Cultural heritage is defined as all material and immaterial goods of artistic and/or historical significance that belong to either a private or a public entity. This group of cultural properties is generally preserved, restored, safeguarded and shown to the public. The so-called "material" heritage consists mainly of built landscapes, architecture and urban planning, archaeological and geological sites, certain developments in agricultural or forest areas, objects of art and furniture, industrial heritage (tools, instruments, machinery, buildings, etc.).

Heritage draws on the idea of an inheritance bequeathed from generations that preceded us, and that we must transmit it intact or ameliorated to next generations, as well as building a heritage for the future. It belongs to the public and common good.

The science of conservation is therefore the discipline studying cultural heritage properties. Science plays a key role in the conservation of our cultural heritage since that it makes it possible to identify the materials and therefore the techniques formerly used by artists, to understand the natural mechanisms of alteration and destruction: as scientists helped to safeguard and restore the works, monuments and remains from the past. It must not be forgotten that cultural heritage 'samples' are unique goods endowed with inestimable values. Thus, the scientific examination must in no way cause the degradation of the sample. Analytical techniques in the science of conservation must therefore be non-destructive or micro-destructive. The use of non-destructive methods makes it possible to obtain analytical information without causing the slightest damage to the object whereas the micro-destructive techniques do not cause visible damage, so the sample remains intact.

Consequently, micro-analysis methods, such as infrared and Raman micro-spectrometers, have the advantage of being non-invasive, non-destructive and allowing the study of small samples, and have proven to be perfectly suited for the study of Cultural Heritage properties.

However, vibrational spectroscopy can offer primary information about the nature of the organic material (protein, lipid, sugar…) present in the cultural heritage sample. On the other hand, chromatographic techniques are widely used in the field of cultural heritage analysis, especially gas chromatography. However, this technique allows the analysis of small volatile organic molecules (amino acids, esterified fatty acids and others). Mass spectrometry is a powerful III In the last chapter, we developed a photochemical flux synthesis of mono and bimetallic nanoparticles (silver, gold and palladium,) in organic solvents. The synthesized silver nanoparticles are used in the design of antibacterial paints.

II

analytical technique with high mass accuracy and high sensibility capabilities which make it a suitable technique for the analysis of cultural heritage samples.

However, cultural heritage samples present huge analytical challenges due to the minute quantity of available sample. Usually, this kind of samples is highly complex, referred to its composition of different types of molecules, the possibility of contamination, as well as chemical modifications and material degradation caused by aging and environmental conditions during sample preservation.

Therefore, it is necessary to develop experimental protocols that confine the type of samples we aim to study allowing us to obtain maximum information on the sample with minimal invasiveness. Also, it is essential to establish efficient methods for data treatment that permit us to acquire maximum results from the analysis.

In this perspective, my PhD project aims to develop different analytical methods in proteomics for the study of archeological samples and in lipidomics to analyze oil art paintings.

In the first chapter, I described the theory and the functioning mode of different mass spectrometry techniques used in this work.

The second chapter of this thesis is dedicated to describe the development of a proteomic bottomup strategy for fish species identification from proteins residues trapped into archeological ceramics. This sample is a Dressel 14 amphora that was preserved in very unfavorable environment: the submarine context. The amphora dates from 116 AD. Another challenge is linked to the lack of protein databases suitable to this sample, involving consequently the study of unsequenced species via de novo experiments.

In the third chapter, we aim to develop a methodology in lipidomics in order to study the structure of molecular networks of oil paints, the phenomena of degradation of paint films as well as the interaction between pigments and oil based binder. We developed an analytical strategy based on soft depolymerization of paint films followed by an analysis with high-resolution mass spectrometry (FTICR) and a data treatment methodology for the identification and characterization of the network structure formed after oil polymerization. This new analytical methodology was applied on a real art oil painting dating from the 19 th century. 2. Representation of nano-flow ESI process in positive ion mode [7][8] .. 4 Figure 4. Signal detection by an Orbitrap analyzer and transformation of the signal into a mass spectrum 1 .. 6 Figure 5. Schematic representation of 15 T FT-ICR 14 
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I. Introduction on mass spectrometry

Mass spectrometry was introduced at the end of the XIX th -beginning of the XX th centuries. 2 It is only in 1990 that mass spectrometry has started to be applied on biological macromolecules analysis due to the implementation of soft ionization sources such as MALDI (Matrix Assisted Laser Desorption Ionization) 3 and ESI (Electro-Spray Ionization). 4 Nowadays, mass spectrometry is considered as the main analytical technique for the identification and the quantification of molecules present in pure or complex samples. During this process, molecules present in samples are converted into gaseous ions with or without fragmentation, that are identified upon their massto-charge ratio (m/z) and relative abundances. The mass spectrometry technology is based on three major components. The first part consists of an ionization source, which allows the formation of gaseous ions from studied samples. In the second part, the ions are separated according to their mass-to-charge ratio in the first analyzer, and selected ions can be fragmented thus those fragments can be separated according to (m/z) values in a second analyzer. The last part is the detector system, where emerged ions are detected, and relative abundance of ions is measured. The resulted electric signals are sent to a computer where they will be treated and transformed to a mass spectrum. 

II. Ionization sources

Several ions sources were developed for mass spectrometry with different technical characteristics and diverse methods for ionization. The choice of the ionization source depends on the types of analytes and different parameters should be taken in consideration as volatility and thermal stability of the sample, chemical lability, molecular weight, quantity of analyte and the solvent. Among others, the most commonly used ionization sources are: Electrospray ionization sources (ESI) well adapted to analyze polar compounds with high molecular weight, Atmospheric-Pressure Chemical Ionization applied for the analysis of compounds with low polarity, Electronic Impact more used in GC/MS for the analysis of small volatile molecules, and Matrix-Assisted Laser Desorption/Ionization (MALDI) applied in the ionization of both low and high molecular weight non-volatile compounds.

ESI source (Electrospray ionization)

Developed by Fenn et al (Nobel Prize of Chemistry in 2002), electrospray is one of the most used ionization technique and its use rapidly expanded to other analyses. ESI source is dedicated to the analysis of liquid phase, which allows its coupling with liquid chromatography or capillary electrophoresis. The source disperses the solution containing the analytes to form aerosol by evaporating the solvent, the reason why analytes are more often dispersed in mixtures of water and organic solvents as methanol and acetonitrile. Agents of ionization like formic acid can be added to the mixtures to help the protonation or the deprotonation of the analytes and facilitate the ionization process. ESI is considered as a soft method of ionization, which can generate ions without molecular fragmentation. The ionization mechanism with electrospray can be divided into three steps. 4 First step is nebulization and droplets formation. The heated flow of inert gas as nitrogen allows the nebulization of the liquid into fine droplets. A potential difference (between 1.5 and 2 kV) applied between the capillary (generally a glass needle coated with a conductive alloy, based on gold and palladium) and the counter electrode forms an electric field and causes polarization of the solvent containing the analytes. Solvent at the end of the capillary takes the shape of a cone (Taylor cone) because of charge accumulation. 5 Then solvent evaporation reduces droplets size and increases the coulombic repulsion forces to overcome the surface tension forces (Rayleigh limit), which releases a jet of smaller electrically charged droplets from the end of the capillary. 4,6 The produced ions can be mono-or multi-charged depending on the number of ionizable sites in the molecule. Obtaining multi-charged molecules allows the analysis of those of high molecular weight (greater than 100,000 Da). This process can be performed in positive or negative mode depending on the formation of positively or negatively charged ions. Change of polarity of the electrodes makes it possible to pass from the positive to the negative mode. 

III. Analyzers

Orbitrap

Orbitrap was developed at the beginning of the 2000s by Alexander A. MAKAROV [9][10][11] and commercialized by Thermo Fisher Scientific society. Orbitrap analyzer is composed of an external hollow electrode in cylinder shape and a central electrode. Ions are introduced into the trap tangentially to the central electrode, in packets after being accumulated in a linear trap (C-Trap).

Trapped ions preform a harmonic oscillation, rotate around the central electrode and move in an axial movement along this same electrode, with a frequency that depends on their m/z ratio. The axial oscillations of the ions generate an induced current recorded by the external electrodes and converted into spectra by Fourier transform, which allows to calculate the axial oscillation frequency of the ions, and gives access to their m/z ratio thanks to the electric field curvature equation.

a. Theory of orbitrap

Orbitrap is an ion trap, in which ions are put in their orbits at the frequency according to their mass on charge (m/z). The Orbitrap consists of an external hollow electrode and a coaxially placed central electrode, in the form of a spindle (Figure 1). The latter is brought to an alternating voltage with the opposite polarity to ions. The particular shape of the electrodes is indeed inspired by that of the electric field where the ions are tangentially injected. Since orbitrap is also an ion trap, ion stability is also governed by the solution of Mathieu's equation. The electrostatic field in the orbitrap cell is described by the following equation. Where 𝑟 and 𝑧 are cylindrical coordinates, 𝑅 is characteristic radius, R1 is central electrode radius, R2 is hollow electrode radius, 𝐶 is a constant, and 𝑘 is a parameter determined by the shape of the center electrode and the applied voltage The movement of ions in the orbitrap adopts a spiral trajectory around the central electrode, decomposed into a circular motion which is not exploitable, and an axial movement, the frequency of which is exploited to measure the mass by the transformation of Fourier. The axial movement

b. Inductive ion detection

This detection mode is well suited to ions whose m/z ratio is obtained from the frequency measurement of periodic movements in a magnetic field or in a particular electric field (orbitrap).

The physical principle of this detection is based on the electrical effects induced in a metallic conductor when a charged particle approaches to the surface. A pack of ions approaching periodically to two parallel metal plates and generates in the conductive plates periodic currents and voltages of the same frequency. 9 Figure 4. Signal detection by an Orbitrap analyzer and transformation of the signal into a mass spectrum 1

Fourier-Transform Ion Cyclotron Resonance (FT-ICR)

The use of cyclotron ion resonance (ICR for Ion Cyclotron Resonance) with spectrometry was developed by Sommer in 1949 but it was only in the 1970s that Fourier transform mass spectrometry was described by Comisarow and Marshall [12][13] . This technique has shown great capabilities in terms of resolution (up to 10 000 000) and mass accuracy and it became a powerful tool for the analysis of complex mixtures.

Figure 5. Schematic representation of 15 T FT-ICR 14 The principle of ion detection is based on the measurement of ions cyclotron movement in an intense magnetic field and calculating their frequencies to end-up in converting of this information into mass spectrum. Ions are introduced into the FT-ICR through different types of ionization sources as MALDI, 15 ESI, 16 APPI (Atmospheric Pressure Photoionization) 17 and others… Plus, FT-ICR mass spectrometer contains ions trap, 18 and it can contain quadrupole ion trap 19 as well for external selection of ions. Different modes of fragmentation can be used in the FT-ICR as CID (Collision-Induced Dissociation), 20 IRMPD (Infrared Multiphoton Dissociation), 21 ECD (Electron-Capture Dissociation), 22 ETD (Electron-Transfer Dissociation) 23 and others…

a. FT-ICR cell

FT-ICR cell is placed inside a magnet that generates a uniform magnetic field 𝐵 and it is composed of plates for excitation and others for detection (Figure 4). The combination of the magnetic field 𝐵 and the electric constant field traps respectively ions radially and axially inside the ICR cell. The excitation and the detection of ions will be carried out in the same cell. The magnetic field traps the ions in a circular trajectory which is called cyclotronic movement. The frequency of the cyclotron movement and its angular velocity depend both on the magnetic field and on the m/z ratio of trapped ions.

Figure 6. Schematic representation of a cylindrical FT-ICR analyzer cell 24 When ions enter to the ICR cell with velocity v, ions are subjected to a magnetic field and they adopt a uniform circular motion perpendicular to the magnetic field due to Lorentz force as shown in Figure 5. The angular rotation speed of an ion 𝜔 depends on the magnetic field 𝐵, the charge 𝑞 of the ion and its mass 𝑚 (Equation 4). 24 Figure 7. Cyclotronic motion of positive and negative ions in a magnetic field 25 Equation 4: 𝜔 Equation 5: 𝑓

The cyclotron frequency 𝑓 is directly proportional to the magnetic field, inversely proportional to m/z and independent of the initial velocity of the ion (Equation 5). The measurement of ions cyclotron frequencies subjected to a magnetic field 𝐵 allow the determination of their m/z ratio 24 .

Figure 8. Hyperbolic ICR cell. 1,2: trapping electrodes; 3,4: excitation electrodes and 5,6: detection electrodes 26 In order to trap ions inside the ICR cell, an electrostatic potential is superimposed on the magnetic field. A repulsive electric potential is applied on two perpendicular plates to the z axis, called "trapping plate" (Figure 8). This process is called Panning trap 27 and it results in confining ions in the trap center. Trapped ions between the two plates perform an oscillation movement with a 𝜈 frequency called trapping frequency (Equation 6). The ions are trapped in the xy plane thanks to the magnetic field, and along the z axis thanks to the electric field.

Equation 6: 𝜈

Where 𝑉 is trapping potential, 𝛼 is geometric factor, 𝑎 is the distance between the plates.

This frequency is independent of the initial kinetic energy of ions.

In result, the trapped particles in the cell undergo three types of oscillations as it is shown in Figure 9). The first type is an axial oscillation 𝜈 , and two oscillations in the radial plane, the second type is a reduced cyclotron oscillation 𝜈 or 𝜈 (application of an electrostatic field reduces the cyclotronic frequency as shown in Equation 7) corresponding to the circular orbit of the particle within the trap and the third type is a magnetron oscillation 𝜈 or 𝜈 (Equation 8) corresponding to the rotation of the particle on itself.

The application of an electrostatic field reduces the cyclotronic frequency. trapping oscillation) 28 For ions with low m/z ratios, the reduced cyclotron frequency ν+ is very close to the cyclotronic frequency νc. Nevertheless, in the case of those with high m/z ratios (or low frequencies), the situation is different where the trapping frequency becomes higher.

b. FT-ICR signal measurement

Ions with equal m/z can have distinct initial kinetic energies and can be produced at different times, which results in a wide spatial distribution. It is therefore necessary to pass ions of the same m/z from an incoherent overall motion to a coherent overall movement. This step, called the excitation phase, consists in applying an electric current between two opposite plates and results not only in putting ions of the same ratio m/z in phase, but also in causing a path passing near the perpendicular wall to orbit. During the excitation of an ion at its cyclotronic frequency with a voltage 𝑉 applied for a duration 𝑇 , the radius of the orbit is given by the equation

𝑟 𝑉 𝑇 𝐵

Where 𝑟 is cyclotron radius, 𝑉 is the applied voltage, 𝑇 is excitation time and 𝐵 is the magnetic field.

There are different methods of excitation (Figure 10):

 The Rectangular pulse excitation that relies on the application of an excitation frequency corresponding to only a population of ions with the same m/z ratio.

 The "broadband" excitation, which allows the excitation of the whole range of frequencies of interest. Two approaches exist: the method called "chirp" (Frequencysweep) 29 and the "SWIFT" method (Stored waveform inverse Fourier transform waveforms). 30 -The Chirp method uses a sinus function where the linear frequency is a function of time over a frequency range determined a priori. The shortcomings of this method lie to the homogeneity of the amplitude of the frequency over the frequency range and the lack of selectivity at the limits of the frequency range (Figure 10 c).

-The Fourier Transform stored-waveform (SWIFT) method excites ions by means of a radio frequency signal calculated by inverse Fourier transform to a rectangular signal containing the frequency range of interest. The desired signal is therefore defined in the frequency domain, generally of constant amplitude over the range corresponding to the possible cyclotron frequencies (Figure 10 d, e). Frequency-sweep (''chirp''), (d), (e) Stored waveform inverse Fourier transform (''SWIFT'') wave-forms 28 

c. Ion detection

Coherent rotation of ions in a wide orbit creates an induced current on both opposite detection plates detectable by suitable electronics. The induced current is described by the following equation:

𝛥𝑄 2𝑧𝑒𝑣 𝑑

Where ΔQ corresponds to the induced current, vy is the ions velocity along the y axis and d is the distance between the detection plates.

The induced current depends on the post excitation cyclotron radius, since the velocity increases by increasing the cyclotron radius and it is proportional to the number of ions present in the coherent ion package. However, the induced current is independent of the intensity of the magnetic field. The detected signal is called a free induced decay (FID), transient, interferogram or time-domain and its intensity increases with the number of ions charge.

The collision of ions during the measurement time cause reduction of ions velocity and their radius which leads to a loss of coherence of the ion pack and thus a loss of the signal. As a result, the signal obtained corresponds to an exponentially damped sinusoid. But the precision in mass is directly related to the accuracy on the measurement of ion cyclotron rotation frequency trapped. Accurate mass measurement will require the lowest possible pressure in the cell (10 -10 mbar).

The induced current measured on the detection plates corresponds to an interferogram (FID)

where the sinusoids damped of all ions present in the cell are added to each other. The digitization of this signal, followed by Fourier transform makes it possible to convert this interferogram into a spectrum representing the signal magnitude in function of cyclotron frequencies of ions present. And since the cyclotron frequency is related to the m/z, the spectrum containing the frequency information is converted into a spectrum representing the signal magnitude that correspond to ion abundance in the sample in function of m/z. By adding several successive detections, it is possible to improve the signal-to-noise ratio of the transformed spectrum. Various methods of Digital signal treatment are also accessible to improve its quality. We can quote in particular the zero-filling which allows an interpolation between the points drawing the spectrum (interpolation of Shannon) and the apodization that allows the refinement of the peaks present on the spectrum. 

a. Harmonized cell

The inhomogeneity of the magnetic field in its axial direction prevails over inhomogeneity in others directions and should be considered the main factor influencing the synchronous motion of the cloud of ions. The inhomogeneity leads to a dependence of the frequency of cyclotron on the amplitude of the axial oscillation in the well potential of the ion trap. As a result, ions in an ion cloud become out of phase, resulting in signal attenuation and reduced power of resolution. The cyclotron frequency of the ion is also affected by the radial component of the electric field. Therefore, by appropriately adjusting the electric field, it is possible to compensate for the inhomogeneity of the magnetic field and to align the cyclotron frequency throughout the range of amplitudes of the oscillations z. The harmonized cell compensates for the inhomogeneity of the magnetic field by adding additional electrodes in the cell so that the medium electric field created by these electrodes produces a counterforce to forces caused by the inhomogeneous magnetic field (Figure 13) 31 . The development of the harmonized FT-ICR cell has shown a higher resolution for masses ranging 500-1000 Da (typically peptides), as well as for masses up to 200 kDa as proteins 30,32 .

Figure 13. Design of Harmonized FT-ICR cell 33

IV. Fragmentation modes

Tandem mass spectrometry (MS/MS) allows the determination of the structure of an ion based on its fragmentation profile. The generated ions from the ionization source will be first analyzed in the first MS analyzer and ions are selected in function of their m/z. In the next step, ions are fragmented in the collision cell. Then, fragmented ions are analyzed and detected in the second MS. The development of MS/MS techniques has allowed to increase its areas of application, particularly in life sciences [34][35] . Olsen in an LTQ Orbitrap device. 36 This mode of fragmentation is very close to the CID (Collision-Induced Dissociation). Indeed, the dissociation of parent ions is done by collision with an inert gas and allows to obtain fragment ions b and y. However, unlike the CID that occurs in a linear ion trap, HCD fragmentation takes place in a specially designed octopolar collision cell, in order to increase the fragmentation energy. This has two main consequences. First, with respect to the CID, fewer fragment ions are observed on the spectrum. Second, the CID limit, called the "low-mass cutoff", is characterized by the absence of low-mass fragments (less than a third of the precursor ion) on conventional CID spectra. Unlike the CID, the HCD makes it possible to observe these fragments.

Multiphoton Infrared Dissociation (IRMPD)

Multiphoton Infrared Dissociation (IRMPD) is a technique used in mass spectrometry to break molecules in the gas phase. 37 An infrared laser is directed through a window into the vacuum of the mass spectrometer, where ions are present. The fragmentation mechanism comprises the absorption by an ion of several infrared photons from the laser beam. The parent ion becomes excited in more vigorous vibratory states until one or more bonds are fragmented in the gas phase.

In the case of powerful laser pulses, dissociation takes place by the inner valence of electron ionization. [38][39] IRMPD fragmentation is most commonly used in FT-ICR mass spectrometers 40 and allows fragmentation of peptides or proteins by forming b and y type fragment ions such as CID fragmentation. 41 Recently this method has been implemented in an Orbitrap type mass spectrometer. 42 Lisa A. Vasicek et al modified an Orbitrap with IRMPD fragmentation within the HCD cell to allow fragmentation of peptides or proteins.
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Introduction

I. Archaeological materials

Archaeology is the discipline destined to study human evolution through different eras in various regions of the world. In their studies, archeologists focus on objects such as stone tools, ceramics, arms, coins, jewelry, clothing, footprints, traces, paintings, buildings, infrastructures, fossils, bones, skin, teeth, hair and others. To understand the historical context of the archaeological remains, both inorganic and organic parts are chemically analyzed to reveal their composition.

Among organic remains can be found lipids, polysaccharides and proteins. In particular, proteins are a source of information.

They can be adsorbed to the surface of an archaeological material (such as stone tools), impregnated (e.g. ceramics), or proteins can be constitutive of a material (e.g. textiles, leathers and others).

II. Proteins detection in archaeological samples

Staining methods applied to archaeological samples

Protein staining is a common technique used to detect proteins in biological samples. Different methods of staining are widely applied in biological research based on visible dyes (e.g. Coomassie blue) or fluorescent dyes (SYPRO Ruby). For example, mercurochrome 1 was applied on fossil teeth of Cretaceous mammals, embedded in an epoxy resin. This dye reacts with sulfhydryl groups and protein disulfide bridges. 2 The results showed that the staining of fossil teeth was more pronounced near the pulp cavity, indicating the presence of proteins in dentin. 1 Colorimetric tests were also used for proteins detection on prehistoric tools. Ninhydrin reagent reacts with proteins amino groups and indicates a pink-violet color. Another type of coloration is OPA (o-Phthalaldehyde) which reacts with the primary amino groups of proteins and produces a fluorescent blue color. 3 Blood residue from several animal species have been discovered on the surface of prehistoric chert, basalt and obsidian tools (1000 to 6000 years old) in outdoor sites on the west coast and Canada's boreal forest. 3 In the late 1990s, a colorimetric test that detected the blood in the urine, Hemastix, was applied to detect the presence of blood residues on stone artefacts from Çayönü Tepasi archaeological excavations in Turkey. 4 The test is based on the peroxidase activity of hemoglobin which cleaves oxygen molecules from the hydroperoxide and catalyzes the transformation of 3,3 ', 5,5'-tetramethylbenzidine (clear, colorless yellow) in its oxidized form (orange to green), at very high concentrations of blood. More recently, Hemastix® presumptive blood test, in addition to EDTA was tested on archaeological samples in order to identify the presence of blood residues. 5 The use of sodium ethylenediaminetetraacetic acid (EDTA), increases the solubility of residues, enhances the specificity of the test and decreases the false positive.

Spectroscopic techniques applied to archaeological samples

Vibrational spectroscopy techniques such as spectroscopy Infra-Red (IR) and Raman spectroscopy represent relevant methods to obtain simultaneous molecular information on mineral and organic phases. 

a. Infrared spectroscopy

Infrared spectroscopy has been applied on archaeological and palaeontological samples for proteins detection and understanding their states of degradation. 6 Synchrotron infrared microscopy was used to study the state of degradation of different layers of an Egyptian mummy skin (epidermis, dermis) using protein related vibrational bands as amide A (3300 cm -1 ), amide B (3030 cm -1 ), amide I (1650 cm -1 ), and amide II (1540 cm -1 ). 7 Moreover, the IR technique was used in the investigation of preservation state of collagen in archaeological bones. Another example is the study of the preservation state of a bone dating from 5,000 years from the Neolithic site of the Chalain lake. 8 The Authors succeeded to analyze the bone composition and defining its degradation state at microscale level by using synchrotron radiation micro-Fourier transform infrared spectroscopy (SR micro-FTIR) imaging in transmission mode. In order to analyze heavily altered and degraded fossil bones by SR-FTIR micro-spectroscopy, a procedure for sample preparation based on PMMA resin impregnation was applied in order to obtain larger thin sections and to preserve their histological structure. 9 Near Infrared Hyperspectral Chemical Imaging (NIR-HCI) was also applied to determine the degradation state of collagen in archaeological bones. The NIR-HCI analysis was followed by a chemometric model based on the Partial Least Squares Discriminant Analysis (PLS-DA) to allow samples discrimination and comparison based on the presence of collagen and its degradation state. 10 Furthermore, FTIR imaging allowed the study of archaeological hairs from the medieval burial of Marie de Bretagne (XV th century). Analysis shows the good preservation of the fibrillin keratin contained inside the hair, with potential structure modifications (e.g., oxidative degradation of disulfide bridges leading to formation of cysteic acid at 1040 cm -1 and cysteine-Ssulfonate at 1022 cm -1 ). The study identified the presence of copper and lead, which can be the cause of the exceptional preservation of the sample. This work has proposed a multi-analytical approach by combining synchrotron XRF, μXRF, μFTIR, and μSAXS techniques. 11 FT-IR spectroscopy was used to investigate residues from archaeological pottery suspected to be containers for cosmetics. FT-IR analysis proved the presence of lipids, vegetable resins, and proteins as well as the presence of inorganic compounds like calcite. 12 This study combine application of different techniques as FT-IR (spectroscopy), XRD and thermogravimetric (TGA) analyses.

Collagen degradation and mineral fossilization in archaeological bones were also studied by a combination of different analytical techniques as FT-IR (spectroscopy), X-ray diffraction (XRD) and thermogravimetric (TGA) analyses. FT-IR techniques allow the determination of crystallinity degree by calculating the splitting factor (SF) or the crystallinity index using two vibrations bands at 565 and 605 cm -1 corresponding for ν4(PO4) 3-(Figure 1). The higher value of SF indicates the higher degree of crystallinity which means higher degree of bones mineralization. 13 Figure 1. FTIR spectra of archaeological bone samples (T67, T98, T139, T150 and T165) and bovine bone 13 

b. Raman spectroscopy

Raman spectroscopy is also a common technique used for analysis and the characterization of archaeological samples. 14 For example, collagen preservation in bones was studied by measuring the ratio of peak intensity between the inorganic part of the bone (hydroxyapatite band at 960 cm - 1 ) and the band belonging to collagen protein (at 1636 cm -1 ) which corresponds to amide I bond.

The collagen in bones is considered well preserved when the ratio is higher than 19.4 (Figure 2). 15 Moreover, Raman spectroscopy can be applied for preliminary dating human skeletal remains. The analysis of five ancient molar teeth with different burial time (150-6000 years) showed that the intensity ratio I2941/I960 of the stretching mode νs CH2 of the organic component and ν1(PO4) 3-of the inorganic component decreases when the burial period increases. 16 Fourier transform-Raman spectroscopy was applied as well in order to identify mammalian ivory 17 and to partially discriminate between ancient ivory specimens. 18 The amid I and III bands represented an indication for the proteins in Egyptian mummies skin (ca. 2000 BC). 19 Fourier transform-Raman spectroscopy was applied to study Keratin proteins from modern and ancient hair belonging to human remains from a stone-lined cist grave in a sand beach at Towyn y Capel, Anglesey, UK, dating from 630-780 A.D. The study showed the degradation of keratin proteins in the ancient sample, for example the band of the disulfide bond at 510 cm -1 found in the modern sample was absent in the ancient sample. As well the band at 165 cm -1 that corresponds to the α-helical amide I was also absent in the ancient sample of hair. 20 The spectroscopic techniques allowed the detection of proteins in the ancient sample, as well the possibility to study their degradation states. 

TOF-SIMS

TOF-SIMS (Time of Flight Secondary Ion Mass Spectrometry) is an analytical technique that permits the analysis of both organic and inorganic phases. The principle of this technique relies on the analysis of secondary ions emitted following surface irradiation of the sample with a primary ion beam. TOF-SIMS analyses were performed on mummy skin by studying ions of amino acids (leucine, valine ...) and fatty acids (palmitic acid, oleic acid). TOF-SIMS analysis allowed to evidence keratin and collagen degradation (following ions of amino acids), and the repartition of lipids present in the skin. 21 TOF-SIMS analysis of a fossilized soft tissue dating from the middle of Triassic age (-252.2 ± 0.5 and -201.3 ± 0.2 million years) allowed the identification of specific ions of glycine, alanine, proline, lysine, hydroxyproline and hydroxylysine. 22 The presence of blood residues was also detected in African artifacts by combining different analytical methods as TOF-SIMS and µFT-IR.

TOF-SIMS was applied to identify the blood biomarkers in the case of proteins degradation (Figure 3). X-ray microfluorescence (µXRF) and X-ray absorption near-edge microspectroscopy (µXANES) were applied to detect the presence of iron in the area of proteins. [23][24] Figure 3. Proteins localization (a) microscopic view of the cross section, (b) TOF-SIMS spatial distribution of the proteins (sum of amino acids) 24 

Amino acid analysis and separation using chromatographic methods

The first chromatographic method allowed the analysis of amino acids using chromatography on paper. The technique is based on the separation of adsorbed amino acids on a cellulose paper using a solvent rising by capillarity. The detection of amino acids is carried out using ninhydrin staining.

Egyptian archaeological samples 25 have been subjected to chromatography on paper analysis and amino acids were separated and identified.

A second method is cation exchange chromatography. In this method, the absorbance of amino acids is measured after their derivatization with ninhydrin. This technique was applied on glass jars from Ethiopia. 26 Proteins extracted from fossil bones of a 150-million-year-old sauropod dinosaur were separated and identified by reversed phase HPLC. 27 Furthermore, RP-HPLC has been used to isolate ten amino acids present in archaeological bone collagen as aspartic acid, glutamic acid, serine, threonine, glycine, arginine, proline, hydroxyproline and leucine. 28 Moreover, reverse phase HPLC method was reported for the identification of the ratios of D-and L-amino acids isomers extracted from fossils. 29 The mainstream technique used for identification of proteins in cultural heritage samples is based on gas chromatography and amino acid composition. Before analysis, archaeological samples require a pretreatment procedure consisting of extracting proteins and hydrolyzing them into amino-acids with strong acid or base. Then amino acids are derived (using alkyl chloroformates or trifluoroacetamide or alkylsilyl acetamide) to make them volatile for GC analysis.

This technique allowed to identify the amino acid composition of fossils from Pleistocene to Jurassic fossils (201.3 to 145 million years). 30 The use of gas chromatography with pyrolysis coupled with Mass Spectrometry (Py-GC/MS) is also a highly used technique for the study of old samples. Samples are heated (50-310 °C) and pyrolysis products are analyzed by MS. For example, 2.5-diketopiperazines produced upon the pyrolysis of the cyclohydroxyproline precursor allowed identification of collagen in archaeological bones. 31 

Immunological Methods

Immunological methods using specific antibodies are used for the analysis of proteins contained in old samples since the early 1960s. Among these immunological techniques are used the RIA (Radioimmunoassay), based on the use of radioactively labeled antigens, and ELISA (enzymelinked immunosorbent assay), 66 based on an antigen-antibody reaction by means of a colored reaction produced by the action on a substrate of an enzyme attached to the antibody.

Immunological techniques as enzyme-linked immunosorbent assay 66 (ELISA) and radioimmunoassay (RIA) were applied for the analysis of skull fragments fossils dating from 1.6 million years ago, found in south of Spain. The analysis showed the presence of human albumin in the skull fragments and provided an evidence of human presence in the Andalusia 1.6 million years ago. 32 These techniques have been also used to detect traces of blood on archaeological objects. 33- 

III. Proteomics

Definition

The term of proteome appeared for the first time in a scientific publication in 1995, and was referred to the term genome that was used to define the entire collection of genes in an organism. 36 The proteome represents the entire proteins present in a studied biological sample. A single genome can generate different proteomes under different conditions depending on the stages of the cell cycle, the response to different biological or physical signals and the physiopathological status.

Moreover, a protein is chemically modified by post-translational modifications or by external factors (e.g. UV exposure, heating…). All these factors increase the complexity of the proteome, and the study of the proteome allows a global understanding of a given biological system in specific context. Proteomics is the large-scale study of proteins. This discipline has grown strongly during last years, due to the exponential increase of available genome sequences and on the other hand to the progress of mass spectrometry. The proteomic classical approach analysis is divided into several stages and consists, in a first step, of proteins extraction from the studied medium (biological fluid, cell, plant ...). Then, protein analysis performed according to two different strategies called 'top-down' and 'bottom-up'.

Bottom-up strategy

Bottom-up strategy is the most common approach applied for proteins analysis and is based on the enzymatic digestion of proteins before their analysis by mass spectrometry. This approach depends on the reliability and the robustness of the protein extraction, solubilizing, and digestion methods.

