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Contents Introduction

For forty years, the development of sensor suitable for biological samples remains a major challenge. Despite remarkable progress in terms of either sensitivity or selectivity, many fundamental problems have not been yet studied to combine the two specificities.

The detection of traces of biomolecules in a mix with a universal efficiency is indeed the dream of people working in sensors domain. Different techniques have been developed in different scientific domains, from electronic microscopy to cantilever deflection, from NMR to Elisa tests. Here, our choice is the non-invasive optical method, and more specifically Raman spectroscopy.

Much works based on Raman spectroscopy have been completed in many scientific domains as atmospheric studies, biosensing, etc. The decisive advantages of Raman spectroscopy are in its high selectivity and the very low invasivity of the technique. Unfortunately, the performance of concentration detection is limited by the Raman cross-section. The response time needed for a good Signal-Noise ratio is also long, more than ten minutes. The discovery in 1970s of Surface Enhanced Raman Scattering or Spectroscopy (SERS) has revolutionized the detection of trace molecule. When Van Duyne et al. bring a molecule into contact of a metallic surface to investigate the influence of this surface, they observed a huge enhancement of Raman spectra. In fact, the metallic structures enhance the Raman cross-section based on its plasmonic vibration.

Since then, many improvements were purposed in literature, especially concerning the metallic structures used to enhance the Raman signal. The localized plasmonic effect is higher when metallic nanostructures, made of in gold or silver, are closed one to the others. SERS should be able to combine both the high selectivity from Raman spectroscopy with the high sensitivity due to the high local enhancement of this signal by plasmonic resonance.

The detection of SERS active molecules was mostly focused on dye molecules either for quantifying the local enhancement of hot spot or as a marker of large molecules. This work aims at determining the chemical fingerprint of isolated biomolecules based on the temporal and spectral fluctuations of Raman scattering analysis.

Up to now, no commercial technique is available. This is principally due to different points. Firstly, the substrate preparation induces a significant cost, principally due to electron beam lithography. Secondly, the miniaturization and parallelization of the study are still low developed. One solution for this point is the use of microfluidic chip. However, the use of microfluidic implies that the time of acquisition is reduced. In fact, under the flow, the sounded molecules pass through the plasmonic resonant spot. The residence time of the molecule in the spot is very fast, around 10 ms for a single molecule, and so induces a time of acquisition of the same order of magnitude. Thirdly, the sensitivity is also linked to the nature of the targeted molecule. Indeed, there are overall two different types of molecule that should be sounded in SERS: the resonant and the non-resonant molecules. The first ones are Raman active molecule presenting a higher Raman cross section than non-resonant molecules. Most of the biomolecules are non-resonant.

All of this implies also the necessity of a highly efficient and low cost plasmonic substrate coupled with a fast acquisition setup and a specific spectral analysis to identify the targeted molecule in a mix or a complex medium as blood serum.

So in the first chapter will present the state of the art concerning the development of SERS based nanobiosensors. In Chapter 2, the developed experimental setup and its data analysis will be detailed. Thirdly, single molecule detection will be proved and the quantification of the concentration will be investigated. In Chapter 4, the selectivity of the SERS substrate towards sorting will be demonstrated. Finally, in the last chapter, the detection and identification of single proteins in complex media will be completed.
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CHAPTER 1

State of the art of development of SERS based nanobiosensors

Introduction

A lot of developments have been done in SERS based nanosensors. In this part, the concept of sensor will be firstly presented. Then, I describe the concept of molecular plasmonic, and more particularly its application in the case of SERS, and how SERS was applied for sensing. Finally, I will explain our choices in terms of enhancing substrate, microfluidic, molecules of interest and analysis methods use after.

Nanobiosensors 1.2.1 Definition of a biological sensor

Study of biological samples implies specific points of attention. In fact, these samples are very sensitive to the experimental conditions modifications and are easily affected by mechanical impacts or environmental evolutions. Specifically, two types of approaches stand out.

Chemical approach: Biochip

If one has to detect several proteins, an array of protein sensors will be required. To construct such an array consisting of hundreds or thousands of sensors will lead to an enormously bulky and costly sensor, which will be virtually impractical to fabricate and use. The multiplexing capability offered by nanosensors is a vast improvement for real-time protein composition monitoring. An array of thousands of nanosensors, each coated with a different functional group and hence tuned to a prefixed analyte, can be used in a single device. Such an ultra-miniaturized, low-power device supplemented with signal-processing and pattern-recognition algorithms will exhibit effective discrimination capabilities among target analytes, producing a unique signature or fingerprint on exposure to a specimen containing a mixture of chemical and biological characters.

The above situation is comparable with the historical development of computers. The primitive computers were so big that they required full rooms for their storage, using high power and producing heat. With advancement of technology, the size decreased reaching desktop personal computers, then laptops, and then palmtop computers. Power consumption was drastically reduced in this progression reaching very low levels in battery-operated computers. At the same time, the capabilities of the computers also improved. This was enabled by fast strides made by very-large-scale and ultra-large-scale ICs, very-Large-scale Integration (VLSI), and ultra-Large-Scale Integration (ULSI).

Physical approach: Spectroscopy

Multifunctionality is a versatile feature in nature. The human tongue is a taste sensor and also used in speech. Human nose is used for smelling and breathing. Similarly many other organs serve multiple functions. The nose principle can be presented as a spectroscopic method. Indeed, different molecules can be detected without specific chemical reaction but simply by a spectral fingerprint determination of the molecule. This spectrum can be a mass spectrum, an absorption spectrum, a light scattering spectrum.

This approach allows to more or less completely delete the chemical functionalization needed to differentiate different biomolecules as proteins.

Time evolution of biosensors

A little contemplation will tell that macro and microsensors have many limitations. They cannot be used in many situations. Small size and light-weight sensors help in making portable instruments, which are essential for military and aerospace applications besides mobile and handled consumer products.

To consider an example, a predicted application of nanosensors is in the detection of cancerous cells in the human body by injecting quantum dots. These quantum dots are crystals of semiconductor materials having sizes in the nanometer scale and emitting fluorescent radiation. These crystals are made of cadmium selenide (CdSe), cadmium sulfide (CdS), or indium gallium phosphide (InGaP) and coated with suitable polymers that safeguard human cells from toxic action of cadmium and also allow attaching molecules that enable tracking of cell processes and cancers. Obviously, such an application cannot be imagined without developing nanosensors. Macro-or microsensors cannot be inserted in the human body without harming it or disturbing its normal functioning. So it is the small size of nanosensors that is advantageously exploited here. Futuristic advances can open unprecedented perspectives for the application of nanosensors as molecular-level diagnostic and treatment instruments in medicine and as networks of nanorobots for real-time monitoring of physiological parameters of a human body.

System biology, which is currently taking off as research discipline to explore the basic principles of living systems by quantitative modelling of inter-and intracellular processes, will starve for nanosensors and tools to provide data for model verification. Implantable devices like autonomous nanorobots or multifunctional endoscopes (medical devices consisting of a long, thin, flexible or rigid tube that has a light and a video camera, whereby images of the inside of the patient's body can be seen on a screen) for minimal invasive diagnostics, health monitoring, drug delivery, and many other intra-corporal (within a corpus, the body) tasks need ultra-miniature sensors to fulfil their missions while miniaturizing invasiveness. As limitations in downscaling of conventional systems are foreseeable, new materials with new properties on the nanoscale will emerge to fulfil sensor tasks in ultra-miniaturized sensor systems.

Complexities in protein investigation

Study a protein is more complex than study an amino acid. Indeed, a protein can be described in three degrees of complexity. First, a protein is an assembly of amino acid. This is called the peptidic chain of the protein. It corresponds to the primary structure of the protein. Then, the peptidic chain forms what is called the secondary structure. This structure is the arrangement of the amino acid in helix (α-helix), sheet (β-sheet), coil, turn (β-turn) ... Each arrangement is formed by many amino acid. Finally, the structuration of the secondary structures to form the final structure of the protein is called the tertiary structure. This complex organization of the amino acid composing the protein induces a spatial distribution of the amino acid on the surface of the protein or, at the opposite, a radical chain can be hiddened inside the protein. Because of this complex form and the much localized effect observed in SERS, we expect a Raman signal stemming from only few neighboring amino acids.

Another difficulty in protein study concerns the different conformations that the protein can explore. These conformations are defined as different tertiary structures of a same protein. Even if multidomain proteins are most prone to this type of modifications, monodomain proteins can also be modified by the presence of an additional molecule (e.g. ATP in the case of HSP [START_REF] Nicolai | Human Inducible Hsp70 : Structures , Dynamics , and Interdomain Communication from All-Atom Molecular Dynamics Simulations[END_REF]) or a change of the pH of the solution [START_REF] Carter | Structure of Serum Albumin[END_REF][START_REF] Pang | Optical trapping of a single protein[END_REF]. This last parameter is critical for proteins due to the electric potential of each amino acid which can rapidly change with some pH fluctuations.

All of these factors might explained why there are so many fluctuations between the SERS spectra presented in literature for BSA, as shown on Fig. 1.8. Indeed, the adsorption site and conditions are critical in protein SERS study.

Societal aspect and expectations

Stress or Heat Shock Protein 70 (HSP70) accumulates in cells in response to many different sources of stress including anticancer treatment, and helps the cell to survive these otherwise lethal conditions. One group has recently demonstrated that tumorigenicity, metastatic potential and resistance to chemotherapeutical drugs all correlated with the amount of HSP70 expressed in cancer cells. Conversely, it has been shown by the same group that HSP70 depletion by siRNA or anti-sense strategies decreases the tumorigenicity of cancer cells and can even eradicate a tumor. More recently the group has selected short peptides called aptamers (8-13 amino acids) by their ability to interact with and inhibit the protective properties of HSP70. These aptamers sensitize cancer cells to die.

Clinical studies have demonstrated that HSP70 is expressed in cancer patient's intratumoral and/or in the serum [START_REF] Rérole | Hsp70: Anti-apoptotic and Tumorigenic Protein[END_REF]. This expression has been correlated with poor prognosis. Research studies have demonstrated that only cancer cells (but not normal cells) express HSP70 on the cell surface. Therefore, HSP70 is an interesting target to be tracked in the organism of a patient to diagnose cancer, monitor its progression as well as treatment efficacy. In practice, the higher the sensitivity of the detection is, the earlier the cancer can be identified and treated. Such higher sensitivity is not available today not only in clinical or point of care environment, but also at the level of oncology research institutes. Indeed, today diagnosis still relies mainly on microscopic (but not molecular) cues, when the tumor is already composed of several millions of cancer cells. For this reason, recent improvements in nanotechnology have spurred increasing interest in cancer detection. Early detection would benefit to the development of new cancer therapies based on peptide aptamers that could be delivered sooner and at lower doses. On a longer term, treatment follow-up provided by an efficient sensing method may enable a more personalized therapy, thereby minimizing the painful side effects of cancer therapy.

In vitro diagnostics is a key element of modern health care and is of increasing importance due to the need for more effective and efficient health care. At the moment, only 50% of diseases are correctly diagnosed in medical laboratories. One-third of all tests are presently performed in point-of-care (POC) settings outside centralized laboratories. The main focus of POC is to complement the efficient diagnosis of conventional medical laboratories that have centralized large and expensive equipment to shorten the time of clinical decision on therapy, as well as to lower test costs, especially for monitoring purposes.

The POC instrument development currently aims at reduced size and cost to target the market of bedside and outpatient care, but also to become used in emergency centers close to the accident site. This also asks for an easy to use handling strategy to be applied by untrained people. A major objective of POC is the measurement of biomarkers, which play an important role for understanding the development of human diseases and for the identification of the risk for disease. Biological markers are used in Medicine to establish physiological states of an organism, or as indicators for particular disease states. The most traditional parameter used as marker may be the heartbeat, but also blood pressure and body temperature are used since a long time. Recent developments in Cell Biology led to the discovery of a broad variety of molecular biomarkers, which still can be classified from a medical point of view into prognostic and diagnostic markers, with the latter indicating probable effects of treatment and the others the individual disease development independent on the type of treatment. Molecular biomarkers are often peptides found only in very small quantities in blood samples or other body fluids, in the earlier stages of disease making it difficult to detect them before the patient develops severe symptoms. Specific biomarkers are known in all medical fields: e.g. Hematology; Diabetes; Rheumatology; Therapeutic drug monitoring; Infections agents (HIV, mononucleosis and influenza); Sepsis (C-Reactive Protein, Procalcitonin).

The main tools in molecular diagnostics to detect biomarkers are so called assays measuring the presence of specific molecules, in low concentrations, identified as a marker of disease or risk. The markers used for the assessment can be either from the proteome or the genome, but they also can be hormones, lipids or sugars. The enzyme-linked immunosorbent assay (ELISA) is the most wide spread "wet-lab" type of solid-phase enzyme immunoassay. In 2012 immunoassays already have been a worldwide $17 billion industry at a growth rate of 2-3%. They are based on the use of specific antibodies against an "analyte", which in many cases is a protein antigen.

Recently, several POC strategies have been developed for operating either locally in emergency rooms or via telemedicine to improve cost-effectiveness and help to rectify the rural-urban mortality inequities. Most of the POC strategies for cardiovascular diseases rely on Molecular Biology based devices such as ELISA tests calibrated for identifying one or more out of ten known cardiomarkers. For each biomarker, the minimal level to be detected is below 200 pg/ml. These low levels cannot be measured with ELISA tests in less than 2 hours. This period is much too long undermining the relevance of molecular biology based detection in becoming widely accepted or applied in bedside testing. Hesitations in implementing POC tests may arise also from the qualitative and semi quantitative nature of many POC tests or concerns about low-end accuracy compared to more sensitive laboratory tests.

The characteristics of a sensor

First let us enquire into the meanings of the terms sensors and transducers. The word "Sensor" is derived from the Greek word sentire meaning to perceive. It is a device that converts a physical stimulus such as mechanical motion, heat, light, sound, and magnetic or electric or radiant effect into an electrical signal, which is measured or recorded by an observer or an instrument. It is used for various purposes including measurement or information transfer.

Similarly, the word transducer has originated from the Greek word transducere, which means "lead across". It is a device usually electrical, electronic, electromechanical, electromagnetic, photonic, or photovoltaic that converts power from one system to another either in the same or different form. A transducer is a device that is actuated by energy from one system and supplies energy usually in another form to a second system.

What are the differences between a sensor and a transducer? A sensor differs from a transducer in that a transducer converts one form of energy into other form whereas a sensor converts the received signal into electrical form only. A sensor collects information from the real world. A transducer only converts energy from one form to another.

In our case, SERS is a mix between a sensor and a transducer. Indeed, the SERS phenomenon can be separated in three processes, as shown on Fig. 1.1. The blue processes are transducing and the green one is sensing. Firstly, it consists in the transfer of the optical energy coming from the laser excitation to the chemical vibration of the target molecule. This effect is enhanced by the nanoantenna with an efficiency in pro-portion to E 2 . The second process is the energy transfer from the chemical vibration to the emission of a Raman optical signal by simply inelastic scattering. This energy is proportional to the optical resonance of target molecule. These two first processes are clearly transducing effects. The last process is the conversion of the Raman optical signal in electrical signal by an Avalanche PhotoDiode or a spectrometer counting the emitted photons received through the nanoantenna and the microscope objective. This process is a sensing process consisting simply by a measure of the photon rate.

The idea will be also to increase the transducing efficiency and improve the sensing abilities of the system.

Many terms related to sensors will be repeatedly used in the text. It is therefore beneficial to briefly recapitulate the definitions of these terms, and look on SERS specificities.

Sensitivity: It is the change in output value per unit change in input variable (the measurand). In SERS, the mesurand are the wavenumber and the intensity. However, the choice of wavenumbers is non-negotiable because it depends of the setup and detectors. The only parameters involving sensitivity evolution is the sounded intensity. This intensity depends on the enhancement properties of the substrate and the collection efficiency of the sensor [START_REF] Norrod | Quantitative Comparison of Five SERS Substrates: Sensitivity and Limit of Detection[END_REF].

Selectivity: Ability to detect the measurand in the presence of similar species. It is a measure of the discriminating ability of the sensor with respect to interfering analytes, which are sources of noise in the output. In SERS, it is the ability to distinguish two species simply based on their spectral fingerprints. This involves a clear spectral analysis to sort spectra.

Resolution: It is the smallest measurable change in analyte (measurand) value that can be detected by the device. In SERS, it consists in the Limit Of Detection (LOD) of the system. This limit is defined as the smallest concentration of a specific molecule that can be detected in a reasonable response time. This LOD is one of the main limitations in classical SERS experiments [START_REF] Norrod | Quantitative Comparison of Five SERS Substrates: Sensitivity and Limit of Detection[END_REF].

Response time:

It is the time taken by the sensor to reach 1/e or 63% of the final value of the sensed variable (output value). In SERS for biosensing, a reasonable response time is around ten minutes in hospital field. Unfortunately, many SERS experiments are based on spectral acquisitions around a minute, which involves a low statistical response and also reduce the reliability of the result. A reduction of the spectral acquisition time or of the Raman photon detection time is so necessary.

Calibration characteristic: It is the curve obtained by plotting the sensor output along the abscissa and the measurand (analyte values) along the ordinate. In SERS, the reliability of such parameter is questioned. Indeed, this parameter involves the definition of a characteristic SERS spectrum for each molecule. But this point is not clear in literature comparing the different spectral fingerprint for a same molecule, as in the case of BSA for example [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Kahraman | Label-Free Detection of Proteins from Self-Assembled Protein-Silver Nanoparticle Structures using Surface-Enhanced Raman Scattering[END_REF][START_REF] Yao | Spatially reinforced nanocavity array as the SERS-active substrate for detecting hepatitis virus core antigen at low concentrations[END_REF][START_REF] Zhang | Rapid, large-scale, sonochemical synthesis of 3D nanotextured silver microflowers as highly efficient SERS substrates[END_REF][START_REF] Zhou | Convenient formation of nanoparticle aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules[END_REF]. Linearity: It is the degree to which the calibration curve of the sensor matches with a specified straight line approximating the same. In SERS, this can be translated as the link between concentration and Raman intensity.

