For the carbonate, three ratios were calculated using the three main carbonate absorption bands in the 2000 -800 cm -1 spectral range at: 1455 (A 1 ), 1405 (A 2 ), and 870 cm -1 (A 3 ). The Amide I absorption band at 1650 cm -1 was used to evaluate the protein-to-phosphate ratio. The ratio per pathological group (benign, DCIS, IDC) is also represented (gray boxes) and was calculated using the sample's mean value.
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 45 Figure 4.5: PCA analysis of BMC spectra from benign (Ct-1, Ct-2), DCIS (DCIS-1), and IDC (IDC-1, IDC-2, and IDC-3) samples. The first six principal components are displayed. Each line presents the principal component and the associated score distribution map for each sample. In the graph, the legend indicates the component's cumulative explained variance (CEV).For the score distribution maps, for a given component the color scale is identical across all samples. The sample ID's color code is associated with their pathological group: green for benign lesions, blue for DCIS lesions, and red for DCIS lesions.
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 46 Figure 4.6: BMCs spectra PCA first six principal components score distribution across benign (Ct-1, Ct-2) and IDC (IDC-1, IDC-2, and IDC-3) samples. The light blue stars **** indicate the significant PC1 score difference between CT-1 and Ct-2 ( * * * * p = 8.9.10 -19 , Mann-Whitney U rank test), as well as between IDC-2 and IDC-1 and IDC-3 ( * * * * p = 3.4.10 -45 , Kruskal-Wallis H-test). The dark light blue stars indicate the significant PC2 scores difference between benign and IDC BMCs spectra ( * * * * p = 3.4.10 -29 , Kruskal-Wallis H-test).
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 47 Figure 4.7: AFM-IR analysis of BMCs from A) benign, B) DCIS, and C) IDC specimens. For each sample is represented from left to right: a large SEM micrograph of the tissue section containing the analyzed BMC (highlighted by the yellow dashed line), a zoomed SEM micrograph showing the region of interest where the AFM-IR analysis was performed (yellow dashed line), the AFM-IR topography image, and the corresponding AFM-IR and FT-IR spectra of the analyzed area. On the plot are shown the average spectrum of AFM-IR spectra measured on the BMC (blue line), on the adjacent tissue (gray line) and the FT-IR spectrum (or average spectrum) acquired at the location of the AFM-IR measurement (extracted from the HS analyses shown in Figure 4.2). The legend in the plot indicates the number of spectra averaged, and the mean spectrum envelope outlines the spectral distribution using the 1 st and 3 rd quantiles.
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 48 Figure 4.8: A) AFM-IR average BMCs spectrum, from top to bottom, of the benign, DCIS, and IDC samples.The legend in the plot indicates the number of spectra averaged, and the mean spectrum envelope outlines the spectral distribution using the 1 st and 3 rd quantiles. The brown dotted lines for IDC-4 indicate paraffin residues with characteristics absorption bands at 1473 cm -1 , 1463 cm -1 , and 1378 cm -1 . In Ct-1 and IDC-4, the sharp peak at 1205 cm -1 corresponds to the discontinuation between two chips of the IR laser. B) Summary table of absorption bands observed in NCA, Hap, ACCP and Wk synth AFM-IR reference spectra, extracted from Table2.2.
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 49 Figure4.9: Investigation of BMCs' chemical heterogeneity at the nanoscale through PCA analyses of HS AFM-IR measurements of BMCs from A) benign, DCIS, and IDC lesions, and B) three different DCIS lesions. For each sample, is shown, from top to bottom, the HS measurement (HSm) mean spectrum with the topography inserted and a dashed yellow square indicating the limits of the HSm, the HS score maps for the PC1 (red scale), PC2 (green scale), and PC3 (blue scale), and the associated loadings. In the loadings graph, the legend indicates each component's cumulative explained variance (CEV). On the score map, black pixels correspond to masked spectra -removed from the PCA analysis -because of little signal-to-noise ratio. A) BMCs analyzed from Ct-2, DCIS-1, and IDC-2 samples are all round-shape BMCs with diameters of 8, 25, and 2 µm, respectively. B) The three BMCs from the DCIS samples are in the same size range, measuring from 25 µm (DCIS-1) to 40 µm (DCIS-2 and DCIS-3) in diameter. HSm details -Ct-2 HSm covers a 3 x 2.2 µm 2 surface with a pixel size of 150 nm. DCIS-1 HSm covers a 0.08 x 4.08 µm 2 surface with a pixel size of 80 nm. IDC-2 HSm covers a 0.4 x 12 µm 2 surface with a pixel size of 100 x 300 nm 2 . DCIS-2 HSm covers a 0.8 x 2.2 µm 2 surface with a pixel size of 50 nm. DCIS-3 HSm covers a 8.4 x 14 µm 2 surface with a pixel size of 350 nm.
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 4 [START_REF] Mcguire | Breast Anatomy and Physiology[END_REF].
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 410 Figure 4.10: AFM-IR measurement stability and sample drift. A) AFM topography of the studied ROI from the DCIS-3 BMC initially introduced in Figure 4.7.B. B) AFM-IR topography rescanned (black rectangle) after the acquisition of the 10-hour and 45-minute HSm presented in Figure 4.9.B and overlayed with the initial topography. The blue dashed square indicates the location of the topography zoom shown in C). C) Zoom showing the sample shift between the beginning and end of the measurement. The circles indicate the sample initial (I.) and final (F.) positions. During the measurement, the sample shifted of 50 nm horizontally and about 600 nm vertically, as indicated by the white dashed arrows.