Extraction of proteins depends on the type of sample. It can be based on mechanic homogenization, ultrasonication, freeze-thaw cycles, osmotic lysis, etc. The next step after proteins extraction is protein solubilization. pH and salt concentration of solutions can be modified to enhance protein solubility and to break the hydrophobic interactions. Before protein digestion, disulfide bonds between cysteine amino acids are treated by reducing agents such dithiothreitol (DTT) to prevent disulfide bonds reformation, thiol function of cysteine amino acids are protected with alkylating agents such as iodoacetamide, 2-chloroacetamide or 4-vinylpyrolidine. [37][38][39] The addition of chaotropic agents, detergents and reducing agents helps to increase proteins solubility. Before protein analysis, contaminants should be removed; e.g. detergents and salts removed by dialysis. After the purification steps, extracted proteins can be separated by mono-or 2-dimensional gel electrophoresis or liquid chromatography.

Trypsin is one of the mostly used enzyme for protein digestion due its efficiency and specificity. It cleaves the amino acid chain after arginine and a lysine in the C-terminal generating relatively small peptides with high tendency for ionization (dozens of amino acids). 40 Other enzymes can be used for protein digestion as LysC, which cleaves after a lysine in C-terminal, and AspN which digests after an aspartate in N-terminal. 39 The resulted peptides from digestion are separated and analyzed by liquid chromatography coupled to mass spectrometry (LC-MS/MS). The soft sources of ionization such as MALDI and ESI allow peptides ionization without any fragmentation. The MS spectrum for all peptides is called the peptide mass fingerprint. Then each peptide can be selected and fragmented in the collision cell, the resulted MS/MS spectrum identify the amino acid chain as well as different chemical modifications. By comparing the generated MS and MS/MS spectra with databases, proteins identification is obtained.

Different methods of protein digestion were developed as the classical digestion in gel 41 and FASP Filter Aide Sample Preparation (FASP). 42 The enhanced Filter-Aided Sample Preparation (e-FASP) incorporates alternative reagents to the ones used in the FASP approach that lead to a better sensitivity, recovery, and proteomic coverage for processed samples. 43 Other digestion methods were developed as well for example Gel-aided sample preparation (GASP), 44 In Stage Tips method, 45 or a combination of different digestion methods as In Stage Tips and FASP. 46 

Proteins Data-Bases and bio-informatics

MS/MS spectra are compared with protein databases for identification. Several databases are existing. Among the databased can be cited NCBI (National Center for Bio-technology Information), which lists protein sequences from genomic libraries. This exhaustive bank contains redundancies. Another databases is UniProt (Universal Protein Ressource). The UniProtKB database includes the bank SwissProt (verified and annotated) and the bank TrEMBL (annotated automatically, unvalidated experimentally).

There are different search algorithms that can identify proteins from fragmentation spectra like Mascot, 47 which was used during this project. But many other algorithms have been developed as Protein prospector, 48 Sequest, 49 Andromeda, 50 ProbID, 51 X! Tandem, 52 OMSSA, 53 ProSight 54 and Inspect. 55 These algorithms compare fragmentation spectra obtained by mass spectrometry, from peptide mixtures of digested proteins, to the theoretical fragmentation spectra of the peptides from all proteins present in the databases. All these algorithms integrate different search parameters such as post-translational modifications, the mass error of the spectrometer, the different databases, and also the different taxa of living organisms. The final result is the identification of proteins through peptides fragmented by mass spectrometry and the obtainment of a score that can filter the data.

Each search engine calculates a score and a statistical probability. The score obtained is a statistical score indicating the extent to which the experimental data corresponds to the sequence of the database. Most often this score is accompanied by a statistical probability called E-value for Mascot that represents the probability that a result will occur by chance. This comparison between experimental and theoretical MS/MS spectra can also be done using a library of MS/MS spectra of peptides acquired and identified previously. This tool is integrated in softwares like MyProMS 56 or Proteome discoverer 2.1 with the MSPepSearch tool. 57 The software assigns a score that measures the similarity degree between the experimental spectrum and the theoretical spectrum.

This identification score depends on the used bank and the mass tolerance that also allows to filter the identifications.

Identification strategy of non-sequenced species. De novo sequencing.

De novo sequencing consists in directly interpreting a fragmentation spectrum to deduce the primary sequence of the peptide, without referring to a database of sequences data. The interpretation of an MS/MS spectrum allows the identification of amino acids which constitute the primary peptide sequence. Softwares have been designed to facilitate the task such as PEAKS, 58 PepNovo, 59 Novor 60 or DenoGui 61 which is an interface that groups together several de novo algorithms.

De novo peptide sequences are compared to proteins sequences in the database. This task can be carried out by a sequence similarity search using the MS Local Basic Alignment Search Tool (MS BLAST) algorithm. Thus, if a protein in the databank contains peptides similar to the de novo peptides sequences, then the studied protein is most likely a homologue of this protein in the library.

In this way, de novo proteins are identified by sequence homology to same proteins but belonging to another species and most often a close species. The main advantage of this methodology is that the comparison is done based on the characters of sequences and not on their masses. BLAST MS allows the detection of one or more amino acids mutations (depending on the stringency or phylogenetic proximity between the two organisms). In order to obtain reliable results by de novo sequencing approach followed by a BLAST, it is essential to work with good of quality data but results must also be validated on the basis of the score, the sequence length and the length of the match. SPIDER software is based on an algorithm that takes in consideration both de novo sequencing errors, and homology mutations between the analyzed proteins sequences and the proteins sequences present in the database. [62][63] 

IV. Proteomics in Archaeological and Paleontological samples

Proteomics is an extremely sensitive method. Recent developments in the miniaturization of soft ionization techniques and the nanoscale chromatography allowed to apply it to very small sample amounts. Proteomic methodology was adapted to analyze proteins from different types of archaeological samples like ceramics, textiles, egg shell, mummy skins, fossil and ancient bones. 64- 65 The proteomics protocols depend on the type of the archaeological sample, for example the protocol and especially the extraction procedure can change between proteins trapped inside the ceramics and proteins extracted from bones.

The first attempt to analyze proteins present in archaeological samples was at the end of 2000s.

Proteins were successfully identified from organic remains present in Iñupiat potsherd fragment 66 dating from 1200-1400 AD excavated in Point Borrow in Alaska. Analytical procedure was optimized on ceramics models impregnated with muscle tissues and blubbers of harbor seal (P. vitulina), gray seal (H. grypus), ringed seal (P. hispida), and beluga whale (D. leucas), which were essential components of the Eskimo diet. First, proteins were extracted from 25 mg of impregnated potsherd ceramic with 1% TFA and ultrasound sonication, then extracted proteins were submitted to several steps of denaturation (guanidine), reduction (dithiothreitol), alkylation (iodoacetamide), and hydrolysis (trypsin). In the next step, proteins were analyzed by nanoLC coupled to a highresolution mass spectrometry and were identified by Matrix Science software with the help of SwissProt and NCBInr databases. Due to the lack of databases, proteins were identified by sequence homology to other species, and they succeeded to identify species specific peptides. The developed methodology was then applied to 250 mg of archaeological potsherd, and they succeeded to identify four species specific peptides corresponding to harbor seal myoglobin including a peptide specific to cetacean and pinniped species and another peptide specific to seal species. Phoca species (Phoca sibirica, Halichoerus grypus, Phoca vitulina) 66 In another study, fish proteins were identified from non-visible remains in potsherds and species could be discriminated. 67 An extraction protocol was implemented to extract trapped proteins inside model ceramics that were impregnated with anchovy (Engraulis encrasicolus) and bonito (Sarda sarda) fish species. The extraction solution was composed of urea and thiourea for denaturation, and dithiothreitol as a detergent and a reduction agent. In this work, they succeeded to identify around 200 proteins from bonito and anchovy fish species. The identified proteins contain 73 peptides specific for fish species, among them de novo peptides specific to anchovy (Engraulis encrasicolus) and bonito (Sarda sarda) fish species which were identified by sequence homology to other fish species contained in databases. The sequence alignment of de novo peptides against fish proteins from databases using Blastp software showed amino acid substitution in comparison to the same peptides in other species. Other extraction protocols were developed to extract proteins from ceramics as for example the use of microwave-assisted enzymatic digestion (trypsin), 68 and it was optimized by using extraction solution made of SDS or hydrofluoric acid. 69 Peptides from alpha and beta casein were extracted and identified from archaeological pottery (500-300 BC), by using an extraction solution containing PBS as an extraction reagent and they succeeded to demonstrate that milk proteins can be identified from archaeological samples as well as discriminating their origin. 70 In 2014, proteins were also identified in remnants of bread found in China 71 on an archaeological site dating from 500 to 300 BC revealing manufacturing receipe. To realize this identification, they extracted proteins from the sample, separated them using SDS-PAGE gel technique and finally they analyzed each band by nanoLC-MS/MS.

Collagen is the main protein present in bones and it can be efficiently preserved due to the protective effects of bones mineral phase. Collins et al. 72 have developed a robust and straightforward PMF (Peptide Mass Fingerprint) method called ZooMS based on the identification of collagen peptides that represent markers of animal species. It consists of proteins extraction from bones, digestion and peptides purification and MALDI-TOF/TOF analysis. The peptide species markers were identified using available protein databases and also from homemade databases that included various animal species. For example 92 peptides markers belonging to 32 different mammal species were used to identify species (Figure 5). 73 The proposed ZooMS method allowed for example the differentiation of sheep and goat bones. 74 Collagen fingerprint was used also for the discrimination between different species of rodents. 75 Figure 5. MS/MS spectra showing the de novo sequencing interpretation of a known rabbit collagen peptide at m/z A proteomic approach was also used to characterize hair from mummies. 76 This method, requiring 500 μg of sample, allowed the identification of this mummy hair keratin and evaluated, hair molecular preservation by a proteomic approach. Chemical modifications such as deamidation of glutamines and asparagines were studied and compared to results obtained for modern hair.

Bottom-up proteomics was also used for archaeological proteins identification from other types of samples such as teeth 77 or the skin of mummies. 78

V. Amphorae

The Greek word "amphoreus" originated the Latin word "amphora". Mentioned by the poet Homer, amphorae appeared in the Greek world from the 6 th century BC. Amphora is a terracotta vase, manufactured with clay and water and used for transportation and storage of many products, mainly food products such as wine, oil, fish in brine, olives, honey, dried fruits (almonds, dates ...), etc.

The amphora was therefore the packaging of a large number of products to circulate by land, river and maritime. The first classification was done by the German archaeologist and epigraph Heinrich Dressel (1845-1920) who wrote a typology listing 45 types of amphorae. These amphorae, listed from Dressel 1 to 45, dated between the 1 st century BC and the 4 th century AD. They have been classified depending on their content, their origin, and their date of manufacture. 3 main types of amphorae can be distinguished: wine amphorae, oil amphorae and fish products (Garum, Hallec, Muria, Liquamen) amphorae. 79 Dressel 14 amphorae are produced mainly in Lusitania, Portugal, between the first half of the 1 st century and the end of the 2 nd -early 3 rd century AD. They were intended to carry mainly Liquamen, of various qualities, as evidenced by the known painted inscriptions. 80 Several elements allow to obtain information on the craftsman who shaped the amphora, the trader, and sometimes its content and its place of origin. First, the amphorae present specific forms that depend on 3 variables: the content, the region of production and the date of production. Secondly, inscriptions and stamps that are printed on the amphorae are of interest. Third, organic matters may be conserved and studied, even in the absence of visual organic biomolecules residues that can be trapped inside ceramics. 

VI. Fish sauces

Fish processing industry was very prospered during the Roman empire, 81 salted fish (Salsamenta) [82][83] and fish sauces were the main products produced and exported across the empire. 84 Salted fish or Salsamenta was made from fish meat slices covered with layers of salts to conserve it. [82][83] Fish sauces were among the most common condiment consumed during that era. Roman produced 4 different sauces: Garum, Liquamen, Allec and Muria. 85 Garum was first produced by the Greeks.

The highest quality of Garum in Greece was produced from the innards and the blood of Bluefin Tunas. 83 It was also prepared from whole small fishes as sardine, anchovy or from the innards of bigger fishes as mackerel 82 and herring 86 in the presence of salt excess and fermented during several months. 71 Liquamen is a similar sauce to Garum, has the same production procedure as Garum and was made initially from mackerel. Muria is the solid residue produced during Garum fabrication.

Allec is a salty solution obtained during preparation of salted fish. 85 The analysis of fish products remains from archaeological amphorae or from fish processing sites reveals invaluable historical, socioeconomic, and cultural information beside evaluation of trade routes during the antiquity. [87][88] 

VII. Fish species authentication in Food-omics

Since the antiquity, fish is considered as a major food source in human nutrition. Fish contains high nutritional values for human diet. It is well known for its high content of polyunsaturated fatty acid, especially ω-3 fatty acids, which can help in preventing cardiovascular, neurological and inflammatory diseases. Fish is rich in proteins, vitamins (A, D, E, B1, B6 and B12) and minerals (Fe, I, P, Na, Ca and K) as well. In order to respond to the grown demand for fish products, production of fish processed food increased in the last decades worldwide. These evolutions have caused the increase of risks that may come from fish species substitutions, contaminations and allergens. In response to those concerns, a robust, sensitive, accurate, fast analytical method is a must, to assure the quality control and detect any potential risks on human health, as well as the authentication of fish species.

The food-omics combine different types of omics (as genomics, metabolomics, and proteomics) that are used to analyze and study food quality and its effects on human health. Among those different disciplines, proteomics play an important role to protect the consumer and to ensure food quality especially for fish products. Proteomics is considered a reliable technical approach for fish species authentication, and is also used to detect allergens and pathogen microorganisms, as well as it can reveal any change in fish quality during processing or storage. [89][90] Fish species authentication represents the main challenge. After fish processing, fish species identification becomes impossible by conventional methods as anatomical and morphological examination. Therefore, different techniques were adapted to perform this task at molecular level.

Electrophoretic and immunological protein-based methods were among the most used methods for fish species identification. An indirect enzyme-linked immunosorbent assay (ELISA) technique was developed for specific identification of Grouper, Wreck fish, and Nile perch using polyclonal antibodies against muscle soluble proteins of grouper (anti-GSP), wreck fish (anti-WSP), and Nile perch (anti-PSP) respectively. 91 Isoelectric focusing (IEF) 92 and two-dimensional electrophoresis (2-DE) have been developed in order to distinguish different fish species profiles as in the case of commercial flat fish. 93 Due to the modifications that can occur on proteins during food processing, these techniques become limited and they are time-consuming regarding preparations.

Genomics and PCR-based studies can be an alternative for fish species authentication. DNA barcoding method is considered as an efficient technique for species identification. Most often, a partial sequence of the mitochondrial Cytochrome c Oxidase I 94 gene is used to distinguish different fish species. However, DNA-based procedures still facing many challenges, where food processing under high temperature and pH variation can affect DNA sequences and cause their degradation leading to non-specific identifications.

Proteomics proposes a fast, accurate and sensitive alternative methodology for fish species identification. Matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) represents a fast and common tool for species identification. MALDI-TOF-MS can generate a spectrum presenting a finger print of the studied sample, which is compared and matched with other spectra from known sources found in the databases. After proteins separation with a 2-DE gel, spots corresponding to proteins of interest are digested and peptides are recovered and analyzed with MALDI-TOF/MS. For example parvalbumin beta protein was selected as a target in studies related to species differentiation for Merluccius and Macruron genera as well as hake species identification. 95 Triose phosphate isomerase protein has been also studied and analyzed by 2-DE-MALDI-TOF PMF for the discrimination between three tuna species (Thunnus thynnus, T. albacares and T. alalunga). 96 A method based on MALDI-TOF/MS analysis was developed for the discrimination of 25 fish species without any previous time-consuming separation by 2-D gel. Intact Parvalbumin proteins showed molecular weight variation regarding fish species, for example for sole m/z = 11975.21, for European plaice m/z = 11351.73 and 11763.63 , and for Greenland halibut species m/z = 11432. 38. 97 Another recent study established a protein fingerprint database of 56 common fish species with MALDI-TOF/MS that allows a fast identification of fish species present in processed seafood. 98 Tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS) is the main technology applied in proteomics, and more precisely in the bottom-up approach based on the analysis of recovered peptides from proteins digested with enzymes (mainly trypsin), allowing the identification and the quantification of thousands of proteins from a complex sample. However, proteins identification is limited by the presence of genomic sequences in the databases which not the case when dealing with fishes. Only few fish species have sequenced genomes such as Danio rerio species. 99 A majority of fishes references few proteins in databased such as mitochondrial cytochrome c oxidase I 94 and cytochrome b (two regions often used for DNA barcoding).

Therefore, the identification of species specific peptides from an unknown sample requires de novo sequencing. De novo sequencing of 25 new PRVB isoforms belonging to different species of the unsequenced Merlucciidae family were for example investigated. In their study, they combined different MS techniques and proteomics strategies, as bottom-up approach, FT-ICR for intact proteins detection with high accuracy and selected MS/MS ion monitoring (SMIM). SMIM strategy allowed the fast identification of 11 species specific peptides from the Parvalbumin beta proteins belonging to the Merlucciidae family present in seafood products. 100 Alternative method for species identification from an unknown sample was proposed based on bottom-up approach and analysis with tandem mass spectrometry (MS/MS). In the first step, a database containing the MS/MS spectra was created for each fish species interesting to study. In the next step, MS/MS spectra generated from the unknown sample were compared and matched with the MS/MS spectra present in the created database with the help of specific programs as compareMS2, SpectraST and SEQUEST. This method allowed the identification of fish species from both fresh and processed samples. The identification of species, genus or family levels can be performed, and the percentage of matched spectra allows the determination of phylogenetic tree for studied species. [101][102][103] 

VIII. Fish remains analysis from archaeological samples

The analysis of the organic residue in archaeological ceramics is considered as a real challenge due to the degradation phenomena and leaching of hydrophilic molecules. Most common analytical approaches deal with lipidic remains 104 especially in case of fish which have characteristic lipids profile rich in long chain n-3 polyunsaturated fatty acids. 105 The detection of C17:1 and C19:1 fatty acids with GC-MS indicated the presence of fish and seafood in an Anglo-Saxon potsherd dating from the seventh to the ninth century. 106 Nevertheless, GC/MS techniques were used to analyze fish sauce remains in an amphora from Pompeii, Italy. The profile of amino acids obtained from the archaeological sample showed a similarity with the modern fish sauce from Italy and Asia which is mainly composed of glutamate amino acids. 107 Recently, DNA based approaches are being widely applied for fish species discrimination in Archaeology. This method provides many advantages as robustness and high specificity of the analysis. For example, the study of ancient DNA from fish vertebrates allowed the identification of salmon species present in the archaeological site at Dionisio Point, British Columbia, Canada. 108- 110 Lately, stable isotope ratio analysis has also been applied in archaeological studies, most often bone collagen was isolated and analyzed especially for stable carbon and nitrogen isotopes. 111 Two different methods exist to isolate collagen from bones for carbon and nitrogen analyses. The first technique, consists of bones demineralization (e.g. HCl), and it was applied for recent or well reserved bones. Isotopic analysis of poorly preserved bones includes several preparation steps including demineralization, gelatinization (heating at 70°C) and ultra-filtration in order to isolate high molecular weight components. The proteins were combusted to N2 and CO2 and analyzed in an automated carbon and nitrogen analyzer coupled to a continuous-flow isotope ratio mass spectrometer. Furthermore, isotopic analysis allows the identification of organic samples or even the definition of the diet or the mobility of those samples. 112 Besides proteins, 113 fatty acids extracted from archaeological samples have been investigated by carbon isotope analysis in order to identify the animal origin of the organic remain. [114][115] Proteomics was adapted to provide structural information on proteins from archaeological [64][65] , paleontological 116 and artwork samples 117-118 as well. ZooMS strategy based on collagen fingerprinting method was used for the discrimination between archaeological specimens from marine mammal. 119 Based on collagen PMF approach, ZooMS method was used for the identification of fish archaeological specimens. 120 Collagen PMF allowed the species discrimination between modern fish samples and spectra obtained from archaeological samples.

Collagen PMF also led to the identification on species, genus and subfamily/tribe levels from bones samples from whales.

Results and discussion

The aim of this work was to identify fish proteins and species from ceramics preserved in an unfavorable context: a submarine context. The studied sample was provided by Dr Franca Cibbeccini, Département de Recherches Archéologiques Subaquatiques et Sous-Marines (DRASSM), Marseille, France. The amphora sampled was found in a shipwreck located in the harbor of Marseille city in south of France at 49-50 m deep and dating from 116 AD. It is a Dressel 14 (Dr. 14) (Figure 7). The Dressel amphorae from types 7 to 14 have a streamlined shape and a pointed bottom; the Dr. 14 has a narrow-mouth aperture. Dr. 14 amphorae were produced mainly in Lusitania, Portugal, between the first half of the 1 st century and the early 3 rd century AD. They are suspected to have carried processed fish products mainly Liquamen, of various qualities, as testify the known painted inscriptions. Liquamen was a product similar to Garum, until the late 2 nd century AD. However, from the 3 rd century AD., Liquamen became the generic name for all kinds of fish sauces. Fish sauces were made initially from small fishes as sardines but also bigger fishes such as mackerel; innards of bigger fishes were also used. Bigger fishes such as mackerel or tuna were also used for elaboration of Salsamenta (salted fishes).

It can be pointed out that the identification of fish species from processed fishes remains a difficult task. Commonly it is based on ancient texts and the titulus pictus on amphorae. The Dr. 14 amphora studied in this work did not have any "titulus pictus". The objectif is thus here to bring a new light and a direct evidence of the content of Dr. 14 amphorae.

A methodology based on proteomics has been optimized here for fish species identification, from residues trapped in this archaeological ceramics. The study was based on the identification of species-specific peptides obtained from different model fish sauces made from both sardines and mackerel fishes. Due to the lack of fish proteins in databases, proteins from various fish species were analyzed. 

I. Samples and fish protein extraction

Old recipes described Garum and Liquamen to be made from fermented small fishes such as sardines, from sections of bigger fishes or from innards of bigger fishes especially mackerels (i.e.

Liquamen of "higher quality"). As mentioned before, Garum and Liquamen were produced in a similar way. Tuna species was described to be mainly used in production of salted fishes known as Salsamenta, and its use for fish sauce production was mentioned in ancient Greece. 121 This proteomics work aiming to identify proteins and their species is based on the use of both public databases and home-made protein database due to the lack of fish proteins databases for numerous species. The Table 1 is showing several fish species that we have included in our work to build the database. In particular 7 different fish species were considered to be of main interest in this study in view of the ancient practices for fish sauce preparation and salted fish production. The Table 3 is showing the phylogenetic tree of the studied fish species. The bottom up proteomic protocol was derived and optimized from a previous work. 122 In details, 50 mg of fish muscles were extracted using a buffer extraction solution and stirred in a tube containing metallic beads. The extraction solution contained high amounts of denaturant agent (urea), reducing agent (DTT) and detergents (SDS, CHAPS) in addition to DCA in order to increase proteins solubility. In the next step, the recovered solution was extracted with chloroform and methanol to remove lipids and SDS. Finally, the proteins were dosed with a NOVO-peptides, and 50 µg of proteins were extracted and digested following the eFASP method (see experimental section). Peptides were analyzed using LC-MS/MS. Raw data generated were treated with Peaks software for protein identification and de novo sequencing. Table 2 shows the MS and MS/MS results. The interrogation of raw data was performed against our fish protein database and fish proteins described in the nrNCBI public database.

Proteins from fish samples were identified by sequence homology to other species. As example of results, 1569 proteins were identified for Scomber scombrus from data regrouping 7889 MS scans and 49329 MS/MS scans. Focusing on tropomyosin from Scomber scombrus, 75% of sequence coverage was achieved. The protein was identified by sequence homology to Thunnus thynnus species and contains 5 peptides with amino acids substitutions. As an example, MS/MS spectrum (Figure 8) of the doubly charged ion at m/z 619.816 Da, allows the identification of YSGALKDVQEK sequence using the y fragments (y1 + -y10 + ) and b fragments (b1 + -b10 + ) corresponding to the peptide 60-70 of tropomyosin (sequence homology to Thunnus thynnus). This spectra highlights the substitution of the forth residue, asparagine by alanine and the substitution of the eighth amino acid alanine by valine. 

II. Methodological development on model fish sauces samples

The first question to solve was related to the occurrence of proteins in fish sauces not fully hydrolyzed into amino-acids. Next step were focused on the identification of proteins and their biological species. Specific peptides identified from fish model sauces were compared and matched with species specific peptides identified from fresh fish samples and public databases.

Three different samples of model fish sauces were used in our study in order to develop and We carried out a bottom-up approach for the proteome analysis in the fish sauces. The analytical protocol was applied to 50 µl of model fish sauces samples. Table 5 is showing the identification of proteins in fish sauces, confirming thus that proteins were not fully hydrolyzed into amino acids in-situ. For example Sardines-based garum showed 1409 proteins identified. The sauce made from innards and mackerel blood has shown more identified proteins (1311) than the other mackerel sauce (176), however the last contains a higher percentage of muscle proteins. The details of these analysis is shown in the following paragraphs. 

Garum (Sardine) Garum (Mackerel-1) Garum (Mackerel-2)

Number

Sardine Garum model sauce

For sardines Garum sauce, 1409 proteins including 716 proteins with more than 2 unique peptides were successfully identified (Table 5). Among identified proteins, we found cell cytoskeleton proteins, muscle proteins (e.g. tropomyosin, myosin) and blood proteins (e.g. hemoglobin) (Table 6). Clupeidae family that regroups sardine and herring species contains only 2274 protein in TrEMBL database, 13 in Swiss-Prot and 36836 in NCBI, majorly identified by sequence homology to other species. For example, troponin C type 2 (>gi|18859495) was identified with 83% sequence homology to Danio rerio species, and contains 2 peptides with amino acid substitutions. The sequence alignment against existing database confirms that both peptides are specific to fish species used in sauce preparation (sardine in our case).
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As an example, the MS/MS spectrum (Figure 9) of the doubly charged ion at m/z 11180.0439 Da, allows the identification of VFDDNGDGYIDRDEFAEIIR sequence using y fragments (y1 + -y18 + ) and b fragments (b2 + -b19 + ) corresponding to the peptide 103-121 of Troponin C type 2 (sequence homology to Danio-Rerio) highlighting the substitution of the second residue, leucine, by phenylalanine and the mutation of the fourth amino acid lysine to aspartic acid. This peptide is not referenced in current databases. In the next step, we aimed to validate the species matching between Garum sauce and fresh sardine fish (Sardina pilchardus species) from the Mediterranean Sea and the Atlantic Ocean. We have found 6 muscle proteins (e.g. myosin heavy chain) and a blood protein (e.g. beta-globin) in both sardine Garum sauce and fish represented in Table 7.

After a sequence alignments with BLASTp software, we succeeded to identify 8 peptides markers of Sardina pilchardus (Table 7, blue marks). For example, myosin light chain 2 was identified by sequence homology to Dicentrarchus labrax in both Garum and sardine fish samples. Among the 32 sequenced peptides, 13 peptides were common to many species, 19 peptides were specific to fish species, only a unique specific peptide NLWAAFPPDVTGNVDYK has been found in both fresh sardine and Garum sauce (Table 8). This specific peptide is located at the position (142-158) identified by (y1 + -y15 + ) ions and (b1 + -b6 + ) ions as shown in the MS/MS spectrum (Figure 10). the second amino acid lysine (b2 + ) and the eleventh amino acid threonine (y6 + -y7 + ) in sardine fish were substituted by methionine and alanine respectively in tuna fish. Moreover, this peptide can be used to discriminate between two different sardine species as Sardinops melanostictus known as the Japanese pilchard (sequenced in the public database) and Sardina pilchardus known as the European pilchard (our samples), by the replacement of the second asparagine with glutamine (Table 8). 2 Molecular weight. 3 Number of identified peptides. 4 Number of unique peptides. 5 MS error.

Mackerel-1 Garum model sauce

The developed methodology was applied on more complex Garum sauce prepared from blood and fish Mackerel intestines. In this study, we investigated blood proteins identification due to the lack of muscle proteins in this sample. Following the strategy mentioned previously, 1311 proteins including 631 proteins with more than 2 unique peptides had been identified successfully, among them blood proteins as hemoglobin alpha and beta chain proteins with 34% and 28% sequence coverage respectively, by sequence homology to Thunnus thynnus. As mentioned before, only 468 sequenced proteins belonging to Scombrini-Mackerels species were present in TrEMBL database, 6 in Swiss-Prot, and 1741 in NCBI. Identified peptides are IDDLTTMLGDLSELHASK belonging to hemoglobin alpha chain at the position 76-93 with the substitution of the seventh amino acid glycine by methionine, and the peptide YFGAYGDLSTQDAIK present in hemoglobin beta chain at the position 42-56 with the substitution of eleventh amino-acid proline by glutamine (Figure 12).

Those 2 peptides were also identified in Scomber scombrus fish by sequence homology to Thunnus thynnus indicating that those peptides are species markers (Table 9). 

Mackerel-2 Garum model sauce

We studied also another Garum made from Scomber scombrus. However, in this sauce fewer number of proteins were detected (only 176 proteins) among which 101 contain more than 2 specific peptides. Proteins from Garum mackerel sauce was compared to proteins identified from Scomber scombrus fishes. We found tropomyosin protein present in both samples and it was identified with a good coverage (74%) by sequence homology to Thunnus thynnus species. We detected 4 species specific peptides with amino substitutions as shown in Table 10.

For example, the specific peptide LEEAEKVADESER is located at the position (113-125)

identified by (y1 + -y12 + ) ions and (b1 + -b10 + ) ions as shown in the MS/MS spectrum (Figure 13), representing the substitution of the seventh amino acid alanine by valine deducted from the difference of m/z value between (y7 + -y6 + ) ions and (b7 + -6 + ) ions. 

III. Archaeological sample

The Dressel 14 amphora was obtained from the wreck of the Tiboulen of Maïre, which is located in the bay of Marseille at 49-50 m depth and dated to 116 AD. This wreck has been the subject of several search campaigns since 1977 which allowed to have a clear vision of its cargo. More than 400 amphorae have been documented; their vast majority is composed of oil amphorae type Dr. 20 from Baetica (70%), followed by amphorae containing fish products also from Baetica, type

Beltran IIA and IIB (14%) and small batches of wine amphorae Gauloise 4 (4%), Dr. 28 (3%), Dr.2-4 of Tarraconaise (3%). As well, this wreck contained also 4 Dr. 14 amphorae (2%), including the one concerned in our studies.

Dr. 14 amphorae were mainly produced in Lusitania, Portugal, between the first half of the 1 st century and the end of the 2 nd -early 3 rd century AD. They are intended to carry mainly Liquamen, of various qualities, as testify the known painted inscriptions.

Until the late 2 nd century AD, Liquamen appeared as a sauce distinct from that of Garum. From the 3 rd century AD. After JC, Liquamen became the generic name for all kinds of fish sauces. On the tituli picti known on the amphorae, Liquamen is described in different ways, i.e. Flos Excellens, Flos primum, Primum, Flos Flos floris), Flos optimum, Flos excellens scombri, optimum, optimum scombri, which indicate that it was mainly produced from mackerel fish. 123 However, in our case the studied amphora does not contain any inscription. Proteins were extracted from the crushed archaeological ceramics (Figure 14) and then prepared to analysis following the eFASP protocol detailed in the experimental section. The resulting peptides were separated by nanochromatography and analyzed in-line with nanoESI-Orbitrap MS/MS. Raw data generated by Orbitrap were analyzed with Peaks software for proteins identification. Table 11 shows the MS and MS/MS results. The raw data interrogation was done against a database created with the only sequenced fish proteins that recover all fish species present in NCBI database and the data were also compared to our internal databases. 

Archaeological sample

Number of MS scans 25609

Number of MS/MS scans 33291

Peptide-Spectrum Matches 1721

Peptide sequences 701

Protein groups 39

Proteins 198

Proteins (>2 Unique Peptides) 157

Missed Cleavages = 0 531

Missed Cleavages = 1 152

Missed Cleavages = 2 23

Missed Cleavages = 3 1

Following those analyses, 157 proteins were identified, with 2 or more unique peptides, including muscle tissue proteins, as myosin light chain 1, 2 and 3 with 40%, 68%, 47% coverage respectively and tropomyosin with 61% of coverage (homology to Thunnus thynnus species).

In order to identify the species specific peptides of those muscular proteins, two parallel sequences alignments were done for the obtained peptides: the first alignment was done against all the database excluding the Actinopterygii class that regroups ray-finned fishes, and the second was performed only on Actinopterygii database. This study allows the identification of 12 proteins belonging to fishes and consisting of two blood proteins and 10 muscle proteins, among which 4 muscle proteins and a blood protein represent specific peptides for Scombridae family as shown in Table 12.