Repeatability:

It is the reproducibility of sensor output readings at given measurand values. One more time, in SERS, this involves the spectral repeatability for a same target molecule, which is not really clear.

Stability: It is the degree to which the calibration curve of the sensor remains unchanged over a period of time so that the sensor need not be recalibrated. In SERS, this can be directly associated to the temporal repeatability but also the spatial repeatability of the measurement.

Drift: it is the shift or: translation in calibration curve of the sensor with respect to time. In SERS, this drift can be associated to the photoluminescence effect. Indeed, the use of a metallic surface induces a photoluminescence of it. This one is very sensitive to the enhancement and can involve spectral modifications.

Allowed ambient parameters:

These are permissible maximal values of ambient parameters such as temperature, pressure, relative humidity, light or illumination, etc. under which the device can operate satisfactorily. In SERS, the main parameters are temperature, laser power and flow rate of microfluidic setup and SERS active sample preparation.

Definition of a nanosensor

Nanomaterials have sizes comparable with those of biomolecules in proteins, virus (a small infectious agent), cells, nucleic acids (the building blocks of living organisms), etc., and thus can form easy interfaces between biomolecules and readout instruments. Equality or comparability of size-nanomaterials and biomolecules is exploited in nanosensors. Many nanosensors are based on the interfacing of nanomaterials with biomolecules. These are known as nanobiosensors.

Sensor miniaturization and device integration, based on reproducible fabrication processes and large-scale production, are the top prerequisites low-cost products, and these requirements are fulfilled by nanosensors so that research on nanosensors will lead to cheaper devices.

Nanosensors allow for building an entirely new class of devices that provide the elemental base for "intelligent sensors" capable of data processing, storage, and analysis. These sensors will provide high accuracy, ultrahigh sensitivity, extreme specificity, realtime in vitro information with greater speed, having multi-analyte options, requiring smaller quantity of sample and minimal sample preparation, durable, safe, and portable. Some members of the nanosensors generation of devices have already qualified in laboratory tests, and are starting to appear in the marketplace. But there remains a long way to tread and several issues to be solved. Nonetheless, the potential is enormous.

What is a nanosensor?

Definition of nanosensors must be clear. In fact, any sensor that uses a nanoscale phenomenon for its operation is a nanosensor. Any sensor fabricated by nanotechnological methods is a nanosensor, that is, nanosensor is a nanotechnology-based sensor. To define the term, let us agree that any sensor characterized by one of the following properties will be labelled as a nanosensor:

(i) the size of the sensor is in nanoscale: this is answer by the use of nanoparticles or lithographed nanostructures.

(ii) the sensitivity of the sensor is in the nanoscale: the sounded volumes and concentrations are closed to nanogram or nanomolar, nay single molecule.

(iii) the spatial interaction distance between the sensor and the object is in nanometers.

From definition (i), nanosensors involve signal transformation from the environment using nanostructures, that is, structures having at least one dimension in the lateral direction less than 100 nm. Hence, in this definition, sensors must comply with nanotechnology based on geometrical dimensions of the sensor.

At present, the most commonly observed nanosensors exist in nature in the biological world as natural receptors of outside stimulation. Animals like dogs have a strong sense of smell that functions using receptors that feel nanosized molecules. Various fishes use nanosensors to perceive minuscule vibrations in the surrounding water; several insects detect sex pheromones using nanosensors. Similar to animals, many plants also use nanosensors to detect sunlight. In the artificial world, most film cameras have used photosensors at the nanosize for years. Traditional photographic film uses a layer of silver ions that become excited by solar energy and cluster into groups, as small as four atoms apiece in some cases, scattering light and appearing dark on the frame. Various other types of films can be made using a similar process to detect other specific wavelengths such as IR, ultraviolet, and x-rays.

Hopes in nanosensing, and particularly nanobiosensing

We have shown that many sensors are based upon the adsorption of target analytes and adsorption depends on surface area and surface chemistry. This chemical functionalization enables a high selectivity but involves very specific chemical treatment of the surface to be associated to the target analyte and also limit the number of able sounded analytes. Thus, systems like ELISA or Biacore operate on this chemical functionalization. They are very sensitive, very selective but not universal. The idea is so to use the physical approach based on spectroscopy, combined with the optical approach used in Biacore and other Surface Plasmon Resonance systems allowing high sensitivity with an optical, and so non invasive technique.

Different optical spectroscopic methods applied on biomolecules exist. Thus, we should have infrared spectroscopy based on the adsorption of the infrared light by the biomolecules sounded. Unfortunately, water is very absorbent in infrared and water is the principal component of biological entities as cells. Moreover, infrared source for spectroscopy are very expensive. Another spectroscopy is the Raman spectroscopy. The interest of this technique comes particularly from its wavelength window in visible range in which sources are cheap and water, the main solvent in biology, is very low absorbent. However, Raman scattering is a rare effect and has to be enhanced to be reliable.

In ELISA or Biacore, the sensitivity is very high but is based on large number of molecules. Thus, the single molecule resolution cannot be reached with such methods. The dream is so to have a technique at sensitive enough to detect a single molecule. The non-invasivity of this sensor seems one more time critical to ensure such sensitivity.

Nanobiosensing: what do we really expect?

To summarize, we have shown that in nanobiosensing the main expectations are based on a high selectivity to sort and identify proteins, amino acids, cells, viruses ..., and a high sensitivity to reduce the concentrations and also the size of target analytes. In this aim, the most interesting techniques seem to be the optical spectroscopies. However, the main limitation of optical sensors comes from the low sensitivity of these techniques. The is the reason why we chose to develop molecular plasmonic sensing techniques adapted to spectroscopies, and more precisely the Surface Enhanced Raman Spectroscopy. The limits of this technique in sensing have been previously summarized but we will see how scientific developments could answer to these limitations.

Molecular spectroscopy

Different types of nanosensing are proposed based on molecular plasmonic. These are called Surface Enhanced techniques. We can so find the Surface Enhanced Fluorescence, in which the fluorescence signal of a fluorescent molecule is enhanced. This allows reducing the concentration of fluorophore necessary to obtain a good picture with a high SNR. However, the target molecule should be labeled with a fluorophore, or should be intrinsically fluorescent.

An alternative is to use the Raman signal emitted by the molecule probed after its excitation with a monochromatic light source, such a laser. This is called Surface Enhanced Raman. Different studies can be made. First, by filtering a specific wavenumber previously determined corresponding to the target molecule, a mapping of its spatial localization in time or its distribution is possible [START_REF] Eliasson | Surface-enhanced Raman scattering imaging of single living lymphocytes with multivariate evaluation[END_REF][START_REF] Kneipp | Optical probing and imaging of live cells using SERS labels[END_REF][START_REF] Kawata | Plasmonics for near-field nano-imaging and superlensing[END_REF][START_REF] Murphy | Chemical sensing and imaging with metallic nanorods[END_REF][START_REF] Qin | Designing, fabricating, and imaging Raman hot spots[END_REF][START_REF] De Bleye | Development of a quantitative approach using surface-enhanced Raman chemical imaging: first step for the determination of an impurity in a pharmaceutical model[END_REF]. This is called SERImaging. Second, by scattering the Raman signal also enhanced with a spectrometer, the characteristic spectrum of the probed molecule is obtained. This is called SERSpectroscopy. It is the effect that we will use in our experiments.

Raman spectroscopy

In SERS, the studied signal is the Raman signal of the probed molecule. The Raman signal is the result of a non-linear interaction between the incident light, most of the time a monochromatic light, with the probed molecule (see Fig. 1.

2).

The incident light is absorbed by the molecule to achieve a virtual state of energy of this molecule. The dropout of the molecule induces the emission of a photon. The wavelength of this photon is most of the time the same than the incident light. The phenomenon is so called Rayleigh scattering. We talk about scattering because the speed of the phenomenon is close to an instant effect. But rarely, the emitted photon is the result of an inelastic scattering. This is called the Raman effect.

Two cases should happen. The first, which is the most favorable, is called Stokes case. It corresponds to the excitation of the fundamental state of energy of the molecule with the incident light and the emission of a photon to achieve an upper state of energy corresponding to a characteristic vibration state of the probed molecule. The difference between the incident wavelength and the emitted one is called Raman Shift and given in cm -1 . The shift obtained in this case is positive. The second case, less probable, is called Anti-Stokes. In this one, the molecule is still on a vibration state before the excitation by the incident light. Then, the emitted photon allows achieving the fundamental state of the molecule or a lower state of vibration. In this case, the Raman shift is negative.

A molecule can also be associated to a characteristic Raman spectrum. In fact, each vibration is associated to different vibration states that can be sounding, or not (depending of the selections rules), by Raman spectroscopy. Unfortunately, the Raman effect is a very rare effect. Only very few photons are Raman's photons in a flow of Rayleigh's. And this is accentuated for non-resonant molecules, such are most of the biological molecules. This is the reason why the use of an antenna, and more specifically the Localized Surface Plasmon Resonance of a metallic antenna, is necessary to enhance this Raman signal, thereby increasing the probability of sounding this signal.

Localized Surface Plasmon Resonance

New characterization techniques based on nanosciences, and more specifically a well-known effect at this scale: the Localized Surface Plasmon Resonance (LSPR) based on plasmonic has emerged. In this part, I will show some details about such nanosensors developed on the basis of LSPR.

The sensing of nanoscale elements implies the use of a localized effect. The main interest of such sensing method is the work on very low quantity of analyte. One of the objectives is also the determination of the different components of a molecular mix without, or limited, external impact. That is why the development of non-destructive The coupling between the electric field and the metallic nanoparticles induces collective oscillations of electrons of particles. (b) Near -Field maps for two neighboring gold spheres of radius of 60nm. Adapted from [START_REF] Romero | Plasmons in nearly touching metallic nanoparticles: singular response in the limit of touching dimers[END_REF].

nanosensors based on optical effect is still effective. The so-used localized optical effect is called Localized Surface Plasmon Resonance.

A Localized Surface Plasmon results from the electronic vibration of metallic nanoparticles as shown on Fig. 1.3. This vibration induces a dipole to which one can associate a resonating frequency. By coupling at least two nanoparticles at a close distance around few nanometers, the plasmon generated is localized within the gap between the nanoparticles. The resonance frequency depends on the nanoparticles positions, their shape and also ε, the dielectric permittivity: the roughness, the distance between both particles, the metallic compounds,... The changes in the shape and ε of the nanoparticles induce a shift in resonance. This shift is used to detect the shape and ε modifications, as in SPR.

The coupling of two nanoparticles or nanostructures closed one to the other is called a nanoantenna. In fact, the ElectroMagnetic (EM) Field exciting the LSPR of these nanoparticles is enhanced between both nanostructures in the gap where the plasmon is localized. This enhancement improves the sensibility used in nanosensing.

SERS: Surface Enhanced Raman Spectroscopy

The coupling between Raman spectroscopy and high Electromagnetic field local enhancement by LSPR is called SERS, for Surface Enhanced Raman Spectroscopy. Discovered by Jeanmaire and Van Duyne in 1977 [START_REF] Jeanmaire | Surface Raman Spectroelectrochemistry[END_REF], the topic SERS is experiencing a renewed interest since ten years due to its potentialities for molecular sensing (Fig. 1.4).

One of the characteristic of SERS is in the definition of an Enhancement Factor (EF) of the Electromagnetic field. In fact, this local enhancement of the EM field, induced by the LSPR of a metallic nanoantenna, leads the enhancement of the Raman scattering of a molecule very close to the hot EM spot. The EF is decisive for detecting diluted molecules.

Enhancement Factor Determination

The impact of the presence of the nanoantenna exalting the Raman signal can be quantified using the Enhancement Factor EF defined by many ways. Definition has been first given by P.Hildebrandt [START_REF] Hildebrandt | Surface-enhanced resonance Raman spectroscopy of Rhodamine 6G adsorbed on colloidal silver[END_REF] but the main work on this topic has been done by E.LeRu and P.Etchegoin [START_REF] Le Ru | Surface Enhanced Raman Scattering Enhancement Factors : A Comprehensive Study[END_REF]. They have demonstrated that different definitions could be given for the enhancement factor. The most intuitive and easy to determine is the one named Average Enhancement Factor (AEF) defined by:

AE F = I SE RS /C SE RS I Raman /C Raman (1.1)
Where I SE RS and I Raman are respectively the spectral intensity in SERS and classical Raman configurations, and C SE RS and C Raman are respectively the concentrations of the solution sounded in SERS and classical Raman configurations. This AEF is easy to determine in classic SERS experiments, but it is difficult to determine the C SE RS . In fact, this concentration should be, by definition, the concentration sounded by SERS. In the Raman case, the concentration is the one of the solution, but in SERS case, the concentration is localized around the hot spot. In the case of colloids in solution, it could be relatively simple to determine this concentration contrary to the surface concentration. This definition is not so good, and the problem is even more complicated in the case of single molecule. Other definitions are purposed in the single molecule case [START_REF] Le Ru | Surface Enhanced Raman Scattering Enhancement Factors : A Comprehensive Study[END_REF] but are very hard to implement experimentally because take account of the Raman cross section of the target molecule.

Plasmonic substrates

One of the main limitations of the development of LSPR sensors for the industry is the reproducibility of low cost and very sensitive substrates. Two main approaches have been developed. I will present in this part the bottom-up and top-down approaches applied to SERS substrates.

Bottom-up approach: Metallic colloidal nanoparticles

In most of publications, the plasmonic capabilities of metallic coupled nanoparticles are the basis of SERS effect. These particles are made out of precious metals like gold or silver. The interest of colloids lies in ease of preparation. In fact, nanoparticles with various shapes [START_REF] Ismail | Biosynthesis of Gold Nanoparticles Using Extract of Grape ( Vitis Vinifera ) Leaves and Seeds[END_REF][START_REF] Wang | Surfactantless synthesis of multiple shapes of gold nanostructures and their shape-dependent SERS spectroscopy[END_REF] can be produced in large quantities, as shown on Fig. 1.5.

The different shapes are interesting to investigate the spectral enhancement.

Unfortunately, such nanoparticles in a colloidal solution are subject to aggregation. Particles are thus chemically coated with different additives. These functionalizations change the spectral signature [START_REF] Margueritat | Discerning the Origins of the Amplitude Fluctuations in Dynamic Raman Nanospectroscopy[END_REF]. Raman spectrum of the probe molecule may be then altered. An alternative is to functionalize the particles with a specific ligand. The media of metallic colloids can be solid or liquid (see Fig. 1.6). In the liquid state, the particles are dispersed in a solvent allowing their dissolution and the target dissolution. The SERS signal is obtained by the excitation of the particles closed one to another. In this case, a control of the homogeneity of the solution is critical [START_REF] Darby | Competition between Molecular Adsorption and Diffusion: Dramatic Consequences for SERS in Colloidal Solutions[END_REF]. In the solid case, the particles are deposited onto a surface (glass or silicium in most cases). The solvent of the solution is evaporated to stay with the nanoparticles aggregated, or not, depending of the presence/absence of the functionalization. A SERS signal can so be measured by illuminating the aggregates [START_REF] Chen | Recent advances in surface-enhanced Raman scattering detection technology for microfluidic chips[END_REF].

Top-down approach: Lithography

The other approach is a method based mostly on e-beam lithography or etching. The substrate is obtained by structuring a bulk film to obtain the nanostructures supporting the LSPR. These structures are also bare due to the evaporation or etching of the metal.

Different shapes can be designed to modify the orientation of the EM field. The nanostructures are designed with a spatial resolution closed to ten nanometers (aligned nanorods (as on Fig. 1.7) but also honeycombs). This type of nanostructure is relatively easy to model by FEM or FDTD calculations contrary to chemically synthetized nanoparticles with more complex shape. Such calculations highlight the plasmon resonance (see Fig. 1.7 (b-c)). The resonance is mostly a function of the gap between the structures. The major interest of this type of structure is the reproducibility.

Unfortunately, the gap between the nanostructures should be very small, and so very hard to achieve with electron beam lithography. An alternative is the use of Reactive Ion Etching [START_REF] Lin | Controlling SERS intensity by tuning the size and height of a silver nanoparticle array[END_REF][START_REF] Hicks | Plasmonic Properties of Anchored Nanoparticles Fabricated by Reactive Ion Etching and Nanosphere Lithography[END_REF][START_REF] Kahl | Periodically structured metallic substrates for SERS[END_REF][START_REF] Ahn | Generation of scalable quasi-3D metallodielectric SERS substrates through orthogonal reactive ion etching[END_REF][START_REF] Tan | 3D arrays of SERS substrate for ultrasensitive molecular detection[END_REF] or the use of chemical trick as the oxidation of a chromium layer [START_REF] Zhu | Lithographically fabricated optical antennas with gaps well below 10 nm[END_REF]. The other drawback of the top-down approach is the high cost generated due to the waste of time, loss of matter and the need of expensive Adapted from [START_REF] Zhu | Lithographically fabricated optical antennas with gaps well below 10 nm[END_REF].

equipment.

SERS based sensing

Historically, SERS has been demonstrated as the enhancement of the magnitude of the Raman scattering signal when a scattering molecule is placed on or near a roughened noble-metal substrate [START_REF] Jeanmaire | Surface Raman Spectroelectrochemistry[END_REF]. Since this discovery, the technique has progressed from model system studies of pyridine on a roughened silver electrode, state-of-the-art surface science to finally real-world sensors applications.