Figure 4 .

 4 Figure 4.11 illustrates the analysis of a region from the IDC-4 BMC shown in Figure4.7.C using this latter system. Thanks to the system stability, we were able to explore a 1.5 µm x 1.5 µm area and acquire IR maps (Figure4.11.E) to spatially precise the chemical heterogeneities hinted by the HS analysis in Figure4.9. By measuring IR maps at 1650 cm -1 and 1040 cm -1 to examine the local distribution of organic and inorganic components, we identified regions primarily showing signals from organic molecules (blue regions in the composite map in Figure4.11.E), areas exclusively composed of calcium phosphate species (red regions in the composite map in Figure4.11.E), and areas containing a mix of both organic and inorganic species (depicted in pink in the composite map in Figure4.11.E). These measurements were acquired directly onto the BMC's surface, yet we were able to measure relatively pure organic signals, highlighting that in those experimental conditions (in tapping mode, using 42

Figure 4 . 11 :

 411 Figure 4.11: Sample IDC-4 BMC AFM-IR analysis. A) SEM micrograph of the calcification. The yellow square indicates the regions where the AFM-IR analysis was done. B-E) BMC AFM-IR analyses. Measurements were conducted on an IconIR system (Bruker), and acquired in tapping mode using 42 N/m cantilever (PPP-NCHAu-MB-10 from NanoSensors, with f T ap = 1.69 MHz, f IR = 276 kHz). Two PLL, named PLL1 and PLL2, were used to, respectively, track f T ap and f IR during the acquisition. B) AFM topography of the region analyzed. The purple-to-orange line indicates the positions at which the color-coded spectra shown in C) were acquired. C) A line consisting of 25 spectra spaced by 80 nm was measured. D) Average spectrum of spectra shown in C). E) AFM-IR chemical maps acquired at 1650 cm -1 (blue panel), 1465 cm -1 (green panel), 1040 cm -1 (red panel), and the associated RGB composite map. Black regions in E) correspond to regions where the IR signal was lost due to topographical/mechanical issue despite the PLLs.

Figure 4 . 12 :

 412 Figure 4.12: Upgraded multimodal and multiscale BMC characterization strategy including additional characterization compared to the initial workflow proposed in Figure 3.2.
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1.1.2 . Elemental and structural analyses 1.1.2.1 . Energy dispersive X-ray spectroscopy and X-ray fluorescence spectroscopy

  

	To investigate BMCs' physicochemical properties with breast pathology, it is necessary to obtain in-
	sights into their chemical and elemental characteristics. COD, Hap, and Wk are three different types of
	calcium deposits that have been observed in the breast. Contrary to Hap and Wk, COD is recognized
	to be associated with benign pathologies exclusively. This emphasizes the need for understanding
	BMCs' composition in regard to the pathology. Energy Dispersive X-ray spectroscopy (EDX, also called
	microprobe analysis) and X-Ray Fluorescence (XRF) are two suitable approaches to describe BMCs'
	elemental composition. For example, it can differentiate COD, Hap, and Wk calcifications by looking
	at the presence and relative proportions of Ca, P, Mg, C, and O. Besides, elemental analysis can be
	used to investigate the presence of trace elements, such as Zn or Na, and provide insights about the
	micro-environment within which BMCs formed.

Table 1 .