Despite the fact that, the genome of tuna fish more precisely the pacific bluefin tuna was studied, 124- 125 only 3425 sequenced proteins that belong to Scombridae family species are present in TrEMBL database, 68 in Swiss-Prot, and 9736 in NCBI. Considering Clupeidae family, it's respectively 2274, 13 and 36836. Due to the limitation in fish databases, proteins identification by sequence homology to other species was performed. Species specific peptides identified in the archaeological sample were compared to their analogues extracted from fresh fish samples (our internal database). The first evaluation was done against Sardina pichardus species that belongs to Clupeidae family.

Sardine fish was used for the preparation of Garum sauce. 84 Two specific peptides referring to 2 muscular proteins (myosin light chain 1 and 2) were found in both Sardina pichardus fish and archaeological sample (Table 13) that show sequence differences. For example, in the archaeological sample, the peptide VLDPDATGTIKK was identified in myosin light chain 2 at the position (108-119) and belongs to Thunnus thynnus species. This peptide has also been found in fresh sardine fish, VMDPEGTGAIKK at the position (108-119) corresponding to myosin light chain 2 protein of Sparus aurata species (sequence homology) (Figure 15). These 2 peptides are differing by 4 amino acids resulting in a similarity of 67%. Lysine, second aspartate, alanine and the second threonine in the peptide of Thunnus thynnus are replaced by methionine, glutamate, glycine and alannine in the peptide found in fresh sardine fish. 2 Molecular weight. 3 Identified peptides number. 4 Number of unique peptides. 5 MS error

The following focus was given to Scomber genus and Thunnus genus (Scombridae family). Among the identified proteins in the archaeological sample only myosin light chain 1 and 3 proteins have been sequenced for Scomber japonicus in the public database. De novo peptides from the archaeological sample were searched against existing database of Scomber and de novo sequenced proteins from our Scomber scombrus fish, we found 7 peptides illustrating the difference between

Thunnus thynnus species present in the archaeological sample and the mackerel fish (Table 14).

For example, myosin light chain 2 presents a specific peptide allowing species discrimination between the two samples. VLDPDATGTIKK is a specific peptide belonging to myosin light chain 2 at the position (108-119) (Thunnus thynnus) fish species found in the archaeological sample. The same peptide (VLDPEA(subG)TGSIK) at the position (107-117) was extracted from mackerel fish and identified by sequence homology to Decapterus maruads species, with a glycine substituted by an alanine. The difference between the two peptides is highlighted by the second aspartate and the second threonine present in the peptide extracted from the archaeological sample were replaced by a glutamate and a serine in the peptide from mackerel fish (Figure 16).

In another example, the peptide SGNLKDAQEK located at the position 61-70 of tropomyosin protein recovered from the amphora has been identified by homology to Thunnus thynnus species.

This peptide differs from its analogue YSGA(subN)LKDV(subA)Q(d)EK located at the position 60-70 of tropomyosin protein extracted from mackerel fish and identified by sequence homology to Thunnus thynnus species. This peptide highlights the substitution of the first asparagine by an alanine and the substitution of the alanine by a valine in the case of Scomber scombrus fish (Figure 17). This peptide represents another example of the comparison between peptides from the archaeological sample and de novo sequenced peptides from Scomber scombrus fish sample. After

this study, we have deduced that extracted proteins from the archaeological sample differ from proteins of Scomber scombrus species; however they may belong to Scombridae family. We limited our research to Thunnini tribe and more specifically to genera that live in Mediterranean and Atlantic coasts near to Spain and Portugal, such as Auxis, Euthynnus and Thunnus genera. We extracted and analyzed proteins from Thunnus genus (Thunnus Thynnus and Thunnus alalunga species), Auxis genus (Auxis thazard) and Euthynnus genus (Euthynnus alletteratus).

We compared the identified proteins from these fish species with proteins recovered from the archaeological sample. The peptide YSGNLKDAQEK at the position 60-70 of tropomyosin in the archaeological sample showed to differ between different Thunnini species and other fish species studied in this work, e.g. Auxis thazard and Euthynnus alletteratus (Table 15 & Table 16) but also Scomber scombrus discussed previously (underlined in the Figure 18). MS/MS spectra presented in the Figure 20 show (i) similar sequence for archaeological sample and Thunnus alalunga species 

(

Phylogenetic study

Based on tropomyosin identification results, a phylogenetic study was performed to observe the divergence of tropomyosin protein between the archaeological sample and the analyzed samples from different species of Scombridae family (Figure 19) using the online tool "phylogeny". 127 First, the protein sequences of tropomyosin were aligned with the MUSCLE 3. As observed in Figure 19, the tropomyosin sequence shows similarities between Thunnus genera and the archaeological sample and differs from Auxis thazard and Euthynnus alletteratus species.

It can be also pointed out here the difference between the tropomyosin from the amphora and that from Scomber scombrus. These results were already pointed out in the previous paragraph.

To summarize,

This study concludes that muscle proteins identified in the archaeological sample differ in their sequences from proteins of Sardina pichardus (Clupeidae) and Scomber scombrus (Scombridae); these species were initially suspected to be present in the sample. The detected traces of proteins tends to be attributed to Thunnus genus, excluding Auxis thazard and Euthynnus alletteratus species in favor to Thunnus thynnus and Thunnus alalunga; however, this last result has to be taken with caution because it is based on a unique informative peptide. Auxis thazard 1 Accession number. 2 Molecular weight. 3 Identified peptides number. 4 Number of unique peptides. 5 MS error To summarize, 157 proteins (≥ 2 unique peptides) were identified in the archeological sample among them 10 muscle proteins and 2 blood proteins with fish specific peptides obtained from 1721 peptides-spectrum matches and 707 peptides sequences. Considering the 10 muscle proteins identified, 32 peptides were specific for fish among 377 peptides-spectrum matches and 7 for Scombridae. Considering the 2 blood proteins, 4 specific peptides for fish were identified among 7 peptides in total and 2 were specific for Scombridae.

Considering peptides allowing the discrimination between the fish species contained in archaeological sample and our fish references (and/or public databases): 2 peptides were used considering Sardina pichardus, 6 peptides considering Scomber scombrus, 1 peptide considering Auxis thazard & Euthynnus alletteratus, and in the current state of databases (and considering our analytical results), no peptide of archaeological sample showed dissimilarity with Thunnus thynnus and Thunnus allalunga.

Our study showed that several fish species were (suprinsingly) not constitutive of the studied samples such as Sardina pichardus and Scomber scombrus (respectively Clupeidae and Scombridae families) which were suspected by historic sources. Considering the Scombridae family and several selected fish species (genera that live in Mediterranean and Atlantic coasts near near Spain and Portugal), the trace of proteins identified in the archaeological sample excluded the Auxis thazard and Euthynnus alletteratus species and showed similarities with Thunnus thynnus and Thunnus allalunga species (via a muscle protein, the tropomyosin) indicating thus a receipe similar to a Garum sociorum sauce. 121 . However this result focusing to these 2 Thunnus species have to be taken with caution considering the important lack of fish databases and the trace level of organic component detected in the amphorae.

Materials and Methods

I. Proteins extraction from fish

Our fish samples were washed with distilled water and then 50 mg of fish muscles were inserted to a tube containing metal beads and 1 ml of buffer solution made with 6M urea, 100 mM Ammonium Bicarbonates (ABC) pH 8. 

II. Digestion eFASP With Passivated Ultra filtration Unit

UF filters from Microcon UF units (YM-3 3 kDa cutoff limit; Millipore, Billerica, MA) were incubated overnight with 5% v/v TWEEN-20 (T20, Sigma-Aldrich P7949). Following incubation, the filter units were rinsed thoroughly by three immersions in MS-grade water. eFASP digestion 42- 43 was realized on 50 µl of 

III. Phase Transfer

200 μL of ethyl acetate was added to peptides containing filtrate that was transferred to a 2 mL tube. After 2.5 μL TFA was added and was quickly vortexed. White thread like precipitate may be visible for large quantities of peptides. Peptides precipitate was mixed with 800 µL of ethyl acetate and was centrifuged at 13 000 rpm for 10 minutes. The organic supernatant was discarded and this step was repeated twice more, with respect to careful removal of the upper organic layer as much as possible without disturbing the boundary layer. Uncovered sample tube was placed in a thermomixer at 60°C, in a fume hood, for 5 minutes to remove residual ethyl acetate. Residual organic and volatile salts were removed by vacuum drying in a SpeedVac, repeated two times with 50% methanol.

IV. Nano HPLC Q-Exactive Plus

A nanoflow HPLC instrument (U3000 RSLC Thermo Fisher Scientific) was coupled in-line to a Q Executive Plus (Thermo Scientific) with a Nano electrospray ion source. 

V. Mass spectrometry

MS data was acquired on Q Executive Plus (Thermo Scientific) using a data-dependent top 20 method dynamically choosing the most abundant precursor ions from the survey scan (400-1600 m/z) for HCD fragmentation. 128 Dynamic exclusion duration was 60 sec. Isolation of precursors was performed with a 1.6 m/z window and MS/MS scans were acquired with a starting mass of 80 m/z. Survey scans were acquired at a resolution of 70,000 at m/z 400 (AGC set to 106 ions with a maximum fill time of 180 ms). Resolution for HCD spectra was set to 35,500 at m/z 200 (AGC set to 105 ions with a maximum fill time of 120 ms). Normalized collision energy was 28 eV. The underfill ratio, which specifies the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.3%. The instruments were run with peptide recognition mode (i.e. from 2 to 8 charge), exclusion of singly charged and of unassigned precursor ions were enabled.

VI. Data Analysis

The acquired raw files were analyzed with PEAKS 7 studio software (Bioinformatics Solutions Inc., Waterloo, Canada) with MASCOT 2.5 search engine against the NCBI and Swissprot created fish database. The maximum mass error for peptides was set at 5 ppm in MS and 0.005 Da in MS / MS. PEAKS.DB 129 were used to perform de novo sequencing, database searches, PTM analyses to detect modifications as the oxidation of methionine, tryptophan, histidine, deamination of asparagine and glutamine, carbamidomethylation of cysteine, phosphorylation of tyrosine, serine, threonine and pyro-Glu formation. On the other hand, SPIDER algorithm allows the matching of de novo-obtained amino acid sequences with homologous protein sequences in the database. 62 After the PEAKS analyses the resulting list of proteins was filtered using a peptide false discovery rate of 0.1% and only proteins identified with a minimum of 2 peptides are reported.

For the archaeological sample the acquired raw files were analyzed with proteome Discoverer 2.0 (Thermo Scientific) using the Sequest HT search engine against the same fish databaseas well as PEAKS/SPIDER. The peptide mass tolerance was set to 10 ppm and 0.02 Da for MS/MS. Various modifications were included as follows: Oxidation of methionine, tryptophan, histidine, deamidation of asparagine, glutamine, carbamidomethylation of cysteine, phosphorylation of tyrosine, serine, threonine, pyro-Glu. For high-confidence peptides identification a FDR (False Discover Rate) of 1% and a minimum of 2 ranked peptides were used for peptide filtering. 
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Pigments and dyes

Pigments or dyes are used to impart color to the paint. Pigments are usually metal salts or metal oxides, while dyes are organic compounds. For this reason, pigments are insoluble in the binder in opposition to dyes that are soluble and both pigments and dyes can be of natural or synthetic origin.

The pigments need to be ground in the binder. It should be noted that grinding does not consist on reducing the size of the pigment particles, but on dispersing them in the binder. Dyes are used in the lacquer oil paint, which is obtained by fixing the dyestuff on a generally inorganic support, thereby making it possible to obtain an oil-insoluble compound.

Additives

Many and various additives may be incorporated into the paint, such as medium, solvents, driers or fillers and others.

The medium is an additional binder that can be added to the painting before its application to modify its properties (texture or siccativity for example). Many recipes of mediums have been developed over time: they can be for example based on oil, various resins and/or waxes.

The addition of solvent, for example gasoline turpentine or oil, will allow increasing the viscosity of the paint. The addition of oil drying agents, which are in particular metal oxides (lead oxide, manganese and cobalt), aims to accelerate the drying of the paint.

The fillers are inert, white mineral compounds with a low coloring power. They are added to bring material to the paint, which reduces the amount of pigment used, and therefore the cost of production of paints.

They also help to improve certain qualities of the paint (texture, opacity, saturation of the hue of 

II. Siccative oil polymerization 1. Mechanism

The drying, curing and aging of linseed oil is an auto-oxidative process. 

Initiation

Drying oils are composed in majority of unsaturated fatty acids such as oleic, linoleic and linolenic acids. Allylic carbons are an attractive site to create radicals which are initiated by the presence of light and catalysts such as driers (e.g. cobalt salts) in the case of modern paints or pigments (e.g. lead white) in the case of art oil paintings (Reaction 1).

Reaction 1:

RH + M (n+1)+ R* + M n+ + H + M (n+1)+ is the higher oxidation state of the metal ions and M n+ is the lower oxidation state.

It exists three different classes of driers. The primary class of driers catalyzes the oxidation step and it includes Co 2+ , Mn 2+ , and Fe 2+ metal salts. The second class of driers includes Pb 2+ , Zr 4+ , and Al 3+ and catalyzes the polymerization step. 5 The oxidation states of iron, copper, manganese, nickel, Lead and cobalt are known to change through the single electron transfer. 6 Auxiliary driers like calcium and zirconium are used in combination with other driers in order to improve stability through drying and hardness.

Propagation

The free radicals produced in the previous step react easily with their environment. However, they have certain preferences. They react more easily with each other and this reactivity increases with the presence of oxygen atoms in their structure. At the beginning of the oxidation of lipids, the concentration of free radicals is too low for them to react with each other. The radicals then preferentially react with the oxygen of the air and optionally with the substrate, as shown in reaction

R3 and R4 respectively. The hydroperoxide formed in reaction R4 can decompose into free radicals. Finally, these reactions generate new free radicals that will subsequently react with oxygen and between each other to create a cross-linked polymer. 7 In the reaction 3, the electrons of the double bond of the active methylene group form a complex with an oxygen molecule before generating the hydroperoxide. The resulting complex is relatively stable because of the creation of a hydrogen bridge. Once the labile hydrogen of the methylene moiety moves to the oxygen molecule, rearrangement of the double bonds occurs. The hydroperoxide thus formed is conjugated with a cis-trans structure. (Figure 2) The double bonds of the conjugated hydroperoxides can react under severe conditions with oxygen. Once the hydroperoxides are formed, they can decompose free radicals by mono or bimolecular decomposition. 8 Figure 2. Hydroperoxide formation on the fatty acid chain during autoxidation

Reaction 3: R R R R -H * O 2 O 2 R R O O R R O OH R R R R +H * +H * O O O HO

Hydroperoxide decomposition:

Hydroperoxide decomposition is initiated by the presence of driers such as Cobalt salts and lead to the generation of alkoxyl and peroxyl radicals which induce in their turn the propagation and the recombination steps. Hydrogen abstraction from the tertiary carbon with a hydroperoxide function leads to further product-formation, forming cross-linked (non-volatile) species and numerous other oxygen containing products such as alcohols, ketones, aldehydes and carboxylic acids. 9

Reaction 6 :

ROOH + M (n+1)+ [ ( R O O H ) M ] (n+1)+ [(ROOH)M] (n+1)+ ROO* + M n+ + H + Reaction 7: ROOH + M n+ [(ROOH)M] n+ [(ROOH)M] n+ RO* + [M (n+1)+ (OH -)] n+

Termination

Once the free radicals are in appreciable quantity, they react with each other to form cross-linked products. The subsequent and successive reactions of cross-linked products with free radicals, gradually form a three-dimensional polymeric network, responsible for the solidification of the substrate, when the amount of the reactive sites is sufficiently high. (Reaction 6)

The bonds formed during this polymerization process may be carbon-carbon (-C-C-) (Figure 4), ether (-C-O-C-) (Figure 5) or peroxide (-C-O-O-C) (Figure 6). The nature of these bonds strongly influences the properties of the cross-linked products such as stability and strength. Generally, the best properties are found in polymers having a high carbon-carbon bond content. On the other hand, the flexibility of oxygen, ether and peroxide bonds generates polymers with low mechanical strengths. 10 The type of polymeric linkages is defined primarily by three factors: the nature of the hydrocarbon or lipids, the oxygen concentration and the temperature. Various studies have shown that oxygen uptake by the substrate is greatly increased by the level of unsaturation in the chain. Under the same conditions, the contribution of ether and peroxide bonds to the polymerization of unsaturated substrates (drying oils) is greater than that in saturated substrates (mineral oil). On the other hand, the contribution of carbon-carbon bonds is favored by relatively high temperatures and low oxygen concentrations. The polymerization process is often associated with a loss of unsaturation. Various studies have shown that during the formation and decomposition of hydroperoxides, double bonds are not usually consumed but rather restructured. This loss of unsaturation is therefore achieved during the polymerization step. The polymerization reactions responsible for the loss of unsaturation are shown in Figure 3. Reaction 9:

Metal soap formation

Metal soaps are complexes of metals and saturated fatty acids which grow in an underlying of painting and brake through the top surface in form of white protrusions (Figure 7). Metal soaps represent a real threat for oil art paintings and they are considered one of the main causes of oil paints degradations. Several research groups worked on the identification of metal soaps in many oil paintings and these studies show that lead 11 and zinc 12 Several analytical techniques were used to identify the metallic carboxylates. Fourier transform infrared spectroscopy (FTIR) allows the characterization of different types of metal soaps. 14 For example, the characteristic strong νa COO -band in the 1500-1600 cm -1 region allow the discrimination between lead and zinc palmitate, for the zinc soaps the band has a maximum around 1538 cm -1 and 1510 cm -1 in the case of lead soaps with a large peak at 1538 cm -1 . 15 Moreover, Raman spectroscopy technique allow the differentiation between the fatty acids chain length. The region between 1150 cm -1 and 1000 cm -1 which corresponds to the C-C stretching vibrations allows the discrimination of fatty acids carbon chain length. And the region between 1675 cm -1 and 1640 cm -1 which corresponds to C=C stretching vibrations allows the detection of the unsaturated carbon chain. 14d Secondary ion mass spectrometry (SIMS) is a complementary technique to other spectroscopic analytical methods. It allows the detection of both organic and inorganic compounds and their spatial distribution within the painting as well as the identification of metal soaps. 16 Solidstate nuclear magnetic resonance (ss-NMR) was applied to have a better understanding of metal soaps formation. 17

IV. Oil painting analysis

The different constituents of a painting can be identified through analytical techniques that can help unravel the history of the artwork. These techniques can help conservators to adopt the ideal conditions of restoration and conservation. However, works of art are usually of very high value, so the chemical analysis should preferably be micro or non-destructive, meaning that the sample available for analysis is very limited that work is not distorted from an aesthetic point of view.

Thus, for decades, constant progress has been made in the field of analytical chemistry to propose techniques that are efficient and meet these criteria.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FTIR) analysis is an analytical technique that can characterize the chemical functions of organic, inorganic, crystalline or amorphous compounds.

The principle is to expose the sample to infrared radiation of different wavelengths. The molecules of the sample can absorb some of these radiations at wavelengths corresponding to the vibration frequencies of the chemical groups that constitute them.

The intensity of light absorbed at each wavelength is measured: a spectrum is obtained which is characteristic of the various chemical groups present. The comparison of the spectra with reference compounds makes it possible to identify certain substances. The advantage of this technique in the field of painting is the ability to obtain information on the type (s) of the organic compounds present (oil, wax, resin, proteins, metallic soaps, etc.). Derrick et al (1999), described the characteristics of the infrared spectra of various compounds found in the study of paint materials 18 . The FTIR analysis also makes it possible to trace certain chemical modifications in the oil paintings during time or to study the influence of different conditions as heating, accelerated aging, restoration, etc.

FT-IR technique was also applied to study the autoxidation of linseed oil in order to understand the polymerization mechanism. Mallégol et al. 8,19 investigated the long-term behavior of oil-based varnishes and paint as linseed and poppy-seed oil using the FT-IR technique. In their work, they focused on the formation of hydroperoxide group by observing the broad vibration band centered around 3425 cm -1 , the cis-double bond disappearance at 3010 cm -1 and 716 cm -1 , and the appearance of trans-trans conjugated double bonds at 987 cm -1 and trans-cis conjugated double bonds at 950 cm -1 .They also detected the formation of alcohols (nitrite band at 779 cm -1 after nitrogen monoxide treatment), aldehydes (bands at 2810 and 2717 cm -1 in gas phase), ketones (saturated and unsaturated at 1720 and 1698 cm -1 , respectively), carboxylic acids (saturated and unsaturated acid fluorides identified at 1843 and 1810 cm -1 after SF4 treatment), and peresters or γ-lactones (near 1770 cm -1 ). In another study, the same group highlighted the role of transition metals such as cobalt in accelerating of the linseed oil autoxidation. 19b Lazzari et al. explored the polymerization process and the degradation of linseed oil film, under both natural and accelerated weathering conditions. 2b They remarked the decrease in the intensity of peaks at 2928 cm -1 , 2856 cm -1 and 727 cm -1 , attributed to unconjugated double bonds. At the same time, they observed the appearance of a broadband centered at 3430 cm -1 , due to hydroxyl groups, and of a weak absorption at 1633 cm -1 related to the formation of a conjugated double bond (Figure 9 & Figure 9). On the other hand, FT-IR helped understanding the interaction between lead oxide and linseed oil during the polymerization process and showed that lead oxide accelerates the drying process and reduces the induction time, but without major change in the mechanisms involved and in the final composition. 20 Metal stearate was also detected by using FT-IR in oil paints. Metal soaps formation is characterized by the appearance of bands with COO -antisymmetric and symmetric stretch at ~1550 cm -1 and 1400 cm -1 reflecting the ionized structure of the COO-metal bond. 21 FT-IR was applied in the studies of the degradation products formed due to ageing or deterioration of works of art. Raman spectroscopy is a very useful tool for the study of paints, because just like the XRF, XRD and FT-IR, it does not require any contact with the sample. An important asset of this analytical technique, especially in the case of hybrid materials such as paint, is that it can be used to characterize both amorphous and crystalline materials, 23 and organic 24 as well as mineral material.

The identification of the binder is thus possible with Raman spectroscopy, but often difficult because of the changes caused by the aging of the paint. Raman spectroscopy proved its capability in monitoring the polymerization mechanism of linseed oil by following the formation and the disappearance of peroxide species and the evolution of the unsaturation values 1 . The comparison of obtained spectra of linseed oil before and after treatment by heating at 80 °C for 8 hours ( An integrated approach based on chemometrics and Raman spectroscopy was also proposed to distinguish different aged binders of lipid paint such linseed oil, walnut oil and poppy-seed oil but also egg yolk,. Raman band around 2893 cm -1 corresponds to C-H stretching and allows the discrimination between different samples. 26 

X-ray fluorescence (XRF)

XRF is a non-destructive elemental analytical technique based on the interaction between an X-ray beam and the electronic procession of the atoms constituting the studied material. Under certain conditions, the interaction with an X-ray beam can cause the ejection of an E1 energy electron in a deep layer of the target atom, creating a gap in the atomic electron cortege. This generates an electronic reorganization allowing the return to equilibrium: the electronic gap is filled by an energy electron E2 originating from a more external layer. It is an electronic transition, accompanied by the release of excess energy, resulting in the emission of an X-ray energy E2 -E1, characteristic of the target atom. Depending on the electronic level to which the ejected electron belongs (main quantum number n = 1, 2 or 3), different emission lines will be detected (respectively emission lines called K, L or M).

The XRF analysis runs without contact with the object and therefore provides a knowledge of the elemental composition of the material by short-term analysis (of the order of a few minutes per tip). In many cases, this concept helps to obtain an idea on the pigments constituting the material, especially when the characteristic chemical elements of certain pigments are detected (for example the presence of mercury in vermilion or the joint presence of copper and arsenic in Veronese green).

The color of the superficial layer is obviously an information to be taken into account. However, it is important to be careful with XRF analysis because some of the emissions detected do not come from the surface layer of paint, but from the underlying layers. This depends on the chemical elements and the thickness of the layers.

In several studies, XRF was combined with other techniques such as Raman spectroscopy, in order to determine the composition of some cultural heritage objects. For example, the analysis of a precious illuminated manuscript belonging to the Trivulziana library collection led to the identification of the original pigments and the overpainting layers. 27 The XRF mapping allows pigments identification as well their spatial distribution in the painting. Moreover, X-rays penetration inside the paintings allows the identification of elements from different layers of the painting. More recently, XRF spectroscopy alongside other techniques were applied to the analysis of paintings present on an old Egyptian coffin. XRF analysis were done with a portable spectrometer (ELIO Spectrometer, XGlab srl, Milan, Italy). The analysis revealed the elemental composition of the different pigments. For example, the white area was composed mainly of calcium, the yellow pigments contained iron, while the green color was copper based. 28 

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy was also applied to the study of oil paintings dated to the early 20 th and the late 17 th century in order to investigate the hydrolysis and oxidation processes of the oil paint. 29 Proton NMR only allows the analysis of the "Mobile phase" of the oil paintings. Figure 11. 1 H NMR spectra of fresh (top) and five-year-old (bottom) oil paint in acetone-d 29 114

In another study, 13 C-labeled ethyl linoleate ( 13 C-EL) oxidation was monitored with 13 C NMR in order to follow the evolution of hydroperoxides (ROOH) and peroxy (ROOR) links. The 13 C-EL was chosen to be a model compound for alkyd paints. By comparing the 13 C NMR spectra of 13 C-EL, in the beginning and after three months of oxidation, the obtained results reveal the decrease of the non-conjugated cis-C=C peaks (127-132 ppm) and the formation of conjugated C=C peaks (132-136 ppm). Furthermore, there were a few other species formed including hydroperoxides (ROOH) and peroxides (ROOR). 25 Figure 12. 13 C NMR spectra of the 13 C-ethyl linoleate in the beginning of oxidation and after 3 months without any catalyst 25 On the other hand, solid-state NMR spectroscopy is capable of analyzing small semi-solid samples, and it was used to characterize the entire painting films. 30 1 H-NMR spectra showed no difference between the soluble and the insoluble parts of oil paints. However, the comparison of 1 H-NMR spectra belonging to fresh and aged oils indicates a decrease in the intensity of double bonds signals. As a result, NMR spectroscopy proved to be an alternative technique for organic paint binders discrimination. 31 

Solid-state NMR spectroscopy (ssNMR).

Liquid NMR presented some limitations in the analysis of oil-based binders, due to the insolubility of the paint film. Solid-state NMR can be used as an alternative technique for the analysis of the solid paint film without destroying the sample. This technique is suitable for the analysis of both organic and inorganic components of paintings. However, low sensitivity is a main disadvantage which kept this technique limited to the analysis and detection of organic and metallic complexes known as metallic soaps. indicate that triglycerides ester bonds were hydrolyzed during polymerization and aging process.

Gas chromatography mass spectrometry pyrolysis

GC-MS provides information on the organic compounds present in paint. It consists on the coupling of gas chromatography (GC) and a mass spectrometer (MS). GC-MS separates the constituents of a sample by chromatography and collects their mass spectrum in order to identify them. The presence of oil, waxes, resins, polysaccharide gums and animal glues can thus be demonstrated in paint samples. 32 However, this technique does not allow the analysis of nonvolatile products, which often make up the majority of old paintings. In the absence of volatile compounds, it may be used after pyrolysis of the materials. Gas chromatography techniques are used and applied for the analysis of non-cross-linked compounds of linseed oil paint films.

Methanolic extracts of the soluble part of a linseed oil film were investigated by GC-MS following an offline or online derivatization. The two strategies give reproducible and comparable results, online method is faster however the offline one is more suitable for a mixture of binding media that demands separation steps. 33 The offline methylation was done by methylation or trimethylsilyl derivatization. On the other hand, the offline derivatization is based on thermally assisted (trans)methylation with tetramethylammonium hydroxide using Curie-point pyrolysis-GC-MS. 13 Both modes of derivatization allowed the detection by GC-MS of a series of short-chain fatty (di)acids and C16 and (oxidised) C18 fatty acids. In another study, GC-MS techniques were applied to investigate the lipids based paint film degradation after irradiation with UV light and exposition to NOx and SO2 gases. 34 The obtained results showed the cleavage of fatty acids chains and the formation of oxalic acid. The developed method was later applied on Cimabue, Raffaello and Boucher paintings, and the analysis by GC-MS indicates the presence of oxalic acid and oxidized carboxylic acids. This study focused on the understanding of oil paint aging behavior, highlighting on the fatty acids chains degradation and the formation of free carboxylic acids. GC-MS allows as well the identification of lipid binders used in oil paintings by calculating the ratio between the areas of stearic and palmitic acid peaks (S/P) as it is shown in Figure 13. Saturated fatty acids as palmitic and stearic acids, in contrary to the unsaturated fatty acids, are more stable during aging of oil paints, do not participate in the polymerization and are less influenced by the present pigments in the sample process. 35,36 The effect of pigments on the cross-linking mechanism of siccative oils was also under investigation using GC-MS. 37 In this study, they compared the composition of linseed oil paints layers without pigments, in the presence of lead white, zinc white and cinnabar (HgS). Fatty acids distribution was obtained after pyrolysis/silylation with hexamethyldisilazane (HMDS) as it is shown in Figure 14. The obtained results show that the presence of lead white and zinc white contributes to the formation of octanoic and nonanoic acids. 

Mass spectrometry

Mass spectrometry is an accurate and robust technique for the identification of siccative oil composition such as linseed oil. 38 Van den Berg et al. 3 applied MALDI-TOF MS and FT-ICR techniques to study the effect of linseed oil processing on its triglycerides composition. Results

showed that the degree of oxidation increases after oil heating, and is enhanced by the presence of lead pigment. They also succeeded to identify triglycerides oligomers. MALDI-TOF MS approach was used for the discrimination of egg and oil binders in painted artworks by fingerprinting. The identification of specific markers belonging to various lipid classes, such as triacylglycerols (TAGs) and phospholipids (PLs), and their oxidation by-products allows the differentiation between egg and oil binders. 39 However, the analysis of dried siccative oil is more challenging, since siccative oils transform into a highly cross-linked and insoluble polymer upon autoxidation.

Muizebelt et al. worked on the identification of cross-linked fatty acids by ESI-MS techniques. 40 In their studies, they prepared layers of ethyl ester of linoleic acid and methyl ester of ricinoic acid Van Loon et al. 43 proposed the direct temperature-resolved TOF-MS techniques as a fingerprinting strategy for the identification of oils, resins, waxes and other compounds present in complex samples in paintings. Modern time-of-flight mass spectrometers can offer high resolution and sensitivity. The acquisition of accurate mass permits to calculate the Kendrick mass defect (difference between the nominal and accurate mass) which can be graphically represented by Kendrick plot (Figure 16). The Kendrick plots are a graphical representation that can be served as fingerprint for fast identification of binding media. 

V. Conclusion and thesis outlines

Several techniques have been used for the characterization of the cross-linked polymer formed by the polymerization of drying oils but until now, these studies have only provided fragmentary information. The most widely used technique is Fourier Transform Infrared Spectroscopy (FTIR). The major advantage of this technique is that the sample does not need a pretreatment and can be analyzed in its solid form. However, it can detect only the formation or disappearance of functions without attribution of structures. Raman spectroscopy has also been applied in the analysis of lipids and presents the same limitations as FT-IR. Gas

Chromatography coupled to Mass Spectrometry (GC-MS) is the technique usually used to determine and quantify the fatty acid composition of the triglycerides constituting the oils after trans-esterification in acid medium by BF3-methanol. Unfortunately, for a polymerized oil, mass spectrometry (GC-MS) only gives access to the fatty acids that are not involved in the cross-linked network. 1 H and 13 C NMR liquid spectroscopy was also used on model samples because of its low sensitivity it was not applied on oil painting. NMR in solution is limited to the analysis of the soluble fraction of the polymer. Solid or in gel NMR does not allow the study of the cross-linked polymer considering the complexity of the sample and the large width of the obtained signals.

Our current work aims to characterize the structure of the network formed from the siccativation of linseed oil, identify the intermediates formed during the polymerization and finally understand the degradation process of this film and its interaction with the different pigments present. High-resolution mass spectrometry is the only technique that can give us access to the cross-linked structures formed between the different unsaturated fatty acids and the different aging-related changes in the very small amounts of available sample (less than one milligram).

To perform this analysis, we proposed a chemical treatment that allows the cleavage of our polymer at the level of glycerol without altering the changes in the network formed between the fatty acids and at the same time to derivatize the fatty acids to improve the sensitivity of detection.