The development of SERS based sensor involves question of the reproducibility, but also of the stability and ability to be adapted for biosensing or the question of sensitivity.

Reproducibility over large area

Concerning the reproducibility, an approach allows answering this question: working on large area. This approach results from the use of top-down substrate to generate SERS signal. Indeed, the spatial resolution reliable in electron beam lithography with a high reproducibility (around 10 nm) is not good enough for an efficient enhancement with a single nanostructure.

The choice is so to broaden the studied area to multiply the number of hot spots and increase the Signal to Noise Ratio (SNR). This broadening can be applied temporally, by a simple increase of the acquisition time, but also spatially. Thus, different solutions are proposed. Firstly, the aggregation of nanoparticle on a surface is a good solution to multiply the number of hot spot [START_REF] Hildebrandt | Surface-enhanced resonance Raman spectroscopy of Rhodamine 6G adsorbed on colloidal silver[END_REF][START_REF] Mabuchi | Surface enhanced Raman scattering of citrate ions adsorbed on gold sol particles[END_REF][START_REF] Keating | Protein:Colloid Conjugates for Surface Enhanced Raman Scattering: Stability and Control of Protein Orientation[END_REF][START_REF] Talley | Intracellular pH sensors based on surface-enhanced raman scattering[END_REF]. However, the reproducibility on such experimental conditions is reduced because sizes of the aggregates are not well controlled. The second solution is the fabrication of metallic arrays by lithography and reactive ion etching [START_REF] Kahl | Periodically structured metallic substrates for SERS[END_REF][START_REF] Félidj | Controlling the optical response of regular arrays of gold particles for surface-enhanced Raman scattering[END_REF]. This improves the reproducibility but lower cross-section due to a large expansion of the hot spots distribution.

In such configurations, the definition of an Average Enhancement Factor is the main parameter to characterize the SERS substrate. The AEFs are so distributed between 10 3 and 10 6 . This is good enough for the detection of resonant molecules as dyes but, concerning the biomolecules, it is still limited because of the low SERS cross-section of such molecules (around 10 -14 ).

Biological sensing

The concept of sensor is more difficult for the study of non-resonant molecules. In fact, the spectral reproducibility of low concentrated solution of resonant molecule seems coming from this resonance effect. A large part of the non-resonant molecules corresponds to biomolecules such amino-acids, peptides, proteins ... These molecules are interesting as target for early stage detection of many diseases for which these molecules are the molecules of interest.

Many experiments in SERS were performed on such biomolecules by tagging the biomolecule with a resonant marker as developed as [START_REF] Kneipp | Surface-enhanced Raman scattering and biophysics[END_REF]. The analysis of the spectral modification of the biofunctionalization previously fixed on the metallic nanostructures was developed in [START_REF] Guarrotxena | Antitags: nanostructured tools for developing SERS-based ELISA analogs[END_REF]. Finally, few SERS experiments on biomolecules were conducted as we can call "Label-Free", i.e. without specific functionalization or tag, as developed in [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF] or [START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF]. This point of view was clearly the most interesting for us since it does not need any special previous chemical development of specific linker for the target molecule.

However, in such configuration, SERS seems not so reproducible compared to resonant molecules. Indeed, many experiments have been done on BSA (Bovine Serum Albumin), one of the most prevalent protein in bovine (more than 70 % of serum composition) with different substrates. And their results in different spectra for a same molecule at high concentration (mM), as shown on Fig. 1.8. This is coherent with the main problem of SERS on non-resonant molecules: the signal recorded for such molecules is very sensitive to the surface effect like adsorption, resulting in a spectrum composed by the closest vibrations to the surface. This is (2) adapted from [START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF], (3) adapted from [START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF], (4) adapted from [START_REF] Kahraman | Label-Free Detection of Proteins from Self-Assembled Protein-Silver Nanoparticle Structures using Surface-Enhanced Raman Scattering[END_REF], (5) adapted from [START_REF] Yao | Spatially reinforced nanocavity array as the SERS-active substrate for detecting hepatitis virus core antigen at low concentrations[END_REF], (6) adapted from [START_REF] Zhang | Rapid, large-scale, sonochemical synthesis of 3D nanotextured silver microflowers as highly efficient SERS substrates[END_REF], and (7) adapted from [START_REF] Zhou | Convenient formation of nanoparticle aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules[END_REF].

not impacting for resonant molecules because the effect of the resonance reduces this impact to the spectral noise in this specific case. Thus, the differences between the spectra of a non-resonant molecule come from the different sites of adsorption of the molecule on the metallic surface. It becomes difficult to associate a nonresonant molecule with a SERS spectrum because the spectrum will depend of the electrochemical state of the metallic surface.

Single molecule regime

In single molecule regime, it is important to look on the temporal fluctuations of Raman spectra in surface enhancement circumstances. Working under flow or in air, the spectra record at different times but in the same experimental conditions appear and disappear during the slot of acquisition. These fluctuations append also for the study of only one molecule. The fluctuations could be simply in terms of intensities ratios between the different spectra or in terms of Raman bands, i.e. Raman peaks positions. In our experiments, if we look in terms of time acquisition, we observe the same effect, as shown in Fig. 1.9. Indeed, it is clearly proved by this experiment that in single molecule regime appear a lot of spectral fluctuations in time. The question of the reproducibility is legitimate, due to these times fluctuations. Since 90's these time fluctuations have been explained by single molecule regimes [START_REF] Kneipp | Single molecule detection using surface-enhanced Raman scattering (SERS)[END_REF][START_REF] Nie | Probing single molecules and single nanoparticles by surface-enhanced Raman scattering[END_REF]. Kneipp et al. confirmed there analysis based on Poisson statistics describing the intensity distribution of the fluctuations. To obtain such resolution, a very high EF is necessary. Thus, Kneipp et al. predicted that an EF close to 10 14 is necessary to be in single molecule regime for dye molecules.

Le Ru et al. detailed in 2007 [START_REF] Le Ru | Surface Enhanced Raman Scattering Enhancement Factors : A Comprehensive Study[END_REF] a complete study of the enhancement factor and its implications in single molecule regime. A recent paper of the same group [START_REF] Le Ru | Quantifying SERS enhancements[END_REF] explained that a minimum enhancement factor in single molecule regime between 10 6 -10 8 is required.

Different approaches are so proposed in literature to obtain the SERS single molecule regime based on colloids:

• First, the easiest method consists of mix a solution of target analyte with a colloidal solution in a drop. SERS events appears when the different particles are governed by the Brownian motion in the drop interacting at very close distance between two nanoparticles and one target molecule [START_REF] Le Ru | A scheme for detecting every single target molecule with surface-enhanced Raman spectroscopy[END_REF]. The problem of such method is in the low probability of triple interaction exactly where the laser is focused. To increase this probability, the use of a less focused laser or a higher target analytes concentration is necessary but clearly reduces the resolution. Another limitation of this technique is in the evaporation of the drop that is low controlled.

• Secondly, in order to increase the probability of interaction and drastically reduce the evaporation, the use of a microfluidic chip in Y configuration was proposed [START_REF] Zhou | Convenient formation of nanoparticle aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules[END_REF][START_REF] Lee | SERS decoding of micro gold shells moving in microfluidic systems[END_REF][START_REF] Delhaye | Tailoring Surface-Enhanced Raman Scattering Effect Using Microfluidics[END_REF]. The interest in this method stays in the high probability of interaction between colloids and target molecules. Like in the previous method, the main limitation of this method is the indispensable chemical coating on the nanoparticular surfaces. This coating is mandatory to avoid the nanoparticles aggregation. Fluctuations come also simultaneously from the motion of both target molecules and colloidal particles. This induces a low repeatability of the EF due to constant modifications of the nature of the hot spot.

• Finally, a good repeatability is ensured using colloids deposited on glass or silicon surface capped by a microfluidic chip. Target analytes are then injected in microfluidic channels. The only fluctuating origins come from the motion of target analytes in the SERS hot spot, and this hot spot can be well localized on the surface for further measurements.

SERS and microfluidic

Benefiting from the recent advances in microtechnology, the use of microfluidic devices to conduct biomedical research and create clinically useful technologies has a number of significant advantages. Instead of operating in air (e.g.: DNA chips), measurements are performed in liquids which is obviously more biologically relevant. Besides, the volume of fluids within the channels is very small (usually several nanoliters) which is 6 orders of magnitudes less than ELISA tests. As a consequence, the amounts of reagents and analytes used is reduced, a significant improvement for expensive reagents such as aptamers and/or specifically designed antibodies. In addition, the fabrication techniques used to construct microfluidic devices are relatively inexpensive and are very amenable both to highly elaborate, multiplexed devices and also to mass production. In a manner similar to that for microelectronics, microfluidics technologies enable the fabrication of highly integrated devices for performing several different functions on the same substrate chip.

In the context of a sensing platform, three dependent parameters can be optimized: flow rates, volumes, and the diffusion distance above the sensing area. Flow rates can be finely tuned using three approaches, two active and one passive. The passive approach to tuning flow rates simply involves tuning flow resistance and flow pressure to regulate flow velocities. Using standard fabrication approaches, flow rates can be tuned over several decades starting at zero flow rates and capping at high flow-rates with velocities of tens of cm per second. Active control involves the use of integrated micromechanical valves, which allow flow to be shunted at will in a microfluidic channel. One approach involves using intermittent, rather than continuous flow by closing and opening a single valve at defined frequencies. Valves can be actuated at frequencies of up to 50Hz and the open and closed state of a valve can be controlled with millisecond precision. A more sophisticated active control makes use of a peristaltic microfluidic pump, which can precisely control pL flow volumes. Finally, the device has to be designed in such a way that an analyte molecule will come into contact with the sensing area at least once (optimally more than once) to allow efficient capture and detection. Obviously a slow flow rate would permit this. But as discussed previously, low flow rates directly conflict with the requirement for high flow volumes. Another possible design feature to increase contact probability during transit would be to reduce the channel height above the sensing area. Fluidic channels can easily be fabricated to be 1-2 micrometers in height, drastically reducing the likelihood that an analyte will flow by the detector without coming in direct physical contact with it.

In most cases, the microfluidic chips are based on PolyDiMethylSiloxane (PDMS), but can also be of glass. The advantage of PDMS is its ease to be used compared with glass but some PDMS residues should pollute the studied solution. The bonding of PDMS with a glass or silicon substrate is simply realized using oxygen plasma activating the substrate surface to react with the activated surface of the PDMS chip. Some substrates using microfluidic are developed to sort the molecules in a mix by weight or size with small serpentines (Fig. 1.10 (a)). Other microfluidics chip have been created to control the mix of two separates solutions and study this mix knowing the ratios of each solution for different positions in the channel [START_REF] Kamholz | Theoretical analysis of molecular diffusion in pressuredriven laminar flow in microfluidic channels[END_REF].

Our choices

Now that the state of the art of SERS-based biosensors is exposed, we can justify strategic choices in our experimental approach:

1. the orientation towards the single molecule detection using high efficiency raspberry- like GNPs.

2. the gradual approach in the choice of molecules from resonant molecules such as dye towards amino acid and then proteins.

3. the most innovative breakthrough arises from the data analysis. The statistical analysis was a significant milestone for interpreting the huge amount of data.

Substrate and microfluidic

Among all the host of possible SERS active template, we have identified three main priorities.

The substrate should be first economic. The approach based on electron beam lithography was thus excluded from benefit of GNPs. GNPs offer also the advantage of being more efficient in terms of enhancement (up to 10 12 ). Single molecules were detected historically using GNPs.

However the mobility of GNPs in colloid represents an important source of noise and fluctuations.

In this context, we opted to the most SERS efficient GNPs know at the beginning of my work: the Chebyshev particles. Roughness of GNPs creates a surface texture with bumps. Those defects which seem theoretically difficult to accommodate generate extremely hot spot at the surface. The surface texture of GNPs can generate many shapes of the particle such as nanoflowers, nanoraspberries, nanotriangles ... Our choices burns out to nanoraspberry-like GNPS, the radius of bumps (5 nm) being close to the size of proteins, as shown on Fig. 1.11.

In order to limit as low as possible the temporal fluctuation, we develop a chemical rate for immobilizing the GNPs on a flat substrate, so that the gap between GNPs is fixed. GNPs are then capped by a microfluidic channel. This configuration helps to ensure the "chemical free" approach. Bare GNPs can probe directly the biomolecules driven by the microfluidic avoiding pollutant from the atmosphere. The assembly, the preparation and the manipulation will be described in Chapter 2.

Gradual analysis of molecules of interest

We believe that a gradual approach in the complexity of the molecular structure should be favored for a comprehensive understanding of spectra of single molecule. Resonant molecules (Methylene Blue) have been used to test the sensitivity and the reproducibility of the experimental approach, the SERS substrate, the optical bench of measurement and the microfluidic. Such approach is detailed in Chapter 3 where we discuss the limits of detection in terms of concentration.

The selectivity and the ability of the sensor for sorting the molecules have been demonstrated with more challenging molecules. Amino acids are not all resonant in visible range. The spectral identification of the cysteine, as an example, is presented in Chapter 4.

In Chapter 5, we dealt with the protein identification. We will first examine the "standard" one: the BSA known to be particularly robust over pH and temperature but which gives controversial SERS spectra. We ultimately present the protein of interest, the cancer biomarker HSP-70. Tracking the changes in conformation of this protein constitutes already a major challenge. Finding this biomarker in the whole blood is a real difficulty and an extra greater challenge posed by the European Project FP7 "SPEDOC".

New SERS analysis tools

As presented before, temporal fluctuations are intrinsically linked to the single molecule regime of SERS. To rise up the reproducibility of this technique and better understand the role of a molecule in SERS process, it was important to develop a routine analysis method that might take all the spectra into account without losing information. Since the averaging of the signal was clearly not appropriate, we have scanned the different statistical approaches from the simplistic to the most comprehensive. These statistical tools are, for some, based on intensity fluctuations, and another one on multiplexing variations of the intensities associated to the different wavenumbers. Described in Chapter 2, we applied these methods along the manuscript to discuss the benefits and limits.

Simply based on the intensity fluctuations we first calculate the normalized variance of the intensity for each wavenumber in dynamic experimental conditions. The Mandel Factor is then a first indicator of the most fluctuating Raman bands.

Another method based on the Probability Density Function has been proposed to estimate the occurrence of spectra.

The last track of reflection is a multivariate analysis called Principal Component Analysis. This method is currently used to compare different SERS spectra resulting from different molecules [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] Etchegoin | Statistics of singlemolecule surface enhanced Raman scattering signals: fluctuation analysis with multiple analyte techniques[END_REF]. The definition as a multivariate method implies that this method is based on the intensity fluctuations of each wavenumber but taking account of the fluctuations for all wavenumbers simultaneously.

Conclusion

As shown in Fig. 1.4, studies based on SERS are growing. This is due to the high interests of this technique coupling a high efficiency, due to the enhancement of the signal, with a clear specificity and a high sensitivity. A lot of efforts concern the plasmonic substrate developments to answer to each wanted specificities. Unfortunately, the SERS physical processes are not clearly well-known. Some people talk about a chemical enhancement effect [START_REF] Le Ru | Quantifying SERS enhancements[END_REF][START_REF] Otto | Raman scattering from adsorbates on silver[END_REF][START_REF] Billmann | Enhanced Raman effect from cyanide adsorbed on a silver electrode[END_REF][START_REF] Wu | Chemical Enhancement Effects in SERS Spectra: A Quantum Chemical Study of Pyridine Interacting with Copper, Silver, Gold and Platinum Metals[END_REF] based on the chemical interaction between the molecule of interest and the metallic substrate, as others talk about a physical effect simply based on polarizability of the molecule of interest in the electromagnetic hot spot, because of the classical definition of the Raman effect as a polarization-dependent effect.

In this thesis, the objectives will be to better understand the SERS effect, to apply this effect to understand the molecule-metallic surface interactions and to develop experimental and analysis tools to ameliorate the reproducibility, the sensitivity, the response time and the resolution of SERS sensors.

CHAPTER 2

Dynamic characterization of a single molecule by SERS

Introduction

This chapter presents the development of a specific experimental setup including its specific statistical analysis to be applied for the dynamic characterization of single molecules by SERS. This includes first the preparation of the SERS active substrate; secondly, how we have incorporated the fluid handling using microfluidics device and how we assemble the various optical modules for adapting a confocal microscope to a Raman spectrometer for dynamic studies; thirdly, which statistical methods have been applied to analyze this amount of data.

SERS-active substrate

As discussed in the state of the art, we have chosen to work with gold nanoparticle (GNP) based substrate to increase the enhancement performance. Here I detail the chemical synthesis of our raspberry like GNPs to control the size, the shape and the surface state. Once the GNPs prepared, we immobilize these particles onto a glass surface. Here, I give some recommendations that can help you to get a homogenous chemical self-assembling as a monolayer with an inter-particular distance below 5 nm.

Raspberry-like GNPs synthesis

The synthesis is adapted from [START_REF] Xie | The Synthesis of SERS-Active Gold Nanoflower Tags for In Vivo Applications[END_REF] and is processed with absolutely clean glasses and nanofiltered water. The first step consists of the reduction of gold salt (HAuC l 4 .3H 2 O, Molecular Weight = 393.83 g/mol) in aqueous solvent by a zwitterion at pH 7.4. This step can be declined in 4 points:

1. A mother solution of gold salt at 0.25M (0.493 mg/ 5 mL) is prepared. This solution can be stored in the freezer for many months.

2. An aqueous solution of HEPES at 0.1M (2.38 g/ 100 mL) is prepared and the pH is adjusted at 7.4 by just adding 1 mL of NaOH 1M and completing to 100 mL.