 1 

	FT-IR mode	Benefits	Experimental requirements	Possible artifacts
	Transmission	• Compatible with macro & micro-sized sample • High signal-to-noise ratio • Suitable for large area imaging (hundreds of µm 2 using FPA)	• IR-transparent substrate (costly) • Limited sample thickness (typically < ∼ 10µm to prevent saturation)	• Possible reflection from the surface • Resonant scattering • Possible contribution from the atmosphere (water vapour & CO 2 )
		• Compatible with solid and fluid without heavy		
	ATR	sample preparation • Increase spatial resolution than transmission	• Sample dedicated for the analysis: sample pressed onto the ATR crystal with	• Wavelength-depend and limited penetration depth
		and transflectance mode	possible damage	
		(∼ few µm)		
		• Low resonant scattering		

Transflection • Suitable for thin/diluted sample analysis: doubled optical pathway in the sample • Reflective substrate • Not too thick/concentrated sample • Interference pattern in the spectrum from multiple reflection between the substrate and the sample • Standing waves • Resonant scattering • Possible contribution from the atmosphere 1 1: Summary table of transmission, ATR, and transflectance FT-IR acquisition modes advantages and drawbacks. Adapted from Paraskevaidi et al. [95].

Table 1 . 3

 13 

: Summary table of multimodal strategies implemented on breast biopsies for BMCs characterization. Data type legend -EM: element maps, LS: local spectra, HS: hyperspectral data, and SWM: single wavelength map. *the spatial resolution for imaging technique corresponds to the spatial sampling. For the spectral range and spectral resolution columns: "-" translate missing information in the article. For Bouzy et al.

1 

and 2 distinguish Raman measurements with O-PTIR commercial system and with classical Raman confocal microscope, respectively.

Table 2 . 1 :

 21 CA Ca 10-x (P O 4 ) 6-x (CO 3 ) x (OH) 2-x Samples used for reference spectra measurements. High chemical purity kidney stones samples were kindly provided by Tenon Hospital -Service d'Explorations Fonctionnelles, while synthetic nanocrystalline (NCA and Hap) were provided by C. Combes from CIRIMAT -ENSIACET in Toulouse.

	4	3 -and from carbonate CO 3

Table 2 . 2 :

 22 Summary tables of reference spectra presented in Figure

  .1 below.

	Sample ID	Ct-1	Ct-2	Ct-3	DCIS-1	DCIS-2	DCIS-3	IDC-1	IDC-2	IDC-3	IDC-4
	Nature of the sampling	SE	B	B	B	B	B	B	B	B	T
	Pathology	DE	M	M	DCIS	DCIS	DCIS	IDC	IDC	IDC	IDC
	Substrate	Low-e slide	Low-e slide	CaF 2	Low-e slide	CaF 2	CaF 2	Low-e slide	Low-e slide	Low-e slide	CaF 2

Table 3 . 2 :

 32 Typical pre-processing transformations applied on µFT-IR and AFM-IR measurements before further analyses and interpretation. Steps in ( ) are optional and must be performed only when necessary.

Table 4 . 2 :

 42 Summary of BMCs' morphologies observed in the studied samples according to Scott et al.'s classification[START_REF] Scott | Breast calcification micromorphology classification[END_REF].

) positions in Hap lattice, associate with carbonate (CO 2-3 ) substitution of type A and B respectively. Reprinted from Kubota et al.[START_REF] Kubota | The effect of chemical potential on the thermodynamic stability of carbonate ions in hydroxyapatite[END_REF], Copyright 2014, with permission from Elsevier.

n (f n being the frequency

ions. The most pronounced signal associated with the phosphate group is the asymmetric stretching mode

ν 3 , spanning from 1180 to 960 cm -1 . This ν 3 phosphate absorption band can manifest as both a primary absorption band and a shoulder, as with CA and ACCP spectra. The significant variations
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Each sample contains a variety of BMCs, spanning a wide size range and exhibiting diverse morphological aesthetics. Consequently, relying solely on morphological descriptions provides limited information, highlighting the need for chemical analysis to gain deeper insights into their roles and potential connections with different pathologies. For each sample is detailed: the system used for the measurements, the illumination configuration of the system (TD: top-down), the AFM-IR mode used for the imaging and spectra acquisition (Ct: contact mode, Tap: tapping mode), the contact resonance used (f Ct the resonance frequency for AFM-IR in contact mode and f T ap and f IR the resonance frequencies for the tapping and IR detection in tapping AFM-IR), and the power of the laser.

The BMCs analyzed across the three pathological groups (benign, DCIS, and IDC) cover a wide range of sizes (SEM micrographs in The AFM topographies presented in Figure 4.7 complement BMCs' morphologies observed in SEM micrographs and reveal BMCs with diverse surface textures, granulosity, and roughness. However, when comparing BMCs' surface texture, it is important to keep in mind that the level of detail depicted in the AFM topographies depends on the size of the region analyzed, the AFM topography sampling rate, and the AFM tip dimension.