Results and discussion

I. Linseed oil analysis by FT-ICR

First, we studied the composition of linseed oil before the drying process. We analyzed a fresh linseed oil sample purchased from Sigma-Aldrich using FT-ICR high-resolution mass spectrometry. The mass spectrum (Figure 1) shows the complexity of the fresh linseed oil.

Triglycerides are the major components in linseed oil; they are formed by different combinations of five different fatty acids: saturated acids (palmitic acid (C16:0) and stearic acid (C18:0)) mono-unsaturated acid (oleic acid (C18:1)) and polyunsaturated acids which make up the major triglycerides such as linoleic acid (C18:2) and linolenic acid (C18:3). Some of these triglycerides are oxidized and one or two more oxygen are added to the carbon chain.

Trilinolenin, which has nine unsaturation, is the major triglyceride present in linseed oil (Table 3). This analysis shows the heterogenic and complex composition of linseed oil. Moreover, it offers a prevision on the challenge of analyzing the polymerized linseed oil. 

II. Development of depolymerization method

No study has succeeded in characterizing the detailed structure of the formed polymer, neither the process responsible for the hydrolysis of ester bonds and the release of fatty acids that cause the degradation of the solid film. The characterization of the structure as well as the knowledge of all the reactions that occur during the aging of the painting will allow us to evolve the techniques of conservations and restorations. Polymerized linseed oil forms a very complex and insoluble solid network, which makes its analysis and characterization a challenge for analytical chemistry. In addition, these complex materials are generally available only in very small quantities due to strict limits imposed on the sampling of works of art. Despite all these difficulties, several studies were carried out for the characterization of these "cross-linked" structures and several analytical techniques were proposed. Actually, all these studies have provided general information on the polymerization process and none of these techniques has succeeded in unveiling the structure of the formed network.

High resolution mass spectrometry is the only technique that can give us the opportunity, starting from minimal quantities of samples, to identify the cross-linked structure formed between different unsaturated fatty acids as well as the different modifications that may have occurred on this structure under the influence of aging and other factors like cleaning. However, in spite of that, this technique faces some limitations; the film of polymerized oil is insoluble and the free fatty acids ionize negatively, which makes the analysis more complex and their detection less sensitive. Johnson et al. already proposed a mechanism for derivation of fatty acids by forming Alkyldimethylaminoethyl 44 ester. An amine function ionizes well in positive mode and improves the analysis of acids in mass spectrometry. The first step is to convert the free fatty acids to acyl chloride by reacting with an oxalyl chloride, than a nucleophilic addition/elimination reaction with dimethylaminoethanol lead to the esterification of the fatty acid. In our case, the fatty acids are linked to glycerol, and it is preferred to avoid hydrolyzing the triglyceride ester linkages, which causes side reactions able to bring changes in our fatty acid chains. For these reasons, we have chosen to carry out a trans-esterification of our triglycerides, this reaction is well known in the field of biodiesel production, used to obtain methyl esters of fatty acids from triglycerides. Starting from this notion, we replaced the methanol used in the production of biodiesel by an excess of amine containing molecule (dimethylaminoethanol, 3-pyridylcarbinol and 3-(Dimethylamino) -1-propylamine) (Figure 18) in the presence of sodium hydride which plays the role of a base. The base will deprotonate the alcohol or the amine which in turn will cleave the ester bond between fatty acids and glycerol, and reform an ester or amide bond with the fatty acid. 

Trans-esterification reaction with dimethylaminoethanol

Our first reactions were carried out using fresh linseed oil, in order to optimize our transesterification conditions. 1 H NMR analysis (Figure 20) of the obtained product following the transesterification reaction of linseed oil with 2-dimethylaminoethanol, shows the presence of characteristic peaks of the free carboxylic acid function (triplet at 2.4 ppm) and the disappearance of the characteristic peaks of the triglycerides (the quadruple doublet at 4.15 ppm represents the characteristic peaks of the glycerol molecule (Figure 19)). These results show that ester bonds between 2-dimethylaminoethanol and fatty acids are hydrolyzed due to the presence of H2O molecules. 

Transesterification reaction using 3-(dimethylamino)-1-propylamine

The NMR spectrum (Figure 22) of the resulting products from the reaction of 3-(dimethylamino)-1-propylamine and linseed oil shows a sharp decrease in the intensity of glycerol characteristic peaks at 4 ppm, and the absence of carboxylic acid characteristic peaks.

The shift of peaks corresponding to the amine group hydrogen of 3-(dimethylamino)-1-propylamine from 1.2 ppm to 7.5 ppm which corresponds to an amide function confirms that the linseed oil trans-amidation was successful.

Between these 3 molecules that carry the tertiary amine function, the 3-(dimethylamino)-1propylamine compound showed a better yield (100% ) since the amide bond is more resistible to the hydrolysis reactions that can pass through the release of 2 H2O by a glycerol molecule during its conversion to acrolein. In this work, we developed a new strategy that will allow us 

III. Internal standard synthesis

Mass spectrometry analysis shows a complex and heterogeneous mixture of products composed of a mixture of fatty acid monomers and dimers, hence the need to have internal standards composed of fatty acid monomers and dimers. These molecules will allow us to understand and investigate the trans-amidation reaction on the oil paint film and calibrate our spectra during the FT-ICR analysis.

During the paint-film trans-amidation reaction, an exact amount of trimyristin triglycerides are added to the reaction mixture in order to release derivatized myristic acid which will be referred as internal standard for the quantification and mass spectrum calibration especially for monomers at low mass range (m / z = 300-500).

In the case of dimers, a strategy for the synthesis of methyl-oleate dimers bound with a carboncarbon bond or a peroxide bond has been developed in order to reproduce the dimers formed during oil paint polymerization.

Methyl oleate dimer (C-C bond)

Our aim is to synthesize a dimer formed by two methyl-oleate molecules linked by a carboncarbon bond. Dimeric molecules attract lots of interest in the pharmaceutical fields. Therefore, several methods of synthesis have been developed, among them Diels-Alders cycloaddition reaction. 45 An alternative method based on the transition-metal-catalyzed reductive homocoupling of organohalides lead to the formation of dimeric molecules with an intramolecular carbon-carbon bond. Thus, in the first step we have to synthesize allylic bromide functional fatty acids that can be used later in a homocoupling reaction. Wohl-Ziegler is a wellknown reaction for the synthesis of allylic bromides. The addition of bromine on the allylic position is achieved with the help of N-bromosuccinimide (NBS) and 2,2'-azobis(2methylpropionitrile) (AIBN) through a radical chain mechanism. Winkler et al. 46 have synthesized fatty acids containing allylic bromides in order to be destined for atom transfer radical polymerization (ATRP). The highest obtained yield was 87% including 85% of mono allyl bromides, 10 % diallyl bromides and 5 % of saturated alkyl bromides obtained under optimal conditions with a temperature of 80 °C, time of reaction of 240 min and a 1/1

Methyloleate/NBS ratio.

In our case, we aim to synthesize only mono allyl bromides and avoid the formation of other byproducts such as diallyl bromides and saturated alkyl bromides to have a better control of the homocoupling reaction in the next step. For this reason, we optimized the reaction conditions by decreasing the reaction time to 60 min and by changing the Methyloleate/NBS ratio to 1/4.

We obtained a yield of 30% of mono allyl bromides without the formation of diallyl bromides and saturated alkyl bromides Figure 25 rather than a yield of 23% of dibromide and 55% of monobromide when following the literature conditions Figure 24. The next step was based on a study done by Peng et al. 47 in which they developed a Ni-catalyzed reductive approach for the homocoupling of alkyl bromides. The obtained product was submitted to a homocoupling reaction catalyzed with Ni(0)ꞏ2ECꞏPy, prepared in situ just before the reaction by mixing Zn, NiCl2, ethyl crotonate (π ligand to Ni), and pyridine. After the preparation of the catalyst, mono allyl bromides were added and stirred for 4 hours at room temperature. After 4 hours, the reaction was quenched and the recovered product was purified on a silica column. NMR analysis shows a full conversation of mono allyl bromides fatty acids into methyl-oleate dimers (Figure 26). The sample was also analyzed using Orbitrap MS and the mass spectrum confirmed the result obtained by NMR analysis (Figure 27).

In the following step, the isolated dimer was submitted to a trans-amidation reaction using the same conditions as in the case of linseed oil and oil paint film and by replacing the 3dimethylaminopropylamine with amylamine. The obtained product was further analyzed by Orbitrap MS (Figure 29). The analysis shows that the majority of the dimers where derivatized on just one monomer of methyl-oleate, while only 10% of the dimers were derivatized on both fatty acid chains. The rest of monomers were only hydrolyzed and have a free carboxylic acid function.

In order to investigate if the free carboxylic function was produced during the electro-spray ionization or during the trans-amidation reaction, the obtained product was submitted to an amidation reaction with 3-dimethylaminopropylamine through a carbodiimide. The MS spectrum of the resulted products shows a full conversion into two derivatized monomers 

Methyl-oleate dimer (peroxide bond)

The work in this part was based on the method developed by Foglia et al. 48 for the synthesis of symmetrical dialkyl peroxides, in order to produce dimethyl oleate peroxide. In a phase transfer reaction, potassium superoxide reacts with tetramethylammonium bromide and forms tetramethylammonium superoxide in anhydrous (DMF). The alkyl bromide in our case is the methyl-oleate bromide added to the mixture. Methyl-oleate bromide was fully converted to dimethyl oleate peroxide with the presence of coproducts as alcohol Figure 32. The highest conversion rate is obtained with an excess of potassium superoxide and tetramethylammonium bromide. This reaction was done only once and we did not go further in our experiments due to risks of manipulation with the potassium superoxide. This internal standard is used for the calibration of monomers part of spectrum. For the calibration of the dimers zone, the synthesized methyl-oleate dimer linked with C-C bonds (m/z= 716.) was added to the mixture before the analysis. 

Study of monomers modifications

Zooming in on the monomers zone of the spectrum (Figure 37), we can notice that the proportion of polyunsaturated fatty acids such as linoleic acid and linolenic acid has remarkably decreased in comparison with fresh flaxseed oil after derivatization. These results confirm the contribution of polyunsaturated acids in the oil polymerization process. This spectrum indicates as well the presence of oleic acid with different degrees of oxidation (Table 4). 

Cross-linking products

FT-ICR MS technique offers high-resolution spectra and a mass accuracy in parts-per-billion, which leads to the generation of complicated spectra with thousands of peaks. This high amount of data makes the interrogation, interpretation and visualization of results a challenging task.

Using a specific software can be a tool to manage the generated results. 50 Several modifications were introduced on the python script to suit our type of analysis because the original script was dedicated for the analysis of whisky samples. 51 The software is divided into four modules:

The first part is responsible for the generation of a chemical formulas dictionary for m/z (z=1) between 100-1200 Da (the range of masses can be modified on demand). In this part, we indicate the type of atoms present in our compounds (in our case C, H, O and N) and we define the maximum and the minimum number of each atom presents in the molecules at defined range of m/z.

In the next modules, the code assigns automatically the input peak list to the chemical formula.

For this part of the script, we added two more conditions. For the first condition, we set the relative mass error between the experimental and the theoretical mass at Δm =< 1 ppm to limit the false positives. Moreover, formula identification was based on odd-mass ions, and the mass of the proton that came from the ionization was subtracted.

The tool is based on the Kendrick mass defect (KMD), the easiest way to identify ions that differ from each other only in number of CH2 and they are considered members of homology Ions that differ from each other by multiples of 14 will produce identical reminders. It means that ions with identical KMD and Z* value can differ only in number of CH2. Unassigned peaks are then checked against the H2O, and finally H2 Kendrick mass units. Remaining unassigned peaks are then checked against the assigned peaks for being isotopes. For example, if we have an unassigned peak X m/z, we check if there is a peak at X -1.003355 m/z, if so, X is likely to be the 13 C isotope.

Ions can be characterized by the number of double bonds

DBE = 1 + 1/2(2C -H + N)
In the fourth module, Van Krevlen plots were produced to simplify the results visualization.

Peaks are assigned based on the Kendrick mass defect and z* approach to formulae assignment, and the attributed compounds were classified in function of their number of Nitrogen, CH2, DBE and oxygen. The mass spectrum represents the chemical complexity of the sample. We have detected 7650 peaks with a signal-to-noise ratio > 4. The spectrum was linearly calibrated based on a mass reference. This mass reference was made of five known masses (m/z: 313.3213; C19H41ON2 (DMAPA-Myristic acid-internal standard)/ m/z: 341.3526; C21H45ON2 (DMAPA-palmitic acid)/ m/z: 367.3683; C23H49ON2 (DMAPA-oleic acid)/ m/z: 369.3839; C23H47ON2 (DMAPAstearic acid)/ m/z: 716.7028; C46H90N3O2 (synthesized methyl-oleate dimer)). For the linseed oil paint film dried in the presence of 0.1% Co, 6056 peaks were detected, but only 1299 peaks were identified as a monoisotopic formula with a mass error less than 1 ppm. Moreover, 336 peaks were identified as 13 C1 isotopologues and 4421 peaks were unassigned. The unassigned peaks may be secondary isotope peaks, e.g. with two 13 C atoms or a single 18 O. When we zoom in on the MS spectra (Figure 39 On the other hand, we found that some peaks in the spectra are correlated between each other and the difference of masses corresponds to oxygen atoms (Figure 41). Table 6 represents an example of the identified derivatized fatty acids dimers, which shows that those dimers can have a degree of oxidation that vary from 0 to 5. Oxygen number is an important parameter that offers information about the degree of oxidation and the cross-linked structure of the polymer.

Study of the DBE variations

For example, the identified molecule C46H90N4O2 (m/z = 731.7138 Da) have no oxidation leading to conclude that this dimer is linked by a carbon-carbon bond. Linseed oil drying is a chemical process that incorporate oxygen in the polymer structure in form of peroxide, alcohol, carbonyl and carboxylic acid. We succeeded to establish a relation between the oxygen and the DBE that allows the determination of the presence of peroxide function in the molecular structure. When the fatty acid carbon chain gains oxygen atoms, the number of hydrogen should decrease and the DBE should increase. However, if the number of oxygen is higher than the DBE (DBE-O < 0), oxygen is attached to another oxygen instead of carbon which indicates the presence of a peroxide function Figure 42. 

Study of CH 2 variation

The identified ions in the MS spectrum of the linseed oil paint film have a difference of one CH2 or more Table 7. For example, the two molecules C46H90N4O4 (m/z = 763. 

Study of nitrogen number variation

Each 3-dimethylaminopropylamine molecule contains two nitrogen atoms, and as it was mentioned before, DMAPA cleaves the ester bond between the fatty acid and the glycerol, forming an amide bond with the acid functions. The number of nitrogen atomes present in the molecule determines the number of cross-linked fatty acids. For example, 2 N is a monomer, 4

N is a dimer, 6 N is a trimer and 8 N is a tetramer. 

VI. Comparison between modern and old model paint films

In the next study, we compared two types of models paints films. The first one is the same oil paint film used in the previous study where the drying process is similar to modern alkyd paint polymerization and it was catalyzed by 0.1% of cobalt salts. The second oil paint film is more representing to the old oil paint film and is composed of linseed oil and 50% of lead white

[(PbCO3)2ꞏPb(OH)2].
Both oil paints films were allowed to dry in the air at room temperature for 3 months.

The old model sample mass spectrum represents also a chemical complexity as the modern oil paint sample. For the old paint film, we detected 6854 peaks with a signal-to-noise ratio > 4.

The spectrum was linearly calibrated based on the same mass reference. From the 6854 detected peaks, only 2248 were identified as a monoisotopic formula with a mass error less than 1 ppm.

Moreover, 738 peaks were identified as 13 C1 isotopologues and 4142 peaks were unassigned.

The unassigned peaks may be secondary isotope peaks, e.g. with two 13 C atoms or a single 18 O. The study of DBE versus carbon number plots as a function of compounds abundances shows that fatty acids dimers and trimers have higher DBE value in the case of old paint.

In the previous study, we demonstrated that the following equation DBE -O < 0 allows to identify the presence of peroxide functions in our compounds.

The plot DBE versus carbon number as a function of oxygen number illustrates the distribution of oxygen number as a function of DBE and carbon number per compound. When the oxygen number is higher than DBE value, the molecules contain peroxide. The plot shows that more peroxide functions are present in the old model paint sample We applied the optimized and developed method on an oil painting dating from the 19 th century called "Portrait de femme Ecole française" and has the signature of Louis Philippe. We extracted 1 mg of paint film that contains both organic and inorganic parts from four different spots of the painting with different colors (green, black, white and red-yellow).

In the first step, samples were analyzed with XRF in order to characterize the present pigments and with thermogravimetry to characterize the amount of organic material. These experiments were provided at Politecnico di Milano in the Department of Physics for XRF and in the Department of Chemistry, Material and Chemical Engineering for thermogravimetry.

Study of the inorganic part a. X-ray fluorescence (XRF)

The The canvas mesh separated from the black sample was also analyzed, and we detected the presence of calcium and chlorine (elements detected in higher relative amounts with respect to the nearby black paint), the canvas mesh could have been treated with some materials such as gypsum. Interestingly, we detected an amount of iron (in relative concentration higher than the one detected in the black paint). The other detected elements (lead and zinc) have to be ascribed to the close black paint (residuals of the paint in the apparently free mesh).

The white paint is mainly composed of lead (possibly lead white) and minor amounts of zinc (possibly zinc white). Colored paints are made of lead, zinc (in higher relative quantities than the white paint) and barium (probably ascribed to the use of barium sulphate). Moreover, in the yellow-red paint, the coloring matter is iron (possibly ascribed to the use of a yellow ochre).

In the black and green paints, beside iron was detected (in smaller relative quantities than the yellow-red paint), but also cobalt, which can come from cobalt blue (CoOAl2O3), cobalt green (Zn1-xCoxO) or smalt (CoOKSi).

b. TGA Analyses

Thermogravimetric analysis was done to determine the organic amount in each sample. In order to avoid the contribution of the canvas tissue to the total organic amount of the samples, the painted material was carefully separated from the tissue and analyzed.

Tests were carried out in air at temperatures ranging between 35-900 °C, with a temperature increase of 10°C/min. The TGA curve, which represents the percentage of weight loss as a function of temperature, is shown in green. The curve relating to the heat flow, in blue, provides indications on the thermal phenomena related to weight loss. The weight derivative, in red, was used in order to identify the beginning and the end of the thermic phenomena (which correspond to the minima of the curve).

For each sample, the weight loss at (150-375°C), which is not characterized by an intense endo/exothermic phenomenon, was probably related to the vaporization (or decomposition) of some organic compounds, such as solvents or some oils. The next loss (375-500°C) was related to a marked exothermic phenomenon, and it is reasonably attributable to the non-volatile organic fractions contained in the samples. The first loss (30-100°C) was related to water evaporation, while that between 500-700°C is typically associated to the decomposition of carbonates. The Table 10 informs on the number of assigned/unassigned peaks in the studied spectra (i.e.

assigned peaks are corresponding to molecular formula discussed in previous paragraphs) as well as monomers, dimers and trimers percentages and the ones of their degradated forms. The (e.g.: C60H102N4O4; C55H88N4O5). We also detected, compounds with a carbon chains between 92 and 68 with a number of nitrogen varying between 6,4 and 2 which corresponds to degraded tetramers (e.g.: C77H126N4O4). These molecular compositions were detected using a home-made program based on Python code.

Following the attribution of the molecular composition and their quantification using the internal standard, we observed that the amounts of organic part in both white and green samples are correlated with the obtained results from TGA analysis. However, in the case of the black and yellow-red samples, the percentages of the organic components were lower than the ones detected with TGA technique. This difference may be attributed to a loss of the organic material during sample preparation procedure or to interferences in the sample preparation procedure due to the sample composition. As shown in the Figures 55 and56, we observed that the four samples are majorly composed of the degraded dimers and trimers, which prove that during the linseed oil polymerization, beside the reticulation process, the degradation mechanisms (e.g. scission) play an important role in oil painting reticulation and causes the fatty acids carbon chain degradation. Van Krevlen plots show that the oxygen to carbon ratio is higher in the case of the green sample, however white and black samples contain more compounds with lower hydrogen to carbon ratio. It also indicates that black and white samples contain more compounds with shorter carbon chain than the green sample.

c. Experimental protocol reproducibility

In order to prove the reproducibility of our analysis, we repeated the same procedure on each sample several times and/or sampled in various locations of the artworks as in the case of the yellow-red sample. The Van Krevlen plots (Figure 59) show that the analyses of the yellow sample are similar, expecially when compared to another samples (for example here from black zone of the artwork). Moreover, zoom regions of the obtained mass spectra (Figure 58) inform on the presence of similar peaks for both analyses of the yellow samples. However when we compare this spectra with the one obtained from the black sample, we notice the presence of commom peaks but also of other peaks corresponding to different compounds. 

Conclusion

In this work, we developed a new and simple method to derivatize native and polymerized cross-linked solid films formed by linseed oil auto-oxidation based on the transamidation reaction. The FT-ICR analysis showed a higher sensitivity after derivatization in positive ionization mode due to the presence of an amine group. We succeeded to optimize our experimental protocol in order to derivatize and analyze less than 1 mg of paint sample.

Moreover, we developed a new method for the synthesis of fatty acid dimers with carboncarbon bond and peroxide bond.

This work is the first experimental characterization of the cross-linked polymer formed by the drying of siccative oils, we succeeded to show the occurrence in the studied samples of dimers, trimers and tetramers with a carbon-carbon, ether and peroxide bonds. Furthermore, several results during this study have highlighted the degradation mechanisms represented by the βscission degradation and hydrolysis of the ester bonds between the fatty acids and the glycerol molecules.

We also studied the different compounds present in our derivatized paint samples, i.e.

multimers and their degradated forms. We focused our methodology to classify the compounds present in the spectra regarding their molecular formula and we made an attempt of quantification of these compounds. We have also initiate a study of the influence of various parameters such as pigments. The developed methodology was applied on models but also on an oil art painting from the 19 th century.

This experimental protocol will be optimizedin order to decrease the starting amount of sample used for the analysis. This methodology will be later applied on precious oil painting samples from Modigliani artworks within the National Modigliani project (cosupervised by the LaM Museum, Villeneuve d'Ascq, the C2RMF, Paris and our lab MSAP).

Material and methods

I. Preparation of model paint film 1. Model paints with cobalt salt as drier

A mixture of 1 g of linseed oil (Sigma Aldrich) with 0.1% Cobalt 2-ethylhexanoate (65% in white spirit) (Sigma Aldrich) which acts as a catalyst for the oxidation reaction of linseed oil and 200 μl of toluene. The mixture is spread over a glass surface for 3 days at ambient temperature.

Paint models in presence of lead white pigments ((PbCO 3 ) 2 ꞏPb(OH) 2 )

The paint films were prepared by stirring 1.0 g of linseed oil (Sigma Aldrich) with 2 mmol of pigment (534.42 mg (PbCO3)2ꞏPb(OH)2) (Sigma-Aldrich) and 1 ml of deionized water. The mixture is spread over a glass surface for 3 days at ambient temperature.

II. Transesterification of linseed oil film

All reagents were supplied by Sigma Aldrich. To test and optimize the transesterification reaction, we chose three derivatization reagents (2-dimethylaminoethanol (C4H11NO, 98.0%), 3-pyridylcarbinol (C6H7NO2, 97.0%) and 3-(Dimethylamino)-1-propylamine (C5H14N2, 99.0%)(DMAPA). These molecules can be positively charged because of their tertiary amino group and can be attached to the carboxyl acid by an ester or amide linkage.

The paint film was swelled with THF overnight, and the solvent (mobile phase) was separated from the film (solid phase). In a 100ml flask, 272.23mg (6.8mmol) of sodium hydride (NaH, 60% dispersed in mineral oil) were added and allowed to react for 15 minutes while stirring at room temperature with an excess of derivatization reagent (9ml). Then 1g of linseed oil film is added and the mixture is left to react for overnight while stirring under argon. Then the reaction is quenched by adding 2 ml of acetic acid followed by ammoniac until pH = 9. In the next step, the products were separated by liquid-liquid extraction with ethyl acetate and brine. Products present in the organic phase were recovered, evaporated, re-solubilized with (H2O and 0.1% formic acid) and analyzed by NMR and high-resolution mass spectrometry FT-ICR.

III. Derivation of free fatty acids

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI) (C8H17N3HCl), Nhydroxybenzotriazole hydrate (HOBt) (C6H5N3O.xH2O,> 97%) and 3-(Dimethylamino) -1propylamine (C5H14N2, 99.0%) are supplied by Sigma Aldrich. The mobile phase recovered above was evaporated, it is supposed to contain free fatty acid, which will be derivatized in order to have a better detection by mass spectrometry in positive mode. 10 mg of the recovered free fatty acid were re-solubilized in 1 ml of ice-cold acetonitrile and N, N-dimethylformamide (4/1), followed by adding 67.1 mg of EDCI Dissolved in 1 ml of ice-cold purified water vortexed and kept in an ice bath. After 20 min, a mixture of HOBt (9.45 mg) and DMAPA (26.43 μL) in 2 ml of acetonitrile was added to the preceding mixture and the final solution is incubated at 60 °C for 4 hours. Finally, the derivatized fatty acids were evaporated and recovered in 1 ml of acetonitrile.

IV. Synthesis of methyl oleate dimers 1. Wohl-Ziegler bromination of methyloleate

All reagents were supplied by Sigma Aldrich. In a round bottom flask charged with 250 mg methyloleate (3.37 mmol), 3.5 mL of the solvent Cyclohexane was added. Then, N-Bromosuccinimide (NBS) (0.8 mmol) and Azobisisobutyronitrile (AIBN) (0.04 mmol) were added and the reaction mixture was stirred under a nitrogen for 1 hour at 80°C. Then, the reaction mixture was filtered and the solvent was evaporated at 30 °C. The products weredispersed in ethyl acetate and stored in dark at -20°C

Carbon-Carbon Homo-coupling reaction of bromide methyl oleate

All reagents were supplied by Sigma Aldrich. In a round bottom flask charged with Zn (9.75 mg, 0.75 mmol) in pyridine (0.5 ml), ethyl crotonate (30 µl, 0.225 mmol) was added at room temperature and under vigorous stirring. NiCl2 (9.5 mg, 0.075 mmol) was also added to the above mixture. Then, the temperature was rose to 55 °C while stirring for 15 min. The resulting red-brown Ni(0).2EC.Py complex was cooled down to room temperature. After the formation of the catalyst complex, methyl-oleate bromide (0.5 mmol) in CH3CN (2 ml) was added drop

VI. Data processing and visualization

MS spectra were processed, visualized and calibrated using the Data Analysis software (Bruker Daltonics, Bremen, Germany). The calibration list was based on a number of known compounds as well the internal standards. A modified python script was used for peaks assignment and data visualization. The selected peaks for assignment have a Signal to Noise Ratio (SNR) threshold of 4 and a Δm =< 1 ppm to limit the false positives. Moreover, formula identification was based on odd-mass ions, and the mass of the proton that came from the ionization was subtracted. Peaks masses were assigned based on the Kendrick mass defect and z* approach to formulae assignment, and the attributed compounds were classed as a function of their number of Nitrogen, CH2, DBE and oxygen. Van Krevelen plots were genertaed at the end in order to have a better data visualization. 
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Introduction

I. Nanoparticles: Definition

Interest in nanoscale materials has particularly increased over the last twenty years in areas such as chemistry, 1-3 physics, electronics, 4-5 optics, 6 magnetism 7 and even biology. 8 Nanoparticles are particles that are between 1 and 100 nanometers in size. Nanoparticles are considered as an intermediate state between the solid bulk state and the atomic state. 1 Solid bulk materials have constant physical properties that do not depend on their size and their geometry, unlike nanoparticles. Thus, the properties of materials change as their size approaches the nanoscale and the percentage of atoms on the surface of a material becomes significant. For massive products ("bulk") of more than one micrometer (or micron), the percentage of atoms on the surface is negligible compared to the number of atoms in the volume of the material. The interesting and sometimes unexpected properties of nanoparticles are therefore largely related to the high surface/volume ratio as the size of the nanoparticles decreases. As a result, great efforts have been made in recent decades to develop synthetic methods to produce small nanoparticles (nm range) with a controlled size and shape.

Regarding the formation of metallic nanoparticles, there are two main synthetic approaches. On one hand, the physical method of dissociation called "top-down" consists on breaking up a solid metal in species of nanometric size. On the other hand, the chemical method of association called "bottom-up" is a chemical reduction of ionic salt precursor resulting in the formation of metal atoms associated into a particle. 9 The Top-down approach essentially consists on the gradual reduction of the size of the current systems until reaching nanometric dimensions.

High energy grinding is one of the many techniques for obtaining nanocrystalline structures. In a sealed enclosure, under the effect of a succession of mechanical shocks, the powder grains are alternately plastically deformed, invoiced and bonded to each other, leading to a mixture of various constituents. The ratio of billing and bonding frequencies sets the final size of the powder aggregates. 10 The Top-down approach also includes other synthetic methods such as photolithography, 11 laser ablation, [12][13] cathode sputtering. 14 They are based on the evaporation of a metal target respectively by heating with the aid of resistance, or by the bombardment of the target using a laser or ions of an inert gas. 

II. Nanoparticles formation mechanism

In our study, we are more concerned with the bottom-up approach. Various studies have been carried out in order to understand the molecular mechanisms involved in the synthesis of these nano-sized materials. The mechanism proposed for nanoparticles formation comprises two stages; nucleation and growth. It is very important to understand and control the different parameters that influence nanoparticles formation in order to obtain the lowest possible dispersity in size and shape. 

Nucleation

Organo-metallic precursors are first dissolved and then reduced into metallic atoms with no charge.

The oversaturation in insoluble metallic atoms and the collision between them leads to the formation of clusters in a first step. The next step is the nucleation, in which metallic atoms regroup in a thermodynamically stable solid phase, which constitutes the nucleus for later addition of metallic atoms on its surface during the growth step. Most of the theoretical studies are based on the classical nucleation theory. [15][16][17][18] There are two types of nucleation: (i) homogenous and (ii) heterogeneous. (i) When nuclei are formed spontaneously in the same phase uniformly, it is called homogenous nucleation. (ii) Heterogeneous nucleation happens when the nucleation occurs at preferential sites of a solid particle surface.

We are interested in homogeneous nucleation, which takes place in a medium consisting of a single supersaturated phase where nucleus formation is spontaneous. The liquid/solid passage has an energy cost because it requires formation of an interface between the liquid and the solid phase.

The Gibbs free energy of a nanoparticle formation with a radius r is given by the following equation:

Equation 1: 𝛥𝐺 4𝜋 𝛾 𝜋𝑟 𝛥𝐺
The Total Gibbs free energy is the result of the sum of the surface Gibbs free energy γ and the bulk Gibbs free energy ΔGV given by the following equation. Where kB is Boltzmann's constant, T is the temperature and S the super-saturation of the solution. When the solution is supersaturated, ΔGV becomes negative and the reaction becomes spontaneous.

Equation 2: 𝛥𝐺

The surface Gibbs free energy γ is always positive and the bulk Gibbs free energy ΔGV is negative as long as the solution is supersaturated. For this reason, the total Gibbs free energy ΔG depend on the nanoparticle radius r as it is shown in Figure 3. In order to form a stable nanoparticle, the radius of the nucleus should be equal to or higher than the critical radius (r*). When r < r*, the surface term is higher than the volume term, the nucleus is becomes unstable and re-dissolves. However, when r > r* the volume term compensates the energy applied on the surface of the nucleus and allows its surviving in the solution. The maximum free energy required for the formation of a stable nucleus and the critical radius are calculated by the following equations: The nucleation rate depends on the temperature, the supersaturation and the surface free energy which also depends on the temperature, the solvent and the presence of ligands in the solution. 19 

Nanoparticles growth

The nucleus having reached the critical radius (r*) will be able to grow by consumption of the monomers in solution. This growth stage is thermodynamically favored, any increase in size will result in a decrease in free energy. However, two physical processes govern and can limit this phenomenon: the diffusion of the monomers of the solution towards the surface of the particle and the reaction of the monomers on the surface of the particles. 20 The higher the concentration of monomers in the solution, the faster the particles will grow.

In order to obtain a population of monodispersed particles, the nucleation and growth steps should ideally be decoupled. 16 Indeed, if the nucleation is brief and fast, the particles will then grow simultaneously, and the final size distribution will be narrow. In practice, solutions contain complex chemical species that go against well-defined nucleation. An overlap between the two stages thus occurs during the synthesis, leading to a larger size distribution than in theory.