3. In a 500 mL beaker, 500 μL of gold salt solution are diluted in 400 mL of water under stirring. In terms of colors, the solution turns from pale yellow to uncolored with add of HEPES. It stays uncolored during approximately 30 minutes before becoming progres- sively pale lavender and finally ocean blue in transmission and brownish in scattering.

The colloidal solution is centrifuged at 13,000 rpm during 1 or 2 minutes, depending of the centrifuge. The supernatant is removed with a Pasteur pipet. It is easily recognizable because of its pink-purplish color due to the little spherical particles. The tube is then filled in with previous solution keeping the concentrated part. And this tube is centrifuged one more time, and so on.

When all of the colloidal solution has been centrifuged, the concentrated part is rinsed with water and dispersed with ultrasonic waves to clean off the excess of HEPES. This step is repeated if necessary. Unfortunately, before the functionalization, the solution is less stable and can be stored no more than one week in fridge before rinsing.

Surface functionalization of GNPs with PS-SH

This work is based on [START_REF] Yockell-Lelièvre | Two-dimensional selforganization of polystyrene-capped gold nanoparticles[END_REF]. The principle of functionalization of colloidal particles by a polymeric chain is well-schematized in Fig. 2.3. In our case, GNPs are functionalized with Polystyrene (PS) chains having thiol-end (SH). It is worthnoting that PS-SH is very hard to obtain but the Post-Doc working on SPEDOC project has synthetized some of it during her thesis. The functionalization is spontaneous at room temperature when the polymeric chains and the nanoparticles are mixed in solution. The main problem is in the very low solubility of PS-SH in water. That is why it has been chosen to work with an intermediate solvent as acetone, which is miscible with water and in which PS-SH is efficiently soluble.

A solution of excess of PS-SH (around 0.3 g) is thus prepared in approximately 60 mL of acetone under stirring in a glass bottle with a plastic plug. 5 mL of concentrated colloidal solution is then slowly added. The solution becomes progressively trouble because PS-SH is not soluble in water. An add of acetone is able to arise the solubility if necessary. Then, the mix is staying stirring during one night under hood. After some hours appears a plastic deposit at the bottom and on the side of the bottle. This deposit is extracted by centrifugation taking off the uncolored supernatant.

Once those nanoparticles are capped with PS, they become insoluble in polar solvents as water, alcohol or acetone. Their surfaces become hydrophobic inducing a good solubility in non-polar, or low polar, solvents as chloroform. The particles are dispersed one more time in a small volume of chloroform (C HC l 3 ) and centrifuged during 3 minutes at 13,000 rpm to take off the excess of PS-SH localized in the supernatant part. This step is repeated to ensure the total suppression of PS-SH in excess. To control this, an addition of isopropanol in the supernatant results in a trouble supernatant if it still contains PS. The functionalized GNPs are then diluted in chloroform and stored in glass vial. They are then dried at room temperature by simple chloroform evaporation. These capped nanoparticles obtained are very stable and can be stored in dry atmosphere for at least two years.

Polymer masks for GNPs deposition

The assembling of the GNPs substrate and a microfluidic chip implies some constraints. The main constraint comes from the nature of the assembling, which is based on an activation of the glass slide with oxygen plasma. The presence of GNPs dispersed on the totality of the surface risks reducing the efficiency of the assembling. The choice is then to deposit the nanoparticles only where will be localized the microfluidic channels, i.e. where the glass slide will not be in contact with the microfluidic wall.

Channels were designed by UV-lithography. A polymer resist Shipley S-1813 is spin coated on the glass slide and exposed to a 400 nm light with a global power of 70 W /cm 2 using a MJB-21 UV masker. The resist chosen is positive because the used mask is the same than for microfluidic chip molding. After exposition the resist is developed by dissolving the exposed resist in a basic solvent (MF319). This steps are schematized in Fig. 2

.5 (1-2).

It finally results in a glass slide capped with Shipley, except in the exposed area drawing the microfluidic design.

GNPs deposition and "cleaning"

Once the glass slide has been set up the GNPs can be deposited. Thus, a drop of GNPs diluted in chloroform is deposited on the slide in the channel, and also outside After the evaporation of chloroform a blue layer stays due to the nanoparticle film. The UV-resist is lift-off by a simple immersion of the slide in acetone under low stirring (Fig. 2.5 [START_REF] Norrod | Quantitative Comparison of Five SERS Substrates: Sensitivity and Limit of Detection[END_REF]). Nanoparticles are then present only in the channel designed by UVlithography. Unfortunately, the so-obtained GNPs are still functionalized with PS-SH chains. The idea is so to expose the glass slide to oxygen plasma during more than 2 hours in a Plasma Cleaner at the highest power (Fig. 2.5 [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF]). The oxygen atoms are implies in the etching of the PS-SH capping by breaking the chemical link between thiol and gold atoms.

Finally, after this ionic exposure, the result is a simple glass slide on which are present gold nanoparticles without capping according to the microfluidic design used (Fig. 2.5 [START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF]). All steps of the deposition and preparation of the substrate are summarized in Fig. 2.5.

Microfluidics and Confocal set up

The SERS substrates detailed before were coupled with two techniques: the microfluidic platform and a confocal microscope, which was built up in the lab. Channel-shaped "boxes" are engraved in a resist layer using UV lithography, and the PS-coated nanoflowers are introduced inside those boxes through solvent evaporation. Lift-off and subsequent oxygen plasma gas exposure lead to channel-shaped monolayers of raspberry-like GNPs with a bare gold surface deposited onto the glass slide, which is then assembled to the PDMS cell.

Microfluidic chip molding and alignment

The microfluidic platform used to flow the molecules of interest on the GNPs is a home-made PDMS molded one. A paste of PDMS is prepared by mixing one volume of silicon elastomer curing agent with 10 volumes of silicon elastomer. This paste is Channels of the home-made PDMS microfluidic cell were aligned with the microstructured substrate. The PDMS and the glass were activated by using an O 2 Plasma Cleaner. Finally, the substrate is ready to be used in the experiment. A flow controlled pumping system based on a peristaltic pump was used to flow the solution through the microfluidic channel onto the SERS active areas.

Characterization confocal setup for dynamic studies

Dynamic SERS measurements are performed using a custom-built confocal Raman setup (Fig. 2.7).

Excitation of the biomolecules

A 784 nm laser line is chosen to avoid as much as possible photoluminescence of the gold nanoparticles in visible wavelengths, and the absorption of the light by the water, that mostly occurs in infrared range. The light polarization is controlled using a polarizer and turned with a half-wave plate. To illuminate the sample with a homogenous spot, the beam is expanded before the entry into the microscope by an optical beam expander based on an afocal association of two lenses. The beam is then directed to a Nikon inverted microscope, and more specially a filter cube composed by a laser clean up centered at 785 nm for which the transmission is able only for The collimated beam is finally focused on the glass sample with a Nikon waterimmersion objective x60, with a high Numerical Aperture of 1.2. The power of the excitation is controlled just before the objective to take into account the different mirrors and beam splitters placed on the beam path. The excitation power is then adjustable between 100 µW and 1 mW.

Detection of the emitted signal

The signal recorded on the different detectors is the backscattered light from the sample. This signal consists mainly of three contributions: the Rayleigh signal and the reflection of the laser on the surface, the photoluminescence of gold and the Raman backscattering.

The Rayleigh signal, as shown in Fig. 1.2, is at the same wavelength than the laser excitation, i.e. 784 nm. Thus, after travelling back through the objective, the beam is reflected by the dichroic mirror and redirected towards the back side of the microscope, passing through a 50/50 beam splitter before reacting finally with a fibered photomultiplier. This signal enables an easy mapping of the surface to localize the nanoparticles on the surface. Another backscattered signal is the photoluminescence of gold. In fact, due to the laser excitation, the electron of the valence band of gold are excited and some energy coming from the laser is also transferred to gold atoms. The backscattered light reacting with gold is shifted to higher wavelength than the excitation. This light is transmitted through the objective and through the dichroic mirror and then filtered by the notch filter. This results in a large bump in the spectrum record after filtering. However, the photoluminescence effect is reduced using a 784 nm excitation laser. Indeed, this effect is more pronounced at lower wavelengths around 500-600 nm corresponding to the resonance of GNPs, i.e. to wavelengths that gold absorbs more.

The third signal is the signal of interest: the Raman scattering. As described on Fig. 1.2, the Raman signal is coming from the excitation of a molecule by a monochromatic light, in my case the laser. Two different types of Raman scattering should happened: the Stokes and the Anti-Stokes. It is well-known that the Anti-Stokes effect is rarer and less intense than the Stokes one. That is why it has been chosen to work with the Stokes Raman scattering. This signal is so transmitted through all filters on the way of the backscattered light.

After the microscope, the backscattered signal transmitted through the filters is divided. 70 % of the signal is focalized in a multimode fiber plugged on an Avalanche PhotoDiode (APD) which has a very good temporal resolution (lower than 1 ms). The other 30 % are directed and focalized on a spectrometer. This spectrometer scatters the light in wavelength with a 0.12 nm spectral resolution.

The next step is to find an efficient hot spot. The surface is scanned by moving 

Statistical analysis of the dynamic studies

After choosing the hot spot and recording the APD and the spectrometer signals, it is necessary to find a systematic method of analysis. In fact, the high number of spectra recorded implies the necessity of using a statistical method to resume the complete record with a minimum of variables.

There are also principally three types of statistical methods: The first is the Mandel M-Factor determination. This method is based on the intensity variations of each wavenumber. The second is the Probability Density Function. This one is based on the intensity distributions of each wavenumber during the acquisition. The last method is the Principal Component Analysis. It is based on the intensity fluctuations of the whole spectrum. This last method is called multivariate analysis.

Mandel M-factor

The first statistical method is so called the Mandel M-factor determination. This factor is a good indicator of the intensity fluctuations and can be calculated at the dif-ferent wavenumbers. Historically, this factor has been defined by Mandel to solve the problems of temporal fluctuations of the fluorescent signal of resonant molecules [START_REF] Kimble | Photon antibunching in resonance fluorescence[END_REF][START_REF] Mandel | Sub-Poissonian photon statistics in resonance fluorescence[END_REF].

Mathematically, this factor is based on the calculation at each wavenumber ν of the variance σ 2 ν and the average of the intensity < I ν > in time [START_REF] Mandel | Sub-Poissonian photon statistics in resonance fluorescence[END_REF][START_REF] Treussart | Direct Measurement of the Photon Statistics of a Triggered Single Photon Source[END_REF] and a simplified definition has been proposed by Margolin et al. [START_REF] Margolin | Single-molecule chemical reactions: Reexamination of the Kramers approach[END_REF]:

M ν = -1 + σ 2 ν < I ν > (2.1)
A null value of M corresponds to a non-fluctuating system, i.e. a Poissonian distribution of intensity. A positive M parameter indicates a super-Poissonian statistics.

The resulting spectrum informs about the most fluctuating Raman bands during the acquisition.

Probability Density Function

The second statistical method is the Probability Density Function (PDF). This method is based on the intensity distribution during the acquisition. In fact, the PDFs p ν (A ν ) of the photon rates A ν are estimated experimentally at each wavenumber ν. Histograms are built using a bin number n defined by the root of the number N of acquired spectra and bin sizes ∆A ν obtained by the intervals between the minimum A min,ν and the maximum A max ,ν of the photon rates.

n = √ N (2.2) ∆A ν = A max ,ν -A min,ν n (2.3)
p ν (A ν ) are defined by the number of events n ν (A ν ) having is photon rate A ν comprised in the interval between A ν and A ν + ∆A ν and divided by n and ∆A ν .

p ν (A ν ) = n ν (A ν ) n∆A ν (2.4)
Hence, the integral of p ν (A ν ) over the entire range of photon rates A ν is equal to one.

For this statistics is associated a specific representation based on the spectral intensity vs wavenumber with a colored map associated to the probability distribution in logarithmic scale. An application of this method is shown in Fig. 2.10. The application of this method is complementary to Mandel factor. The most probable events are colored in red whereas rare events are in blue. In a more conventional SERS acquisition, the rare and bright events are usually either masked in the ensemble average using long time acquisition or only partially analyzed by extracting the highest intensity spectrum. The visual representation summarizes the systematic statistical treatment enabling a probability density assessment of both intensity fluctuations and heterogeneities of the spectral shape.

Principal Component Analysis

The third statistical method is the multivariate one. Beyond identifying the fluctuating lines with the M-factor or the PDF, a complementary approach is to sort the spectra into different categories according to their degree of similarity. The identification of the number of families of independent spectra provides a deeper insight into the source of the fluctuations. This decomposition is conducted through a statistical processing of the data using Principal Component Analysis (PCA) [START_REF] Etchegoin | Statistics of singlemolecule surface enhanced Raman scattering signals: fluctuation analysis with multiple analyte techniques[END_REF].

The Principal Component Analysis (PCA) method is a well-established technique used in analytical spectroscopy. PCA consists in applying specific linear transformations to convert a set of observations of possibly correlated variables into a set of values of linearly uncorrelated variables called principal components. PCA works well only for data that are a linear combination of independent sources, as it happens here with the additive contributions of the SERS signals from multiple types of molecules. PCA can be applied by eigenvalue decomposition of a data covariance (or correlation) matrix or singular value decomposition of a data matrix, usually after mean centering (and normalizing or using Z-scores) the data matrix for each attribute. Most of the The columns of the eigenvector matrix V and eigenvalue matrix D are then sorted in order of importance in order of decreasing eigenvalue magnitude (i.e. in absolute value). The eigenvalues represent the distribution of the source data's energy among each of the eigenvectors, where the eigenvectors form a basis for the data.

By normalizing each eigenvalue by the sum of all eigenvalues, they are expressed as percentage of variance. The number of Principal Components needed to efficiently describe the experiment is determined by looking at the evolution of the eigenvalues after sorting them from the maximal to the minimal eigenvalues. This number is determined by the elbow method (Fig. 2.11). In fact, on the eigenvalue evolution figure, an elbow appears. The eigenvectors necessaries are so the one corresponding to the eigenvalues higher than the elbow position, and the other eigen-vectors are less impacting and can be also neglected to describe the experiment.

The necessary Principal Components compose the eigenspace that will be used to project each spectrum of the experiment. Each spectrum is decomposed on the basis formed by these first Principal Components to obtain X PCs , thereby approximating X. Also if 3 PCs are necessaries, it results in

X PCs = α 1 .V 1 + α 2 .V 2 + α 3 .V 3 X (2.
12)

The projection of each X PCs in the eigenspace allows to highlight correlations between the different spectra. Thus, spectra projected along a same axis are correlated, the only variable parameter is the total intensity of each spectrum. In summary, this method can be schematically represented as on Fig. 2.11.

Conclusion

This chapter was devoted to present the experimental methods we have developed specifically to monitor accurately the fluctuations of Raman signal expected from single molecule. It includes four innovative key issues:

1. A SERS active substrate based on Chebyshev GNPs with stable high enhancement of the electromagnetic field.

2. The implementation of the microfluidics enabling to flow various concentration of low volume of solution.

3. A confocal microscope enabling to monitor the dynamic of the Raman fluctuations on one hot spot featuring a high temporal resolution of 1 ms.

4.

A statistical analysis of the whole series of data, namely between 512 and 2048 spectra of 1 s or from 516,096 to 2,621,440 Raman events.

CHAPTER 3

Performance of the nanosensor

Introduction

This chapter aims at studying how SERS on a single hot spot can be used to quantify the concentration of an analyte. We chose to use a dye to maximize the chance of success for detecting ultra-low concentration. The Methylene Blue is indeed a resonant molecule in visible range of which the spectral assignment is already well established.

This chapter will answer five critical issues:

• What is the reproducibility of the detection and under which conditions statistic properties can be deduced from a single but relatively long time series, in other words is the phenomenon ergodic?

• What are the most significant parameters to follow? The intensity of the signal, the number of events or the characteristic time attributed to the lifetime of the molecule in the hot spot?

• Can we define a sensitivity of this nanosensors within a wide linear regime between lower and higher concentration limits? Is the estimation of the EF necessary in this context?

• What are the forces driven the molecule in the hot spot? Is it a random motion like a diffusion process or an adsorption process with a characteristic residence time?

• Does the definition of an enhancement factor at the single hot level make sense?

We will first discuss the experimental conditions to have a reproducible sensor. Next we examine the sensitivity of the sensor by analyzing the time series of the APD signal. Fluctuations will be analyzed by two approaches : the intensity distribution and the noise analysis in the frequency space.

Experimental methods

Experiment plan

A specific experimental plan was designed to investigate the effect of both the EFs of the hot spot and the changes in concentration of Methylene Blue. The concentration was ranged over 12 orders of magnitude from 10 aM up to 10 µM and the flow rate imposed by the peristaltic pump is 2 µL/min. 15 spots easily retrievable on the SERS substrate have been probed. Those spots were located by means of lithographed marks deposited on the substrate.

The running order of concentrations was from lowest to highest molecule content. We added one spot to analyze when increasing the concentration by one order of magnitude. Typically, for 1 fM the study is made on 5 hot spots, 6 spots for 10 fM, 7 for 100 fM, ..., to achieve with 15 spots for the 10 µM Methylene Blue solution.

For each series on one spot at a given concentration, we recorded 512 spectra of one second resulting in 655,360 data points on the Avalanche PhotoDiode for 512 s acquisition.

Spurious signal

Special care was taken to avoid the surface contamination or the pollutant of the solution. We have found out two main sources: one is coming from the surfactant of the colloids ; the second aspect is the release of the polymer constitutions of the PDMS microfluidics.

It is very important to keep to a high level of cleanliness of the nanoparticles. GNPs can be cleaned sequentially by oxidizing organics using plasma cleaner and by rinsing off thoroughly with deionized water.