III. Nanoparticles stabilization modes

The stability of the particles in solution results from a balance between the attractive Van der Waals forces and the repulsive electrostatic forces. In the absence of these repulsive forces opposed to the Van der Waals forces, the colloids aggregate to give the solid metal. There are three types of nanoparticle stabilization: 1) Electrostatic stabilization by anions and adsorbed cations on the surface. 2) Steric stabilization by large, congested molecules such as polymers or ligands. and 3)

Electrosteric stabilization combining both steric and electrostatic effects. 

Steric stabilization

The adsorption of macromolecules, such as polymers, oligomers, or other organic molecules on the surface of the particles forms a protective layer. Those molecules prevents the agglomeration of particles in two different ways: 1) the movement is restricted in the inter-particle space causing a decrease in entropy and an increase in free energy and 2) the high concentration of stabilizing agent in this space prevents the two layers from interpenetrating. 22 Different types of organic ligands were used for the stabilization of nanoparticles due to their coordination properties towards metals. The most used ligands are phosphines, [23][24][25] thiols, [26][27][28] and amines. [29][30][31] The choice of the ligand depends on its attended application. For example, in the case of catalytic applications, the organic molecules must not be introduced in too large excess to not block the active sites of the metal surface. On the other hand, polymers are also used to create a steric barrier between the particles, such as poly (N-vinyl-2-pyrrolidone) (PVP), [32][33] polyvinyl alcohol (PVA) [34][35][36] or cyclodextrins. [37][38] 

Electro-Steric stabilization

Electro-steric stabilization is the combination of the two previous stabilization mechanisms. The ligands commonly used are charged organic compounds which benefit from the effect of both charge and steric hindrance. The most used molecules are charged polymers and ionic surfactants. [39][40] IV. Methods of nanoparticles synthesis

Turkevish method

This protocol is based on the use of sodium citrate (Na3C6H5O7) for its reducing and stabilizing properties. [41][42] At first a part of the molecules present in the medium reduces the metallic ions to metallic atoms and then the other part adsorbs on the surface of the neoformed nanoparticles to stabilize them and avoid the creation of agglomerates. [42][43] The obtained particles have an average size of the order of 15 nm. [44][45][46] The advantage of this synthetic route is the presence of various experimental conditions that can be modified and parameterized to modulate the particles in terms of size and shape with controlled dispersion. [47][48] Since then, other synthetic routes have been developed to obtain gold nanoparticles with increased control in terms of stability, size and particle size distribution around the average size. To do this, various reducing agents (e.g. azacryptand) 26,49 as well as stabilizers PVA (polyvinyl alcohol) 50 or PVP (Poly (N-vinyl-2-pyrrolidone)) 51 were used.

Brust method

Developed by Brust in the 1990s for the synthesis of gold nanoparticles, 26 it consists on transferring a gold salt (AuCl4 -), solubilized in the aqueous phase, into an organic phase (toluene) via a phase transfer agent, tetraoctylammonium bromide (TOAB). After addition of a stabilizing agent (decanethiol), the gold salt is reduced with sodium borohydride (NaBH4). Several successive washes help to remove residual surfactant and precipitation size selection refines the size distribution. The gold nanoparticles dressed with thiols are finally obtained and they are thermodynamically stable with a diameter of 2.5 nm. In the case of silver, the synthesis protocol is the same as for gold, and the used silver salts are nitrate (AgNO3) or perchlorate (AgClO4). [52][53] Multiple variants have also been developed, allowing to control the final size of the nanoparticles as well as their dressing by different ligands such as amines, phosphines or polymers. 54 This method of synthesis has subsequently been adapted to different elements: Pd, 55 Cu, 56 Pt, 57 CoPt. 58 

Reverse Micellar Way

Inverse micelles (IM) are water droplets in a solvent, stabilized with a surfactant. The latter is an amphiphilic molecule that will be placed at the water-solvent interface, thus lowering the interfacial tension. IMs are used as a microreactor to achieve nanoparticle synthesis. At first inverse micellar solution contains the metal salt(s). We can then distinguish two procedures for the reduction: either the direct introduction of a reducing agent from aqueous phase into the micellar medium, or the introduction of another micellar solution containing the reducing agent. Under the effect of Brownian motion, multiple and incessant collisions occur, the aqueous hearts exchange and the reaction then takes place. Then there is separation and reconstitution of new independent droplets, containing in their heart the nanoparticles. A stabilizing agent is added to the solution and is adsorbed on the surface of the nanoparticles, ensuring their stability and thus allowing their extraction from the synthesis medium. Several successive washes remove the residual surfactant and precipitation size selection refines the size distribution. The size of the micelles and, consequently, the size of the nanoparticles, can be controlled by the ratio of both water and surfactant concentrations. Nanoparticles of many materials have been synthesized by this method such as silver, 59,60 gold 61 or bimetallic nanoparticles (AuAg, AuPd, PdPt ... ). 62

Nanoparticles synthesis via thermolysis

Another way for synthesizing nanoparticles is to decompose a precursor at high temperatures (between 150 and 350 °C). This decomposition takes place in the presence of ligands in a highboiling solvent, most often under an inert atmosphere. The complex [C14H29(CH3)3N] [Au (SC12H25)2] is itself a good precursor for the synthesis at 180 °C of gold nanoparticles dressed with thiol, with a relatively large size distribution (26 ± 20 nm). 63 Navaladian et al. succeeded in synthesizing spherical silver nanoparticles 10 nm in diameter, via the decomposition of silver oxalate at 140°C, the polyvinyl alcohol being chosen as a stabilizing agent. 64 The synthesis of ultrasmall AgNPs (> 3.5 nm) capped with oleylamine was reported by Park et al. 65 using the thermolysis method. Stable, small monodispersed palladium nanoparticles were obtained by thermolysis of Pdthiolate cluster [Pd(SC12H25)2]6, the Pd-thiolate precursor was heated at 298 °C for 3 hours. 29 

Photochemical synthesis

Photochemistry is considered as a key method in green chemistry since the generation of photons generates no waste. Light has considerable control over the formation of nanoparticles and the growth process control is performed by simply varying the volume, the duration and the exposure intensity.

This photochemical technique is based on the Norrish type I reaction. 66 In this type of reaction, benzoines are used as a source of radicals to reduce the soluble metal ions to their neutral (atomic) form to next generate nanostructures. The benzoin widely used by Scaiano et al. is Irgacure-2959 ® which generates ketyl radicals. He succeeded in the synthesis of aqueous unprotected gold nanoparticles. 67 A further study, from our laboratory has succeeded in optimizing the synthetic protocol by using high power UV sources which allowed to decrease the size of these gold nanoparticles down to 2 nm in order to be used as catalysts for aldehydes oxidative esterification reaction. 68 Scaiano et al. described the photochemical synthesis of spherical silver nanoparticles with a diameter of 3 nm stabilized by citrate ligands. 69 They used Irgacure 2959® and low-power LEDs sources as in the case of gold nanoparticles. These nanoparticles could be photochemically modified in the visible range and lead to the formation of other nanoparticles having a larger size and different shapes (hexagonal, triangular and tubular). Scaiano showed that the shape of the nanoparticles depends on the excitation source and especially the wavelength.

Scaiano also described the possibility of using Irgacure 2959 ® in non-aqueous media with silver trifluoroacetate (AgCO2CF3) as a precursor in the presence of cyclohexylamine in tetrahydrofuran (THF), to form small AgNPs in few minutes (d = 3.4 nm). 70 The irradiation of AgNPs during the growth phase at different wavelength allowed the shape conversion. Moreover, the use of microfluidic approach permitted to reduce the conversion time and increase the control on the geometry of AgNPs. 71 Hafermann et al. developed a photochemical synthesis of PdNPs in flow, using Irgacure 2959 ® as a photo-initiator to reduce palladium nitrate. They showed that the photochemical synthesis gives access to nanoparticles of better quality than those obtained by other synthetic techniques. 72 

Metallic nanoparticles synthesis in microfluidic system

The classical nucleation theory is based on two major steps (nucleation and growth). 73 In the nucleation step, metallic ions present in the precursor solution are reduced into atoms and create small particles called nucleons. In the next step, after the decrease of precursor concentration bellow the required minimum for the nucleation, soluble metallic ions are reduced on the surface of formed nucleons and achieve their growth. However, nucleation and growth can take place at the same time, which causes a broad size distribution of the final particles. Moreover, the size and dispersity of the nanoparticles depends on the experimental conditions as concentration, time, temperature/luminosity (in the case of photochemical reaction) and pressure. Microreactors allow a better control of the different reaction parameters than batch, and attain a shorter nucleation period. Which leads to the formation of nanoparticles with a narrow size distribution. [74][75][76] Many studies were done on the synthesis of metallic particles in flow and different microfluidics systems designs were reported. In general, microreactors were made from glass, silicon, poly (dimethylsiloxane) (PDMS), stainless steel, ceramics, or polytetrafluoroethylene (PTFE). 75,77 Two types of microreactors exist, single-phase continuous-flow microreactors and emulsion (twophase) microdroplet/segmented-flow microreactors. The continuous-flow microreactors are easier to handle, more practical and faster, but the two phase reactors generates particles with less size dispersion. 74 Several studies exist on synthesis of gold, silver and palladium nanoparticles in microfluidic systems. In our laboratory, the synthesis of gold nanoparticles by the Turkevich method with a diameter less than 2 nm protected by continuous sodium citrate has been described. A microfluidic system based on fused silica capillaries allows a high control of the synthesis parameters such as the mixing of the reagents, the temperature and the reaction time. This small size of gold nanoparticles was never been obtained using the conventional balloon Turkevich process. These nanoparticles were subsequently applied in catalysis. [78][79] Regarding silver nanoparticles, some microfluidic system tests have been described in the literature. 71,80 Using a PTFE capillary tube, well-dispersed silver nanoparticles with different sizes were synthesized by modifying the precursor solution flow rates. The authors demonstrated that the use of smaller diameter tubes is more suitable to achieve controllable synthesis of silver nanoparticles at different sizes. Concerning the synthesis of PdNP fluxes, several studies in the literature describe the synthesis of ¨PdNPs, according to different techniques such as the photochemical method, 72 or NaBH4 81 reduction. The synthesis of PdNPs in microfluidic system allows to obtain small and mono-dispersed NPs.

V. Nanoparticles characterization 1. UV-Vis spectroscopy (plasmon band)

Optical properties are the main characteristic of noble metal nanoparticles. When a metal particle is subjected to an electromagnetic field and the size of the particles is smaller than the wavelength, free electrons of the conduction band undergo the same field and oscillate collectively and coherently under the effect of the electric field of the incident radiation. This phenomena is called Surface Plasmon Resonance. 14 This resonance occurs in the visible domain, only for gold, silver and copper. For example in water, spherical nanoparticles (size between 3-80 nm) exhibit an plasmon absorption at 567-570 nm, 390-400 nm and 500-550 nm respectively. The plasmon resonance frequency depends on the nature of the metal, the size and the geometry of nanoparticles, the ligands and the medium in which the particles are dispersed. For this reasons it is possible to study the optical properties by UV-Vis spectroscopy in order to characterize and identify Au, Ag and Cu nanoparticles. 82 Figure 5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field. 83 In 1908, Mie presents a solution to Maxwell's equations for describing absorption spectra of spherical particles of arbitrary size. This theory remains important because it is the only one to propose a simple and exact solution to Maxwell's equations. 83 The UV-visible absorption spectrum of a dilute solution of nanoparticles can be calculated from this theory. 59 For a dilute colloidal solution, containing N particles per unit volume, the absorbance is given by the following equation. And ϵ2d(ω) is given by: Equation 12: 𝜖 𝜔 ω0 is the frequency of the inelastic collision of the free electrons within the metal. ωp is the frequencies of the plasma oscillation of free electron given by the following equation.

Equation 13: 𝜔 N stands for the density of free electron, e for the electron charge and m is the effective mass.

a. The influence of size on optical properties of nanoparticles.

UV-Vis spectroscopy is an important techniques for the characterization of nanoparticles that possess optical properties such as gold, silver and copper. It allows not only a kinetic monitoring of M n+ reduction into M 0 but it gives also an indication on the nanoparticles sizes and geometry based on the wavelength, the height and the width of surface plasmon band. You et al. 88 showed the variation of wavelength (λmax) as a function of the gold nanoparticles size (Figure 6). In another study done by Link et al., 89 they demonstrated that the absorption bands positions of nanoparticles cannot be correlated with the size for NPs that have a diameter < 20 nm. However, the width of plasmon band increases when the size of Au-NPs decreases (Figure 7). The width of the surface plasmon band increases until it becomes invisible for nanoparticles less than 3 nm.

However, due to the small size of nanoparticles, the rate of scattering from particles surfaces ωs dominates ω0 and the size influence on the surface plasmon band. ωs is given by: 87

Equation 14:𝜔 R is the particle radius and vf is the Ferni velocity

The reduction in size of the metal induces an increase in the imaginary part of its dielectric function ε2. We can therefore observe an increase in the damping of the resonance and consequently an enlargement of the absorption band.

b. The influence of ligands on optical properties of nanoparticles

The adsorption of molecules on the surface of nanoparticles also leads to a decrease in resonance intensity and a significant displacement of its wavelength position (Figure 8). 90 This phenomenon is not only explained by a change in the dielectric function of the medium but rather by a modification of the local electronic density on the surface of the metal. In another study, Silvestrini et al. 71 also showed that in the case of silver nanoparticles the absorption peak at surface plasmon varies as function of AgNPS shape. 

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a fundamental tool for the study of nanoscale materials. Used in conventional mode, this technique allows determining the morphology, size, polydispersity and crystallinity of synthesized nanoparticles. The resolution of electronic microscopes is greater than that of optical microscopes due to the use of an accelerated electron beam. For example, if the electrons are accelerated with a voltage of 100 kV the theoretical resolution will be 0.0037 nm. On the other hand, the aberrations of the electromagnetic lenses reduce the resolution to ~ 0.3 nm.

Electrons accelerated at a voltage between 100-1000 kV will be proportioned by the cathode, a filament made from tungsten (W) or hexaboride of lantane (LaB6) which is heated at high temperatures to excite electrons.

The accelerated electrons are directed toward the sample by electromagnetic lenses, these electrons will pass through the sample (which should have a minor thickness of 30 nm) and create an image using the transmitted electrons.

VI. Nanoparticles applications

In recent years, metallic nanoparticles have attracted considerable interest due to their intriguing physicochemical properties, small size and surface plasmon behavior. Nanoparticles have been used in diverse domains including optoelectronics, biosensors, catalysis, and, as antimicrobials.

Catalytic applications

One of the main applications of metal nanoparticles remains catalysis. [93][94][95] These nanomaterials soluble in aqueous or organic media have a surface reactivity giving them intermediate properties between heterogeneous and homogeneous catalysts. In addition, their small size (between 1 and 10 nm) gives them a very large specific surface and therefore potentially a high number of active sites available for the transformation of substrates. 1,22 Their high selectivity can be modulated by the choice of stabilizing agents present on their surface. Also, in recent years, transition metal particles have become increasingly interesting, highlighting the need to control their size, shape, organization and the nature of chemical species on their surface.1 For this reason, criteria for distinguishing nanoclusters from traditional colloids have been proposed by Finke. 2 These particles are generally: between 1 and 10 nm in size, isolable and redissolvable, soluble in organic or aqueous solvents as well and have a well-defined surface composition.

Nanoparticles were applied as catalyst in different number of reactions as hydrogenation, 2,93,[96][97] oxidation 68,[98][99][100] and the formation of carbon-carbon bonds reactions 101 as Suzuki-Miyaura reactions. In our study, we are particularly interested in gold, silver and palladium nanoparticles.

Gold is considered to be chemically inert and was classified as inactive or inactive as a catalyst, but in 1980 Haruta demonstrated that 5 nm diameter gold particles were effective for the oxidation of carbon monoxide. 102 Hutchings found that gold can be a good catalyst for the hydrochlorination of acetylene to vinyl chloride. 103 Moreover, poly-(2-aminothiophenol)-stablized AuNPs have been applied as catalyst for or Suzuki-Miyaura cross-coupling reaction of aryl halides with arylboronic acids in water. 104 More recently, our laboratory showed the photocatalytic activity of gold nanoparticles supported over PTFE microbeads in the oxidative esterification reaction of aldehydes. 68 Several studies have investigated the catalytic activity of AgNPs for 4-nitrophenol reduction. [105][106] In another publication, the shape of AgNPs plays a role in their catalytic activity.

The cubic form of nanoparticles showed the best result for styrene oxidation. 107 Palladium is considered as one of the most effective metals as catalysts for carbon-carbon bond formation such as cross-coupling reactions; Suzuki, Sonogashira, Heck, Stille. Palladium nanoparticles (PdNPs) have attracted great interest recently. Their large surface area to volume ratio and the high activity of surface atoms make PdNPs an alternative catalyst for coupling reactions under greener conditions. In addition, the use of solid-grafted PdNPs makes it possible to reduce costs, simplify procedures and facilitate the separation of the final product as well as the recovery of catalysts and their recycling. Palladium nanoparticles stabilized by poly-(N-vinyl-2pyrrolidone) (PVP) showed to be efficient catalyst for Suzuki reaction in water. 108 The PVP has an essential role in stabilizing PdNPs and prevents them precipitating during chemical Suzuki reactions. However the excess of PVP decreases the catalytic activity of PdNPs. 109 PVP-Pd nanoparticles were also supported on activated carbon and applied as catalyst for Suzuki reaction.

The activated carbon support increases the stability of PdNPs and prevents their precipitation and agglomeration. It allows also an easy recovery of the catalyst. The recycling and reuse of PdNPs as catalyst for several reactions permits to maintain 73 ± 3% of its catalytic activity during the fifth next cycles of the reaction. 110 PdNPs supported on TiO2 exhibit a photocatalytic activity under 465 nm illumination wavelength toward Sonogashira coupling reaction in mild conditions. 111 Bimetallic nanoparticles have interesting catalytic properties. Gold and palladium bimetallic nanoparticles exhibited higher catalytic activities for organic reactions such as Stille, Hiyama, Butchwald-Hartwig and Ullmann cross-coupling than the gold and palladium monometallic nanoparticles. 112 As well Au-Ag alloy nanoparticles showed exceptionally high activity in catalysis for low-temperature CO oxidation. 113

Anti-bacterial applications

For a long time silver was used due to its antibacterial properties, Herodotus mentioned that Persian kings only drank water if it was in a silver vase, so Hippocrates used it for wound healing and treatment of ulcers and burns. 114 The antibacterial properties of silver have been extensively studied, its effectiveness against Streptococcus mutans (S. mutans), the microorganism that causes caries, has been verified by Cristóbal et al. 115 as well as its reaction against gram negative bacteria like Escherichia coli and gram-positive bacteria such as Staphylococcus aureus. [116][117] Generally, these nanoparticles are more reactive because of their surface area ratio and the volume radius, i.e. a particle is more reactive when it is smaller, yet it is more likely that it interacts with Gold nanoparticles have also antibacterial properties. In the investigation of M.Mohamed et al.

these nanoparticles are capable of penetrating the cell membrane of the bacterium Corynebacterium pseudotuberculosis (causing caseous lymphadenitis) and inhibiting it. These nanoparticles can be irradiated with a beam of light of 520 nm so that they absorb the energy and an increase of temperature occurs to cause the death of the bacteria, this technique is called photo thermal therapy. 119 Functionalization of gold nanoparticles is also a good way to increase antimicrobial activity. Li et al. reported a relationship between the antimicrobial effect and the surface functionalization of the nanoparticles, they found that the most hydrophobic have a major efficiency against the bacteria Escherichia coli, Enterobacter cloacae complex, Pseudomonas aeruginosa and Staphylococcus aureus. 120

Nanoparticles in cultural heritage, for coloration, diagnosis and restoration

Historically, the synthesis of nanoparticles is not as recent as one imagines, because in the fourth century AD, Roman craftsmen made glasses that contained nanoscale metals. An object dating from this period; called Lycurgus cup is exposed at the British museum in London. The cup, which represents the death of King Lycurgus, is made from glass that contains nano particles of silver and gold. The color of the cup changes according to the lighting: if it is illuminated by the interior (transmitted light), its color becomes red and if it is illuminated by the outside (reflected light) its color becomes green. 121 In the medieval churches, the large varieties of the beautiful colors of windows, are due to the presence in the glass of copper metal nanoparticles, having a size comparable to the wavelength of the light. Particles of different sizes disperse different wavelengths of light, giving the glass different colors. [122][123] On the other hand, noble metal nanoparticles as AgNPs and AuNPs were used to enhance Raman signals for the identification of organic pigments and dyes in works of art and cultural heritage material. 124 Nanomagnetic sponge was applied to clean the surfaces of damaged painting, this sponge is composed of magnetic nanoparticles (CoFe2O4) linked to polyethylene glycol-acrylamide gel matrix.

The magnetic nanoparticles ensure the removal of all the cleaning gel residue from the painting surface. 125 Alkaline earth metal hydroxide nanoparticles are widely used in consolidation and deacidification of cultural heritage objects. Many monumental art works are made from calcium carbonate material, for this reason calcium hydroxide nanoparticles (Ca(OH)2) present the best choice to be applied for consolidation. 126 However, in presence of large amount of soluble sulfates in a wall painting, sulfate ions can react with calcium hydroxide to form gypsum (white glaze on the painted surface). Studies show that a mixture of Ca(OH)2 NPs and barium hydroxide nanoparticles (Ba(OH)2) gave better results in consolidation. 127 Magnesium hydroxide (Mg(OH)2) nanoparticles have been used for the deacidification of paper, canvas, and wood. They play a role in stabilizing the pH around neutrality and in the inhibition of both metal catalyzed oxidation and the acid hydrolysis of paper. 128 In another study, ZnO nanoparticles were mixed with acrylic varnish and applied as coating layer to protect the oil painting against dirt, fungal attack and UV aging. 129 Photochemical synthesis of nanoparticles in flow 201 

Results and discussion

The applications of NPs depend strongly on their size, shape, protecting ligand and stability all of which can be defined depending on the synthesis method. Turkevich et al developed the first, and the most common, protocol for the synthesis of stable gold and silver nanoparticles in aqueous medium using thermal energy and sodium citrate which serves as a reducing agent of HAuCl4. 41 Despite its high efficiency, this protocol can only be performed under aqueous conditions since the formed hydrophilic NPs are unstable in organic solvents. Moreover, the removal of the aqueous solvent generally leads to the complete loss of the ability to reform a colloidal solution. 130 To overcome this limitation, Brust-Schiffrin et al, succeeded in developing two-phase liquid-liquid system for the synthesis of gold and silver nanoparticles with alkanethiol stabilization. 26 Nonetheless there are few reports that describe the synthesis of stable silver NPs in the organic solvent toluene. 131 In order to obtain NPs of lower dispersity and higher stability, protocols using electrochemistry, 132-133 laser ablation [134][135] and microwave heating 136-137 as forms of energy for nucleation along with using different types of polymers and organic molecules for stabilizing the NPs are reported. 138 In addition, using photochemistry can provide many advantages compared to the other protocols due to their excellent spatial and temporal control, their execution at room temperature and their substitution of the strong reducing agents whose chemical residuals might adhere to the formed NPs. Despite these advantages, synthesis of NPs based on photochemical processes have exhibited low yields and high dispersity. For instance, a general photochemical synthesis of stable metal nanoparticles has been described by the Scaiano's group based on the reduction of metal salts by ketyl radicals. However, the formed nanoparticles had low production yields along with poor size control and polydispersity. 67,70 These limitations can be overcome by using microfluidic systems that have recently shown potentials in the synthesis of NPs of controlled sizes. 139 This is due to their high heat and mass transfer compared to batch reactors. Moreover, the small path length compared to batch reactors leads to improved homogeneous illumination of the reaction mixture that would lead to better yields. Microreactors have easier control over the reaction conditions, for instance by changing the flow rate, both the mass transfer and the residence time are modified. This flexibility in tuning the reaction conditions makes it more favorable to have highly controlled NPs Photochemical synthesis of nanoparticles in flow 203 in flow than in batch. 140 For instance, our research group already synthesized gold NPs using the Turkevich method in flow where a size range of 1.5 to 3 nm of NPs was obtained for a residence time of 35 to 94 s. 78 Baber et al 2017 also synthesized nanoparticles in flow using the Turkevich method where the size was controlled by changing the flow rate. 141 This level of control over mass transfer is not easily achieved using batch reactors. As a result, many studies focus on preparing various noble NPs using the flow technology. 72,[142][143] Other studies have succeed to develop a photochemical synthesis of gold, silver and noble metal nanoparticles in flow, the microfluidic system applied to the photochemical synthesis of metal nanoparticles promotes a fast nucleation and allows to obtain small and mono-dispersed nanoparticles. However, the synthesis of ultrastable metallic nanoparticles in organic solvent in order to expand their applications, is considered a challenge. In this work, we demonstrate the photochemical synthesis of small mono-dispersed metallic nanoparticles in organic solvents in a lab designed microfluidic system.

I. Silver nanoparticles synthesis by photochemistry 1. Mechanism of photochemical synthesis

The silver nanoparticles of Turkevich are unstable in organic solvents, thus unusable for the desired application. As described in the first chapter, Scaiano has proposed a new method for synthesizing silver nanoparticles into organic solvents by batch photochemistry using alkylamines (cyclohexylamine) as a protective agent. We have adopted the conditions used by Scaiano using three different amines: amylamine, cyclohexylamine and oleylamine.

The particles are not stable in THF, nanoparticles agglomerate and precipitate after a short period of time, they are stable only for one week away from light and at 4°C. The literature describes this instability in THF and attributes it to desorption on the surface of the nanoparticles of the ammonium trifluoroacetate salt which forms an important part of the stabilization layer of the particles, then their precipitation. This lack of long-term stability limits the use of these nanoparticles. Scaiano et al described the replacement of THF with toluene after evaporation which leads to a higher polydispersity but a better stability. 70 In this study, we used microreactor technology that accelerateds photochemical reactions and provided better control over size and polydispersity when synthesizing these nanoparticles directly in toluene. Silver trifluoroacetate salt was replaced with silver tetrafluoroborate since it was found that is more stable in toluene. We performed a systematic kinetic study and evaluated the influence of protective ligands (amylamine and oleylamine) on size and dispersion. Nanoparticles synthesized in the presence of cyclohexylamine were unstable and they precipitated after few minutes from their synthesis. The concentrations of injected reagents were: 5 mM for the AgBF4 silver precursor, 50 mM for the amine (amylamine and oleylamine) and 5 mM for the Irgacure 907 ® photoinitiator. An Amine/Ag + molar ratio greater than 10 is necessary, with a smaller ratio, we observe a precipitation of the nanoparticles in the microfluidic system. The formation mechanism of AgNPs is shown in After optimization, the photochemical protocol transposed into a microfluidic system making it possible to obtain a significant reduction in the sizes and the polydispersity of the silver particles compared with what has been observed with the classical Turkevich method. These nanoparticles are monodispersed, stable in organic solvent, and have a small size.

Amylamine a. Characterization using UV-Vis spectroscopy

UV-Vis spectroscopy allows the determination of the Surface Plasmon Band (SPB) and the intensity of its absorbance (Figure 14). The λmax of silver nanoparticles with amylamine maintains the same value (λmax = 438 nm) during the different irradiation times and it shows a variation only at 1 min of irradiation accompanied with a decrease in absorbance which can be caused by AgNPs agglomeration. Absorbance increases with the increase of the irradiation time to reach its maximum after 1.5 minutes then it remains constant with the increase in irradiation time. We can conclude that at 1 minute and 30 seconds all the Ag + ions have been reduced into Ag 0 and assembled in stable nanoparticles. It is assumed that the concentration of AgNPs is equal to that of the silver ions (5 mM). For example, a particle with an average diameter of 2.7 nm and a standard deviation of 0.64 nm has a PDI of 0.055 (Figure 15). shows that the nanoparticles formed are monodispersed. In addition, it was noted that between 30 seconds and 1.5 minutes the value of the PDI falls from 0.09 to 0.05 (Figure 16). This shows that in the nucleation stage, particles become more and more monodispersed. During the growth phase the PDI remains practically constant and AgNPs size grow slightly. (Table 2. This variation in size as a function of the irradiation time is in agreement with the nanoparticle formation theory. As we explained before, the mechanism of formation of silver nanoparticles consists of 3 steps. The first step is the formation of silver colloids. In this step and under UV irradiation, Irgacure -907 generates aminoalkyl radicals, which reduce the Ag + ion to Ag 0 . Metallic silver atoms gather together to form colloids that are polydispersed and have an irregular size and shape which correspond to the phase between 0.3 and 1.5 min of irradiation. In the second stage, the nucleation step, the colloids formed reorganize into particles that have a well-defined and regular size and shape between 1.5 and 3 min of irradiation. The nanoparticles formed in this stage are called nucleons for two reasons, firstly they are monodispersed and they have a minimum size, and secondly these nanoparticles will be the assembly core for nanoparticles of the larger size. The small nanoparticles formed in the second stage are surrounded by ions of Ag + , these ions will be reduced on the surface of the nanoparticles to complete their growth and this is the third and last stage. In this step after 3 min of irradiation, the nanoparticles grow in size but they retain their monodispersities. It should be noted that protective ligands such as amylamine in this case play an initial role since they prevent the aggregation of nanoparticles. 

c. Characterization by Transmission Electron Microscopy (TEM)

TEM image of AgNPs obtained after 3 minutes of irradiation in the microfluidic system (Figure 17) shows that particles are clearly separated. On the other side, size distribution in TEM confirm the results obtained with the DLS. AgNPs nanoparticles capped with amylamine are monodispersed and have a small size around 2 nm. 

Oleyamine

For silver nanoparticles capped with oleylamine, the plasmon band is at 455 nm (Figure 18), and the absorbance increases with increasing irradiation time to reach its maximum around 3 minutes, then it decreases with the increase in irradiation time. This is due to the formation of aggregates and some of the nanoparticles are precipitated in the system. In the case of silver nanoparticles with oleylamine, the same mechanism for forming nanoparticles as seen previously with amylamine is observed. The minimum size of the nanoparticles (3.6 nm) is reached after 1.5 minutes of irradiation, and the nanoparticles are larger than the previous ones (Figure 19). However, the PDI is greater than or equal to 0.1, which shows that the nanoparticles obtained are polydispersed. The PDI increases in parallel with the irradiation time, reaching its maximum of 0.16 after 2 minutes and remains constant for up to 5 minutes. It should be noted that, if the irradiation time is increased, the particles precipitate in the system after 5 minutes. As it shown in Table 3, the best are obtained between 1.5 -3 min of irradiation, when the AgNPs size and dispersity are the lowest with a maximal absorbance at λmax. During the study, we showed that it is possible to synthesize small, monodispersed and stable nanoparticles in organic medium. The optimal conditions for synthesizing these nanoparticles are: a-Using amylamine as a protective ligand for nanoparticles. 

II. Antibacterial application of silver nanoparticles

Silver is well known for its antibacterial properties; however, AgNPs applications for antibacterial coating and paints are still limited, due to their instability in the organic solvent when they are synthesized using the classical methods in aqueous medium. Even the preparation of stable nanoparticles in organic solvent is a complicated process (e.g. Burst method) and it is difficult to control the size and dispersity. On the other hand, these methods are not adopted for an industrial high scale production.

We mixed commercial 1g of alkyd paint with different ratios of silver nanoparticles and we supposed that the obtained mass of AgNPs is equal to Ag + ions mass introduced into the microfluidic system. The dried paints films were tested later for their antibacterial activity against gram negative Escherichia Coli. in LB-TOP 10 Agar (Figure 20). The paint film without AgNPs did not show any antibacterial activity, even when 5 µg of AgNPs were added. However, the paint film embedded starting from 10 µg of AgNPs shows clearly an antibacterial activity and inhibits the growth of Escherichia Coli.

In this work, we present a new method to synthesize small and ultra-stable silver nanoparticles.

Our approach is the fastest synthesis method of AgNPs with a full control on size, dispersity and shape. Based on photochemistry our strategy is considered as a green method and produce zero waste. Moreover, the synthesis in flow allows to scale up the production of AgNPs, and make our technique suitable for industrial application. We also used the synthesized AgNPs in the conception of effective antibacterial coating, which can be applied to coat different type of surfaces and to protect them from bacterial proliferation.

III. Synthesis of gold nanoparticles 1. Mechanism of photochemical synthesis

Upon absorption of UV irradiation (365 nm), Irgacure 2959 generates acetone ketyl radical via a Norrish type I cleavage reaction which acts as a reducing agent formed in-situ (Figure 21). The complete reduction of Au 3+ (tetrachloroaurate, HAuCl4) to Au 0 requires three equivalents of ketyl radicals. It should be noted that the mechanism involves a dismutation step of unstable Au 2+ ion to both Au 3+ and Au + , this step doesn't influence the number of ketyl radicals intermediates necessary for complete reduction. 66 Compared to aqueous conditions for which no particular ligand is usually required, the formation of gold nanoparticles in organic solvent needs an appropriate stabilizing ligand, such as amines described in this study. The stabilization of NPs surface by capping with ligands is crucial to prevent aggregation by guiding the growth of the crystal during the colloidal syntheses. 144 For this reason, the nitrogen based ligands, cyclohexylamine, amylamine and oleylamine were assessed. However, only oleylamine provided ultra-stable gold nanoparticles when used. 

Effect of ligand concentration

To explore the impact of the HAuCl4/oleylamine ratio on the AuNPs size and distribution, we conducted three experiments by increasing the quantity of oleylamine and keeping the molar concentration of HAuCl4 constant at 0.33 mol.L -1 giving the following ratios: 1:3, 1:5, 1:10. The irradiation time was fixed at 15 minutes.

The surface plasmon absorption band is observed in the three spectra around 535 +/-5 nm by UV-Vis spectroscopy for every studied ratios and red-shifted with the increase in the quantity of the added ligand, so that λmax of 528, 537 and 538 nm were obtained for the ratios 3:1, 5:1 and 10:1 respectively (Figure 22). The amount of the capping ligand also influences the dispersity and the size of the formed NPs. By using DLS, it was found that both the hydrodynamic diameter and the dispersity decrease with the increase in the ligand quantity (Figure 23). The ratio of 3:1 gave Au-NPs an average hydrodynamic diameter of 10.3 nm and larger polydispersity index (PDI) of 0.13. Au-NPs of slightly smaller average size (10.1 nm) and improved PDI (0.05) were obtained when increasing the ratio of oleylamine to 5; the best results in terms of size and dispersity were obtained when having the 10:1 ratio where the formed Au-NPs were as small as 8.8 nm in size and with a PDI of 0.03. The particles produced were stable for at least several months, even in the presence of air and without protection.

These results are in accordance with literature for silver nanoparticles synthesis under similar conditions, where the increase in the ligand concentration induces the formation of small, monodispersed and ultra-stable NPs (Figure 22). 70 The sizes and poly-dispersity indices of the different NPs obtained also justify the absorbance intensity of the three NPs surface plasmon bands as the NPs of relatively largest average size (10.3 nm) had the strongest absorbance. Similar results

were obtained in previous studies where, for a given gold concentration the absorbance increases linearly with size. 141,145 However, according to El-Sayed et al, the peak wavelength red-shifts with the increase in the size of the NPs. [146][147] This is in contrast with the results of this study where the smallest (7.5 nm) and the least dispersed (PDI = 0.03) Au-NPs were obtained when having the ratio of 10:1 of the ligand that had the peak wavelength at 538 nm. Many studies also support our findings where the maximum blue-shifts with increasing particle diameter. Nevertheless, there are predictions of shifts of the peak absorptions of Au NPs into both directions. 148 

Effects of irradiation times on AuNPs formation

After determining the best ligand to gold precursor ratio to deliver small and monodispersed NPs, we further explored the impact of the irradiation time on the size and dispersity of AuNPs. The residence time was varied between 3 and 45 minutes (flow rates ranging between 42 and 635 µL.min -1 ) in the UV irradiated microfluidic reactor while all other parameters were kept unchanged.

Figure 24 indicated the UV-Vis spectra of samples produced with exposure to UV light for indicated times at room temperature. All samples present a visible SPB absorption whose intensity increases with the increase in the irradiation time. Approximately 75% of the maximum absorption is reached within 10 min of exposure. The wavelength of SPB also fluctuates with time. The maximum of absorption is initially at 423 nm red shift to 434 nm after 15 min of irradiation to reach a maximum which next decreases for longer times (Figure 24). Such a variation reflects the underlying modifications in light scattering following the nucleation and growth steps of NPs formation as indicated by Scaiano et al. 67 In parallel, the reaction was monitored by DLS and both hydrodynamic diameter and polydispersity have been determined (Figure 25). The distribution is much sharper at low residence time and widens after 10 min. On the other hand, when the residence time was increased, the diameter started to decrease slightly from 10.5 nm down to 8.8 nm and then increased again up to 14 nm after 45 min. The transition at 10 minutes is similar to that obtained by our group when preparing gold nanoparticles in flow using Turkevich protocol. 78 It corresponds to the changes in the physical parameters as it shows the transfer from the nucleation to the growth step. As explained in previous papers, the curve that corresponds to the variation of the NPs size as function of the irradiation time can be divided into two parts where the point that corresponds to 10 min of irradiation is the shift point. 78,149 Before this point, there were not enough NPs, thus slightly faster growth is observed. As for the second part, the NP size increases linearly in accordance with the two step Finke-Watzky model. 150 The curve can be further explained when referring to the stages of nanoparticles formation described by Compton & Osterloh. As introduced before, the synthesis of Au-NPs has already been described in flow but never in organic solvents. In most of the cases, stable nanometric Au-NPs were obtained with sizes as small as 2 nm. However, all of the preparations were done in aqueous solution so the comparison is not valid. Similarly, previous attempts to prepare NPs of 1-3 nm size range in organic solutions involved two-phase (water-toluene) systems using tetraoctylammonium bromide as the phasetransfer reagent in a batch reactor. 26 So this is the first reported attempt using a single phase system, under continuous flow, to prepare hydrophobic Au-NPs. Literature shows that hydrophobic silver nanoparticles can be precipitated and re-dissolved in a new solvent without any significant change in their properties. 130 In this study, such ultra-stable AuNPs can be re-dispersed in toluene after THF evaporation preserving their size, dispersion and stability (Figure 27). was then homogeneously irradiated by a 365 nm UV LED of equal irradiance (320 mW.cm -2 ). The smallest NPs obtained were of an average size of 12.9 nm with a PDI of 0.02, and that after 45 min of irradiation (Figure 28 and Figure 29). Thus working in flow, that ensures improved illumination, made it possible to have smaller (8.8 nm) NPs with the same level of dispersity (0.018) after only 

Transmission electron microscopy (TEM) characterization of AuNPs

Nanoparticles were further analyzed by transmission electron microscopy (TEM) (Figure 30) in order to confirm the DLS analysis. No centrifugation or any other kind of filtration was performed prior to the TEM analysis. TEM pictures clearly show the nanoparticles with a mean diameter centered on 5 nm for the particles obtained within the microfluidic device at a flow rate of 125.7

μL.min-1 corresponding to 15 min of irradiation. These results are in good agreement with the DLS analysis. Indeed, electron microscopy gives access to the size of the inner gold core since only electron rich atoms can be observed and the DLS method takes into account the oleylamine stabilizing layer based on overall particle diffusion in organic solution. As it can be seen on the TEM image, particles are clearly separated and the distance observed between them corresponds to the oleylamine chains which can't be observed using such microscopic technique. 

IV. Palladium nanoparticles synthesis

After successfully synthesizing ultra-stable AuNPs and AgNPs in organic solvents, we applied the same strategy used above in order to synthesize PdNPs.

The photochemical synthesize of small PdNPs in flow has been described. 72 However, in this study, we propose to synthesize stable PdNPs in organic solvents in order to expend their application as homogenous catalysts for Carbon-Carbon coupling reactions.

For the synthesis of PdNPs, we chose palladium acetylacetonate as a metallic precursor, THF as a solvant, oleylamine as ligand to stabilize the formed particles and Irgacure-2959® was used as photoinitiator. Under UV irradiation, Irgacure-2959® undergoes a Norrish I-type reaction, in which it will have a break in an α carbon of the carbonyl group and will generate a ketyl radical. The ketyl radical is well known to be a powerful reducing agent, which will reduce Pd 2+ into Pd 0 as it is detailed in the mechanism scheme (Error! Reference source not found.).

For our studies, we injected into the microfluidic system 3 mL of a solution composed of the metal precursor palladium acetylacetonate (C10H14O4Pd) with a fix concentration of 5 mM. The solvent used in this experiment was the THF. Our aim was to investigate the influence of the Pd 2+ /oleylamine and Pd 2+ /I2959, as well the irradiation time on the formation of PdNPs, in order to control the size and the dispersity of the NPs.

The microfluidic system was designed in our lab. It was mad of a transparent FEP tube (FluorinatedEthylenePropylene) with an internal diameter of 800 μm and a length of 375 cm with a volume of 1.885 ml. The FEP tube was fixed on a metal grid and faced to a UV LED source (365 nm, irradiance up to 3 W.cm -2 ) model Omnicure AC7300. The distance between the UV LED source and the microfluidic system was about 15 cm in order to have a homogeneous irradiation.

At the end of the tube, a vial is placed to recover the synthesized nanoparticles and is covered with aluminum paper to prevent irradiation parasite.

The Harvard Apparatus Syringe Pump (Holliston, MA, USA) PHD ULTRA equipped with an 8 ml stainless steel syringe was used to program the flow and the volume of injected reagents. 

Effect of ligand concentration

In the first step, we studied the influence of oleylamine concentration on the synthesis of PdNPS as well as their size and polydispersity. The ratio of Pd 2+ /I-2959 was fixed at1/2, and the irradiation time at 30 min. The Pd 2+ /oleylamine ratio was tested for 1/1, 1/3, 1/6 and 1/10. The synthesized nanoparticles are recovered and analyzed by DLS, in order to measure the diameter and to determine the polydispersity index as shown in Table 6. For each sample, five independent measurements are made with 10 to 14 sub-measurements for each measurement. Then we calculated the average diameter and we deduced the PDI based on the width of size distribution.

The obtained results show that the PdNPs size and dispersity decreases with increasing ligand (oleylamine) concentration (Figure 33). Pd 2+ /Oleylamine ratios of 1/6 and 1/10 have the smallest diameters (10. 

Effect of Photo-initiator concentration

Following the optimization of the ligand concentration in order to obtain small, stable and monodispersed NPs, we worked next on the determination of the optimal I-2959 ® concentration. The ratio Pd 2+ /oleylamine is set at 1/10, and the irradiation time at 30 min. The different Pd 2+ /I-2959 ® ratios tested are 2/1, 1/1, 1/2, 1/4, 1/8. We monitored the size and dispersity variation as a function of different Pd 2+ /I-2959 ® ratio variations (Table 7, Figure 34). The photo-initiator concentration does not show any influence on the dispersity of the nanoparticles which is almost stable (PDI = 0.05) at different Pd 2+ /I-2959 ® ratios.

The smallest size (7.5 nm) of PdNPs is obtained at Pd 2+ /I-2959 ® ratio equal to 1. However, the hydrodynamic diameter of PdNPs increases with increasing the photo-initiator concentration to reach 14 nm at a Pd 2+ /I-2959 ® ratio equal to 1/8. The photo-initiator plays the role of a reductive agent, ketyl radicals reduce Pd 2+ into Pd + ions which are not stable and they are involved into dismutation mechanism to form Pd 0 and/or Pd 2+ . The fast reduction of palladium ions and the fast nucleation lead to the formation of smaller nanoparticles. However, when increasing the I-2959 ® concentration, the PdNPs size is increasing which means that the reduction reaction becomes slower. Pd + ions in presence of an excess of photo-initiator may react with phenyl groups to create C6H5-Pd + intermediates instead of its reduction into Pd 0 , 152 which slows down the nucleation step and leads to the formation of bigger PdNPs. 

Effects of irradiation times on PdNPs formation

After the optimization of the Pd 2+ /oleylamine and Pd 2+ /I-2959 ® ratios, we investigated the irradiation time influence on the Hydrodynamic diameter and PDI variations. In order to determine the optimal irradiation time that lead to the formation of stable, small and mono-dispersed NPs.

The synthesized PdNPs were aimed to be used as a catalyst so we fixed a 1/1 ratio for Pd 2+ /I-2959 and 1/6 for Pd 2+ /oleylamine even if the optimal ratio was 1/10. For this reason, we were interested in synthesizing small and mono-dispersed PdNPs with the minimum required concentration of ligand in order to increase their catalytic activity.

Results represented in the Table 8 and Figure 35 show a drastically decrease in the size and the polydispersity between the first 2 min (d = 86 nm and PDI = 0.15 at 1 min) and the third minute of irradiation (d = 6 nm and PDI = 0.05). This size drop corresponds to the passage from the first step of nanoparticles formation mechanism which is the formation of aggregates to the second step which corresponds to the nucleon formation. On the other hand, the size of the PdNPs (6-7 nm)

remains constant approximately with the increase in irradiation time between 3 and 20 min. We can also notice that the polydispersity index decreases with increasing the irradiation time from 0.15 at 1 min to a minimum of 0.03 after 5 minutes of irradiation. This decrease corresponds to the passage from the aggregation stage where the aggregates formed have a large and polydispersed size to the formation of nucleons which are smaller in size and more monodispersed. On the other hand, the PDI rises with the increase of the irradiation time to reach 0.16 after 20 min which showing that there is no uniformity during the growth step and the size of PdNPs changes to form populations with different sizes. From these results, it can be deduced that the optimal conditions for synthesizing of ultra-stable palladium nanoparticles in organic solvents such as THF with a diameter of 6-7 nm and with a low PDI are:

 Pd 2+ /oleylamine ratio: 1/6

 Pd 2+ /Irgacure-2959 ratio: 1/1  Irradiation time between 3 to 5 min When, we compare the results obtained from the three different studies, we can notice that:

In the first study, we fixed the Pd 2+ /I-2959 ® ratio at 1/2 and we changed the ligand concentration. We noticed that by increasing the ligand concentration from 5 mM to 50 mM the PDI decreased from 0.14 to 0.05 and the size decreased from 14.6 nm to 10.3 nm. Those results indicate that ligands have influence on both size and dipersity of NPs.

In the second study, we fixed the Pd 2+ /oleylamine at the optimal ratio of 1/10 and we varied the photoinitiator concentration. The PDI stayed stable around 0.05 at different Pd 2+ /I-2959 ® values. On the other hand, the PdNPs size depended on the Pd 2+ /I-2959 ratio, the smallest NPs (7.5 nm) obtained at a ratio of Pd 2+ /I-2959 equal to 1 and the NPs with the bigger hydrodynamic diameter (14 nm) are obtained at Pd 2+ /I-2959 ratio of 1/8. Based on those results, we can conclude that photoinitiators have more influence on the NPs size than ligands; however, they do not have any impact on the dispersity of NPs.

The irradiation time monitoring shows that nucleon are formed after 3 min of irradiation and the formed PdNPs are ultra-stable and their size does not vary significantly with increasing the irradiation time and neither their dispersity. 

Transmission Electron Microscopy (TEM) characterization of PdNPs

Conclusion

The classical synthesis of Turkevish, generates nanoparticles stable only in aqueous medium. On the other hand, thermolysis and Brust methods suffer from a low control on the size, shape and dispersity of nanoparticles. Based on Scaiano's photochemical synthesis of nanoparticles, we succeeded to develop a photochemical method for the synthesis of ultra-stable metallic nanoparticles (silver, gold and palladium) in organic medium and in microfluidic system. Our homemade designed microfluidic system offers high advantages for the synthesis of metallic nanoparticles. It allows having a better control on the size, shape and dispersity of nanoparticles. Moreover, the flow system permit to increase 10 times more the final concentration of solution in metallic nanoparticles by comparing with batch systems. Another advantage of the microfluidic system is that it allows to obtain nanoparticles after few minutes of irradiation and permit scaling up the nanoparticles synthesis for industrial applications.

On the other hand, the photochemical synthesis is a greener method that offers a better and more homogenous transfer of energy in comparison to other methods. Another important point is that this approach does not produce any chemical wastes.

Moreover, we described the use of silver nanoparticles as stable antibacterial additive for commercial available alkyd paints. AgNPs embedded in alkyd paints films showed a high antibacterial activity against Gram-negative bacteria Escherichia coli. 

Material and methods

I. Photochemical synthesis of nanoparticles

Photochemical synthesis of AgNPs-amylamine/oleylamine at different irradiation times

In a first step, three solutions of volume 33 ml in toluene are prepared. The first solution contains the silver precursor silver tetrafluoroborate AgBF4 with a concentration of 15 mM. The second contains the photoinitiator Irgacure 907® at the same concentration as silver. The third solution has a concentration of 150 mM and contains the amine, which will act as a protective and stabilizing ligand. It was observed that the silver salt is not stable and tends to precipitate in the solution. To avoid this problem, the first solution containing the silver precursor is immediately mixed with the third solution containing the amine. Solutions should be stored in a refrigerator at 4 ° C and protected from light.

For photochemical reactions in a microfluidic system, a 6 ml mixture containing 5 mM Ag + , 5 mM Irgacure 907 ® and 50 mM amine is prepared. After stirring, the solution was taken by 8 ml stainless steel syringe for injection into the microfluidic system. Different injection rates have been studied

to establish the kinetics of the nanoparticle formation reaction as well as the variation of the size of nanoparticles. The irradiation time is inversely related to the flow rate and the duration of the experiment.

Irradiation time = Internal volume of the system / Flow rate Experience Duration = Solution volume / Flow rate After the injection of all the reagent solution, the same volume of solvent is injected at the same rate to ensure the total recovery of the products and to clean the system. 

. Photochemical synthesis of AuNPs and study of the influence of irradiation times

To study the influence of the irradiation time on the synthesis of gold nanoparticles, 3 ml of the reaction mixture containing a concentration 0.33 mM HAuCl4, 0.99 mM Irgacure 2959 ® and 3.3 mM of oleylamine was injected with various irradiation times and flow rates. The irradiation time was varied between 3, 10, 15, 30 and 45 minutes. 

Photochemical synthesis of PdNPs and study of the influence of oleylamine concentration

A reaction mixture of 3 mL is injected into the microfluidic system, this solution is composed of palladium acetylacetonate (C10H14O4Pd) with a concentration of 5 mM and the photoinitiator Irgacure-2959® with a concentration of 10 mM. The concentration of oleylamine was varied according to the ratios Pd 2+ /oleylamine between 1/1, 1/3, 1/6 and 1/10. The irradiation time is set at 30 minutes and the flow rate is at 62.83 μL/min.

Photochemical synthesis of PdNPs and study of the influence of Irgacure-2959 concentration

In this experiment, the same volume of the reaction mixture was injected with the same flow rate as the previous reaction and with the same irradiation time of 30 min. Concentration of Pd(acac)2 and the concentration of oleylamine are fixed at 5 mM and 50 mM respectively. The purpose of this study is to consider the effect of photoinitiator concentration. For this reason, the ratios of Pd 2+ /Irgacure-2959 was varied between 2/1, 1/1, 1/2, 1/4 and 1/6.

Photochemical synthesis of PdNPs and study of the influence of irradiation times

To study the influence of the irradiation time on the synthesis of palladium nanoparticles, 3 ml of the reaction mixture containing a concentration of Pd(acac)2 of 5 mM, oleylamine of 30 mM and Irgacure-2959 of 5 mM were injected with various irradiation times and flow rates. The irradiation time was varied between 1, 2, 3, 5, 10, 15 and 20 minutes. 

II. Description of the microfluidic photochemical montage

The irradiation source in our assembly is a Lumen Dynamics Model AC7300 UV (365 nm, irradiance up to 3W.cm -2 ) LED (Mississauga, Canada). The microfluidic system is constructed from a transparent tube of FEP (Fluorinated Ethylene Propylene) with an internal diameter of 800 μm. On a metal grid 34 cm long and 14 cm wide, FEP tube was fixed with 3D PLA fixing rods and the length of FEP tube was 4.8 m during the AgNPs synthesize and 3.75 m during AuNPs and PdNPs synthesis. The system is terminated with 20 cm of FEP tubing that delivers our product to a vial for collection. This part is wrapped with aluminum foil to prevent parasitic irradiation and to stop the growth reaction of the nanoparticles. The metal grid is placed 15 cm from the UV LEDs providing uniform illumination for the entire microfluidic system with an irradiance of 320 mW.cm-2 measured with an X9-2 Gigahertz-Optik radiometer (Türkenfeld, Germany). The reagents were introduced using a Harvard Apparatus syringe pump (Holliston, MA, USA) PHD ULTRA equipped with an 8 mL stainless steel syringe in the case of AgNPs and PdNPs. In the case of AuNPs, harvard apparatus picoplus was used equiped with 5 mL glass syringue. Harvard Apparatus syringe pumps are modular and programmable. A worm rotates about its axis to advance the system and push the plunger of the syringe; the rotation of the screw is constant and depends on the volumetric flow previously chosen. 

General conclusion

This thesis work proposes new lipidomic and proteomic developments using very high resolution mass spectrometry for the analysis of cultural heritage.

In the first part of this work, our objective was to identify protein residues trapped into archaeological amphora Dressel 14 from shipwrecks (from the 2 nd century). These amphorae were supposed to store and transport fish derivate products such as Garum and Liquamen. The In the last part of this work, we describe a photochemical synthesis of metallic nanoparticles (silver, gold and palladium) dispersed in organic solvents (THF and toluene) in batch and microfluidic systems. We investigated the influence of different parameters (such as time of irradiation, ligand, ratio of metal/ligand and metal/photo-initiator) on nanoparticles generation.

We succeeded in optimizing our experimental conditions in order to obtain small, monodispersed and ultra-stable nanoparticles in organic solvents.
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 7621 . (A) MS/MS spectrum of the doubly charged ion at m/z 545.280 (Δm= 0.4 ppm) presenting y and b fragments of the peptide sequence YSGNLKDAQEK of tropomyosin of Thunnus thynnus fish species (full homology) from the archaeological sample, (B) MS/MS spectrum of the doubly charged ion at m/z 626.811 (Δm= 2.5 ppm) presenting y and b fragments of the peptide sequence YSGNLKDAQEK of tropomyosin of Thunnus thynnus fish species (full homology) from Thunnus alalunga sample; (C) MS/MS spectrum of the doubly charged ion at m/z 605.308 (Δm= 1.6 ppm) presenting y and b fragments of the peptide sequence YSGALKDAQEK of tropomyosin of Auxis thazard fish species and (D) MS/MS spectrum of the triply charged ion at m/z 626.999 (Δm= 1.4 ppm) presenting y and b fragments of the peptide sequence YS-GALKDAQEKLEVAEK of tropomyosin of Euthynnus alletteratus fish species ........................ 78 Figure 22. MS/MS spectrum of the doubly charged ion at m/z 545.280 (Δm= 0.4 ppm) presenting y and b fragments of the truncated sequence SGNLKDAQEK of tropomyosin from the archeological sample (sequence homology to Thunnus thynnus fish species)

  These two analysis techniques use energies associated with vibrational movements of chemical bonds inside a molecule. In IR spectroscopy, the frequencies absorbed by a sample positioned in the path of an IR beam are measured (transmission or reflection mode), while the Raman technique consists of measuring the light scattered by a sample previously excited by a laser. Infrared and Raman spectroscopy are considered among the most favorable techniques to analyze cultural heritage samples due to their non-destructive utilization and their sensitivity to both organic and inorganic compounds.

  Figure1. FTIR spectra of archaeological bone samples (T67, T98, T139, T150 and T165) and bovine bone13 . The proteic bands amide I and amide II, and the carbonatic band are indicated. The phosphate bands used for the splitting factor (SF) calculation are squared13 
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 4 Figure 4. Identification of 4 peptides of myoglobin as species 'markers' from 1200-1400 AD sample including 1 peptide (YKELGFHG) specific to 17 pinnipeds and cetaceans; and 1 peptide (SHPETLEKFDKFK) specific to 3
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 6 Figure 6. Different types of amphorae
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 7 Figure 7. The studied Dressel 14 provided by Dr Franca Cibbeccini, Département de recherches archéologiques subaquatiques et sous-marines (DRASSM, Marseille).
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 8 Figure 8. MS/MS spectrum of the doubly charged ion at m/z: 619.816 (Δm = 0.3 ppm) presenting y and b fragments of the peptide sequence YSGALKDVQEK of tropomyosin protein from hydrolysis extract of Scomber scombrus fresh fish.

  optimize our methodology. The first sauces were made by Emmanuel Botte (Centre Camille Jullian, Aix Marseille Université and Centre J. Bérard, Naples) from sardine fishes (Sardina pilchardus) following an old recipe (E. Botte. PhD 2008, Lyon 2, Salaisons et sauces de poissons), the second sauce from Mackerel innards (Mackerel-1) and the third one from Mackerel fishes (Mackerel-2).
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 9 Figure 9. MS/MS spectrum of the doubly charged ion at m/z: 1180.0439 (Δm = 0.3 ppm) presenting y and b fragments of the peptide sequence VFDDNGDGYIDRDEFAEIIR of troponin C protein from hydrolysis extract of sardine Garum model sauce.
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 102 Figure 10. MS/MS spectrum of the doubly charged ion at m/z 953.971 (Δm= 0.4 ppm) presenting y and b fragments of the peptide sequence NLWAAFPPDVTGNVDYK of myosin light chain 2from Garum and sardine fish samples.Figure10, highlighting the substitution of the eleventh residue alanine by threonine. We verified that this peptide can be used as a biomarker for sardine fish species present in Garum sauce by comparing it with the same protein and the same peptide in Thunnus thynnus fish. The peptide NMWAAFPPDVAGNVDYK at the position (140-156) identified by (y1 + -y14 + ) ions and (b2 + -b6 + ) ions is shown in the MS/MS spectrum Figure11. The peptides found in Garum sauce and sardine differ from the peptide in tuna fish by 2 amino acids;
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 10 Figure 10. MS/MS spectrum of the doubly charged ion at m/z 953.971 (Δm= 0.4 ppm) presenting y and b fragments of the peptide sequence NLWAAFPPDVTGNVDYK of myosin light chain 2 from Garum and sardine fish samples.
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 11 Figure 11. MS/MS spectrum of the doubly charged ion at m/z 947.9438 (Δm= 0.6 ppm) presenting y and b fragments of the peptide sequence NMWAAFPPDVAGNVDYK of myosin light chain 2 of Thunnus thynnus fish
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 12 Figure 12. MS/MS spectrum of the doubly charged ion at m/z 824.8960 (Δm= 0.3 ppm) presenting y and b fragments of the peptide sequence YFGAYGDLSTQDAIK of hemoglobin beta chain of Scomber scombrus fish
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 1310 Figure 13. MS/MS spectrum of the doubly charged ion at m/z 738.8475 (Δm= 0.5 ppm) presenting y and b fragments of the peptide sequence LEEAEKVADESER of tropomyosin of Scomber scombrus fish
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 14 Figure 14. Archaeological ceramic sample crushed into fine powder
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 15 Figure 15. Above the MS/MS spectrum of the triply charged ion at m/z 419.9064 (Δm= 0.1 ppm) presenting y and b fragments of the peptide sequence VLDPADATGTIKK of myosin light chain 2 of Thunnus thynnus fish species from the archaeological sample, and below the MS/MS spectrum of 2+ ion at m/z 559.2809 (Δm= 1.1 ppm) presenting y and b fragments of the peptide sequence VMDPEGTGAIKK of myosin light chain 2 of Sardina pilchardus fish species
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 16 Figure 16. MS/MS spectrum of the triply charged ion at m/z 419.9064 (Δm= 0.1 ppm) presenting y and b fragments of the peptide sequence VLDPADATGTIKK of myosin light chain 2 of Thunnus thynnus fish species (full homology) from the archaeological sample, and below the MS/MS spectrum of the doubly charged ion at m/z 565.309 (Δm= 0.7 ppm) presenting y and b fragments of the peptide sequence VLDPEATGSIK of myosin light chain 2 of Scomber scombrus fish species
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 18 Figure18. Sequences of tropomyosin identified in several of the studied samples. The peptides underlined in yellow were identified in our spectra. The amino acids in red are showing substitutions from one species versus another. The peptide underlined is discussed in this paragraph.

  7 (MUltiple SequenceComparison by Log-Expectation) tool. Then PhyML 3.0 tool, which is a phylogeny software based on the maximum similarity principle, processed the input data. It calculates the similarity between sequences (and evaluates a hypothesis on the history of evolution in terms of probability). Then the phylogenetic tree was created using TreeDyn 198.3. 
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 19 Figure 19. Phylogeny of the sequences of tropomyosin protein between the archaeological sample and Scombridae fish samples obtained using tools from the site http://phylogeny.lirmm.fr/phylo_cgi/index.cgi
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 20 Figure 20. (A) MS/MS spectrum of the doubly charged ion at m/z 545.280 (Δm= 0.4 ppm) presenting y and b fragments of the peptide sequence YSGNLKDAQEK of tropomyosin of Thunnus thynnus fish species (full homology) from the archaeological sample, (B) MS/MS spectrum of the doubly charged ion at m/z 626.811 (Δm= 2.5 ppm) presenting y and b fragments of the peptide sequence YSGNLKDAQEK of tropomyosin of Thunnus thynnus fish species (full homology) from Thunnus alalunga sample; (C) MS/MS spectrum of the doubly charged ion at m/z 605.308 (Δm= 1.6 ppm) presenting y and b fragments of the peptide sequence YSGALKDAQEK of tropomyosin of Auxis thazard fish species and (D) MS/MS spectrum of the triply charged ion at m/z 626.999 (Δm= 1.4 ppm) presenting y and b fragments of the peptide sequence YS-GALKDAQEKLEVAEK of tropomyosin of Euthynnus alletteratus fish species

  8, DTT(1.4-dithiothreitol) 50 μm, 0.1% DCA (deoxycholic acid), 4% SDS (sodium dodecyl sulfate), 2% CHAPS(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) and stirred for 60 sec, on the BeadBug system. Then our samples were incubated for 2 hours at 4 ° C with stirring. In the next step, the proteins were delipidated, by taking 200 μl of sample and adding 200 μl of chloroform, 400 μl of methanol and 300 μl of H2O, then the mixture was stirred for 30 minutes. The upper phase was removed and the chloroform phase and the protein pellet were kept in the tube. After this, 50 μl of methanol were added, the mixture was agitated and centrifuged for 20 min at 13000 rpm to eliminate the liquid phase without touching the formed pellet. At the end, the pellet is dissolved with 150 μl of 8 M urea, 100 mM ABC pH8.8, and the mixture was stirred for 2 h at room temperature.Archaeological sampleThe archaeological sample is a piece of ceramic belonging to an analyzed amphora type Dressel 14 found in a shipwreck (Tiboulen wreck of Maïre), which is located in the harbor of Marseille by 49-50 m of depth and dating from 116 AD.
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  Paintings are composed of both organic and inorganic part phases. Pigments represent the main inorganic compounds, which impart color to paint. Oil that represents the organic part forms a solid film that can act as a binding medium, adhesive or varnish to protect and consolidate the fragile paintings.Different types of binding media have been used in paintings in which they play a major role. The choice of materials initially depends on the technique used by the artist according to a given time and place. For example, beeswax was used as binding medium for the preparation of Encaustic painting. Tempera painting is composed from emulsions of some proteinaceous components such as eggs, gelatin, casein or their mixture. Polysaccharides (ex: Arabic gum) were also introduced, for example, in the composition of watercolors.Oil painting was introduced in the early fifteenth century by the Flemish painter Van Eyck. Oils used in historic paintings are natural drying oils such as linseed oil. Triglycerides are the most abundant component of drying oils and they are mainly composed from unsaturated fatty acids such as linoleic acid and linolenic acid (C18 with 2 and 3 unsaturation). Oil drying is a chemical process that occurs spontaneously and it is considered as an auto-oxidation process followed by polymerization. This reaction happens in several stages. It begins with the auto-oxidation of the C = C double bonds of fatty acids into peroxides from a radical in the allylic position. Peroxides and hydro-peroxides decompose into free radicals that recombine to form a cross-linked structure. The phenomenon of auto-oxidation is strongly influenced by additives and pigments used in oil paints and by the pretreatment method of the oil.Several methods and processes are used to produce oils with different qualities and properties, however there are specific stages of manufacture and treatment dedicated for oil paints. The extraction of oil can be done by two methods: cold pressing, or solvent extraction. A crude oil is obtained which contains many particles in suspension. It is then purified from its solid elements by sedimentation, filtration or centrifugation to obtain a purified oil. The purified oil still contains a large amount of impurities, including mucilage (vegetable substances consisting of polysaccharides). Refining of the purified oil includes three main treatments: degumming, which eliminates mucilage, discoloration and neutralization which eliminate free fatty acids that can accelerate the oxidation process. Oils can undergo other treatments, such as heating with addition of metal salts, to improve their siccative property, that is to say their ability to form a solid film faster.

  the pigment) or to have a stabilizing effect. Calcium carbonate (CaCO3) added especially in the form of chalk, gypsum (CaSO4.2H2O), barium sulfate (BaSO4) and silicates such as talc (magnesium silicates hydrates) or clays (natural alumina silicates) hydrates) are the most commonly used fillers in oil painting. The fillers are crushed with the pigment in the oil to ensure their dispersion.