We give in Fig. 3.1 four consecutive times series of the rinsing of nanoparticle with DI water in microfluifluics. The first step is characterized by a significant decrease of the base line in the first 50 s. Then the baseline decreases slightly in 1500 s to reach a value close to zero. This trend is even clearer by following the first mode of the intensity distribution. A broad and a non-central distribution is a strong indication of contaminant acquired in pure water.

The kinetics of desorption induced by the rinsing process is shown in microfluidics: it is quite long to obtain a clear flat baseline. Note that the baseline is punctuated by many short peaks, on a small extent at the beginning, at the maximum level at 600 s and since then those short events become to disappear again. This clean state is confirmed spectrally with zero Raman response. The first mode of the intensity must be also centered close to zero. Spectrally, two types of spectra were discerned. Spectra corresponding to the baseline were attributed by characteristic bands between 1440 and 1600 cm-1 to the PS-SH (Fig. 3.2 (a)) (yellow area). Those spectra highly pronounced at the beginning of the experiment disappear with the rinsing. Spectra corresponding to the short events were attributed by two characteristic peaks in the grey area Fig. be paid in quantifying the signal, we can move to determine the LOD and the sensitivity of the sensor.

Quantification of the concentration

Measuring a concentration means being able to calibrate the hot spot and to determine a sensitivity dS/dC and the LOD. 

Limit Of Detection

We first investigate the signal as the intensity of Raman events. The time series are shown in Fig. 3.3 (a) by varying from concentration of the MB over 7 concentration decades. It was found that below a concentration of 10 -10 M when the SERS substrate is cleaned and the microfluidics passivated by ageing, no Raman events could be detected which means that all Raman spectra are flat. The minimum LOD for our device is then 10 -10 M of MB, namely around 30 pg/mL for 512 s acquisition. This limit can be considered as relatively high since the hot spot has the capability to detect a single molecule event. Indeed, the LOD is limited by the size of the hot spot (the smaller the hotspot, the high LOD) as well as the microfluidics device. Since the GNP are on the wall of the microfluidics, the parabolic profile of the flow rate imposes a zero speed of molecule at the surface thereby the molecules enter into the hot spot by a diffusion process. At a concentration of 10 -10 M, the average distance between molecules estimated to 100 nm exceeds the cross section of our nanosensor.

Sensitivity

When increasing the concentration, the observation includes two major steps. First, between 10 -10 M and 10 -7 M, the number of events and as the intensity of the peaks Nevertheless, a more measurable, or quantitative, approach was needed. This was achieved through the statistical treatment by calculating the power density function of the time series Fig. 3.3 (b). Before sensing the MB, the Raman intensity is clearly distributed by a symmetric normal law centered close to the zero intensity. This is clearly the blank signal of the experiment including electronic and APD noise.

Once the MB is probed, the distribution changes shape, the first mode is always centered close to zero, but reveals a right tail having its length clearly dependent of the concentration. By simply plotting the maximum of intensity , namely the tail length versus the concentration, we can define a linear sensitivity of the nanosensor S = 1.7x 10 5 Hz/M (Fig. 3.4) over 4 concentration decades between 10 -10 M and 10 -6 M. This great result demonstrate that a nanosensor can be used not only to characterize a single molecule but actually can be used as a counter of molecules: "a molecule meter".

The second LOD correspond to the saturation of the nanosensor: it is estimated here to 10 -6 M. At this concentration, we assume that we switch from a single molecule regime to a more complex configuration involving multiple molecules adsorbed or not. The average distance between molecules at 10 -6 M is around 1 nm. This is also the concentration when the first mode of the distribution corresponding to the signal baseline starts to drift to higher intensity.

All the pdf distribution has been fitted using the Log-logistic function. The Loglogistic distribution, sometimes known as the Fisk distribution, is encountered in a variety of fields (economy, biology and physics) to analyze life time data [START_REF] Margueritat | Discerning the Origins of the Amplitude Fluctuations in Dynamic Raman Nanospectroscopy[END_REF]. The Loglogistic distribution was applied successfully to describe a process that is the product of a number of variables of small amplitude, namely we attempt to describe the process as a coupling between the substrate properties (EM field or electron tunneling) and the molecular Raman scattering. The two-parameter log logistic distribution is described by its theoretical power density function f (x , α, β):

f (x ; α, β) = (β/α)(x /α) β-1 [1 + (x /α) β ] 2 (3.1)
α is a scale parameter that corresponds to the median of the distribution. Note that the median is less sensitive to the extreme values compared to the mean. α is obtained by the following relations:

α = sinb b x = median(x ) (3.2)
Where b is obtained by solving the equation:

RSD 2 = 2b sin2b - b 2 sinb (3.3)
The shape parameter β can be deduced from b

β = π b (3.4)
When β is high, α tends to mean(x). The Log-logistic function was found to well describe all the pdf for all concentrations only with two parameters.

The Fig. 3.5 shows that the median of the distribution does not move until 10 -6 . β is then the unique parameter useful for measuring the concentration. We measure a linear sensitivity of dβ/dC = -0.26574. Above 10 -6 , alpha seems to be the most appropriate candidate to follow the highest concentration. However, the low number of data does not allowed determining correctly the linear slope.

To sum up the concentration analysis, we have demonstrated that the single molecule regime can be clearly determined: its range over 5 concentration decades is between two clearly defined LODs. We prove also that the concentration can be measured by two ways: a simple way using I max or a more statistical approach using β. Our own preference is the statistical approach since it takes into account the whole set of measurements and not as isolated point as for I max , which is laser power dependent.

Frequency analysis

The Log-logistic distribution used for survival studies motivates us to go further in the temporal analysis and to the supplement the intensity analysis. There could be two cooperative approaches: in fluorescence study, the calculation of the autocorrelation function in the time space was found particularly useful to estimate the live time of molecules. We implement this method and found in our case that this methods requires some model to fit our data, these models developed for fluorescence are not necessary valid in the Raman case. We turn then in a frequency space to treat the main noise sources. Fourier analysis converts time to frequency.

x n = 1 N N-1 k=0 X k .e i2πkn/N , n ∈ Z (3.5)
Where N is the number of observation on the APD, n the frequency, X k the intensity at the moment k and x n the Point Spread Density for the frequency n.

The Fast Fourier Transform of the time series at each concentration was applied as shown in the Fig 3 .6. The signal processing of our data has enabled us to identify the three key sources of noise. The white noise is a random signal with a constant power spectral density independent of the frequency.

Pink noise or 1/f noise is a signal or process with a frequency spectrum such that the power spectral density (energy or power per Hz) is inversely proportional to the frequency of the signal. It decreases in power by 3 dB per octave (-10 dB per decade). It generally comes from condensed matter systems in quasi-equilibrium.

The Brown noise has its spectral density inversely proportional to f 2 , meaning it has more energy at lower frequencies, even more so than pink noise. It decreases in power by 6 dB per octave (-20 dB per decade). It comes from the Brownian motion, namely the random motion of particles suspended in a liquid.

We have shown previously by analyzing the intensity fluctuation that at 10 -10 M almost no events related to the MB was detected. The power density is distributed over frequency as follows: a white noise when f > 10 Hz (time < 50 ms) ; a pink noise easily identifiable with its slope of -10 dB/decade in the f range between 0.2 and 10 Hz ; below 0.2 Hz (time > 5 s ), the signal behaves as a random brown noise (-20 dB per decade).

Increasing the concentration shows a reduction of the white and Brownian noise and range to the profit the pink noise at high frequency. The most striking figure of this phenomenon is at 10 -7 M when the shortest and highest peak are visible in the All of this reinforces the idea that the nanosensor basically senses the molecules adsorbed on the surface and is less sensitive to the molecules diffusing freely or randomly in the hot spot space.

The frequency analysis can also be used to determine the concentration. Fig 3.7 shows the total extent of the pink noise as a function of the concentration. Based on this curve, a linear relation between the width of the pink noise and the concentration is confirmed. Thus, this approach allows to determine a sensitivity of dF w idth /dC = 0.82496. So, the frequency analysis is not only a qualitative tool informing about the nature of the interactions, but also a good approach to determine and confirm a linear sensitivity with the concentration previously obtained with I max and β.

Spectral analysis

We have previously highlighted a good quantitative sensitivity however the question of the spectral determination of the presence of Methylene Blue is necessary to determine the spectral LOD of the system.

Thus, for each concentration has been recording simultaneously to the APD signal the spectral fingerprint each second on the spectrometer. Fig. 3.8 shows the average spectrum for each concentration sounded. The specific Raman bands of Methylene Blue fingerprint are blue areas on this figure.

It clearly appears that Methylene Blue is detected spectrally for at least 10 -9 M notably at 1400 cm -1 and slightly around 450 and 850 cm -1 . The spectral fingerprint of Methylene Blue is then more and more marked with the increase of the concentration. However, pollutants previously observed in Fig. 3.2 are still presents and impact the spectra of the lowest concentration.

For the highest concentrations (10 -6 and 10 -5 M), the presence of Methylene Blue on the surface is confirmed by the high spectral resolution and spectral intensity observed. The spectral fingerprint is very high but superimposed to a high background. This background results from the fluorescence of the molecule. Methylene Blue is not very resonant at this wavelength but the high concentration implies non-negligible fluorescence from the solution. Moreover, the hot spot enhances the Raman signal and also the fluorescence signal. This effect is called Surface Enhanced Fluorescence (SEF).

Determination of an Enhancement Factor

We have previously stated that for a given hotspot, the intensity clearly varies as a function of the concentration and does fluctuate over time. The stability of GNPs immobilized on the surface must explain that the enhancement factor EF of one hotspot remains unchanged all along the measurement.

We then examined how the variability of the enhancement factor from one hotspot to another could influence the results. By analyzing a panel of 9 hotspots, at a given concentration, 10 -9 M in Fig. 3.9, it is obvious that no two hot spot are the same. Some (5 and 9) behaves as a concentration of 10 -10 , spots 2,3,4 behaves as 10 -9 ; Spot 6 and 7 have the signature of 10 -7 , Spot 8 and 1 act as a concentration 10 -6 . Two conclusions can be drawn from this: i) all the hot spots are ruled by common statistical law, the Log logistic function; ii) the variations in the concentration sensing between 10 -10 and 10 -6 M indicate that the enhancement factor from one spot to another can vary at least over 4 orders of magnitude in EF.

The very notion of EF at the single hot spot is extremely difficult to circumscribe. First, the enhanced evanescent electromagnetic field decreases exponentially in a perpendicular direction to the surface. We guess that the molecules depending on where it sits in the EM field can sense statistically all the EM gradient; this should explain the right tail of the Log logistic function.

The EM gradient will be dependent of the steric hindrance of GNPs and of course we cannot guarantee the exact geometry from one spot to another. Even if we are able to estimate the variation of the EF, the exact quantification of EF is even more cumbersome. Using the simplest definition, the EF can be estimated by Therefore, we state cautiously that the EF is within the range [10 4 -10 9 ] Extreme EF of 10 13 as pointed out in literature [START_REF] Kneipp | Single molecule detection using surface-enhanced Raman scattering (SERS)[END_REF] may not always be necessary to work in a single molecule regime.

Conclusion

This chapter helps us to understand and set up a new strategy for measuring the concentration from the time series of the APD over 5 concentration decades. We found that a calibration of each hot spot is mandatory to assess the right concentration. The sensitivity as well as the enhancement factor is hot spot dependent. Each hotspot obeys to its own parameter of its statistics. Once the hot spot is identified and calibrated in concentration, we can ensure a reproducibility of the nanosensor. The log logistic function is the most appropriate statistical law to be used to predict the intensity fluctuation as a function of the concentration. The maximum intensity and CHAPTER 4

Selectivity of SERS towards molecular sorting

Introduction

As a very sensitive spectroscopic technique capable of providing precise chemical information of trace amount of molecules, surface enhanced Raman scattering (SERS) is a powerful analytical tool used in biochemistry and biomedical research [START_REF] Nidya | Optical and morphological studies of L-histidine functionalised silver nanoparticles synthesised by two different methods[END_REF][START_REF] Andreou | Rapid Detection of Drugs of Abuse in Saliva Using Surface Enhanced Raman Spectroscopy and Microfluidics[END_REF][START_REF] Matschulat | Surface-enhanced Raman scattering hybrid nanoprobe multiplexing and imaging in biological systems[END_REF]. In this context, SERS identification of proteins is a formidable task because of their complex structures and often dynamic nature. It was shown recently that the SERS spectrum of a protein [START_REF] Barth | What vibrations tell about proteins[END_REF] is essentially driven by all the amino acids in the vicinity of the protein-metal interface [START_REF] Aliaga | Surface enhanced Raman scattering study of l-lysine[END_REF]. Experimentally, a spectrum is obtained from either an integrated response of a relative large amount of amino acids adsorbed as a monolayer over millimeter-scale area or from a time-integrated response of a few molecules adsorbed on nanoparticle aggregates [START_REF] Schwartzberg | Unique Gold Nanoparticle Aggregates as a Highly Active Surface-Enhanced Raman Scattering Substrate[END_REF]. The tabulated SERS responses are thus an average of a collection of possible adsorption conformations of the amino-acids onto the surface weighted by the stochastic distribution of enhancement sites. Furthermore, vibration fingerprints strongly depend on the molecular environment such as the nominal pH value of the buffer solution [START_REF] Talley | Intracellular pH sensors based on surface-enhanced raman scattering[END_REF][START_REF] Bishnoi | All-optical nanoscale pH meter[END_REF][START_REF] Michota | Surface-enhanced Raman scattering (SERS) of 4-mercaptobenzoic acid on silver and gold substrates[END_REF], the presence of gauche and trans rotamers [START_REF] Fleming | Experimental and theoretical Raman and surface-enhanced Raman scattering study of cysteine[END_REF] or the chemical properties of the surface [START_REF] Jing | Experimental (SERS) and theoretical (DFT) studies on the adsorption behaviors of l-cysteine on gold/silver nanoparticles[END_REF]. Orientation of amino acids as well as specific competitive interactions of their functional groups with the gold surface also provide specific SERS spectra [START_REF] Podstawka | Part III: Surface-Enhanced Raman Scattering of Amino Acids and Their Homodipeptide Monolayers Deposited onto Colloidal Gold Surface[END_REF]. A clear assignment of SERS lines is effectively mitigated when spectra result from the averaged contributions of various molecular conformations.

Distinguishing known spectra in a pool of signatures is usually made possible by statistical approaches. For instance, the bianalyte SERS method [START_REF] Le Ru | Proof of single-molecule sensitivity in surface enhanced Raman scattering (SERS) by means of a two-analyte technique[END_REF] uses a mixture of two resonant identifiable molecules to clearly and unambiguously demonstrate count-ing of molecules at high concentration. Another powerful statistical method relies on principal component analysis (PCA) to extract all redundant information using a simple graphical representation [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] Etchegoin | Statistics of singlemolecule surface enhanced Raman scattering signals: fluctuation analysis with multiple analyte techniques[END_REF]. PCA requires also distinguishable resonant molecules with one distinct Raman fingerprint per species. In low concentration assay, the detection of a few non-resonant proteins highlighted the high temporal variability of the SERS spectra [START_REF] Pavel | Label-Free SERS Detection of Small Proteins Modified to Act as Bifunctional Linkers[END_REF]. Thus, single proteins cannot be identified using a unique spectrum but rather by several vibrations of molecular groups near multiple possible anchoring points of the protein.

Our work provides a comprehensive SERS methodology developed both to detect unequivocally single amino acid molecules and to identify its principal spectra. Our approach based on a unique experimental strategy and statistical analysis enables to interpret the temporal fluctuations of spectra in terms of molecular identification. To illustrate the methodology described in this contribution, we detect the SERS response of a cysteine molecule which is a sulfur containing amino acid known for interacting with metallic surface [START_REF] Stewart | Surface-enhanced Raman spectroscopy of amino acids adsorbed on an electrochemically prepared silver surface[END_REF][START_REF] Culka | Acquisition of Raman spectra of amino acids using portable instruments: outdoor measurements and comparison[END_REF]. L-cysteine [START_REF] Jing | Experimental (SERS) and theoretical (DFT) studies on the adsorption behaviors of l-cysteine on gold/silver nanoparticles[END_REF] adsorbs on silver surface through the sulfur atom [START_REF] Lee | Raman spectroscopy of sulphur-containing amino acids and their derivatives adsorbed on silver[END_REF] and also, in zwitterionic form, with the COO -groups close to the surface [START_REF] Graff | Adsorption of enantiomeric and racemic cysteine on a silver electrode-SERS sensitivity to chirality of adsorbed molecules[END_REF]. The electrostatic interaction between the positive charge of NH + 3 group and the gold surface was also suggested in the literature [START_REF] Fleming | Experimental and theoretical Raman and surface-enhanced Raman scattering study of cysteine[END_REF]. Because of the adsorption specificities, several SERS spectra are thus expected.

I describe here how to analyze statistically the SERS spectra. The implementation of a principal component analysis (PCA) is particularly useful for sorting and identifying the principal spectra of the amino acid. In this context, we find extremely instructive the analysis of short Raman events. We finally assign the experimentally extracted spectra to all possible adsorption configurations of cysteine. The similarities and differences between the principal spectra and the Raman fingerprints simulated provide instructive elements on how cysteine binds to gold surface.

Statistical analyzes based on intensities distributions

The initial experimental step for achieving molecular recognition is to assure a good standard of repeatability of SERS spectra on the same substrate. A local detection combined with short acquisition times reveal the dynamic nature of the SERS spectra. For cysteine, these rapid fluctuations of the SERS response can be appreciated on the video [81]. The time trace is characterized by alternating flat spectra followed by highly unstable lines varying both in wavenumber and amplitude. By simultaneously recording SERS spectra every 1 s with the spectrometer and the total integrated intensity every 1 ms using the APD, the kinetics of the Raman events can be analyzed during long acquisition. An example of an APD time trace acquired over 2000 s is displayed 

Acquisition time impact on spectral fingerprint

The acquisition length depends on the number of samples and the selected sampling rate. The relevant integration time is obtained when at least two determinations carried out on separate portions of the series are self-similar. Figure 4.2 shows four spectra acquired at the same location with different integration times. Two consecutive spectra integrated for 500 s show distinct features. It becomes clear that repeatable spectra require very long time span as illustrated by the 1000 s and 2000 s integration time. For such long acquisitions, the spectra are inevitably broadened by all fluctuating lines. This may jeopardize the molecular recognition of analytes composed of similar vibrational modes. To circumvent the averaging of information for long acquisition times, we propose in the following a statistical analysis of the fluctuations in order to extract individual reference elements. 

Mandel Factor

The fluctuations of the spectra are first quantified by using the wavenumberdependent Mandel parameter M ν defined by:

M ν = -1 + σ 2 ν < I ν > (4.1) 
and calculated for each wavenumber ν. σ 2 ν and < I ν > are the variance and the mean of the Raman intensity, respectively. A null value of M ν corresponds to a non-fluctuating system, i.e. a Poissonian distribution of intensity. A positive M parameter indicates a super-Poissonian statistics. This is particularly useful to quantify how the distribution is spread compared to the mean rates [START_REF] Margueritat | Discerning the Origins of the Amplitude Fluctuations in Dynamic Raman Nanospectroscopy[END_REF]. From this M-factor calculation results a first spectral fingerprint of cysteine.

The spectral variation of M ν calculated for a representative series of 2000 spectra is depicted in Fig. 4.3. The M-factor is a first simple indicator of the fluctuating character of the spectra. About 30 fluctuating Raman bands are thus identified between the 350 cm -1 and 1600 cm -1 lines. Unfortunately, this method does not allowed to separate the different Raman lines occurring separately during the acquisition of all spectra.

Probability Density Function

The Probability Density Function (PDF) associated to the photon rate is then calculated from histograms created by plotting the occurrence of SERS amplitude versus the photon rate. The PDF is a convenient way to estimate the probability of occurrence of rare but bright events observed in the measurement [START_REF] Margueritat | Discerning the Origins of the Amplitude Fluctuations in Dynamic Raman Nanospectroscopy[END_REF].

The PDF of the spectral intensity is depicted by the colored dots (log-scale) in Fig. 4.4 for a set of around 1024 wavenumber histograms. Typically, ten very intense and narrow Raman bands marked in blue can be precisely determined in Fig. 4.4. An analysis of these selected bands shows a mono-modal intensity distribution except for the 450 and 1300 cm -1 bands already identified by the M-analysis.

Multivariate statistical analysis based on shape of spectra: PCA

Beyond identifying the fluctuating lines with the M-factor or the PDF, a complementary approach is to sort the spectra into different categories according to their degree of similarity. The identification of the number of families of independent spectra provides a deeper insight into the source of the fluctuations. This decomposition is conducted through a statistical processing of the data by using principal component analysis (PCA) [START_REF] Etchegoin | Statistics of singlemolecule surface enhanced Raman scattering signals: fluctuation analysis with multiple analyte techniques[END_REF].

The whole series of 2032 spectra is used to compute the covariance matrix and deduce the principal components (PCs). Orthogonalization of the covariance matrix shows that the experimental spectra of cysteine can reasonably be described by multiple eigenvectors, the eigenvalues give the weights of each eigenvector (or principal component PC). The amplitude of the eigenvalues plotted in Fig. 4.5 shows clearly that the first principal component represents 52% of the data and the second PC 15%, whereas the weight of the third PC is well below 5%. Two PC can be reasonably A color code is used for differentiating the three families of spectra. A clear distinction is made between the narrow peaks centered at θ 1 = -29 • assigned to the blue branch B and θ 2 = 51 • related to the red branch R. A broader distribution located in between is shown in green (G). The angle between the blue and red distribution is close to the right angle, which means that families 1 and 2 are uncorrelated. Conversely, the statistics of the green family can be view as composed of three overlaid shifted distributions. The asymmetry of the histogram also reveals that the correlation with the blue family is more marked than that with the red one. The points aligned along the blue or red branches (θ fixed) provide information about the intensity fluctuation of the spectra. The Raman activity is here governed by both the local enhancement and the Raman modes of the amino acid.

Characteristic times determination

Having established that all spectra belong to one of the three RGB families (Fig. 4.6), the kinetics of Fig. 4.1 (a) is reconsidered by coloring each Raman event as shown in Fig. 4.8 (a). The graph demonstrates the importance of acquiring long kinetics. The colored events are typically occurring in bunches separated in time. The predominance of the green family with intense and long-lived events is confirmed compared to the punctuated occurrences attributed to the red and blue families. The insets of Fig. 4.8 (b) display representative kinetics of the three families spanning 1 s along the time trace. These time-lapses of 1 s correspond to the acquisition length of the SERS spectra displayed in the insets of Fig. 4.1 (b). The red and blue traces share some similarities. In particular both graphs display a relatively long duration of the SERS signal. Conversely, the green trace is characterized by multiple events varying in both duration and intensity. The step-like nature of the time traces provides strong evidence of the detection of the single molecules. The residence time of single molecules on the active site is estimated between 300 and 400 ms. From Fig. 4.6, spectra were sorted into three families shown in blue, red, and green depending on their similarities. Once this first sorting is done, a reference spectrum for each family can be derived from averaging all experimental spectra of the same family. Panels b and d (red and blue states) of Fig. 4.9 represent typically the reference spectra of the red and blue states. The kinetics indicates also a mixture of multiple scattering events as seen on Fig. 4.8 (green family).

Spectral fingerprint interpretation 4.5.1 Molecular assignment of Raman peaks

The Raman vibration assignment remains the trickiest step with the classical tools of chemiometry for four main reasons: first due to the differences between Raman spectra in solution being less resolved and the SERS spectra that exhibit usually fewer bands but are better defined; second due to selection rules induced by the surface; third SERS spectra in the literature are not very similar to each other since all bands are not observed by the whole SERS community; and last, for now, freeware simulations based on DFT calculations considering the metal-molecules interactions provide only qualitative support with some possible similarities, nevertheless the assignment depends strongly on the chosen database.

Compared to the literature, we note that our identified spectra are the richest in content, as a result of the high enhancement factor of our SERS substrate. Our approach was first to find out the most probable conformation of the cysteine adsorption onto the gold surface. Eighty percent of Raman bands of the red spectra have been attributed to reported vibrations in the molecule (Table 4.1). If all peaks have been assigned chemically, the intensity ratios can differ from the literature due to the molecular orientation toward the electrical field -→ E normal to the surface of the GNPs. The SERS selection rules correspond to the alignment of the resulting electric dipole of the molecular vibration and -→ E at the single molecule level as first pointed out by the pioneer work of Moskovits [START_REF] Moskovits | Surface-enhanced spectroscopy[END_REF], namely when the polarization states of the incident and scattered waves are perpendicular to the scattering plane. The Raman spectrum is composed of the association of different vibrations allowing the orientation of the global dipolar moment along the electromagnetic field. The sulfur atom is by far the most favorable anchor to gold. Each bound was considered and allocated in ascending number as it moves away from the sulfur anchor and is subject to vibrations which are composed of lateral modes (bending, b; wagging, w) or a longitudinal mode (stretching, s) aligned along -→ E . The most intense peaks 6s 4.1 is given by the peak assignments.

(1058 cm -1 ), 5b (1297 cm -1 ), 3b(1472 cm -1 ) can be explained because the vibration is close to the surface exposed to a strong electric field gradient. A possible graphical representation for an educational point of view was obtained by using the Avogadro v.1.1.1 free software as shown in Fig. 4.9 (a). This optimization is based on the Universal Force Field, in which the atomic potential is calculated based on the element, the hybridization, and its connectivity.

Interpreting the blue spectrum has been a most challenging task. The different configurations of adsorption have been considered and compared to the experimental data depending if the amino acid is free or linked to the gold surface by its amine or carboxylic terminals. Anchoring of the cysteine by the amine group is unlikely since the characteristic lines at 497 and 1560 cm -1 are absent in both blue and red spectra. Anchoring of the cysteine by the carboxylic group is not realistically feasible since the characteristic lines at 903 cm -1 are missing. We found a very good correlation between the blue spectrum and another singular form of the cysteine. Two cysteines can indeed oxidize to form a dimer, named cystin, through a disulfide linkage. Experimentally, the broad peak centered at 425 cm -1 may be attributed to S-S vibrations. Considering the SERS selection rules, a conceptual graphical representation plotted by using Avogadro is shown in Fig. 4.9 (c). The vibration modes at 450 and 1300 cm -1 are common for all conformations and are therefore particularly strong on the green spectrum. This is consistent with the analysis of the Mandel factor and the probability density function shown in Figure 4 that identified these peaks as highly fluctuating.

According to this spectral analysis, we conclude that the blue family corresponds to a thiol-adsorbed cysteine configuration and the red family to the cystin configuration.

Molecular orientation vs spectral fingerprint

The orientation of the molecule then can be determined by assuming that except for the gold-sulfur bond the lateral modes are favored over normal modes. A possible orientation of the molecule was found. A preliminary interpretation is to associate an electric dipole moment to each vibration. For each band, the direction of this moment is determined by the angle between the vibration and the gold surface, and the norm is given by the square root of the intensity of the measured band. Applying this dipolar interpretation on the semi-empiric molecular orientation of the gold-cysteine complex, I obtain the Fig. 4.10. The average dipolar moment resulting from this model is finally aligned with the electromagnetic field coming from the gold substrate. This explains also the spectral composition. Indeed, corresponding to a spectrum is composed by the Raman bands, global vibration of the molecule are in the axis of the electromagnetic field. This interpretation is in total agreement with the physical interpretation of the enhancement in SERS, first pointed out by Pr. Moskovits in 1985 [START_REF] Moskovits | Surface-enhanced spectroscopy[END_REF]. The enhancement factor depends on the polarization of the electromagnetic field: the enhancement is higher along the electromagnetic field.

Nor can the chemical contribution in the enhancement in SERS be neglected since the distance between the adsorbed molecule sounded and the metallic substrate is crucial because of the close localization of the electromagnetic field around the nanoparticle [START_REF] Le Ru | Quantifying SERS enhancements[END_REF].

Conclusion

As shown, the developed setup coupled with the highly SERS active substrates result in a very well method for SERS studies, and more particularly when statistical analyses are applied. The interest of PCA is clear in such work to differentiate the substrate component and the different species present in solution. Coupled with a fine spectral analysis, the cysteine orientation during its interaction with the gold substrate has been determined according to the physical origins of SERS effect. This has been able by the high concentration resolution reducing the number of molecule sounded.

However, all of this work has been done on small biomolecules. The main interest is to detect and identify without chemical functionalization the presence of specific proteins as HSP-70 in serum.

Introduction

A complex medium is constituted by a large number of smaller non complex entities. This is especially the case as regards the structure of proteins built from twenty amino acids, or the blood constituted of many proteins ... The level of complexity is proportionate to the dependence criterion imposed between entities. Typically, in solid state physics, for a totally stiff material, only few variables (inertia, velocity) shall be sufficient to determine the motion of each entity.

Nevertheless, when one considers a vibrational analysis, it can get a lot more complicate since each entity can have a motion different from others. This also applies to fluids or soft matter where the number of state variables extends "ad infinitum". The entities in biology are usually independent which means that the knowledge of one entity tell us nothing about the neighboring parts.

At that point, there will always be some subjectivity or obscurities in the practical considerations in determining the level of independence of the entities. The same medium can be considered equally extremely complex because unexplained or very simple in merely representing "shallow" explanations.

In this chapter, four degrees of complexity for macromolecule analysis will be investigated. First, a well-studied protein will be the target molecule: the Bovine Serum Albumin, the most widespread protein in bovine blood. This is an interesting protein since its structure in α-helix is quite simple with very rare structural modifications. The key issue for such protein is to determine if the characteristic spectrum is the sum of contributions from all amino acids or mainly from the most resonant one, and if we should obtain a specific spectrum for each molecular orientation on the surface. These questions immediately come to mind in the light of the large spectral variation found in literature for this single protein [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Kahraman | Label-Free Detection of Proteins from Self-Assembled Protein-Silver Nanoparticle Structures using Surface-Enhanced Raman Scattering[END_REF][START_REF] Yao | Spatially reinforced nanocavity array as the SERS-active substrate for detecting hepatitis virus core antigen at low concentrations[END_REF][START_REF] Zhang | Rapid, large-scale, sonochemical synthesis of 3D nanotextured silver microflowers as highly efficient SERS substrates[END_REF][START_REF] Zhou | Convenient formation of nanoparticle aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules[END_REF][START_REF] Iosin | Spectroscopic studies on pH-and thermally induced conformational changes of Bovine Serum Albumin adsorbed onto 120 gold nanoparticles[END_REF][START_REF] Wang | Optofluidic device for ultra-sensitive detection of proteins using surface-enhanced Raman spectroscopy[END_REF][START_REF] Han | Analytical Technique for Label-Free Multi-Protein Detection Based on Western Blot and Surface-Enhanced Raman Scattering[END_REF] (Fig. 1.8).

Secondly, we will add difficulties by studying a multidomain protein, i.e. a protein with different parts (peptides) moving the one with the others thereby giving different conformations. The chosen protein is Heat Shock Protein-70, which is an interesting protein for early stage cancer detection. Indeed, this protein is overexpressed in blood when cancer attacks a cell.

The idea is to investigate the capability of our sorting method developed in Chapter 4 for retrieving molecular conformation in a highly complex medium.

Monodomain protein: BSA

First, we apply the method developed in Chapter 4 on a well-known protein in literature: BSA, or Bovine Serum Albumin. The BSA is the most widespread protein in the blood serum of bovine. Its 3D chemical representation is on Fig. 5.1.

The equivalent protein for human is the HSA. It is defined as a monodomain protein. Indeed, the BSA is composed of a single peptidic chain, i.e. a single chain of amino acids. Its structure is quite complex, as the main proteins, but is relatively compacted. BSA, which is a reference in the protein investigation by SERS in literature [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Iosin | Spectroscopic studies on pH-and thermally induced conformational changes of Bovine Serum Albumin adsorbed onto 120 gold nanoparticles[END_REF][START_REF] Wang | Optofluidic device for ultra-sensitive detection of proteins using surface-enhanced Raman spectroscopy[END_REF][START_REF] Han | Analytical Technique for Label-Free Multi-Protein Detection Based on Western Blot and Surface-Enhanced Raman Scattering[END_REF]. 

Experimental method

The experimental conditions for BSA and cysteine are quite close to the one of cysteine investigation. BSA from the INSERM of Dijon was diluted in PBS at a concentration of 50 µg/mL (≈ 0.77 µmol/L) and was injected in a microfluidic channel with a flow of 2 µL/min driven by the peristaltic pump. Many records have been done on different hot spots with the same laser power and different times of record to test the reproducibility of the protein study with this system. It seems that the reproducibility is occurred for this molecule at this high concentration. The 

An easy statistical approach: Mandel M-Factor determination

The use of the Mandel M-Factor is interesting to highlight the principal Raman lines occurring during the BSA study on the different hot spots, i.e. with different enhancement configurations. The resulting spectrum is given on Fig 5 .2. The comparison between its Raman lines decomposition and different works in literature for BSA [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Iosin | Spectroscopic studies on pH-and thermally induced conformational changes of Bovine Serum Albumin adsorbed onto 120 gold nanoparticles[END_REF][START_REF] Wang | Optofluidic device for ultra-sensitive detection of proteins using surface-enhanced Raman spectroscopy[END_REF][START_REF] Han | Analytical Technique for Label-Free Multi-Protein Detection Based on Western Blot and Surface-Enhanced Raman Scattering[END_REF] implies the identification of the vibrational origins composing the Mandel spectrum. It principally results from Phenylalanine amino acid or from α-helix proof (S-S bond, C-S stretching, α-helix global vibration ...) (Table 5.1).

The Mandel spectrum is a global spectrum of BSA adsorbed on gold but without conformational modifications. A large number of Raman bands can be identified based on literature. This can be interpreted has a classical configuration of BSA observation in SERS. Another issue is the richness of the Mandel spectrum. This response provides substantially much more information than in the literature. This is firstly explained by the size of the spectral window chosen. A second potential explanation is contributions of different conformations of single protein on the gold surface. The vibrations are somewhat different but the global fingerprint of the protein is still closely the same. Some Raman bands present relatively high Mandel values. These fluctuations should provide from different spectra appearing in the long record.

Spectral sorting by PCA

To check the complexity of the different spectra and differentiate them in a long record, the application of PCA on the record seems to be a good solution. The interest of this method is to identify the similarities and differences between Raman bands when BSA changes its conformation on the gold surface. This Principal Component Analysis begins by the eigenvalues plot to determine the number of principal components necessary to well describe the time series. Fig. 5.3 (b) shows that at least three eigenvalues are required. The third eigenvector represents indeed slightly more than 5 % of the variance of the signal.

Spectra have been then decomposed in 3D space on the three first principal components (Fig 5 .3 (c)). The crosses represent the projection in the basis of three principal components. The 3D representation provides interesting separation between the different spectral families. Three branches are so observed and can be easily differentiated with a point of view close to the (Oxy) plane. However, it is difficult to sort the spectra on the basis of their angular distribution in the three-dimensional space.

A clearer and complete view was found when projecting the spectra in the 2D eigenspace formed by the two first principal components. The 2D points are represented by circles on Fig. 5.3 (c). The 2D projection is still efficient to differentiate the spectral families forming by the three branches. The angular distribution analysis, presented in Chapter 4 has been applied to sort the different spectral families and color them. The green case is a mix configuration between the blue and the red families.

The spectra are then localized in the time series and their associated families identified with the different blue, green and red colors. It results in the Fig. 5.3 (a). The resulting plot allows confirming that the different events described by two states blue and red are self-consistent since the blue and the red events repeat alternatively. Note that the duration of events is longer compared to the cysteine case. This is certainly due to the high affinity between the BSA protein and the gold surface. In fact, the a same BSA protein can stay more than hundreds of seconds in the hot spot as noticed by red events at 1000 and 2700 seconds and blue events at 0 and 1500 seconds. 

Spectral fingerprints analysis

Now that two spectral families have been identified by PCA, their reference spectra were extracted and compared to the SERS literature [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Iosin | Spectroscopic studies on pH-and thermally induced conformational changes of Bovine Serum Albumin adsorbed onto 120 gold nanoparticles[END_REF][START_REF] Wang | Optofluidic device for ultra-sensitive detection of proteins using surface-enhanced Raman spectroscopy[END_REF][START_REF] Han | Analytical Technique for Label-Free Multi-Protein Detection Based on Western Blot and Surface-Enhanced Raman Scattering[END_REF]. Each family can be associated to a specific spectrum as shown in Fig. 5.3 (d) resulting from the average of the spectra composing the corresponding family. Raman bands are then chemically assigned on the base of the literature [START_REF] Das | Principal component analysis based methodology to distinguish protein SERS spectra[END_REF][START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF][START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF][START_REF] Iosin | Spectroscopic studies on pH-and thermally induced conformational changes of Bovine Serum Albumin adsorbed onto 120 gold nanoparticles[END_REF][START_REF] Wang | Optofluidic device for ultra-sensitive detection of proteins using surface-enhanced Raman spectroscopy[END_REF][START_REF] Han | Analytical Technique for Label-Free Multi-Protein Detection Based on Western Blot and Surface-Enhanced Raman Scattering[END_REF] These spectral identifications are very interesting to understand the origins of the spectra and the different amino acid contributions. Also, it is clear that the amino acid Phenylalanine is the major contributor to the spectra. This is due to its resonant radical principally formed by a benzene cycle. The question is why does the other benzenoic amino acid Tryptophane remain quietly invisible in the BSA spectra? In fact, there are only two Tryptophanes in BSA structure, and one of them is blocked in the heart of the protein. One other specific spectral origin is the secondary structure of BSA: the α-helix. In fact, BSA has principally a α-helix secondary structure. The differences between spectra are thus not really decisive and only depend on the different orientations of the protein towards the gold surface.

Spectral proof of the unfolded form of the protein

In the previous section BSA has been characterized by a specific Raman fingerprint corresponding to a well-known form of the protein at this pH of 7. However, another form described by another SERS spectrum has been isolated among the many time series (Fig. 5.4 (a)). We apply so the PCA on this record of 2048 seconds. Two eigenvectors were sufficient to describe the record. The eigenspace of projection is based on the two first eigenvectors, i.e. the two first Principal Components of the system as shown in Fig. 5.4 (b). Two spectral families have been then so identified applying the PCA: one in blue and one in red. The time series was then colored according by Fig. 5.4 (b). The duration of the blue events is shorter than the red one and are repeated before and after the red event. This blue family seems to be the family of a natural BSA at pH 7 adsorbed on gold because of the time of residence of the protein on the surface. Its reference spectrum (Fig. 5.4 (c)) has to be compared with the BSA spectra of the literature and the one previously identified. The results are summarized in Table 5.2. Thus, it appears clearly that the reference spectrum of blue family corresponds to a natural form of BSA as previously observed in the previous section. Concerning the red event, it is a long event (more than 40 s) associated to a completely different reference spectrum than the blue one, and exhibiting an attractive time signature especially in zooming on the red event (Fig. 5.5 (a)). It clearly appears a stepwise process with two stairs. The first stair is characterized by two Raman spectra (Fig. 5.5 (b)) A and C which appear similar. The topmost stair is associated with the spectrum B. Spectra A and B differ very little except the band 1452 cm -1 . This peak corresponds to a Tryptophane band. Our interpretation was connected to others observations in literature.

In this aim, we looked for such step signature of BSA signal in literature. This research results on one publication of Pang and Gordon in Nanoletters in 2012 [START_REF] Pang | Optical trapping of a single protein[END_REF]. They present the study of the trapping of BSA with a specific nanotweezer based on a double nanohole with an enhancement site in the middle of the structure. They investigated the optical signal transmitted through the structure. The signal is transmitted when the protein of BSA is trapped in the spot because it scattered the laser signal. In kinetic, they obtained the Fig. 5.6 (a).

They saw a step function of the optical transmission signal. They attributed these Thus in our case, the step distribution is interpreted as the change of conformation of the BSA adsorbed on gold: a folded form adsorbed on the nanoparticle (case A), then this protein opens itself and enables to spectrally observe the peak coming from the inside Tryptophane (case B) and finally the protein came back in its natural form staying in interaction in the hot spot (case C) before a total desorption. This unfolded form of BSA is very rare at pH 7. This explains why this red event appears only one time during the 2048 seconds of the acquisition. However, we show for the first time in the literature the two forms of BSA by SERS, using the intrinsic biomarker of BSA: its second Tryptophane that can be sounded only in the unfolded conformation. 

Multidomain and complex protein: HSP-70

I have shown that the using setup enables investigating the different protein conformations in the case of BSA. The idea is now to see if, using the same approach, it is able to better understand a protein of unknown structure. The chosen protein is the human Heat Shock Protein-70.

Interest of the chosen protein

This biomolecule is a specific one with many interests. Thus, it is a good cancer biomarker, but also a chaperone protein, i.e. a protein that helps another protein or molecule to be modified or transferred through a cell membrane. Such protein is complex with different peptidic domains. These domain arrangements induce conformational modifications due to the motion of each domain against the others. Some 3D models of these conformations have been theoretically calculated and purposed by Nicolai et al. [START_REF] Nicolai | Human Inducible Hsp70 : Structures , Dynamics , and Interdomain Communication from All-Atom Molecular Dynamics Simulations[END_REF]. These models are shown in Fig. 5.7. This molecule is interesting to test the limit of using the developed method for protein identification with very low differences between the different molecules of a same protein in different conformations. In other words, we will look at a pool of different conformations of the same protein.

Conformation identification by spectral analysis

To identify different conformations on the base of spectral analysis, a solution of HSP diluted in PBS at a concentration of 50 µg/mL is passed through a microfluidic The developed experimental methodology is applied for HSP study. A global record of 520 seconds long is so obtained and analyzed statistically (Fig. 5.8 (a)). The application of the Mandel analysis is unusual because of the mix of conformations composing the HSP-70 solution. It is the same case for the PDF analysis. That is why PCA is the statistical method directly chosen to analyze this dynamic record.

The application of PCA results in the eigenvalues decomposition (Fig. 5.8 (b)). Three eigenvectors are necessary to fully describe the series. Each spectrum was decomposed on a three dimensional eigenspace defined by the three first Principal Components of the record (Fig. 5.8 (c)). Three well-defined branches can be so dis-tinguished. Specifically, two types of branches are present. First, the green branch is composed by a large number of spectra, at the opposite of the red and blue branches, which are composed by only few spectra. To check the lifetime of each form, the associated kinetic trace is shown on Fig. 5.8 (a).

The two shorter families (blue and red) are each composed by only one event very intense. The third one (green) is also composed by one event, but a very long one larger than one hundred seconds. In terms of physical effect, these different spectra should be the consequence of the interaction between different forms of HSP-70 with the metallic substrate. As still shown on Fig. 5.7, three conformations exist for this protein. The same number of forms identified in the experiment equal to the number of conformations of the protein should not be a coincidence. Each spectral family may be associated to a specific 3D conformation of the protein.

Each spectral family can be characterized by its own spectral fingerprint. These different fingerprints are summarized in Fig. 5.8 (d) and Table 5.3. They are obtained by the calculation of the average spectrum for each family. Each reference spectrum is clearly different to another as shown by Table 5.3. Unfortunately, the exact peptidic structure of this protein is no totally known. It becomes so impossible to ensure a correct assignment of the different Raman bands of each characteristic spectrum. However, these fingerprints can be used as the fingerprint of HSP-70 in a mix of proteins as blood serum.

If we go further in the reference spectra interpretation, we can identify similarities between the HSP-70 spectra and BSA fingerprint. Indeed, these two molecules are proteins and it is important to remember that proteins are composed by only twenty different amino acids. These similarities between fingerprints are symbolized in Table 5.3 by blue lines. Thus, a lot of similarities appear probably directly due to the peptidic combination, i.e. the nature of amino acid composing the protein. In a so big protein (around 620 amino acids), each amino acid is present at least one time. It explains so the similarities. In the opposite, some large part of HSP-70 spectra cannot be assigned based on BSA fingerprint. This is notably the case of Raman bands for high Raman shifts (more than 1450 cm -1 ). This can be easily explained by the global form of the protein. Indeed, it is known that in this range of Raman shifts appear Raman bands coming from the secondary of the protein structure. However, BSA is only composed by α-helix, what is not the case of HSP-70 composed by α-helix but also β-sheets, β-turns... It is so possible to distinguished two different proteins simply based on their SERS fingerprints in spite of the large spectral response of amino acids inducing many similarities in fingerprints. 

Complex medium: case of human blood serum

Before investigating the presence of HSP-70 in blood serum, it is important to understand how a complex medium as blood serum can spectrally react in our experimental case, i.e. which types of information can be extracted from a specific experiment on this complex solution.

In this aim, a solution of human blood serum has been injected in one microfluidic channel and the signal coming from one SERS hot spot in this channel has been recorded during 520 seconds. In terms of temporal evolution, it results in Fig. 5.9. This temporal evolution shows hundreds Raman events more or less long. This dynamic fingerprint is so very rich and complex.

As in each previous experiments, spectra are recorded simultaneously on a spectrometer with a time resolution of 1 spectrum per second. It is so possible to image the evolution of the Raman spectra during the record (Fig. 5.10). Based on this figure, it is clear that there are important fluctuations in terms of intensity but also of Raman bands. It seems so very important to applied PCA to sort the different spectral fingerprint acquired during the record.

The use of the PCA on this record firstly results in the eigenvalues decomposition shown in Fig. 5.11 (a). Simply on the basis of this figure, it is clear that PCA is not really efficient to sort spectra in this complex case. Indeed, it seems that at least 6 eigenvalues are necessaries to well describe the complexity of the record, i.e. that 6 eigenvectors are needed to correctly decompose each spectrum. A 6-dimensional projection is so necessary but unable.

However, a projection based on the three first eigenvectors is shown in Fig. 5.11 (b). Some branches seem to be highlighted but a complex cloud of spectra appears for lowest coefficient without any specific angular distribution. This decomposition confirms that the application of PCA on a raw complex medium like human blood serum is inappropriate in very complex solution. 

Complex protein in complex medium: case of HSP in serum

The detection of HSP-70 at a very low concentration (around few nanogramms per milliter) in blood serum is the main goal of the European project SPEDOC in which the origins of this thesis are inscribed. In order to test the ability of our technique to solve this sensing problematic, a low concentrated solution of HSP-70 (50 µg/mL) was mixed with an equivalent volume of blood serum. The global concentration of HSP is clearly higher than the goal concentration but the test is more qualitative than quantitative. We have previously shown that the use of our method on raw blood serum is unusual, however in this specific case a hope is allowed because this can be considered as a simple two species mix. Thus, the solution is injected through a microfluidic channel with a flow of 2 µL/min. A record of the SERS signal from a single hot spot is acquired during 2048 seconds, i.e. the record is composed by 2048 spectra of 1 seconds.

In this specific case, two approaches are gathered: the detection of a complex protein like HSP-70 and the separation of different species in a mix. This combination totally justifies the use of a multivariate statistical method to clearly identify the HSP-70 fingerprint in this complex medium purposed by blood serum.

The application of PCA on this record results in the eigenvalue decomposition shown on Fig. 5.12 (a). From this decomposition brings out the number of Principal Components necessary to well-describe the complexity of the record. Thus the projec- tion in a three dimensional space governed by the three first Principal Component is a good solution. This projection is represented in Fig. 5.12 (b).

The Principal Component decomposition thus obtained shows that the majority of recorded spectra can be described by the two first Principal Components, what is completely different for a low number of them that are clearly localized along the third Principal Component. That is why we chose to look precisely at these spectra firstly by tag them in red and thus localized them in the kinetic signature of the record shown in Fig. 5.13.

From this kinetic, it results that these spectra are localized at one specific event (≈ 120 s) during the record. The uniqueness of this event informs about the difficulty to obtain such event and implies an important caution. This caution is confirmed by the global form of the kinetic that can be interpreted as a defocusing of the laser or a problem in the microfluidic system (e.g. leakage). The question is to know if this event should be the signature of HSP-70. Indeed, we previously knew that it would be difficult to isolate HSP in this mix due to the high affinity of Human Serum Albumin, the equivalent of BSA for human the principal protein in blood serum, for GNPs.

In this aim, we compare the spectral fingerprint of this event (Fig. 5.14) with the spectra obtained for HSP-70. Just with a fast comparison purpose with Table 5.4, it is clear that the extracted spectrum is a spectrum of the HSP-70 present in the solution. Looking for the specific form of HSP-7à that should have been sounded, it seems that it should be the Form 2, which is the most present in HSP-70 assignment for this spectrum (Table 5.4).

Thus, our method enables to identify the specific spectral fingerprint of HSP-70 in a so complex medium as human blood serum based on the Principal Component decomposition. However, this result has to be confirmed by multiple experiments in the same condition. Indeed, a clear effect of defocusing or other appears looking on the kinetic and has to be solved. A repetition of an HSP-70 event at different moment of the studied record should be a good point to confirm the method. 

Conclusion

After working on single amino acids, the question was to know if our approach should be efficient on protein investigations which are more specific in the living than amino acids. In this aim, we first investigated one of the most abundant proteins: Bovine Serum Albumin (BSA), which as a direct human equivalent, the HSA. BSA is a classic target for SERS protein sensing. Our experiments result in result close to SERS fingerprints found in literature, with a better spectral definition. Further investigations have also proved different rare conformations of this protein just based on an intrinsic biomarker spectral fingerprint, Tryptophane.

Then, the protein conformation identification has been confirmed in the study of the complexity of a multi-domain protein: Heat Shock Protein-70, which is the specific stress cancer biomarker in human blood investigated in the European project FP7 SPE-DOC and the complexity induced by a complex medium such as serum demonstrates the limit of our analytical method.

Finally, the identification of the protein HSP-70 was retrieved in human blood serum at a concentration of 50 µg/mL.
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Conclusion and Perspectives

At the beginning of this thesis, the question of the definition of SERS as a biosensor was asked. To answer to this, a new experimental approach has been developed for SERS studies based on a specific GNPs nanoraspberry form without any chemical functionalization on the surface during its use. This was associated to a microfluidic chip allowing working in solution and native biological conformations. All of these were mounted on a confocal microscope with a very high Numerical Aperture of 1.20 and two parallel detectors: a spectral detection on a spectrometer and a temporal detection on an Avalanche PhotoDiode. Also, the dynamic approach enables improving the reproducibility of the sensor. However, the large amount of spectra and APD values and the complexity of these results bring us to push the development of the statistical approach developed.

Then, the quantification by SERS was tested studying a large amount of concentrations for a localized hot spot. This study does not allowed to well define an Enhancement Factor for the experimental system. Indeed, an intrinsic definition of an Enhancement Factor in single molecule conditions seems difficult. However, this study enables determining the Limit Of Detection of the setup for a 512 seconds long acquisition. The temporal recording has been also of high interest to define a new approach to argue the single molecule regime based on the Fourier Transform of the temporal signal to work in the frequency domain and also highlight the different types of signal observed, and more precisely, the signal coming from the adsorption of the targeted molecule on the surface. Two types of LODs have been defined. First in frequency space, the LOD is so around 1 fM. Then, in time domain, we show that LOD depends of the sounding spot. In the case presented, it was around 10 -10 M.

The question of the main gain from statistics has been developed in the context of a small non resonant molecule study, the case of cysteine. The spectral sorting allowed by the Principal Components decomposition of each spectrum implies sorting in different spectral families. The study of cysteine also argued the single molecule regime by its temporal fingerprint study. Spectrally, the application of SERS on a such molecule found out about the gold-molecule interaction and enables sorting two similar molecules in a same solution.

In the last part, the interests were to understand and test how SERS can be efficient for biological macromolecules studies and selective for complex protein and/or complex media detection. Thus, different complexity levels induce different performance level of SERS. First, concerning a standard protein such as BSA, our approach implies a characteristic spectrum determination for the protein which finally is not simply an amino acid fingerprints composition. For this protein, the chosen method enabled one very rare conformation of BSA but highlighted by the statistical analysis, the acquisition speed and the single molecule resolution. Secondly, a complex protein, HSP-70, has been probed and spectrally characterized with our system, the different conformations given by the protein has been sorted and each spectral specific fingerprints determined. Thirdly, the application of the method to a complex medium as serum highlighted the limits of the chosen method in terms of statistical analysis but also concerning the real interest of SERS in such case. Finally, the mix of HSP-70 with serum has been tested. The idea was to try to detect the presence of a complex but important molecule in a complex medium to determine the ability of SERS in terms of specific identification without any previous functionalization. Hence, we have been able to detect the HSP-70 based on our statistical approach and comparing with the characteristic fingerprints of HSP-70 previously determined with the same system.

To summarize, in this thesis, the definition of SERS as a biosensor has been tested and a new approach developed for. Also, in terms of quantification, it has been shown that SERS can be an efficient tool. Concerning the selectivity, the spectral quality was improved. A low limit of detection associated to the statistical and dynamic approach allows a very good sensitivity (under the nanomolar). This approach also enables a high reproducibility in time of the sensor. Thus, as low as SERS does not well answer to the sensor capabilities in a classical approach, in our case the coupling between a non-functionalized GNPs substrate coupled with a microfluidic chip, all mounted on a confocal microscope for temporal dynamic studies statistically analyzed has contributed to define SERS as an efficient biosensor.

Perspectives

SERS is so a very selective sensor that can be a good tool for molecular or protein recognition. However, we have shown that our approach is limited in terms of complexity of the system. Thus, a maximum of three different "species" has been separated during a same acquisition in the case of the HSP-70 study. The development of a new statistical approach for the spectral sorting seems necessary. One of the ideas is to use a derivative application of the Phasor still used in fluorescence studies. The interest of this method is that it converts the spectra in two parameters in the Fourier space. There is also no limitations in terms of complexity as we should have with PCA and the number of necessaries eigenvalues.

All results of this thesis are preliminaries concerning the dynamical approach of SERS and should be easily used to develop an experimental and analytical systematic method for the investigation of specific molecules as well in biomedical than in energetic, environmental or other domains. However, the quantification aspects have to be developed and better understand to result in a SERS not only as a good sensor but also as a concrete and efficient diagnostic tool. 111
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 11 Figure 1.1 -Schematic description of the SERS phenomenon.
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 12 Figure 1.2 -Schematic description of the Raman effect.
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 13 Figure 1.3 -(a) Schematic view of a Localized Surface Plasmon Polariton. The coupling between the electric field and the metallic nanoparticles induces collective oscillations of electrons of particles. (b) Near -Field maps for two neighboring gold spheres of radius of 60nm. Adapted from [19].
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 14 Figure 1.4 -Bibliographic statistics on (a) published items per year and (b) citations per year. Statistics provided by Web of Knowledge for "SERS" as entry.
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 1 Figure 1.5 -(a) TEM image of gold nanotriangles. Adapted from [23]. (b-d) SEM images of gold nanoparticles. Adapted from [24]. (b) Nanowires, (c) Nanosheets and (d) Nanoflowers.
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 16 Figure 1.6 -Schematic description of the different configurations for SERS excitation.(a) Liquid case and (b) Solid case.
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 1 Figure 1.7 -(a) Lithographed Gold nanorods observed by SEM with a 42k x magnification. (b-c) FDTD calculation of the steady state field intensity distribution for dimer structure with 3 nm gaps (b) or 12 nm gaps (c).Adapted from[START_REF] Zhu | Lithographically fabricated optical antennas with gaps well below 10 nm[END_REF].
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 18 Figure 1.8 -Bovine Serum Albumin (BSA) SERS spectra adapted from literature and obtained on different SERS substrates. (1) Adapted from [6],(2) adapted from[START_REF] David | SERS detection of biomolecules using lithographed nanoparticles towards a reproducible SERS biosensor[END_REF], (3) adapted from[START_REF] Iosin | Study of protein-gold nanoparticle conjugates by fluorescence and surface-enhanced Raman scattering[END_REF], (4) adapted from[START_REF] Kahraman | Label-Free Detection of Proteins from Self-Assembled Protein-Silver Nanoparticle Structures using Surface-Enhanced Raman Scattering[END_REF], (5) adapted from[START_REF] Yao | Spatially reinforced nanocavity array as the SERS-active substrate for detecting hepatitis virus core antigen at low concentrations[END_REF], (6) adapted from[START_REF] Zhang | Rapid, large-scale, sonochemical synthesis of 3D nanotextured silver microflowers as highly efficient SERS substrates[END_REF], and (7) adapted from[START_REF] Zhou | Convenient formation of nanoparticle aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules[END_REF].
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 19 Figure 1.9 -Time evolution of the Raman spectrum of a single 4mercaptopyridine molecule on silver. Adapted from [40].
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 1 Figure 1.10 -(a) Microfluidics picture with complex channel design. Adapted from [47]. (b) Scheme of our microfluidic platform.
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 1 Figure 1.11 -Chemically synthesized nanoraspberry observed in SEM (a) or TEM (b).
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 21 Figure 2.1 -Chemical scheme of HEPES molecule. Free radicals on the nitrogens of piperazine cycle allow the Au 3+ reduction.
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 22 Figure 2.2 -Schematic illustration of the hypothetic growth mechanism for Au nanoflower formation in HEPES solution [53]. Smaller gold crystals are formed first and then tend to assemble into larger clusters, which can later grow with shaper surface texture.

4 .

 4 25 mL of HEPES solution are added and stirring during at least 2 hours at room temperature. The reaction is schematized on Fig. 2.2.
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 23 Figure 2.3 -Strategy of synthesis of the PS-grafted gold nanoparticles, fur-ther described in[START_REF] Yockell-Lelièvre | Two-dimensional selforganization of polystyrene-capped gold nanoparticles[END_REF]. The highly efficient ligand exchange process can be applied to colloidal metallic particles of different size, shape and composition.
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 24 Figure 2.4 -Illustration of the evaporation-induced self-assembly process between two neighboring uncharged nanospheres, in a low-polarity solvent, occurring when the thickness of the solvent layer becomes comparable to the particle diameter. The lateral capillary force acts through convective flow pushing the particles together in response to the deformation of the meniscus between the particles, raising the energy cost caused by the surface tension of the solvent.
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 25 Figure 2.5 -Schematic illustration of the procedure used to integrate the colloidal gold nanoflowers inside the channels of the microfluidic chip.Channel-shaped "boxes" are engraved in a resist layer using UV lithography, and the PS-coated nanoflowers are introduced inside those boxes through solvent evaporation. Lift-off and subsequent oxygen plasma gas exposure lead to channel-shaped monolayers of raspberry-like GNPs with a bare gold surface deposited onto the glass slide, which is then assembled to the PDMS cell.
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 26 Figure 2.6 -Schematic representation of the microfluidic chip constituted by five channels used in the different experiments.
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 27 Figure 2.7 -Schematic representation of the confocal optical setup
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 28 Figure 2.8 -Transmission characteristics of the different filters compound the filter cube.
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 29 Figure 2.9 -Map of Raman signal measured on the APD. 256 x 256 pxls. Scan speed = 1 line per second
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 2 Figure 2.10 -Example of an application of Probability Density Function adapted from [25]. (a) At 1540 cm -1 line or (b) all lines for different temporal areas. The colorbar represents the Probability Density.
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 211 Figure 2.11 -Schematic representation of the most important steps of Principal Components Analysis as applied in our case. Each matrix is notified with its name given in the different equations.
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 31 Figure 3.1 -Temporal fingerprints of MB recorded on the APD during 512 s with 1280 points/s for different concentration of Methylene Blue on the spot 2.

  3.2 (b) of some monomer dimer or trimer of the PDMS molecule. Those Raman bands are only visible with the release by a bright new microfluidics device. Now that we have described the potential adverse effects to which attention should
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 32 Figure 3.2 -SERS spectra recorded at different times of the first series. Times are precised in legend. Positions of the PDMS Raman bands from [59, 60] are grey areas, and positions of PS-SH Raman bands from [61] are yellow areas.
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 33 Figure 3.3 -(a) Temporal fingerprints of MB recorded on the APD during 512 s with 1280 points/s for different concentrations of Methylene Blue on the spot 2. (b) Probability Density Function of the intensity distribution for different concentrations of Methylene Blue for spot 2.
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 34 Figure 3.4 -Maximal intensity recorded on APD versus concentration of Methylene Blue.
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 35 Figure 3.5 -Evolutions of the Log-logistic law parameters α and β with the concentrations of Methylene Blue.
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 36 Figure 3.6 -Point Spread Density characteristics versus Frequencies obtained for each concentration sounded.
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 37 Figure 3.7 -Evolution of the frequency width from pink signal with concentration.
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 38 Figure 3.8 -Average SERS spectra recorded at different concentrations of Methylene Blue. Positions of the Methylene Blue Raman bands from [62, 63] are blue areas.
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 39 Figure 3.9 -Probability Density Functions of temporal acquisition on the APD for different hot spots at 10 -9 M of Methylene Blue.
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 4 Figure 4.1 -(a) APD rate showing the temporal and amplitude fluctuations of the spectrally-integrated SERS response of the cysteine on raspberrylike GNPs during half an hour. (b) Examples of SERS spectra of cysteine acquired during 1 s at different times of the kinetics.
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 42 Figure 4.2 -Raman spectroscopy of cysteine adsorbed on GNPs and integrated for: (a) and (b) 500 s ; (c) 1000 s and (d) 2000 s.
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 43 Figure 4.3 -Spectral evolution of the Mandel parameter analyzed for 2000 s.
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 44 Figure 4.4 -Representation of the probability density distribution of the spectral signature. The red spectra are the most probable but contain very little information. Spectra containing intense characteristic line conversely have the lowest probability of occurrence.
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 45 Figure 4.5 -Eigenvalue decomposition given by the principal component analysis of Cysteine.
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 46 Figure 4.6 -Projection of the experimental spectra into the plane of the two main principal components PC1 and PC2. Spectra are sorted in three families colored in blue, red and green depending on their similarities in angle, as shown on Fig. 4.7.
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 47 Figure 4.7 -Angular distribution θ of the spectra with respect to PC1 in the scatterplot shown on Fig. 4.6.

Figure 4 .

 4 Figure 4.8 -(a) Coloring of Fig. 4.1 according to the outcome of the PCA sorting of Fig. 4.6. (b) Insets show selected time-lapse of blue, red and green events with a bin width of 1 s and a temporal resolution of 1 ms.
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 49 Figure 4.9 -Schemes of the molecular interactions with gold (a,c) and associated characteristic spectra (b,d) for the two molecular configurations : cysteine (a-b) and cystine (c-d). A localization of the different vibrations highlighted in spectra and associated to their references in the Table4.1 is given by the peak assignments.
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 410 Figure 4.10 -Association of dipolar moments for each Raman band shown in the cysteine spectrum with the molecular scheme of the gold-cysteine complex.
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 51 Figure 5.1 -BSA 3D representation.
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 52 Figure 5.2 -Mandel M-Factor determination for a long kinetic of BSA study.

  Fig 5.3 (a) shows the adsorption kinetics of BSA during one hour and half.
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 53 Figure 5.3 -(a) Kinetic of the BSA acquisition. Colors are given by the 2D projection of (c). (b) Eigenvalues distribution for the long BSA kinetic. (c) Spectral projection of BSA acquisition on its three first principal components. The projection on the two first principal components purposed in the (Oxy) plane allows identifying spectral families. Crosses represent the projection in the 3D basis and circles the projection in the 2D basis. (d) Characteristic spectra of BSA based on the average of the spectral response of each family identified by PCA.
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 54 Figure 5.4 -(a) Total SERS intensity of BSA recording during 2048 seconds versus the time of acquisition and colored on the base of (b).(b) Projection of each spectrum recorded for BSA in the eigenspace formed by the two first principal components of this record. Colors are affected by position in this space, i.e. by spectral similarities. (c) Reference spectrum of blue family identified by PCA for BSA protein.
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 55 Figure 5.5 -(a) Zoom on the temporal signature of the red event of BSA. (b) Spectral signatures of different steps of the red event of BSA. Each spectrum is associated to a form happening in time at different moments localized on (a).
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 56 Figure 5.6 -(a) Temporal signature of the optical transmission during BSA trapping. Adapted from [3]. (b) 3D representations of the two conformations of BSA: folded and unfolded, and localization of the two Tryptophanes of BSA. Adapted from [87].

Figure 5 . 7 - 3 -

 573 Figure 5.7 -3-Dimensional models of different HSP conformations. Each peptidic chain is modelized with a specific color. Adapted from [1]
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 58 Figure 5.8 -(a) Colored kinetic of HSP-70 study by SERS. (b) Eigenvalues decomposition for HSP-70 study by SERS. (c) Principal Component decomposition of HSP-70 study by SERS. (d) Characteristic spectra identified for HSP-70.
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 59 Figure 5.9 -Kinetic of human blood serum studied by SERS.
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 5 Figure 5.10 -Time evolution of the Raman spectra during the record of SERS of serum.
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 5 Figure 5.11 -(a) Eigenvalues decomposition for human blood serum studied by SERS. (b) Principal Component decomposition of human blood serum studied by SERS.
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 5 Figure 5.12 -(a) Eigenvalues decomposition for the mix serum-HSP-70 studied by SERS. (b) Principal Component decomposition of the mix serum-HSP-70 studied by SERS.
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 513 Figure 5.13 -Colored kinetic of the mix serum-HSP-70 studied by SERS. Colors result from Fig. 5.12 (b).

Figure 5 .

 5 Figure 5.14 -Characteristic spectra identified of HSP-70 in the serum-HSP-70.

Table 4 .

 4 1 -Raman assignment of the characteristic spectra based on literature.

	Cysteine (cm -1 )	Cystine (cm -1 )	Assignment		Reference	I ex p -Cysteine	I ex p -Cystine
	267		Au-S stretching	1s	[73]	
		406	S-S bending	2b			88
	449	460	CCC bending	5b	[72]		69
	524				[72, 73]	
		552	S-S stretching	2s	[72, 73]		44
	567					
	623	623	COO -wagging	10w	[82]		42
	667		C-S stretching	3s [72, 73, 82]	
	730	730			[82]		47
	789		COO -bending	10b	[82]	
	832	849	S-CH 2 bending	3b	[72, 73]		42
	860		C-COO -stretch-ing	9s	[72, 73]	
	931		CH 2 bending	4b [72, 73, 82]	
	960					
	1002	1002	NCH stretching	7b	[72, 73]		40
	1058	1030	C-N stretching	7s	[72, 73]		36
	1078				[82]	
	1123	1120					39
	1140	1140	NH + 3 deformation	8d	[82]		37
		1184	CH 2 bending	4b	[72]		33
		1261					34
	1297	1285	CCH bending	9b	[72, 73]		32
	1318		CCH deformation	9d	[82]	
	1354		CH 2 bending	4b	[72, 73]	
		1357	CCH bending	6b	[72, 73]		36
	1402	1386	COO -stretching	10s	[72, 82]		31
	1443	1460	CH 2 bending	4b	[82]		27
	1472		CH 2 bending	4b	[72, 73]	
	1516					
	1568	1583	NH + 3 bending	8b	[73]		28
		1765					20

Table 5 .

 5 (Table 5.1). 1 -Raman assignments of the characteristic spectra of BSA based on literature.
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Table 5 .

 5 2 -Raman assignments of the Blue family characteristic spectra based on BSA spectral fingerprint.

	Raman Shift (cm -1 ) Relative Intensity BSA identification
	319	w
	347	w
	408	m
	462	w
	540	w
	616	w
	640	w
	685	w
	722	w
	768	w
	822	w
	861	w
	900	w
	946	m
	978	w
	1018	w
	1084	w
	1119	w
	1187	m
	1212	m
	1240	m
	1288	w
	1323	m
	1374	w
	1403	w
	1495	w
	1525	s
	1585	s
	1653	w
	1751	m

Table 5 .

 5 3 -Raman assignments of the characteristic spectra of HSP-70. In blue are colored Raman bands occurring also in BSA fingerprint determined previously in Table5.1.

Table 5 .

 5 4 -Raman assignments of the Red family characteristic spectra based on HSP-70 spectral fingerprints.

	Raman Shift (cm -1 ) Relative Intensity HSP-70 identification
	309	m	Form 2
	329	w	Form 1 or 2
	358	w	Form 1 or 2
	400	s	Form 3
	436	w	
	468	w	Form 2 or 3
	515	w	Form 1, 2 or 3
	573	s	Form 2 or 3
	620	s	Form 2
	708	w	Form 2 or 3
	806	w	
	882	s	Form 1
	952	m	Form 1
	983	m	Form 2 or 3
	1029	w	Form 2
	1073	m	
	1143	m	Form 2
	1193	w	Form 2
	1228	w	Form 2
	1263	w	Form 1
	1290	w	Form 2
	1312	m	
	1343	w	Form 1
	1413	m	Form 1
	1475	w	Form 1 or 2
	1509	w	Form 1, 2 or 3
	1557	w	Form 3
	1615	w	Form 3
	1649	w	
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steps detailed after are schematically represented in Fig. 2.11.

The goal is to transform a given data set X of dimension M to an alternative data set Y of smaller dimension L. Equivalently, we are seeking to find the matrix Y , where Y is the Karhunen-Loève transform (KLT) of matrix X :

Our data set comprising a set of M = 512 spectra and we want to reduce the data so that each observation can be described with only L spectra that we hope less numerous than M, L < M. One spectrum is arranged as a set of N = 1024 wavenumbers x 1 . . . x N with each x n representing a single grouped observation of the M variables.

We dispose then to a single matrix X of dimensions M × N.

We then find the empirical mean u[m] along each spectrumm = 1, ..., M.

We proceed by centering the data as follows:

Where h is a 1 × N row vector :

The M × M empirical covariance matrix C is calculated from the outer product of matrix B with itself:

Where E is the expected value operator, ⊗ is the outer product operator, and * is the conjugate transpose operator. Since B consists entirely of real numbers, the "conjugate transpose" is the same as the regular transpose.

The matrix V of eigenvectors which diagonalizes the covariance matrix C :

Where D is the diagonal matrix of eigenvalues of C . This step used a computerbased algorithm for computing eigenvectors and eigenvalues. Matrix D will take the form of an M × M diagonal matrix, where

the β parameter of the log logistic were found accurate to define the sensitivity.

The frequency analysis is instructive: the pink noise proved that molecules are in semi equilibrium within the hot spot having a live time dependent on the concentration. Spectroscopic analysis offers the definite advantage to identify the nature of the probed molecules while recognizing potential contaminants (surfactant or microfluidics release).