1 ) Formation of hydroperoxides 2 )

 12 A complex cascade of reactions between the triglycerides and oxygen from the atmosphere lead to the polymerization of the linseed oil and the formation of a highly cross-linked structure. Triglycerides are the major component of linseed oil and they are composed mainly of polyunsaturated fatty acids. Linoleate and linolenate structures oxidize rapidly since they contain an allylic hydrogen between double bonds. The allylic hydrogen will lead to the formation of radical species. Subsequent reaction with oxygen generates hydroperoxide functions and lunch free radical-chain mechanisms. The radial chain reaction is composed from three steps: initiation, propagation and termination. This oxidation process is carried out in several stages: Propagation of free radicals 3) Decomposition of hydroperoxides into free radicals 4) Free radical species react with each other to form cross-linked products The organic material or substrate is represented by RH, where R is a hydrocarbon having a RO* + R* → ROR Factors such as temperature, oxygen concentration, moisture content, illumination, film thickness, concentration of antioxidants and catalysts, etc., affect the overall rate of autoxidation. Physical factors such as temperature, UV irradiation or transition metals increase the radical generation rate and by consequence increase the autoxidation rate. On the other hand, increasing the active sites and oxygen concentration initiates the reactivity of the autoxidizing material.
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 141 Figure 1. Schematic representation of fatty acids autoxidation during time 4
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 34561 Figure 3. Reaction of polymerization between two free radicals and loss of unsaturation
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 137 Figure 7. On the left, "Couple aux têtes pleines de nuage, Salvador Dali, 1936, Museum Boijmans van Beuningen. 12b On the right, View on Delft, Johannes Vermeer, 1660-1661, Mauritshuis

Figure 8 .

 8 Figure 8. FTIR spectra of linseed oil photo-aged for (a) 7 h, (b) 487 h and (c) 1987 h 2b

Figure 9 .

 9 Figure 9. Variation of hydroxyl and unsaturation concentration during time in photo-aged linseed oil 2b
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 . Raman spectroscopyRaman spectroscopy is a non-destructive analytical technique, based on the physical phenomenon of Raman scattering. This phenomenon, highlighted by the Indian physicist Raman in 1928, is the inelastic diffusion of a monochromatic radiation (usually generated today by a laser) by a given material, generated by the coupling between the incident electromagnetic field and the vibration of molecules. This generates the emission of Stokes and anti-Stokes radiations, which are symmetrically offset with respect to the excitation wavelength. This offset corresponds to the vibration wavelength of the molecules. The Raman spectrum, obtained from the measurement of scattered intensity, constitutes a structural imprint of the studied material and gives information on the chemical composition, the structure and the molecular interactions of the material.

Figure 10 )

 10 Figure 10) shows the disappearance of peaks at 3010 and 1654 cm -1 corresponding for cis =C-H stretch and cis C=C stretch. The appearance of a broad band centered at 3472 cm -1 is also remarkable due to the presence of hydroxyl groups and the formation of the 987 and 971cm -1 peaks, which belong to trans-conjugated double bond and trans-out-of-plane C-H bend. Raman technique was used as well to study the difference in the oxidation reactions of fatty acids containing nonconjugated and conjugated double bonds in the presence of cobalt catalyst. And the study shows that the presence of allylic hydrogen contributes in the radical formation and the autoxidation mechanisms.25 

Figure 10 .

 10 Figure 10. FTIR spectra of boiled linseed oil film (a) before reaction and (b) after 8h reaction at 80 °C1

"

  Mobile phase" of an oil paint sample is easily separated by solvent extraction from the insoluble part. It provides information about the change in oxidation levels that have occurred during aging of an oil painting. The comparison between fresh and aged linseed oil (Figure 11) shows that the number of unsaturation in the alkyl chain of fatty acid decreased in the aged oil. Moreover, the triglycerides content of paints extracts decreased with aging due to their hydrolysis into glycerol and free fatty acids.
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Figure 13 .

 13 Figure 13. Chromatograms of ethyl esters of fatty acids from drying oils: (a) poppy oil, (b) linseed stand oil and (c)linseed stand oil in presence of cadmium red pigment36 

Figure 14 .

 14 Figure14. Fatty acids distribution obtained from pyrolysis/silylation of linseed oil paint layers with and without pigment37 
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  MR) mixed with Co/Ca/Zr drier, which were allowed to react with air. The recovered oligomer from the polymerization mechanism of unsaturated fatty acids was analyzed with ESI-MS equipped with a quadrupole analyzer. The mass spectrum (Figure15) show the presence of dimers, trimers and tetramers of linoleic acid. The identified compounds indicate the formation of C-C, ether and peroxide crosslinks. Zovi et al.41 investigated the stand oil reactions by identifying the resulting products using NMR and mass spectrometry. In their work, they heated the linseed oil at 270 to acids by saponification in order to recover only the cross-linked fatty acids. The NMR and MS analysis confirmed the formation of monounsaturated ring of six carbon atoms resulting from a Dials-alders addition. Furthermore, the MS analysis, signals the addition of an allylic radical on double bonds, followed by combination or elimination reactions. Secondary ion mass spectrometry (SIMS) provides several advantages in comparison to other mass spectrometry techniques. SIMS allows the identification of both organic and inorganic compounds of paintings, and is able to detect metallic soaps. However, this technique has some limitations when it comes to diacids and other polar compounds. 16b HPLC-ESI-Q-ToF allows the acquisition of triglycerides profile and the characterization of lipids present in oil paints. Unlike the GC-MS which is limited by the identification of the composition of fatty acids only.42 
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 15 Figure 15. ESI-MS spectrum of cross-linked linoleic acid 40

Figure 16 .

 16 Figure 16. Kendrick plots of paintings and conservation reference materials, beeswax (a), rabbit skin glue (b), Paraloid B72 in Shellsol A (c), fresh linseed oil (d).43 

Figure 17 .

 17 Figure 17. FT-ICR analysis of (Sigma Aldrich) linseed oil, on the left the entire MS spectrum and on the right zoom on the triglycerides zone.

Figure 18 .

 18 Figure 18. Trans-esterification and trans-amidation reactions of triglycerides.
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 12012 Figure 19 1 H NMR spectrum of linseed oils in CDCl 3

Figure 21 . 1 H

 211 Figure 21. 1 H NMR spectrum in DMSO of the products obtained after transesterification of linseed oil with 3pyridicarbinol after 90 min of reaction

  for the first time to analyze and identify the network structure formed between unsaturated fatty acids as well as developed a new derivation technique. This technique can be used in other areas of lipidomics and is much simpler and more efficient compared to other derivation methods that have already been proposed in the literature. The obtained product from linseed oil trans-amidation was also analyzed with FT-ICR MS. The mass spectrum (Figure23) shows that triglycerides were completely converted to derivatized fatty acids. The spectrum also indicates that the linolenic acid is the main fatty acid in linseed oil. Moreover, MS spectrum confirms that the fatty acids carbon chain is intact and the trans-amidation reaction does not generate any alteration on their carbon chain.
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 2223 Figure 22. On the top, 1 H NMR spectrum in DMSO of 3-(dimethylamino)-1-propylamine and on the bottom 1 H NMR spectrum in DMSO of products obtained after 12 hours of reaction between linseed oil and 3-(dimethylamino)-1-propylamine
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 2425 Figure 24. NMR spectrum of the obtained product from Wohl-Ziegler bromination under the literature conditions

Figure 30 .

 30 Figure 30. This result indicates that the trans-amidation reaction occurs on one fatty acid chain monomer only.
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 2628229 Figure 26. NMR spectrum of the pure methyl oleate dimer with carbon-carbon bond

Figure 31 .Figure 32 .IV. Mobile phase analysis 1 .

 31321 Figure 31. Synthesis mechanism of derivatized methyl-oleate dimer with peroxide bond
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 33 Figure 33. Typical Reaction of coupling Acid with Amine in the Presence of EDCI/HOBt 49

Figure 34 .

 34 Figure 34. FT-ICR MS spectrum of derivatized myristc acid

Figure 35 .

 35 Figure 35. Mass spectrum of the mobile phase

Figure 36 .

 36 Figure 36. FT-ICR MS spectrum of derivatized linseed oil film

Figure 37 .

 37 Figure 37. On the left FT-ICR MS spectrum of derivatized linseed oil and on the right spectrum of linseed oil film derivatized monomers

  sequences. The KMD is the difference between the Nominal Mass and the Kendrick Mass 6a KM = IUPAC massmesured[14.0000/14.01565] KMD = [NM-KM] However, the number of possible formulas for each measured mass increases with molecular weight and it is possible for different homologous series to have similar KMDs. Therefore, it is necessary to calculate another independent parameter z*: Z*= (modulus[NM/14]) -14

Figure 38 .

 38 Figure 38. FT-ICR MS spectrum of linseed oil derivatized dimers, trimers and tetramers

Figure 39 .

 39 Figure 39. Zoom on the peaks in the region of 788-798 m/z

  ), we can remark a difference of 2H between two consecutive peaks. A same class of molecules that have the same number of carbon, oxygen and nitrogen but different hydrogen number. This difference in hydrogen number is illustrated with the variation of DBE. In our case, the DBE indicating the number of unsaturation within the molecules represents an indication of the degree of polymerization and gives an inside look on the cross-linked structure of oil paint film. Double bonds are involved in the polymerization process of siccative oils, the abstraction of allylic hydrogen located between the two double bonds lead to a radical addition combination or radical addition elimination. The two ways of radical addition generates dimers, trimers and tetramers but with different number of unsaturation, as it is shown in Figure40. An example of products of radical addition combination is the molecule C46H92N4O6 with a DBE of 3 and only one double bond in the fatty acid dimers. This indicates that during radical addition, allylic radical attracts a hydrogen from another fatty acid leading to less unsaturation.

Figure 40 .Figure 41 .

 4041 Figure 40. Mechanism of radical addition combination on the left and radical addition elimination on the right

Figure 42 .

 42 Figure 42. Fatty acids dimer contains peroxide functions

  7037) and C44H86N4O4 (m/z = 735.6721) have a difference of C2H4. During oil paint drying process, beside the reticulation process, a degradation mechanism known as β-scission mechanism takes place.After the hydroperoxide decomposition and alkoxy radical formation, instead of reacting with fatty acids by radical addition, the radical species react within themself and cause the degradation of the fatty acid carbon chain producing volatile organic compounds and carboxylic acids. The β-scission mechanism is the main form of oil paint film degradation that releases free carboxylic acids functions which react with the pigments present in the painting and form metallic soaps.
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 43 Figure 43. Zoom in on the peaks in the region of 630-780 m/z

Figure 44 .N

 44 Figure 44. Schematic representation of fatty acid monomer, dimer and trimer

Figure 45 .

 45 Figure 45. Plot representing the number of nitrogen versus the number of carbon as a function of mass

Figure 46 .

 46 Figure 46. On the top the FT-ICR MS spectrum of an old model paint film, and on the bottom the FT-ICR MS spectrum of a modern model paint film

Figure 47 .

 47 Figure 47. Zoom in on the peaks in the region of 763-764 m/z showing the common and different peaks between the two model paint films

Figure 48 .Figure 49 .

 4849 Figure 48. Van Krevelen diagrams highlighting the identified species based on the hydrogen to carbon (H/C) versus the oxygen-to-carbon ratios (O/C) as a function of the mass (old model paint sample on the right and modern paint sample on the left)

Figure 50 .Figure 51 .Figure 52 .

 505152 Figure 50. Plot DBE versus carbon number as a function of oxygen number (old model paint sample on the right and modern paint sample on the left)

  used XRF spectrometer is ELIO (XGLab srl, Italy) based on a 25 mm 2 active area silicon drift detector and on a 40 kV-4W X-ray tube generator, which employs a Rh anode. The excitation X-ray beam is collimated to a ~1.2 mm spot diameter on the sample surface. The typical energy resolution of the spectrometer is below 135 eV. For all measurements, the following experimental conditions were used: working distance ~1.4 cm, tube voltage = 40 kV, tube anode current = 80 microA, acquisition time = 60 s.

Figure 53 .

 53 Figure 53. Example of an XRF analysis

Figure 54 .TGA of white sample 2 .

 542 Figure 54.TGA of white sample

Figures 55 and 56

 56 Figures 55 and 56 are showing the composition of the studied samples in term of multimers and their degradated forms. The degraded forms of multimers were identified via the molecular composition of the ions presents in the spectra considering the initial composition of linseed oil (main component linolenic acid; i.e. chain of 18 carbon atoms, 3 insaturations) and the
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 555657 Figure 55. Mass spectra and compositions of the white and the green art oil paint samples

Figure 58 .Figure 59 .

 5859 Figure 58. Zoom in on the peaks in the region of 797-798 m/z showing the common and different peaks between the yellow-red sample analyzed twice and the black sample.

5 .

 5 of AuNPs and study of the influence of irradiation times 242 Photochemical synthesis of PdNPs and study of the influence of oleylamine concentration .

.. 243 6 .

 6 Photochemical synthesis of PdNPs and study of the influence of Irgacure-2959 concentration .

Figure 1 .

 1 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 178 Figure 3 .Figure 4 .

 17834 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 190 Figure 7

 1907 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 191 Figure 8 .

 1918 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

. 204 Figure 13 .

 20413 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 205 Figure 14 .

 20514 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 208 Figure 16 .

 20816 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 209 Figure 17 .

 20917 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 211 Figure 18 .

 21118 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

.. 213 Figure 20 .

 21320 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

VFigure 23 .(

 23 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles............................................................................................... 177Figure2. Schematic representation of metal nanoparticles formation following the bottom-up approach ....................................................................................................................................... 178 Figure3. Variation of the Gibbs free energy as a function of the nucleus radius17 .................... 180 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization..................... 181Figure5. Schematic representation of the cloud oscillation of conduction electrons (localized surface plasmon) for a metal sphere subjected to an electric field.83 ........................................... 188 Figure6. λmax variation as a function of Au-NPs diameter88 ....................................................... 190 Figure7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λmax as a function of AuNPs radius89 ....................................................................................................... 191 Figure8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles90 .......... 192 Figure9. Evolution of the UV-Vis spectrum of AuNPs as a function of their shape91 ............... 192 Figure10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape71 ...................................................................................................................................................... 193Figure11The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at York Minster.122 .................................................................................................................................... 201Figure12. AgNPs coated with amylamine in toluene .................................................................. 204 Figure 13. Mechanism of AgNPs synthesis................................................................................. 205 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 207 Figure 15. Example of polydispersity variation........................................................................... 208 Figure 16. DLS distribution of AgNPs-amylamine prepared in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times............................................................................ 209 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation............................................................................ 211 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times. ............. 212 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times ............................................................................ 213 Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs .................................... 216 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®.............................................................................................................................. 217 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 218

  Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

.. 223 Figure 26 .

 22326 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

.. 228 Figure 30 .

 22830 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

. 231 Figure 33 .

 23133 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

.. 233 Figure 34 .

 23334 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

  Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

.. 237 Figure 36 .

 23736 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

.. 239 Figure 37 .

 23937 Figure23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio............................................................................................................... 220 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 222 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 223 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. .............................. 224 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene.................................... 226 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times .............. 227 Figure 29. (a) DLS distribution of gold nanoparticles prepared in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation times...................................................................... 228 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1................................................................................... 229 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®.............................................................................................................................. 230Figure32. PdNPs capped with oleylamine in THF ...................................................................... 231 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio. ................................................................................................................... 233 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ®ratio ...................................................................................................... 235 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times ............................................................................................. 237 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation .................................................................................................... 239 Figure 37.Homemade microfluidic system .................................................................................. 244

Figure 1 .

 1 Figure 1. Schematic representation of the two Top-down and Bottom-up approaches for the synthesis of metallic nanoparticles

Figure 2 .

 2 Figure 2. Schematic representation of metal nanoparticles formation following the bottom-up approach

Equation 3 :

 3 𝑟 * 2𝛾/𝛥𝐺 Equation 4: 𝛥𝐺 *As it is shown in the equations 3 and 4, the r* and ΔG* can be decreased by decreasing the surface energy or by increasing the bulk free energy. ΔGV increases with the supersaturation of the solution, however γ depends on the temperature, the solvent and the presence of ligands in the solution.

Figure 3 .

 3 Figure 3. Variation of the Gibbs free energy as a function of the nucleus radius 17The nucleation rate is the number of formed nucleus as a function of time, and it is illustrated by the use of an Arrhenius type equation, where A is a pre-exponential factor:

1 .

 . Electrostatic stabilizationIons adsorbed on the metal surface such as carboxylates, halides or polyoxoanions in aqueous solution and their respective counter-anions, form a double ionic layer around the particle at the origin of electrostatic stabilization. This creates a Coulomb repulsion between metal clusters. If the associated electrical potential is large enough, then the electrostatic repulsion prevents the agglomeration of the particles.21 

Figure 4 .

 4 Figure 4. Schematic representation of the nanoparticles electrostatic stabilization

Equation 7 :

 7 𝐴 . Equation 11: 𝜖 𝜔 1

Figure 6 .

 6 Figure 6. λ max variation as a function of Au-NPs diameter 88

Figure 7 .

 7 Figure 7. a) UV-visible spectra of the AuNPs with different sizes in water. (b) Variation of λ max as a function of AuNPs radius 89

Figure 8 .Figure 9 .

 89 Figure 8. UV-visible spectrum driving the damping and the displacement of the plasmon resonance due to the hanging of the thiols on silver nanoparticles synthesized in inverse micelles 90 c. The influence of shape on optical properties of nanoparticles Chen et al., 91 for their part, were interested in the influence of the nanoparticles shape on their UVvisible spectrum. They started by synthesizing gold nanoparticles of different shapes like spheres, cubes, stars, sticks and bipyramids. Then they compared the UV-visible spectra obtained for each of the morphologies. MET and UV-visible spectra are shown in Figure 16. The absorption peak at surface plasmon varies depending on the geometry of the nanoparticles,

Figure 10 . 2 .

 102 Figure 10. Evolution of the UV-Vis spectrum of silver NP colloids as a function of their shape 712. Dynamic light scattering (DLS)Dynamic Light scattering (DLS) is a relatively recent characterization technique that is becoming increasingly popular in research laboratories specializing in nanotechnology. This technique provides access to the size distribution of suspended nanoparticles.92 

  bacteria. The mechanism of action of nanoparticles in the cell is not yet established, with scientists proposing various hypotheses.A study by Feng et al. suggests that nanoparticles penetrate the cell membrane of the bacteria, where sulfur-containing proteins are found. Silver nanoparticles interact with these proteins in the cell as well as with phosphorus-containing compounds such as DNA. When the silver nanoparticles enter the bacterial cell, they form a region of low molecular weight in the center of the bacteria on which the bacteria cluster, thus protecting the DNA from silver ions. Nanoparticles preferentially attack the respiratory chain, cell division eventually leading to cell death. In addition, nanoparticles release silver ions into bacterial cells and enhance their bactericidal activity.118 

Figure 11

 11 Figure 11 The upper picture represents the Lycurgus Cup. The cup on the right is in reflected light and on the left in transmitted light, department of Prehistory and Europe, The British Museum.121 And the picture below represents Panel 8e from the Great East Window (1405e1408) at YorkMinster. 122 

Figure 12 .

 12 Figure 12. AgNPs coated with amylamine in toluene

Figure 13 .

 13 Figure 13. Mechanism of AgNPs synthesis Irgacure 907 generates amino alkyl radicals following a Norrish type I reaction after UV irradiation at 365 nm. Generated radicals reduce Ag + into Ag 0 and the formed nanoparticles are stabilized with the amine ligands.

Figure 14 .

 14 Figure 14. (a) UV-visible spectra of the AgNPs-amylamine obtained in flow at different irradiation times using the 1:10 Ag + /amylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times.

Figure 15 .

 15 Figure 15. Example of polydispersity variation

Figure 17 .

 17 Figure 17. . Transmission Electron Microscopy (TEM) images and size distribution of Ag-NPs obtained after 3 minutes of irradiation

Figure 18 .

 18 Figure 18. (a) UV-visible spectra of the AgNPs-oleylamine obtained in flow at different irradiation times using the 1:10 Ag + / oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Ag-NPs at different irradiation times.

Figure 19 .

 19 Figure 19. (a) DLS distribution of AgNPs-oleylmine prepared in flow at different irradiation times using the 1:10 Ag + /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Ag-NPs at different irradiation times

  b-A molar ratio amylamine/AgBF4 equal to 10. c-The ideal injection volume flow rate in a FEP reactor 4.8 m long and 800 µm in diameter for the synthesis is between 1500 and 750 μl.min-1 which corresponds to a time of irradiation between 1.5 and 3 minutes.

Figure 21 .

 21 Figure 21. Mechanism of the photoinduced formation of stabilized gold nanoparticles using Irgacure2959®

Figure 22

 22 Figure 22 UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times

Figure 23 .

 23 Figure 23. (Upper panel) DLS distribution of gold nanoparticles prepared in flow at the three Au 3+ /oleylamine ratios; 1:3 (blue), 1:5 (green) and 1:10 (red). (Bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared Au-NPs as function of Au 3+ /oleylamine ratio.

Figure 24 (

 24 Figure 24 (a) UV-visible spectra of the gold nanoparticles obtained in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times

  151 

Figure 25 .

 25 Figure 25. (a) DLS distribution of gold nanoparticles prepared in flow at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared Au-NPs at different irradiation timesIn the early stages of formation of stable nanoparticles, the few and the newly formed M 0 aggregate next to each other to form clusters (first section). Nucleation starts when these clusters constitute 20% of the initial M n+ that is converted to M 0 (at t irradiation = 10 minutes). The formed NPs cores continue to grow in this growth step by the controlled diffusion of the formed M 0 from the constant reduction of M n+ within the solution. The final step involves the rapid consumption of the remaining salt ions left in solution via an autocatalytic reduction that takes place at the surface of the NPs.

Figure 26 .

 26 Figure 26. AuNPs SPB wavelength 134 vs. AuNPs hydrodynamic diameter. Interestingly, both hydrodynamic diameters measurement and SPB wavelength variation measured through the residence time variation are linearly fitted (Figure 26) which demonstrates the high level of precision of flow techniques combined with off-line DLS and UV-Vis measurements for nanoparticle formation studies.

Figure 27 .

 27 Figure 27. On the left UV-visible spectra of the gold nanoparticles re-dispersed in toluene and on the right DLS distribution of gold nanoparticles re-dispersed in toluene To determine the influence of the flow technology on the properties of the formed NPs, batch experiments were performed. The same solution of gold precursor in THF that was used for the flow experiments was placed in an optical transparent quartz cuvette (12.5 × 12.5 × 45 mm) and

Figure 28 .

 28 Figure 28. UV-visible spectra of the gold nanoparticles obtained in batch at different irradiation times using the 1: 10 Au 3+ /oleylamine ratio. (b) Variation of the absorbance (blue) and surface plasmon band wavelength (red) of the prepared Au-NPs at different irradiation times

Figure 30 .

 30 Figure 30. Transmission Electron Microscopy (TEM) images and size distribution of Au-NPs obtained at a flow rate of 125.7 µL.min-1

Figure 31 .

 31 Figure 31. Mechanism of the photoinduced formation of stabilized palladium nanoparticles using Irgacure2959®

Figure 32 .

 32 Figure 32. PdNPs capped with oleylamine in THF

  4 and 10.3 respectively) and the most monodispersed nanoparticles (0.08 and 0.05 respectively). Those results indicates that increasing ligand concentration leads to increasing the steric stabilization of PdNPs and results in formation of smaller and more mono-dispersed nanoparticles.

Figure 33 .

 33 Figure 33. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /oleylamine ratios; 1:1 (blue), 1:3 (red), 1:6 (green) and 1:10 (violet). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /oleylamine ratio.

Figure 34 .

 34 Figure 34. (upper panel) DLS distribution of PdNPs prepared in flow at the four Pd 2+ /I-2959 ® ratios; 2:1 (blue), 1:1 (red), 1:2 (green), 1:4 (violet) and 1:8 (light blue). (bottom panel) Variation of the hydrodynamic diameter (blue) and polydispesity index (red) of the prepared PdNPs as function of Pd 2+ /I-2959 ® ratio

Figure 35 .

 35 Figure 35. (a) DLS distribution of PdNPs prepared in flow at different irradiation times using the 1:10 Pd 2+ /oleylamine ratio. (b) Variation of average diameter (blue) and PDI (red) of the prepared PdNPs at different irradiation times

Figure 36 .

 36 Figure 36. Transmission Electron Microscopy (TEM) images and size distribution of PdNPs obtained at 3 min of irradiation

Flow 3 .

 3 Photochemical synthesis of AuNPs and study of the influence of oleylamine concentration 6 ml mixture containing 0.33 mM HAuCl4, 0.99 mM Irgacure 2959 ® and different concentrations of oleylamine (0.99, 1.65 or 3.30 mM) were injected into the microfluidic system via a 5 mL glass syringe and irradiated for 15 minutes with a flow rate of 125.7 µL.min -1 .

Figure 37 .

 37 Figure 37.Homemade microfluidic system

  proteomics workflow was firstly adapted to study Garum model fish sauces prepared from various fish species (e.g. sardines, mackerels). After the optimization of extraction, digestion and data-treatment procedures, both muscle proteins (e.g. tropomyosin, myosin) and blood proteins (e.g. hemoglobin) were successfully identified by sequence homology to other fish species (e.g. Danio renio, etc.). Due to the lack of fish protein sequences in proteomic/genomic databases, an internal proteomic database was established from several fresh fish muscles that belong to Clupidae and Scombridae families present in both Mediterranean Sea and Atlantic Ocean such as Scomber scombrus, Sardina pilchardus, Auxis thazard, Euthynnus alletteratus and Thunnus alalonga. For fish species authentication in Garum model sample, de novo species specific peptides were compared to the same peptides extracted from fresh fish samples. The developed protocol was applied to the study of an archeological amphora (116 AD) preserved in submarine context. A total of 157 proteins were successfully identified including 10 muscle proteins and 2 blood proteins with fish specific peptides. Considering the 10 muscle proteins identified, 32 peptides were specific for fish among which 7 for Scombridae. Considering the 2 blood proteins, 4 specific peptides for fish were identified among which 2 were specific for Scombridae. The trace of proteins identified in the archaeological sample showed similarities with Thunnus thynnus and Thunnus allalunga species and excluded the Auxis thazard and Euthynnus alletteratus species. However this result have to be taken with caution considering the important lack of fish databases and the trace level of organic component detected in the amphorae.The second contribution of my thesis was focused on the characterization and identification of the network structure of polymerized linseed oils and the phenomena of degradation by soft depolymerization and high resolution mass spectrometry (FT-ICR) analysis. To perform this analysis, we designed a chemical treatment which cleaves the polymer at the ester bond between glycerol and the fatty acids without altering the network formed between these fatty acids. At the same time, derivatization of fatty acids by adding a tertiary amine group was performed to II improve their detection in positive mode. The obtained products from trans-amidation were analyzed with FT-ICR and had shown thousands of peaks corresponding to the resulting products from polymerization and degradation processes. Van Krevlen plots were produced to represent different classes of products and to visually represent the difference between oil paint films polymerized in the presence of different pigments. In this work, we present a new strategy, which allowed for the first time the analysis and identification of the network structure formed between unsaturated fatty acids in a real art oil painting that dates from the 19 th century.
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Table 1 . List of extracted fish species Species Family Common name Origin Sardina pilchardus

 1 

		Clupeidae	European pilchard	Mediterranee
	Sardina pilchardus	Clupeidae	European pilchard	Nord-Est Atlantic
	Scomber scombrus	Scombridae	Atlantic mackerel	Nord-Est Atlantic
	Auxis thazard	Scombridae	Melva	Mediterranee
	Ehthynnus alletteratus	Scombridae	Little tunny	Mediterranee
	Thunnus thynnus	Scombridae	Atlantic bluefin tuna	Mediterranee
	Thunnus alalunga	Scombridae	Albacore	Pacific-Tahiti

Table 2 .

 2 Table summarizing the LC-MS/MS result obtained for fish samples (Peaks software)

Sardina pilchardus (Mediterranean) Sardina pilchardus (Atlantic) Scomber scombrus Auxis thazard (Melva) Euthynnus alletteratus (thonine) Thunnus thynnus Thunnus alalunga Number of MS scans

  

		7460	7729	7889	7664		8111	7584	7762
	Number of	49735	49427 Clupeiformes	49329 Clupeidae	49526	49144 Sardina	49608 Sardina pilchardus	49526
	MS/MS scans								
	Peptide-	19281	18444	19388	18589	22700	24635	23454
	Spectrum								
	Matches Actinopterygii								
	Peptide	10226	9970	9804	9499	11596	12435	11068
	sequences					Scomber	Scomber	
	Protein groups	512	521	490	441		522	609 scombrus	428
	Proteins	1381	1388	1569	941		1240	1252	774
	Proteins (>2 Unique Peptides)	745	754 Perciformes	83 Scombridae	539	Auxis	679	685 Auxis thazard	403
	Missed Cleavages	6290	6229	6711	6266	7493	8268	7405
	= 0					Euthynnus	Ehthynnus alletteratus	
	Missed Cleavages	2775	2629	2394	2446		3013	3101	2780
	= 1								
	Missed Cleavages	866	834	575	660		890	869 Thunnus thynnus	741
	= 2					Thunnus		
	Missed Cleavages	259	242	112	117		179	173 Thunnus alalunga	131
	= 3								
	Class		Order	Family		Genus		Species	

Table 3 .

 3 Phylogenetic tree of the studied fish species Thunnus thynnus and 325 and 687 are described in TrEMBL and NCBI.

	Few proteins of fish species are referenced in databases; e.g. Danio rerio (Swiss-Prot: 3072;
	TrEMBL: 59291; NCBI: 88160) is for example used as a model organism for biological, genetic,
	environmental and toxicological studies, and is referenced in databanks. In our studies, we focused
	on fish species belonging to Clupeidae and Scombridae families since they are most probably used
	in fish sauces production. However, most of the species of interest are unsequenced and their
	proteomic databases are limited as it is shown in Table 4: for example 13 and 78 proteins are
	respectively referenced in SwissProt Databases for Clupeidae and Scombridae; and NCBI databank
	contains 36836 and 9736 proteins respectively. Considering species, SwissProt describes 16
	proteins fot

Table 4 .

 4 Number of sequenced proteins from different fish species present in the databases

Swiss-Prot (database July 2018)

  

			TrEMBL	NCBI
	Actinopterygii (Class)	5343	1469565	3858321
	Clupeiformes (Order)	14	3966	41668
	Perciformes (Order)	208	67597	118224
	Clupeidae (Family)	13	2274	36836
	Engraulidae (Family)	-	1503	4165
	Scombridae (Family)	68	3425	9736
	Sardina (Genus)	1	253	1507
	Clupea (Genus)	16	703	30480
	Scomber (Genus)	22	1635	1920
	Auxis (Genus)	1	191	
	Euthynnus (Genus)	-	133	
	Thunnus (Genus)	50	1347	3188

Sardina pilchardus (Species) 1 96 Scomber scombrus (Species) 4 207 Auxis thazard (Species) - 6 Euthynnus alletteratus (Species) - - Thunnus thynnus (Species) 16 325 Thunnus alalonga (Species) 2 109

  

Table 5 .

 5 Table summarizing the LC-MS/MS results obtained for fish sauces (Peaks software)

Table 6 .

 6 Example of identified proteins from sardine Garum model sauce

	Accession	Protein	Coverage	Peptides	Unique	Average	Function	Homology to
			%		peptides	mass Da		species
	229366368 Calmodulin	99	26	7	16939	Cytoplasmic	Anoplomo
							protein	fimbria
	37903435	Actin	85	106	12	41975	Muscle	Danio rerio
							protein	
	18859495	Troponin C	83	33	10	18211	Muscle	Danio rerio
							protein	
	348500102 Tropomyosin	68	60	14	32773	Muscle	Oreochromin
		alpha-3					protein	niloticus
	7678756	Myosin light	66	23	9	19418	Muscle	Sardinops
		chain-2					protein	melanosticus
	348527312 Beta-enolase	65	116	20	47565	Cytoplasmic	Oreochromin
							protein	niloticus
	221221958 Ribonuclease 58	13	4	14902	Cytoplasmic	Salmo salar
							protein	
	303657547 Hemoglobin	56	22	2	16112	Blood	Salmo salar
							protein	
	1644255	Beta-globin	55	23	4	16397	Blood	Cyprinos
							protein	carpio

Table 8 .

 8 Myosin peptide (light chain 2) allowing discrimination between various fish species

	SVSDNAY QFM(ox)L QDR	157-170	V→I (158)	845. 381	1689. 783	0.3	X	X
	5 (F)							
	VTFQVSD ER	275-283	D→A (281)	547. 775	1080. 532	-3.7 X	X

1 

Accession number.

Table 11 .

 11 Table summarizing the LC-MS/MS results obtained from the archaeological sample (Peaks software)

Table 12 .

 12 Identified muscular proteins from the archaeological ceramics

	gi	Proteins	Taxonomy	MW 2 (Da)	Cover age %	# peptid es	# Unique	peptides	Position	Exp mass Z=2	Theor mass Z=1	Δ (ppm)	Fish	Scombr idae
								QADSVAELGEQIDNLQR 1193-1209	943.4 67	1885.9 25	1.2	x	
								GEVDDTVQEAR	1567-1577	609.7 83	1218.5 59	0.1	x	
		myosin heavy chain	Dicentrarchus labrax					VQLELNQIK	1558-1566	542.8 22	1084.6 36	0.7	x	
								INEM(ox)LDTK	439-446	409.2 42	979.47 2	0.3	x	
								DIDDLELTIAK	950-960	623.3 32	1245.6 57	0.0	x	
								QADSVAELGEQIDNLQR 1194-1210	943.4 67	1885.9 25	1.2	x	
								DIDDLELTIAK	951-961	623.3 32	1245.6 57	0.0	x	
								LQGEVEDLM(ox)IDVER	1423-1436	831.4 06	1661.8 00	0.5	x	
		myosin heavy chain	Lethenteron camtschaticum					NLQQEISDLTEQIGETGK 1506-1523	668.3 36 z=3	2003.9 96	0.2	x	
								DAQLHLDDAVR	1654-1664	626.8 19	1252.6 28	2.0	x	
								VAEQELVDASER	1703-1714	673.3 33	1345.6 59	0.1	x	
								VQHELEEAQER	1901-1911	684.3 31	1367.6 55	0.6	x	

Table 13 .

 13 Common protein identified in both archaeological sample and Sardine fresh fish

	gi 1	Proteins	Taxonomy	MW 2 (Da)	Coverage %	# peptides 3	# Uniqu e 4	Common peptides with A.A substitution	Position	Exp mass Z=2	Theor mass Z=1	Δ 5 (ppm)	sample
	7678720	myosin light chain 1	Scombridae: Thunnus thynnus	21300 40	11	3	LLGM(ox)PSAED M(ox)TNK	98-110	719.831	1438.655	-0.96	Archaeological sample
	7678752	myosin light chain 1	Sardinops melanostictus	21837 88	27	19	HILGNPST(P)ED MT(A)GK	97-110	750.3614	1498.698	0.3	Sardina pichardus
	7678724	myosin light chain 2	Scombridae: Thunnus thynnus	19000 68	16	4	VLDPDATGTIKK	108-119	419.906 z=3	1257.7049	-0.96	Archaeological sample
	5852838	myosin light chain 2	Sparus aurata 19079 63	31	9	VM(L)DPEG(A)TG AIKK	108-119	415.880 z=3	19079	0.9	Sardina pichardus

1 

Accession number.

Table 14 .

 14 Common protein identified in both archaeological sample and mackerel fresh fish and peptides showing amino acid substitutions.

	gi	Proteins	Taxonomy	MW 2 (Da)	Coverag e %	# peptides 3	# Unique 4	Common peptides with A.A substitutions	Position	Exp mass Z=2	Theor mass Z=1	Δ 5 (ppm)	samples
		hemoglobin beta chain	Scombridae Thunnus thynnus	16182	22	5	4	GDLSTPDAIK	47-56	508.7 67	1015.5 18	1.2	Archaeological sample
		hemoglobin beta chain	Thunnus thynnus	16313	7	5	3	YFGAYGDLSTQ(sub P)DAIK	42-56	824.8 974	1648.7 69	0.3	Mackerel (Scomber scombrus)	fish
		myosin light chain 1	Scombridae: Thunnus thynnus	21300	40	11	3	LLGM(ox)PSAEDM( ox)TNK	98-110	719.8 31	1438.6 55	-0.96	Archaeological sample
		myosin light chain 1	Scomber japonicus	-	-	-	-	LLGNPSADDMNSK	98-110	-	1361.6 35	-	Scomber japonicus NCBI Database
		myosin light chain 2	Scombridae: Thunnus thynnus	19000	68	16	4	VLDPDATGTIKK	108-119	419.9 06 z=3	1257.7 049	-0.96	Archaeological sample
		myosin light chain 2	Decapterus maruads	18991	95	27	2	VLDPEA(subG)TGSI K	107-117	565.3 09	1129.2 58	0.7	Mackerel (Scomber scombrus)	fish
		myosin light chain 3	Scombridae: Thunnus thynnus	18556	47%	12	6	ALGQNPTNKDVHK	59-71	711.3 79	1421.7 495	0.26	Archaeological sample

  spectrum not shown for Thunnus thynnus species as the sequence is referenced in database) and

	>Analyzed sample: Archaeological sample
	>gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus]
	MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVAMQKRL KGTEDELEKY SGNLKDAQEK
	LEVAEKSATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKAA DESERGMKVI ENRNMKDEEK
	MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSESKC SELEEESKTV TNNLKSLEAQ
	AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI
	> Analyzed sample: Thunnus alalunga
	>gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus]
	MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVAMQKRL KGTEDELEKY SGNLKDAQEK
	LEVAEKSATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKAA DESERGMKVI ENRNMKDEEK
	MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSESKC SELEEESKTV TNNLKSLEAQ
	AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI
	> Analyzed sample: Thunnus thynnus
	>gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus]
	MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVAMQKRL KGTEDELEKY SGNLKDAQEK
	LEVAEKSATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKAA DESERGMKVI ENRNMKDEEK
	MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSESKC SELEEESKTV TNNLKSLEAQ
	AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI

(ii) dissimilarities with Auxis thazard species (YSGA(subN)LKDAQEK, position

60-70) 

and Euthynnus alletteratus species (YSGA(subN)LKDAQEKLEVAEK, position

60-76) 

for which a substitution of asparagine by alanine was identified using fragment ions b4 + to b10 + and y8 + to y10 + for Auxis thazard and y14 + to y16 + for Euthynnus alletteratus (sequence homology to Thunnus thynnus species). Truncated forms of the peptide YSGNLKDAQEK was also found in the archaeological sample; i.e. the spectrum corresponding to SGNLKDAQEK sequence is shown on the Figure

21

. It can be mentioned that truncated forms of peptides (C-terminus side) were identified for several proteins identified in the archaeological samples (not in our fresh model samples). > Analyzed sample: Scomber Scombrus >gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus] MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVDMQKRL KGTEDELEKY SGALKDVQEK LEVAEKQATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKVA DESERGMKVI ENRNMKDEEK MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSETKC SELEEESKTV TNNLKSLEAQ AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI > Analyzed sample: Auxis thazard >gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus] MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVAMQKRL KGTEDELEKY SGALKDAQEK LEVAEKSATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKAA DESERGMKVI ENRNMKDEEK MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSESKC SELEEESKTV TNNLKSLEAQ AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI > Analyzed sample: Euthynnus alletteratus >gi|301017128|dbj|BAJ11924.1| tropomyosin [Thunnus thynnus] MEAIKKKMQM LKLDKENALD RAEQSESDKK AAEDRTKQLE DDLVAMQKRL KGTEDELEKY SGALKDAQEK LEVAEKSATD AEGDVASLNR RIQLVEEELD RAQERLATAL TKLEEAEKAA DESERGMKVI ENRNMKDEEK MEMQDVQLKE AKNIAEEADR KYEEVARKLV VIESDLERTE ERAELSESKC SELEEESKTV TNNLKSLEAQ AEKYTQKEDK YEEEIKVLTD KLKEAETRAE FAERSVAKLE KTIDDLEDEL YAQKQKFKSI SEELDHALND MTSI

Table 15 .

 15 Common protein identified in both archaeological sample and Auxis thazard fresh fish

	gi 1	Proteins	Taxonomy	MW 2 (Da)	Covera ge %	# peptides 3	# Unique 4	Common peptides with A.A substitution	Positi on	Exp mass Z=2	Theor mass Z=1	Δ 5 ) (ppm	sample
			Scombridae:										
	301017128	tropomyosin	Thunnus thynnus	3270 0	61	24	10	YSGNLKDAQEK	60-70	626.811	1252.617	2.5	Archaeological sample
			Scombridae:										
	301017128	tropomyosin	Thunnus thynnus	3276 2	75	40	12	YSGA(subN)LKD AQEK	60-70	605.308	1209.303	1.6	

Table 16 .

 16 Common protein identified in both archaeological sample and Euthynnus alletteratus fresh fish Due to the lack of fish protein sequences in proteomic/genomic databases, we build our own proteins database from 8 different fish species that were suspected to be used in fish sauces preparation during the Roman era. Most of the proteins were identified using sequence

	gi 1	Proteins	Taxonomy	MW 2 (Da)	Covera ge %	# peptides 3	# Unique 4	Common peptides with A.A substitution	Positi on	Exp mass Z=2	Theor mass Z=1	Δ 5 (ppm)	sample
	301017128	tropomyosin	Scombridae: Thunnus thynnus	3270 0	61	24	10	YSGNLKDAQE K	60-70 626.811	1252.6 17	2.5	Archaeological sample
	301017128	tropomyosin	Scombridae: Thunnus thynnus	3276 2	75	40	12	YSGA(subN)LK DAQEKLEVAE K	60-76	626.999 z=3	1209.3 03	1.6	Euthynnus alletteratus

homology to other sequenced fish species (e.g. Danio renio, etc.). De novo sequencing allowed the identification of new unsequenced peptides from muscular and blood proteins and several peptides could be used to discriminate different fish species.

  Garum sauce or 50 mg of archaeological sample. These samples were mixed in 50 µL of solubilizing and reducing buffer A (4% SDS, 0.2 % DCA, 50 mM DTT, 200 mM ABC) overnight at 4°C. Samples were centrifuged at 13,000 g at 20°C for 15 min.

Supernatants were mixed with 200 µL of SDS exchange buffer (8 M urea, 0.2 % DCA, 100 mM ABC, pH 8) and were transferred into Microcon UF units (YM-3 3 kDa cutoff limit; Millipore, Billerica, MA). After 30 min of centrifugation at 13000 rpm, the filtrate was discarded, an additional 200 μL of exchange buffer A was deposited in each unit, and centrifugation resumed for 30 more minutes. This buffer addition/centrifugation step was repeated twice more. The reduced proteins were alkylated within the filter unit by adding alkylation buffer A (8 M urea, 50 mM iodoacetamide, and 100 mM ABC, pH 8) and incubating at 37°C for 1 h with shaking in the dark.

After 30 min of centrifugation at 13000 rpm, the filtrate was discarded, an additional 200 μL of exchange buffer A was deposited in each unit, and centrifugation resumed for 30 more minutes. This buffer addition/centrifugation step was repeated one more. After three exchanges with eFASP digestion buffer (50 mM ABC, 0.2% DCA pH 8) were performed. eFASP digestion buffer (100 μL) was added to each UF device, followed by 1 μg of trypsin (1:50 w/w). Digestion proceeded for 16 h at 37°C. Peptides were recovered by transferring the UF filter to a new collection tube and spinning at 13000 rpm for 20 min. To complete peptides recovery, filters were rinsed twice with 50μL of 50 mM ABC that was collected by centrifugation.
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Table 1 .

 1 Fatty acid compositions of some drying oils (wt%)2 

	Oil	Palmitic	Stearic	Oleic	Linoleic	Linolenic
	Linseed	6-7	3-6	14-24	14-19	48-60
	Walnut	3-7	0.5-3	9-30	57-76	2-16
	Poppy seed	10	2	11	72	5
	Tung	3	2	11	15	3

Table 2 .

 2 Fatty acid composition of linseed oil3 

	Fatty acid	% In freshly pressed oil
	18:3 linolenic acid	56-71
	18:2 linoleic acid	12-18
	18:1 oleic acid	10-22
	18:0 stearic acid	2-3
	16:0 palmitic acid	4-6

  Catalano et al. synthesized and analyzed different types of lead carboxylates metallic soaps such as lead stearate, lead palmitate, lead azelate, lead oleate and lead heptanoate. Based on the 207 Pb Kehlet et al. applied the ultrafast spinning solid-state NMR spectroscopy, which offers higher resolution in comparison to the conventional solid-state NMR. This technique demands only fewmilligrams of sample making it a suitable method for the analysis of art oil paint. The 13 C showed a shift in the carbonyl signal from 173 ppm in the linseed oil reference sample to 182 ppm in oil paint sample, which corresponds more to a carboxylate rather than an ester bond. Those results

	The sensitivity of these experiments was further enhanced by Dynamic Nuclear Polarization DNP,
	in which the proton polarization is increased by a microwave-driven transfer of polarization
	between unpaired electrons and protons. Recently, Kobayashi et al. demonstrated that DNP could
	be used to record the 207 Pb spectrum of lead carbonate phase in the white lead pigment. A mixture
	of TEKPoL biradical and 1,1,2,2 tetrachloroethane: methanol-d4 (96/4) was added to the sample
	and play the role of polarization source. DNP enhances the signal by a factor of eight under static
	conditions in the case of white lead.

chemical-shift tensor, they succeeded to distinguish between lead azelate which has a span around 2640 ppm, a skew of 0.66, and an isotropic chemical shift at 1188 ppm and both lead stearate and lead palmitate that have similar NMR parameters (spans of 700 ppm, skews of 0.5, and isotropic chemical shifts near 2130 ppm). Lead heptanoate has similar span and skew values as lead azelate but a difference of 100 ppm for the isotropic chemical shift.

207 

Pb NMR results depend on the length of carboxylate chain, however the presence of cis-double bonds induces a curve in the acyl chain causing alterations in crystal packing as in the case of oleate which has the same number of carbon as stearate but the 207 Pb chemical-shift tensor of oleate has a span at 2350 ppm, a skew of 0.66, and an isotropic chemical shift at 1277 ppm. The 13 C ssNMR spectra shows a doubling in the resonance of carbons located in the position C1, C2 and C3 near the lead atom. This doubling in resonance is due to the presence of two fatty acid chains with two possible geometric coordination to the lead ion.

Table 3 .

 3 List of the triglycerides molecules present in the analyzed linseed oil

	TAG	C x H y O z Li	[M + 7 Li + ]	Δm ppm	CN : DB	ECN	I
	PLnLn	C 55 H 94 O 6 Li	857,7234	2,2	52 : 6		49354162
	LnLnLn	C 57 H 92 O 6 Li	879,7233	1,5	54 : 9		268283447
	LLnLn	C 57 H 94 O 6 Li	881,7205	2,7	54 : 8		158314050
	LLnLn/OLnLn	C 57 H 96 O 6 Li	883,7388	1,9	54 : 8		191671885
	OLLn/SLnLn/LLL	C 57 H 98 O 6 Li	885,7518	1,2	54 : 8		43526744
	OOln	C 57 H 100 O 6 Li	887,7674	0,2	54 : 5		79969891
	LnLnLn1O	C 57 H 92 O 7 Li	895.7030	1,5	54 : 9		85261963
	LLnLn1O	C 57 H 94 O 7 Li	897,7154	2,1	54 : 8		101021333
	OLnLn1O	C 57 H 96 O 7 Li	899,7311	2,6	54 : 7		73852574
	OLLn1O/LLL1O	C 57 H 98 O 7 Li	901,7467	3,6	54 : 6		59558568
	LnLnLn2O	C 57 H 92 O 8 Li	911,6947	1,5	54 : 9		41368275
	LLnLn2O	C 57 H 94 O 8 Li	913,7103	2,1	54 : 8		59356891

Table 4 .

 4 Derivated Fatty acids after linseed oil paint film transamidation

	F.A._DMAPA	CxHyOzN2	[M + H + ]	Δm ppm	CN:DB	ECN	I
	Plamitic acid_DMAPA	C 21 H 45 ON 2	341.3532	3.2	16 : 0	16	362660395
	Linolenic acid_DMAPA	C 23 H 43 ON 2	363.3370	0.2	18 : 3	12	183282092
	Linolenic acid_DMAPA	C 23 H 45 ON 2	365.352	0.7	18 : 2	14	137595472
	Oleic acid_DMAPA	C 23 H 47 ON 2	367.3680	0.6	18 : 1	16	903721712
	Stearic acid_DMAPA	C 23 H 49 ON 2	369.3849	2.5	18 : 0	18	422597517
	Oleic acid 1O_DMAPA	C 23 H 47 O 2 N 2	383.3644	3.1	18 : 0	18	301376381
	Oleic acid 2O_DMAPA	C 23 H 47 O 3 N 2	399.3597	3.9	18 : 0	18	97524578
	Oleic acid 3O_DMAPA	C 23 H 47 O 4 N 2	415.3530	3.9	18 : 0	18	78316228

Table 5 .

 5 Identified peaks in the mass range between 788-798 m/z

	m/z [M+H] +	Error (ppm)	DBE	Formula
	789.6470	0.8	7	C 46 H 84 N 4 O 6
	791.6625	0.6	6	C 46 H 86 N 4 O 6
	793.6783	0.8	5	C 46 H 88 N 4 O 6
	797.7095	0.7	3	C 46 H 92 N 4 O 6

Table 6 .

 6 Example of identified peaks in the mass range between 720-820 m/z

	m/z [M+H] +	Error (ppm)	DBE	Formula	DBE-O
	731.7138	0.2	4	C 46 H 90 N 4 O 2	2
	761.6880	0.2	5	C 46 H 88 N 4 O 4	1
	781.7141	0.1	3	C 46 H 92 N 4 O 5	-2
	795.6935	0.2	4	C 46 H 90 N 4 O 6	-2
	803.6254	0.3	8	C 46 H 82 N 4 O 7	1

Table 7 .

 7 Example of identified peaks in the mass range between 630-780 m/z

	m/z [M+H] +	Error (ppm)	DBE	Formula
	763.7037	0.3	4	C 46 H 90 N 4 O 4
	735.6721	0.1	4	C 44 H 86 N 4 O 4
	665.5944	0.7	4	C 39 H 76 N 4 O 4
	637.5629	0.4	4	C 37 H 72 N 4 O 4

Table 8 .

 8 Represents an example of identified monomers, dimers and trimers

	m/z [M+H] +	Error (ppm)	DBE	Formula
	367.3683	0.0	2	C23H46N2O
	731.7138	0.2	4	C46H90N4O2
	1131.9503	0.4	12	C69H122N6O6

Table 9 .

 9 The total organic amount present in the samples

	Pigment	Organic amount (%)
	Black	26.82
	White	21.78
	Green	24.26
	Yellow-red	23.00

Table 10 .

 10 Composition of the four art oil paints samples

		White	Green	Black	Yellow-red
	Number of assigned	3709	3314	3592	1146
	peaks				
	Number of 13 C1	797	727	777	211
	isotopologues				
	Number of unassigned	15147	14238	14025	6741
	peak				
	Organic phase %	24%	23 %	10 %	7 %
	(referring to the				
	whole sample)				
	Monomers %	4%	1%	5%	4%
	Dimers %	4%	4%	4%	2%
	Trimers %	1%	1%	1%	1%
	Degraded dimers %	33%	20%	45%	18%
	Degraded trimers %	43%	59%	30%	65%
	Degraded tetramers %	15%	15%	15%	10%
	White				

Table 1 .

 1 Different flow rates and irradiation times used in our kinetic study.............................. Table

	.. 244

Table 7 .

 7 . Study of Pd 2+ / I-2959 ® influence on PdNPs synthesize

Table 8 .

 8 . Study of hydrodynamic diameter and PDI variation as a function of irradiation time ..

Table 9 .

 9 Different flow rates and irradiation times used for the synthesis of AgNPs ..................

Table 10 .

 10 Different flow rates and irradiation times used for the synthesis of AuNPs ................

Table 11 .

 11 Different flow rates and irradiation times used for the synthesis of PdNPs ................

Table 1

 1 represents the different flow rates and irradiation times applied to complete the kinetic study of formation of AgNPs in a microfluidic system.

Table 1 .

 1 Different flow rates and irradiation times used in our kinetic study.After optimization of the reagents (photoinitiator, silver salt, amine), it turned out that silver tetrafluoroborate combined with Irgacure 907 ® (instead of Irgacure 2959 ® ) leads to the best results.

	flow rate (μl.min -1 )	Irradiation time (min.sec)	Time of reaction (min.sec)
	4500	0.30	1.20
	2250	1.00	2.40
	1500	1.30	4.00
	1125	2.00	5.20
	750	3.00	8.00
	450	5.00	13.20
	225	10.0	26.40

Table 2 .

 2 AgNPs-Amylamine variation of Absorbance, λ max , Hydrodynamic diameter, and PDI

F l o w r a t e (μL.

min -1 ) Irradiation time (min) λ max Absorbance at λ max

  

						Average	PDI
						diameter	
	AgBF 4 /amylamine	4500	0.5	439	0.96	3.6	0.09
	= 1/10	2250	1.0	443	0.7	3.3	0.07
		1500	1.5	439	1.16	2.3	0.05
		750	3.0	439	1.21	2.6	0.03
		450	5.0	439	1.18	3.1	0.04
		225	10.0	439	1.15	3.6	0.05

Table 3 .

 3 AgNPs-Oleylamine variation of Absorbance, λ max , Hydrodynamic diameter, and PDI

		F l o w r a t e	Irradiation	λ max	Absorbance	Average	PDI
		(μL.min -1 )	time (min.		at λ max	diameter	
			sec)				
	AgBF 4 /oleylamine	4500	0.5	462	0.83	5.7	0.19
	= 1/10	1500	1.5	457	0.90	3.7	0.09
		750	3.0	455	1.99	4.4	0.09
		450	5.0	454	1.97	4.4	0.09
		225	10.0	459	0.87	4.8	0.12

Table 4 .

 4 Study of Au 3+ /oleylamine effect on Au-NNPs synthesize

	Au 3+ /oleylamine	λ max	Absorbance	Average	PDI
			at λ max	diameter	
	1/3	528	0.59	3.6	0.09
	1/5	538	0.12	3.3	0.07
	1/10	537	0.20	2.3	0.05

Table 5 .

 5 AuNPs-Oleylamine variation of Absorbance, λ max , Hydrodynamic diameter, and PDI

		HAuCl 4 /oleylamine = 1/10		
	Flow rate (µL.min -	Irradiation	λ max	Absorbance	Average	PDI
	1 )	time (min)		at λ max	diameter	
	628.3	3	523	0.14	4.2	0.09
	188.5	10	533	0.28	3.1	0.14
	125.6	15	536	0.42	3.6	0.16
	62.8	30	531	0.33	4.1	0.14
	41.9	45	526	0.36	4.2	0.16

Table 6 .

 6 Study of Pd 2+ /oleylamine influence on PdNPs synthesize Fixed parameters:  Pd 2+ /I-2959 ® ratio: 1/2  Flow rate: 62.85 µL.min -1  Irradiation time: 30 min

	Pd 2+ /Oleylamine	Hydrodynamic diameter 134	PDI
	1/1	14.6	0.14
	1/3	11.3	0.15
	1/6	10.4	0.08
	1/10	10.3	0.05

Table 7 .

 7 Study of Pd 2+ / I-2959 ® influence on PdNPs synthesize

		Fixed parameters:	
		• Pd 2+ /Oleylamine ratio: 1/10 • Flow rate: 62.85 µL.min -1	
		• Irradiation time: 30 min	
	Pd 2+ /Irgacure-2959	Hydrodynamic diameter 134	PDI
	2/1	9.7	0.06
	1/1	7.5	0.05
	1/2	10.3	0.05
	1/4	12.9	0.06
	1/8	14	0.05

Table 8 .

 8 Study of hydrodynamic diameter and PDI variation as a function of irradiation time

	Fixed parameters:
	• Pd 2+ /Oleylamine ratio: 1/6 • Pd 2+ /Irgacure-2959 ratio: 1/1
	Flow

rate (µL.min - 1 ) Irradiation time (min) Hydrodynamic diameter 134 PDI

  

	1885	1	86	0.15
	942.5	2	89	0.07
	628	3	6	0.05
	377	5	7.3	0.03
	188.5	10	7.7	0.05
	125.7	15	6	0.08
	94.3	20	6.1	0.16

1 . Reagents

 . Silver Tetrafluoroborate (AgBF4,99.0%) were supplied by ACROS ORGANICS ® (Geel, Belgium), palladium(II) acetylacetonate (C10H14O4Pd, 99%) purchased from Flourochem ® and gold (III) chloride hydrate (HAuCl4.xH2O, 99.9%) from Alfa Aesar ® . Amylamine (C5H13N, 99.0%) and oleylamine (C18H37N, 80-90%) are supplied by ACROS ORGANICS (Geel, Belgium). Photoinitiators such as Irgacure 2959 ® 98.0% [2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone.(C12H16O4)], and Irgacure 907 ® 98.0% [2-Methyl-4′-(methylthio)-2-morpholinopropiophenone (C15H21NO2S)] are marketed by Sigma-Aldrich (St. Louis, USA). Toluene (C7H8, 99%) and tetrahydrofuran (C4H8O, 99%) were purchased from Sigma-Aldrich (St. Louis, USA) as well.

Table 9 .

 9 Different flow rates and irradiation times used for the synthesis of AgNPs

Table 10 .

 10 Different flow rates and irradiation times used for the synthesis of AuNPs

	Flow rate (μL.min -1 )	Irradiation time (min.sec)	Experience duration
			(min.sec)
	628.3	3.0	4.8
	188.5	10.0	15.9

Table 11 .

 11 Different flow rates and irradiation times used for the synthesis of PdNPs

	Flow rate (μL.min -1 )	Irradiation time (min.sec)	Time of reaction (min.sec)
	1885	1.0	1.6
	942.5	2.0	3.2
	628	3.0	4.8
	377	5.0	8.0
	188.5	10.0	15.9
	125.7	15.0	23.9
	94.3	20.0	31.8
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Figure 20. Antibacterial activity of alkyd paints embedded with AgNPs

RésuméLa spectrométrie de masse est une méthode analytique puissante qui permet l'analyse de différents types d'échantillons. Ce travail de thèse présente de nouvelles approches en lipidomique et en protéomique appliquées à l'analyse des échantillons de patrimoine culturel par spectrométrie de masse. La première partie de cette thèse propose un développement méthodologique en protéomique pour l'analyse des échantillons archéologiques. Ce travail consiste à optimiser la stratégie "bottom-up" pour l'analyse des traces de protéines piégées dans des céramiques archéologiques conservées dans des contextes très défavorables (exemple: amphore du 1er siècle conservée dans un environnement sous-marin). Au cours de ce travail, nous avons étudié des organismes non séquencés en adaptant une méthodologie de séquençage de novo. Nous avons réussi à démontrer par des preuves analytiques et pour la première fois, la présence de poisson du genre Thunnus au sein d'amphorae Dressel 14. La deuxième partie présente une nouvelle approche pour l'analyse et l'identification de la structure 3D du réseau de polymères réticulés de peintures d'huile de lin. Celle-ci repose sur le développement d'une technique de dépolymérisation douce et de dérivatisation des lipides réticulés afin de les analyser en spectrométrie de masse à haute résolution (FT-ICR MS) dans le but d'accéder au réseau 3D formé par les lipides dans la peinture. Puis, cette méthode a été appliquée à une peinture à l'huile datant du XIXe siècle. Une étude de l'interaction entre les lipides et les pigments a également été effectuée. Enfin, la troisième partie décrit le développement d'une nouvelle méthode de synthèse photochimique en flux des nanoparticules métalliques (argent, or et palladium) ultra-stables dans plusieurs solvants organiques.Mots clés: spectrométrie de masse à haute résolution, FT-ICR, orbitrap, lipidomique, protéomique, héritage culturel, systèmes microfluidiques, photosynthèse, nanoparticules

Abstract

Mass spectrometry is a powerful analytical technique which allows to analyze different types of samples from different fields. In this work, we propose new developments in lipidomics and proteomics for the analysis of cultural heritage samples. The first part of this work describes a methodological development in proteomics applied to the analysis of archaeological samples. This work consists in optimizing the "bottom-up" strategy for the analysis of proteins residues trapped in archaeological ceramics preserved in unfavorable conditions for their conservation (for example: first century amphora preserved in a submarine environment). During this work, we studied non-sequenced organisms by adapting a de novo sequencing methodology and we succeeded to demonstrate by analytical evidence, and for the first time, the use of Dressel 14 amphorae for the transportation of fish belonging to Thunnus genus. In the second part, we present a new approach in lipidomics for the analysis and the identification of crosslinked polymer network present in linseed oil based paints. In this part, we developed a new method for soft depolymerization and derivatization of reticulated lipids, which are than analyzed with high resolution mass spectrometry (FT-ICR MS) to access into the 3D network formed by lipids in oil paint. The developed method was applied to an oil paint that dates back to the 19 th century, and we also studied the interaction between lipids and pigments. The third part describes the development of a photochemical synthesis in flow of ultra stable metallic nanoparticles (silver, gold and palladium) in organic medium.

Key words: high resolution mass spectrometry, FT-ICR, orbitrap, lipidomics, proteomics, cultural heritage, microfluidics systems, photosynthesis, nanoparticles

To summarize.

The developed workflow, including proteins extraction, trypsin digestion and data treatment were optimized on model fish sauces which were made from two different fish species (Scomber scombrus and Sardina pilchardus). Due to the lack of fish proteins sequences in proteomic/genomic databases, most of the proteins were identified using sequence homology to other fish species (e.g. Danio renio, etc.). De novo sequencing allowed the identification of new unsequenced peptides from muscular and blood proteins and several peptides could be used to discriminate the different fish species. On the other hand, Spider algorithms allowed proteins identification by sequence homology to other fish species as well as by the determination of amino acids mutations sites. Furthermore, by comparing the identified de novo species specific peptides in model fish sauces samples to their analogues in fish references samples, we were able to determine the exact fish species of sauces samples and to discriminate between the different species as well. This methodology was thus applied on archaeological ceramics belonging to the Dressel wise over a 10 sec period to realize the homocoupling reaction of bromide methyl-oleate. After 4 hours, the mixture was filtered with a short plug (elution with 30 ml of Et2O), washed with brine, dried over Na2SO4, filtered, and concentrated. The product was purified by columnchromatography (petroleum ether/ethyl acetate = 97.5/2.5).

Synthesize of methyl-oleate dimer with peroxide bond

All reagents were supplied by Sigma Aldrich. 0.61 g (8.58x10 -3 mol; 3.3 equiv) of potassium superoxide (KO2) were introduced in an Erlenmeyer flask under N2 flow. Then 60 mL of Dimethylformamide (DMF) and Tetraethylammonium bromide (TEAB) (0.87 g; 4.16x10 -3 mol; 1.6 equiv) were added. The flask was capped and while stirring for 10 min to dissolve the solids. 1 g of methyl-oleate (2.6x10 -3 mol) was added to the mixture and stirred for 3 hours at room temperature. Next, 50 mL of brine solution with 100 mL of hexane were cautiously added to control the exothermic and oxygen evolution from hydrolysis of excess KO2. The hexane phase was separated. The aqueous phase and the middle milky layer were separated and washed with hexane and diethyl ether to recover the more polar species. The organic phases were then dried on Na2SO4 and concentrated. The final product was separated and purified by columnchromatography (petroleum ether/ethyl acetate = 95/5). The aqueous phase was treated with an excess of iodine solution in order to neutralize the KO2 excess and avoid its reaction with acetone.

V. Mass spectrometry analysis

All the mass spectrometry analyses in this chapter were done on a 9. Linseed oil samples were diluted in a chloroform/methanol (1/1) solution with 2% of lithium chloride ( 7 Li) solution in methanol (10 mg/mL) for positive ionization. The derivatized lipids were diluted in ACN/H2O (75/25) and 1% of formic acid was added to enhance the positive ionization.

Where C is the absorption cross-section and l is the length of the optical path.

In the case of spherical nanoparticles with a size of 2πR < λ (R is the NP radius and λ the incident wavelength), the electric dipole term of the Mie's theory becomes dominant. The cross section is described by the following equation. 84 Equation 8: 𝐶 / V corresponds to volume of spherical nanoparticle, ϵm is the permittivity of the medium and λ is the incident wavelength with a frequency ω. The complex relative permittivity of the metal is given by: Equation 9: ϵ(ω) = ϵ1(ω) + iϵ2(ω)

The absorption reaches its maximum for ϵ1(ω) = -2 ϵm when ϵ2 is small. The wavelength of the plasmon resonance depends on ϵ1(ω) which implies that the surface plasmon band position depend on the solvent in which the nanoparticles are dispersed. The ϵ2 determines the width and the height of the resonance plasmon band. The dielectric function is composed of two terms. The first term corresponds to the interband contribution (gold: 5d; silver: 4d) and the second term corresponds to the almost free conduction electrons based on Drude expression (D). 87 Equation 10: ϵ1(ω) = ϵ1IB(ω) + ϵ1D(ω) And Equation 10: ϵ2(ω) = ϵ2IB(ω) + ϵ2D(ω) ϵ1D(ω) is given by: