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General Introduction and Dissertation Context

This thesis work started from the combination of sol-gel and droplet-based microfluidics techniques. It focuses on the development of an original approach to generate zinc oxide (ZnO) colloidal microspheres from highly monodisperse droplets, driven by the evaporation of solvents and the meso-crystallization of dispersed polar zinc oxide nanoparticles. It covers many scientific fields at the interface of solid-state physics, soft matter physics, materials science, physical chemistry, photo-physics and photo-chemistry [START_REF] Yew | A review of state-of-the-art microfluidic technologies for environmental applications: Detection and remediation[END_REF][START_REF] Liu Zhao-Miao | Advances in droplet-based microfluidic technology and its applications[END_REF][START_REF] Suea-Ngam | Droplet microfluidics: from proof-of-concept to real-world utility?[END_REF] .

The developed original approach enables for the production of highly monodisperse microcapsules with a well-controlled size and meso-crystalline structure.

Such microsystems may find applications in many technological domains, such as photovoltaics, photonics or biomedecine. We show, in particular, that our approach is efficient and promising not only for the fabrication of "smart" colloidal microspheres, but also for a better understanding the driving forces governing nanoparticles aggregation and their organisation at both nano and micro-scales during the nucleation and growth of colloidal meso-crystalline microspheres.

Mesocrystals are fascinating objects. This is a class of colloidal materials with mesoscopically self-assembled structures, that may be found in nature or synthesized in laboratory [START_REF] Cöelfen | Mesocrystals and nonclassical crystallization[END_REF] . The understanding and control of self-assembling of such materials at the nano and micro-scales is of great importance for many theoretical studies and technological applications. It is now well accepted that mesocrystals build-up via an oriented self-assembling of individual nanosized building units (nanocrystals), in a such a way that the overall orientation of the resulting larger crystals is single-crystal-like [5][6][START_REF] Pacholski | Self-assembly of zno: from nanodots to nanorods[END_REF][START_REF] Andreassen | Classical and nonclassical theories of crystal growth[END_REF][START_REF] Bergström | Mesocrystals in biominerals and colloidal arrays[END_REF][START_REF] Jung | Non-classical crystallization of thin films and nanostructures in cvd process[END_REF][START_REF] Nong | Non-classical crystallization of thin films and nanostructures in CVD and PVD processes[END_REF][START_REF] Lee | Oriented attachment: An effective mechanism in the formation of anisotropic nanocrystals[END_REF][START_REF] Liu | Oriented attachment revisited: Does a chemical reaction occur? Matter[END_REF][START_REF] Fiona | Controlling mineral morphologies and structures in biological and synthetic systems[END_REF][START_REF] Lv | Understanding the orientedattachment growth of nanocrystals from an energy point of view: a review[END_REF] . Busch and coworkers have suggested that intrinsic electric fields are responsible for the orientation of the individual primary building blocks [START_REF] Busch | Biomimetic morphogenesis of fluorapatitegelatin composites: fractal growth, the question of intrinsic electric fields, core/shell assemblies, hollow spheres and reorganization of denatured collagen[END_REF][START_REF] Busch | Chemical and structural investigations of biomimetically grown fluorapatite-gelatin composite aggregates[END_REF] . The electric charge carried by the building nanoparticles play a critical role in such a non-classical crystallization process. Hwang et al. [START_REF] Hwang | Charged clusters in thin film growth[END_REF][START_REF] Hwang | Charged nanoparticles in thin film and nanostructure growth by chemical vapour deposition[END_REF] developed later a theory of charged nanoparticles (TCN) in which the growth of nanostructures is basically due to the spontaneously generated charged nanoparticles (CNPs). A particular emphasis has been done during the last decades to understand the relation between crystal structure and the polarity of oxide materials, which exhibit remarkable features, such as piezo-electricity, second harmonic generation, or ferro-electricity.

Zinc oxide has been widely scrutinized due to the presence of a significant intrinsic dipole moment of its wurtzite crystal structure. The occurrence of such electric dipole moment is inherent to the tetrahedral configuration, where each type of ion Zn 2+ or O 2-, has four neighbouring ions of the other type of atom, and vice versa. That is to say, the tetrahedral coordination exhibits a sequence of positively charged Zn 2+ and negatively charged O 2-polar planes within the c-axis direction, thus respectively contributing to two opposite faces of polarity (0001) and (000 1) perpendicular to the c-axis. The stacking along the c-axis is non-centrosymmetric, leading to an intrinsic dipole moment and a pronounced spontaneous polarization along the c-axis [START_REF] Liu | Intrinsic dipole-field-driven mesoscale crystallization of core-shell zno mesocrystal microspheres[END_REF][START_REF] Tampo | Determination of crystallographic polarity of zno bulk crystals and epilayers[END_REF][START_REF] Dai | Surface effects on the piezoelectricity of zno nanowires[END_REF][START_REF] Hj Xiang | Piezoelectricity in zno nanowires: a first-principles study[END_REF][START_REF] Yufei | First-principles of wurtzite zno (0001) and (0001) surface structures[END_REF] .

Many efforts have been devoted to synthesize microparticles with particular properties using traditional methods, such as sol-gel [START_REF] Pal | Sol-gel synthesis of porous and dense silica microspheres[END_REF][START_REF] Vlasenkova | Preparation of mesoporous silica microparticles by sol-gel/emulsion route for protein release[END_REF][START_REF] Ye | Fabrication of size-controlled ceo2 microparticles by a microfluidic sol-gel process as an analog preparation of ceramic nuclear fuel particles[END_REF][START_REF] Thirugnanam | Effect of polymers (peg and pvp) on sol-gel synthesis of microsized zinc oxide[END_REF] , precipitation polymerization [START_REF] Sang | Fully crosslinked poly (styrene-co-divinylbenzene) microspheres by precipitation polymerization and their superior thermal properties[END_REF] , etc. Nevertheless, it seems to be difficult to manufacture microparticles with very specific features and high precision control of the whole process. In fact, due to their unique properties, such microparticles play a significant role in many fields, such as the manufacture of advanced functional materials, imaging, cosmetics, biosensing, tissue engineering, drug delivery, and transport.

Droplet-based microfluidics offers many advantages in producing microparticles with well-controlled size and morphology. It requires, first, the generation of highly monodisperse droplets inside the microfluidic chip, then the transport of the droplets via microchannels outside the microfluidic device, and afterwards the solidification of the droplets by solvent evaporation to form solid microparticles.

Several factors play a major role in the complex dynamic process of monodisperse droplet generation and size using microfluidic devices. In short, the geometry of the microfluidic channels, nature of the surfactants used, flow rates of the two fluids constituting the dispersed and continuous phase, wettability, interfacial tension, viscosity of the two fluids, and the adopted drying process, are of major importance.

In this work, an important part has been dedicated to the study of the effect of droplets handling parameters in microfluidic devices on their formation and on the stability of the elaborated zinc oxide microspheres. The optical and electrical properties of these microspheres have been studied both experimentally and theoretically. This work includes the synthesis, in a micrometric range from 10 µm to 30 µm, of mesoporous zinc oxide microcapsules with a thin and flexible shell.

We also investigated the polar characteristics of zinc oxide nanoparticles and their self-organization. We show that the electric charges carried by the primary units of zinc oxide nanoparticles play a crucial role in the stability of the droplet interfaces (in the presence of charged molecules) and the size of the synthesized zinc oxide microcapsules. In addition, fluorescent probes were used, including rhodamine B, rhodamine 6G, and fluorescein. We conducted a study on the effect of the nature of the surfactant in the aqueous continuous phase on droplet formation and stability. Because of the presence of the electric dipole carried by zinc oxide nanoparticles, we suggest that both orientation and self-organization of zinc oxide nanoparticles in microdroplets and microparticles should be governed by a balance between electrostatic forces and interfacial forces.

We report, for the first time, the observation of self-organization of liquid mi-crodroplets in square networks. This mainly reveals the polar aspect of zinc oxide nanoparticles on the surface of the microdroplets which tend to condense in the early stage of zinc oxide nanocrystal aggregation and microparticle formation. We have developed a model based on a dipolar field mechanism hypothesis, to explain the packing of zinc oxide nanoparticles at the droplet surfaces. The as-synthesized zinc oxide microspheres were characterized using optical microscope, scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy (EDS), transmission electron (TEM) microscopy, photoluminescence (PL), and confocal microscopy (CM).

Thesis structure

In the first chapter, we review the state of the art of zinc oxide, including its main properties and applications. An overview of the different synthesis methods, used in the literature, for the fabrication of zinc oxide nano and micro-structures is then presented and reviewed. A discussion of chemical, physical and biological techniques is provided. We put a particular emphasis on the use of sol-gel and microfluidic techniques that have been gaining popularity, and from which particularly the samples that we study in this thesis work were produced. In addition, a wide variety of morphologies of zinc oxide structures are also addressed. Then, the advantages of the microfluidics assisted sol-gel approach over conventional manufacturing methods are also described. In the second part of this chapter, we provide a comprehensive insight into microfluidics with emphasis on dropletbased microfluidics covering, its history to recent progress. First, we introduce droplet-based microfluidics as a tool for monodisperse droplets generation and describe the dynamics of the droplet formation within microfluidic systems. We then review the commonly used microfluidic generators, including co-flow, T-junction and flow focusing geometries, and their role in controlling droplets generation.

We also report important aspects of microfluidics covering its fundamental physical principles. Finally, we present microfabrication techniques for microfluidics.

In the second chapter, we provide details of all the materials and equipment employed to develop zinc oxide microparticles which is discussed in the following chapters. Similarly, the basic principles of characterization techniques used are discussed including electronic, scanning probe, and optical imaging microscopies.

Then, we discuss the microfluidic device fabrication procedure used in this thesis work. While discussing this, particular attention is paid to describe the PDMSbased microfluidic devices that were manufactured and were required to obtain consistent results.

The third chapter is focused on the synthesis and the structural properties of the synthesized zinc oxide microspheres (microcapsules) and the organization of zinc oxide nanoparticles building blocks of their shell. We present the microfluidic setup used and the resulting findings. We provide a detailed description of the formation mechanism of zinc oxide implemented in our experiments. We investigate the effect of different parameters, such as the effect of surfactants, dispersed and continuous phase flow rates on droplet size. We determine the relationship between droplets size and particles size. We also study the envelope structure of the microspheres at the microscopic scale using scanning electron microscopy (SEM), and perform transmission electron microscopy (TEM) to have a better insight on the organization of the primary zinc oxide nanoparticles that constitute the building blocks of the microcapsules.

The fourth chapter is devoted to the study of the self-organization of zinc oxide nanoparticles at the microdroplet interface and through mixtures of differently labelled fluorescent microdroplets. It presents the formation of polar zinc oxide microdroplets, which might represent an interesting experimental model for the study of self-assembled materials. We develop different models regarding the interfacial organization of the nanoparticles based on zinc oxide droplets organization properties. We also present dipole-based models to corroborate the polar self-organization of zinc oxide microdroplets. We discuss the influence of charged dyes on the square organization of zinc oxide droplets in our samples. We show that charge-charge interactions dominate the forces between colloidal nanoparticles, which extend to the micro-scale. We also present experiment evidence of the selective adsorption of charged dyes at the zinc oxide droplet interface.

In the fifth chapter, we present in detail the droplet-based method to produce and control the surface properties of such highly monodisperse zinc oxide microspheres. This is achieved using a well-controlled microdroplets made up of a dispersion of zinc oxide nanoparticles or a mixture of zinc oxide nanoparticles and rhodamine B-based dyes. In this chapter, our attention is also focused on gaining insights into the shell formation mechanism process with a view to provide an original model for the description of such a mechanism, and self-organization of rhodamine B dye within the zinc oxide microspheres, as well as to present direct evidence of the shell-core structure and nanoparticles organization of zinc oxide microspheres using fluorescence confocal microscopy.

The main objective of the sixth chapter is to present two first applications of the zinc oxide microcapsules. First, we present a proof of concept for a new approach to measure temperature in microfluidic devices with high spatial and temporal resolutions. For this purpose, we used laser-induced fluorescence (LIF)

technique to induce fluorescence of highly monodisperse zinc oxide microparticles doped with suitable fluorescent dyes. In particular, we show that rhodamine B and rhodamine 6G can be used efficiently as molecular probes for measuring temperature in accurate and quick manner at the microscale of flowing zinc oxide microparticles (inside microfluidic channels). Secondly, we use the synthesized zinc oxide microcapsules for the measurement of diffusion coefficients of some dyestuffs contained within the zinc oxide microcapsules. 

Chapter 1

ZnO and Microfluidics

In this chapter, we present the state of the art of zinc oxide including its properties, applications, and synthesis methods. Then, we introduce microfluidics technology and its fundamental physical principles with a focus on droplet-based microfluidics and the commonly used microfluidic generators.

1.1 Zinc oxide: a promising semiconductor for the future 1.1.1 Zinc oxide properties and applications

Zinc oxide (ZnO) stands out as one of the most promising semiconductors that has triggered interest during the past decades, as shown by the number of the published papers for the key word ZnO according to the data collections of Web of Science that gives more than 119611 papers (May 2020). In this regard, in particular zinc oxide belongs to the class of direct and wide band gap semiconductor materials with a wide direct band gap of 3.37 eV at room temperature [START_REF] Davis | Band gap engineered zinc oxide nanostructures via a sol-gel synthesis of solvent driven shape-controlled crystal growth[END_REF][START_REF] Kamarulzaman | Band gap narrowing and widening of zno nanostructures and doped materials[END_REF] . It is a transparent conducting oxide (TCO) that has been scrutinized for electronic materials since the 1930s [START_REF] Ellmer | Transparent conductive zinc oxide: basics and applications in thin film solar cells[END_REF] . Moreover, ZnO has the largest exciton binding energy (60 meV) among the II-VI semiconducting materials, which is 2.4 times higher than the thermal energy at room temperature (kT = 25.7 meV, where k is the Boltzmann constant and T is temperature). This paves the way for strong light emission at room temperature, for example, for ZnO-based light emitting devices, as well as near-UV emission, high-temperature resistance to electronic degradation, conductivity, and transparency [START_REF] Ghosh | Defect induced room tem-205 perature ferromagnetism in single crystal, poly-crystal, and nanorod zno: a comparative study[END_REF] .

Zinc oxide is a binary II-VI compound semiconductor; in materials science, where the electronic configurations of zinc and oxygen are (1s) 2 (2s) 2 (2p) 6 (3s) 2 (3p) 6 -(3d) 10 (4s) 2 and (1s) 2 (2s) 2 (2p) [START_REF] Cöelfen | Mesocrystals and nonclassical crystallization[END_REF] , respectively. Under ambient conditions, it crystallizes in a hexagonal wurtzite structure, representing its most thermodynamically stable phase, with a = b = 0.32 nm and c = 0.52 nm its lattice constants, and c a ratio equal to 1.633 in an ideal wurtzite structure [START_REF] Özgür | A comprehensive review of zno materials and devices[END_REF][START_REF] Morkoç | Zinc oxide: fundamentals, materials and device technology[END_REF] . This ratio is greater than the experimentally observed values. Therefore, the existing long-distance polar interactions eventually lead to a distortion of the tetrahedral angles, hence the ratio u = 3 8 = 0.375 has the tendency to increase in such a way that the tetrahedral distances remain almost constant [START_REF] Özgür | Zinc oxide materials and devices grown by molecular beam epitaxy[END_REF] .

The crystal structure of ZnO is thus determined by the tetrahedral coordinate binding geometry, in which each zinc ion is surrounded by four oxygen ions in a tetrahedral geometry and vice versa, thus involving sp 3 hybridization 51 . Figure 1.1 shows a schematic representation of the structure of a unitary hexagonal cell of ZnO. This figure also indicates the most important planes including (0001), which is the basal plane that plays a crucial role in the growth of the crystal, and two other facets (1120) and (1100).

Furthermore, ZnO is a semiconducting piezoelectric material. Due to its noncentrosymmetric hexagonal wurtzite structure and basically ionic bonding, ZnO has attractive piezoelectric properties in the [0001] direction [START_REF] Kou | Piezoelectricity of zno and its nanostructures[END_REF] . As a matter of fact, it has been demonstrated that ZnO exhibits the largest piezoelectric tensor of all the semiconductors with tetrahedral bonding [START_REF] Özgür | A comprehensive review of zno materials and devices[END_REF] . Besides, it has been stated that its effective piezoelectric coefficient (d 33 ) is relatively variable. For example, the effective piezoelectric coefficient ranged from 14.3 pm/V to 26.7 pm/V in the case of ZnO nanobelt, whereas it was equal to 9.93 pm/V for the ZnO bulk of the (0001) face [START_REF] Zhao | Piezoelectric characterization of individual zinc oxide nanobelt probed by piezoresponse force microscope[END_REF] . Because of such unique properties, ZnO has been a very adapted candidate for diverse applications, for instance, nanosensors [START_REF] Lupan | Synthesis and characterization of zno nanowires for nanosensor applications[END_REF] , nanoactuators [START_REF] Luo | Fabrication and 206 characterization of zno nanowires based uv photodiodes[END_REF] , thin film bulk acoustic wave resonator (FBAR) and surface acoustic wave (SAW) [START_REF] Sabani | Design and simulation of film bulk acoustic wave resonator (fbar) gas sensor based on zno thin film[END_REF][START_REF] Aj Flewitt | Zno based saw and fbar devices for bio-sensing applications[END_REF][START_REF] Huang | Analysis on characteristics of zno surface acoustic wave with and without micro-structures[END_REF][START_REF] Xy Du | Zno film for application in surface acoustic wave device[END_REF] . Moreover, there is a growing interest in the use of ZnO in microelectronic devices, largely due to its semiconducting properties [START_REF] Zhengrong R Tian | Complex and oriented zno nanostructures[END_REF] . Besides, its exceptional features make it one of the most interesting materials in a variety of applications including photovoltaics [START_REF] Kumar | Zinc oxide nanostructure-based dye-sensitized solar cells[END_REF][START_REF] Md Tyona | Doped zinc oxide nanostructures for photovoltaic solar cells application[END_REF] , transparent electrodes (it can be used as a possible alternative to tin-doped indium oxide (ITO)) [START_REF] Minami | Transparent conducting oxide semiconductors for transparent electrodes[END_REF][START_REF] Takata | The stability of aluminium-doped zno transparent electrodes fabricated by sputtering[END_REF] , and transparent thin film transistors [START_REF] Rl Hoffman | Zno-based transparent thin-film transistors[END_REF][START_REF] Esro | High-mobility zno thin film transistors based on solution-processed hafnium oxide gate dielectrics[END_REF] . Similarly, ZnO has generated considerable interest in the development of nanophotonic technologies and their applications [START_REF] Wojnarowicz | A review of microwave synthesis of zinc oxide nanomaterials: Reactants, process parameters and morphoslogies[END_REF] . For example, this semiconductor material exhibits a characteristic emission spectrum including UV emission for ZnO-based quantum photonics [START_REF] Znaidi | Zno thin films synthesized by sol-gel process for photonic applications[END_REF] , and promising ZnO-based singlephoton sources (SPSs) which is of great benefit in quantum information applications [START_REF] Choi | Zinc oxide nanophotonics[END_REF] . In addition, ZnO microspheres-based optical cavity have been extensively studied and significant resonances of whispering gallery modes (WGMs)

have been observed at room temperature due to improved light confinement with high fineness and high Q factor [START_REF] Singh Moirangthem | Optical cavity modes of a single crystalline zinc oxide microsphere[END_REF] . Also, thin films of ZnO have been developed

to achieve both anti-reflection and passivation of the multi-crystalline silicon surface [START_REF] Salem | Structural and optical properties of zno nanoparticles deposited on porous silicon for mc-si passivation[END_REF] .

Other valuable properties of ZnO incorporate the high abundance, low cost, non-toxicity and bio-compatibility, that have enabled its potential use for the development of important applications in biomedical imaging, drug delivery, gene delivery and biosensing, because of its inherent photoluminescence properties and high stability [START_REF] John W Rasmussen | Zinc oxide nanoparticles for selective destruction of tumor cells and potential for drug delivery applications[END_REF][START_REF] Pradipta Ranjan Rauta | Nanotechnology in Biology and Medicine: Research Advancements & Future Perspectives[END_REF][START_REF] Zhang | Biomedical applications of zinc oxide nanomaterials[END_REF][START_REF] Nagaraj P Shetti | Zno-based nanostructured electrodes for electrochemical sensors and biosensors in biomedical applications[END_REF] .

Taking advantage of the useful characteristics of ZnO nanoparticles, including a wide band gap, large surface area, adaptable surface chemistry, electrostatic charge, and potential for redox cycle cascades, studies have shown that ZnO nanomaterials have the ability to selectively destroy cancer cells, which could be beneficial for cancer treatment [START_REF] Hanley | Preferential killing of cancer cells and activated human t cells using zno nanoparticles[END_REF][START_REF] Bisht | Zno nanoparticles: a promising anticancer agent[END_REF] . In this respect, ZnO nanoparticles also exhibit a high degree of toxicity to bacteria and leukemic T cells [START_REF] Pawan K Mishra | Zinc oxide nanoparticles: a promising nanomaterial for biomedical applications[END_REF][START_REF] Wang | Fluorescent dye encapsulated zno particles with cell-specific toxicity for potential use in biomedical applications[END_REF] . Also, ZnO nanoparticles have been shown to be a versatile nanoplatforms for various antimicrobial applications because of their interesting antibacterial properties [START_REF] Sirelkhatim | Review on zinc oxide nanoparticles: antibac-terial activity and toxicity mechanism[END_REF] , which are recognized due to their increased specific surface area, and the dependence of the increased reactivity of the surface on the particle size. Among the most appealing features of ZnO nanomaterials is their ability to show a high efficiency and low cost that have allowed their use in the photocatalytic degradation of water pollutants [START_REF] Kumaresan | Hydrothermally grown zno nanoparticles for effective photocatalytic activity[END_REF] . In addition, ZnO-based nanoparticles have been widely explored in the cosmetics sector, including their use in sunscreens to block ultraviolet radiation, skin care creams with inherent optical transparency and minimizing the appearance of a white layer on the skin, and so on [START_REF] Kumar | Zno tetrapod materials for functional applications[END_REF] . 

Application of

Synthesis strategies for zinc oxide fabrication 1.2.1 Nanotechnology synthesis techniques

There has been increased interest in nanotechnology mainly due to a strong revolution in the manufacture of nanomaterials with very specific features, as well as a fascinating dependence of their properties, on the size, distribution and morphology [START_REF] Buzea | Nanomaterials and nanoparticles: sources and toxicity[END_REF] . Such promising nanomaterials have been applied in various fields ranging from physics, chemistry, technology, to biology and medicine. There are basically two main approaches in nanotechnology for the production of nanomaterials and the fabrication of nanostructures, namely bottom-up approach (also called selfassembly approach), and top-down approach. The former nanofabrication method is based on the build-up of nanostructures from atoms and molecules having the potential to self-organize and expand so as to build nanoscale self-assemblies on the surface of the substrate [START_REF] Gt Mazitova | Synthesis and properties of zinc oxide nanoparticles: Advances and prospects[END_REF] . It may be said that the bottom-up procedure leads to a controlled production of nanostructures with more homogeneous chemical composition and with fewer defects compared to the top-down method [START_REF] Loong Foo | Sol-gel synthesized zinc oxide nanorods and their structural and optical investigation for optoelectronic application[END_REF] . Whereas in the top-down strategy, the manufacture of nano-sized particles is largely based on cutting, milling, slicing, and shaping a bulk material into the desired product.

Lithographic techniques are also employed. This approach is therefore less advantageous than the bottom-up, where well-controlled methods are widely used for the mass production of materials at lower cost. As one of the most attractive metal oxide nanomaterials, ZnO has been widely produced due to its interesting properties making its synthesis the subject of considerable studies reported by many researchers. In general, ZnO nanoparticles have been synthesized using a wide variety of techniques that can be divided into three categories: (i) physical, (ii) chemical and (iii) biological. An overview of these different strategies is shown in Figure 1.2. 

Physical methods of ZnO nanoparticles synthesis

In physical synthesis, laser ablation [START_REF] Gavrilenko | Comparative study of physicochemical and antibacterial properties of zno nanoparticles prepared by laser ablation of zn target in water and air[END_REF] , pulsed laser deposition (PLD) technique 97? , physical vapour deposition (PVD) [START_REF] Jimenez-Cadena | Synthesis of different zno nanostructures by modified pvd process and potential use for dye-sensitized solar cells[END_REF] , thermal evaporation [START_REF] Ap Rambu | Synthesis and characterization of thermally oxidized zno films[END_REF] , and plasma method [START_REF] Ko | Zno nanopowders fabricated by dc thermal plasma synthesis[END_REF] , have been some of the frequently used methods employed for the generation of stable and well-defined ZnO nanostructures [START_REF] Dhand | Methods and strategies for the synthesis of diverse nanoparticles and their applications: a comprehensive overview[END_REF] . In a typical laser ablation method, ZnO nanoparticles have been manufactured from bulk ZnO in a liquid by rapidly and locally heating the initial ZnO target to form nanoparticles in the medium [START_REF] Chen | Zno colloids and zno nanoparticles synthesized by pulsed laser ablation of zinc powders in water[END_REF] .

The synthesis medium and the experimental conditions, such as laser wavelength, fluence, ablation time, and flux density, are of primary importance for the formation of stable dispersion of nanoparticles [START_REF] Bogaerts | Effect of laser parameters on laser ablation and laser-induced plasma formation: A numerical modeling investigation[END_REF][START_REF] Lin | Zno and ε-zn (oh) 2 composite nanoparticles by pulsed laser ablation on zn in water[END_REF][105] , and especially, for the purposeful production of ZnO semiconductor nanoparticles with specific structures and characteristics (narrow size distribution, shape, physical parameters, etc) [START_REF] Krstulović | Parameters optimization for synthesis of al-doped zno nanoparticles by laser ablation in water[END_REF][START_REF] Solati | Effect of temperature on the characteristics of zno nanoparticles produced by laser ablation in water[END_REF][START_REF] Mintcheva | Laser-ablated zno nanoparticles and their photocatalytic activity toward organic pollutants[END_REF] . As an example of such synthesis, Svetlichnyi et al. 105 have reported the production of ZnO nanoparticles by laser ablation using Nd:YAG laser radiation (1064 nm)

for the excitation of zinc metal targets in water and ethanol solutions. The authors observed that in ethanol solutions zinc oxidized to form dispersions of ZnO nanoparticles crystallizing in the wurtzite structure. The physical vapor deposition procedure has also been used to obtain various ZnO nanostructures; such as nanobelts, thin films, nanowires [START_REF] Jimenez-Cadena | Synthesis of different zno nanostructures by modified pvd process and potential use for dye-sensitized solar cells[END_REF][START_REF] Wang | Synthesis of well-aligned zno nanowires by simple physical vapor deposition on c-oriented zno thin films without catalysts or additives[END_REF] , etc, from ZnO powders. In general, PVD consists in two processes: (1) first, the evaporation of the raw material; under high temperatures, followed by atoms and/or molecules transport, and finally (2) the deposition of ZnO vapour on the substrate surface [START_REF] Zhang | ZnO Nanostructures: Fabrication and Applications[END_REF][START_REF] Laurenti | Porous zinc oxide thin films: Synthesis approaches and applications[END_REF] . The pressure and flow of the carrier gas as well as the temperature play an important role in controlling the final deposition step [START_REF] Jimenez-Cadena | Synthesis of different zno nanostructures by modified pvd process and potential use for dye-sensitized solar cells[END_REF] . In addition, other authors have used thermal evaporation to grow ZnO films on the surface of different substrates. It is important to note that the quality of the deposited layers as well as their properties (structure, size, etc) depended on many factors of the processing conditions such as oxygen percentage, oxidation temperature, etc [START_REF] Nuurul | Synthesis and characterization of zno thin films by thermal evaporation[END_REF] .

Chemical methods of ZnO nanoparticles synthesis

Among the commonly employed chemical techniques to produce morphologically advanced ZnO nanoparticles, we can distinguish such methods as nanoparticles generated through chemical vapour deposition (CVD) [START_REF] Jassriatul | Thermal and optical performance of chemical vapor deposited zinc oxide thin film as thermal interface material for high power led[END_REF] , sol-gel synthesis [START_REF] Jn Hasnidawani | Synthesis of zno nanostructures using sol-gel method[END_REF] , spray pyrolysis [START_REF] Muchuweni | Synthesis and characterization of zinc oxide thin films for optoelectronic applications[END_REF] , electrodeposition [START_REF] Laurenti | Porous zinc oxide thin films: Synthesis approaches and applications[END_REF] , and ultrasonic irradiation [START_REF] Tayyab Noman | One-pot sonochemical synthesis of zno nanoparticles for photocatalytic applications, modelling and optimization[END_REF][START_REF] Mahdavi | The effect of ultrasonic irradiation on the structure, morphology and photocatalytic performance of zno nanoparticles by sol-gel method[END_REF] . Chemical vapor deposition is a process that has been generally used to manufacture ZnO semiconductor thin films [START_REF] Laurenti | Zinc oxide nanostructures by chemical vapour deposition as anodes for li-ion batteries[END_REF] . This deposition method operates under vacuum and uses precursors in the vapor phase previously generated by a precursor supply system, and deposited on the substrate surface. In general, the existence of a continuous gas flow in the reaction chamber allows the evacuation of reac-tion unwanted products [START_REF] Vallejos | Chemical vapour deposition of gas sensitive metal oxides[END_REF] . In previous studies, it has been stated that methane may act as a reducing agent of the powder employed as a raw material to form zinc vapor. The resulting zinc vapor is subsequently reoxidized (by the oxygen supplied in the tube to the substrate) [START_REF] Muller | Chemical vapor deposition growth of zinc oxide on sapphire with methane: Initial crystal formation process[END_REF] . This also helps to control the growth of ZnO nanowires and monocrystalline layers. As for the electrodeposition method, it was stated that the size, structure and morphology of ZnO nanostructures depend on the electrodeposition parameters, including electrodeposition time and potential, concentration and pH value of the electrolyte [START_REF] Yang | Synthesis of zno nanosheets via electrodeposition method and their optical properties, growth mechanism[END_REF][START_REF] Jiangfeng | Controlled synthesis of zno nanostructures by electrodeposition method[END_REF] . Furthermore, Cho et al. used the spray pyrolysis technique and conventional photolithography to make ZnO-based field-effect transistors (FETs) [START_REF] Cho | Transparent zno thin-film deposition by spray pyrolysis for highperformance metal-oxide field-effect transistors[END_REF] .

Sol-gel approach has been one of the most widely used chemical techniques for the synthesis of solid ZnO nanomaterials. This process is primarily used in the production of thin films, porous materials, and encapsulation; for example, of biological molecules like proteins and bioenzymes. Also known as soft chemistry, this method undergoes basically a succession of chemical reactions triggered by:

(1) hydrolysis of the precursor's alkoxy groups, (2) then condensation of the hydrolyzed products occurs and their polymerization to create particles, (3) followed by expansion of particles, (4) and then the formation of networks from the clustering of particles extending through the liquid medium to form a gel. Finally, the drying process comes to provide the final ZnO product. Metal alkoxides, M(OR)x where M is a metal (Zn, in our study) and R an organic alkyl group C n H 2n+1 ), and metal salts (like chlorides and nitrates) are the most widely used precursors.

Typically, the preparation of ZnO colloidal solution takes place in an aqueous or organic medium such as alcohol. The sol-gel process also provides the possibility to operate at much lower temperatures than conventional synthesis approaches.

Biological methods of ZnO nanoparticles synthesis

ZnO nanomaterials can also be yield using biosynthesis assisted techniques. For instance, by means of plant leave extracts [START_REF] Zelechowska | Methods of zno nanoparticles synthesis. BioTechnologia[END_REF][START_REF] Sangeetha | Green 217 synthesis of zinc oxide nanoparticles by aloe barbadensis miller leaf extract: Structure and optical properties[END_REF][START_REF] Ravindra | Biological approach of zinc oxide nanoparticles formation and its characterization[END_REF][START_REF] Vidya | Green synthesis of zno nanoparticles by calotropis gigantea[END_REF][START_REF] Yuvakkumar | Novel green synthetic strategy to prepare zno nanocrystals using rambutan (nephelium lappaceum l.) peel extract and its antibacterial applications[END_REF][START_REF] Hasna | Green synthesis and characterization of zinc oxide nanoparticles from ocimum basilicum l. var. purpurascens benth.-lamiaceae leaf extract[END_REF] [START_REF] Hasna | Green synthesis and characterization of zinc oxide nanoparticles from ocimum basilicum l. var. purpurascens benth.-lamiaceae leaf extract[END_REF] , and nephelium lappaceum [START_REF] Yuvakkumar | Novel green synthetic strategy to prepare zno nanocrystals using rambutan (nephelium lappaceum l.) peel extract and its antibacterial applications[END_REF] , have also been employed for ZnO NPs synthesis. Moreover, biosynthesis assisted methods of ZnO nanoparticles can also be achieved via suitable microbes like yeast, fungi, and bacteria [START_REF] Hidayat Mohd Yusof | Microbial synthesis of zinc oxide nanoparticles and their potential application as an antimicrobial agent and a feed supplement in animal industry: a review[END_REF] .

Nano-and microstructures of zinc oxide

Zinc oxide is unambiguously the richest of all materials as it exhibits a very large variety of structures [START_REF] Baskoutas | Zinc oxide nanostructures: Synthesis and characterization[END_REF]135 , thus offering a wide range of ZnO particles properties as well as their potential use for the production of functional nano-and microdevices. Many ZnO nanostructures have been produced using different synthesis strategies and under specific synthesis conditions. Figure 1.3 depicts an example of a great diversity of synthesized ZnO structures based on the thermal evapora-tion of solid powders [START_REF] Zhong Lin | Nanostructures of zinc oxide[END_REF] . Nanowires structures of ZnO have been reported by Zhao et al. [START_REF] Zhao | Synthesis of monodispersedly sized zno nanowires from randomly sized seeds[END_REF] . The synthesis was achieved using hydrothermal growth and ammoniabased etching method. ZnO structures with spherical nanocages have been produced by Gao et al. [START_REF] Pu | Mesoporous polyhedral cages and shells formed by textured self-assembly of zno nanocrystals[END_REF] . The authors displayed that the synthesis was based on the ZnO nanocrystals self-assembly through epitaxial surface oxidation starting from solidification of the Zn liquid droplets, followed by surface oxidation and sublimation. Zinc oxide comb structures have also been reported [START_REF] Zhong Lin | Zinc oxide nanostructures: growth, properties and applications[END_REF] . It is worth- while to note that in this study Wang et al. stated that only the positive polar surface (0001) was active; and may have acted as an autocatalyst for the synthesis of ZnO comb-shaped structures, whereas the negative oxygen surface (000 1) was inert. Therefore, they assumed that eventual growth for the manufacture of comb-like ZnO structures could take place in the absence of external catalysts. It has also been shown that ZnO can occur in a variety of other structures including nanorings, -bows, -propellers, -springs, -belts, and -helixes [START_REF] Zhong Lin | Nanostructures of zinc oxide[END_REF]135,[START_REF] Zhong Lin | Zinc oxide nanostructures: growth, properties and applications[END_REF] . ZnO nanotetrapods [START_REF] Kumar | Zno tetrapod materials for functional applications[END_REF] and nanotubes [START_REF] Samadipakchin | Zno nanotubes: Preparation and photocatalytic performance evaluation[END_REF] structures have also been developed. Moreover, other zinc oxide structures such as micro-sized flowers/stars [START_REF] Duo | One-step hydrothermal synthesis of zno microflowers and their composition-/hollow nanorod-dependent wettability and photocatalytic property[END_REF][START_REF] Strano | Zno microflowers grown by chemical bath deposition: A low-cost approach for massive production of functional nanostructures[END_REF] , microspheres [START_REF] Hahn | Zinc oxide nanostructures and their applications[END_REF][START_REF] Liu | Controllable fabrication of zno microspheres for whispering gallery mode microcavity[END_REF] , and microcages [START_REF] Hong | Growth mechanism and characterization of zinc oxide microcages[END_REF] have been as well showing a great deal of interest.

Among the biological, chemical, and physical synthesis strategies above-mentioned for the fabrication of ZnO nanomaterials, sol-gel and microfluidics are one of the most promising and robust synthesis methods that have drawn huge attention due to the low processing pressure, temperature, and production cost, in contrast to conventional synthesis processes of producing ZnO nanoparticles.

It is also worth noting that the combination of these techniques offers numerous advantages, as will be discussed further, over other synthesis procedures for fabricating micro-sized ZnO spheres, including an environmentally friendly synthesis, reliability, reproducibility, procedure performance, and technical simplicity through the use of unsophisticated and easily handled equipment. Moreover, the microfluidic-assisted approach allows the synthesis parameters to be easily adapted throughout the process, which is very useful for an accurate control of the synthesis process; at an early stage of the procedure, and thus the properties of the final particles, i.e. composition, size, and morphology, as will be discussed throughout this dissertation since we have privileged microfluidic sol-gel assisted method for fabricating our ZnO microspheres. research field and was able to lead the scientific community all along to explore the nanoworld. Owing to the two challenges he had proposed, involving the construction of a tiny motor, and the possibility of fitting the entire Encyclopedia Britannica on the head of a pin [START_REF] Richard P Feynman | There's plenty of room at the bottom[END_REF] .

The scientific world has witnessed a significant and rapid expansion in the field of miniaturization, especially with the invention of the Scanning Tunneling Microscope (STM) by G. Binnig and H. Roher [START_REF] Binnig | Scanning tunneling microscopy-from birth to adolescence[END_REF] , which allowed atomic resolution and manipulation, and paved the way for so-called nanotechnology. Thus later, in the 1980s, led to the emergence of a tremendous number of potential applications, such as micro-electro-mechanical systems (MEMS). The total size of these systems varies between 1 µm and 1 mm, besides they encompass several integrated functions (electrical, mechanical, and so on).

In addition, the acronym MEMS comes from the United States in the late 1980s, while at the same time it was also called Microsystems Technology (MST)

in Europe and Micromachines in Japan [START_REF] Beeby | MEMS mechanical sensors[END_REF] . In addition, such devices typically combine several mechanical and electrical elements in a single tiny system or integrated system to implement the desired functionality (see Figure 1.4 for some examples of MEMS devices). These systems have the ability to detect, control and actuate at the micro scale, and generate effects at the macro scale. These sys-

tems have an interdisciplinary nature that makes them present everywhere in our daily life, in automotive [START_REF] Schoebel | Design considerations and technology assessment of phased-array antenna systems with rf mems for automotive radar applications[END_REF][START_REF] Finkbeiner | Mems for automotive and consumer electronics[END_REF] , radio frequencies [START_REF] Gabriel M Rebeiz | RF MEMS: theory, design, and technology[END_REF] , medical [START_REF] Bhansali | MEMS for biomedical applications[END_REF] , telephony [START_REF] Zibell | Locatable mobile cellular telephony terminal[END_REF] , aerospace [START_REF] Kraft | MEMS for automotive and aerospace applications[END_REF] , etc . The publications provided by [START_REF] Stephen | Microsystem design[END_REF][START_REF] Ghodssi | MEMS materials and processes handbook[END_REF][START_REF] Berthier | Micro-drops and digital microfluidics[END_REF][START_REF] Tabeling | Introduction to microfluidics[END_REF][START_REF] Gad-El Hak | MEMS: introduction and fundamentals[END_REF][START_REF] Fong | Materials and fabrication techniques for nano-and microfluidic devices[END_REF][START_REF] Nguyen | Fundamentals and applications of microfluidics[END_REF][START_REF] Howard A Stone | Engineering flows in small devices: microfluidics toward a lab-on-a-chip[END_REF][START_REF] Jack | Microelectromechanical systems (mems): fabrication, design and applications[END_REF] Besides, microfluidics is the science and technology dedicated to the control and manipulation of fluid flows within microsystems with integrated channels (diameters in the micrometer range (< 1mm)). The volumes flowing through the microchannels are typically ranging from 10 -9 L to 10 -18 L [START_REF] Tabeling | Introduction to microfluidics[END_REF][START_REF] Fong | Materials and fabrication techniques for nano-and microfluidic devices[END_REF][START_REF] Shang | Emerging droplet microfluidics[END_REF] . At this scale, the microfluidic devices have many advantages, for instance, laminar flows [START_REF] Takayama | Laminar flows: subcellular positioning of small molecules[END_REF] , rapid diffusion [START_REF] Carl L Hansen | A robust and scalable microfluidic metering method that allows protein crystal growth by free interface diffusion[END_REF] , rapid thermal transport [START_REF] Alexander R Jafek | Instrumentation for xpcr incorporating qpcr and hrma[END_REF] , in addition to their safety, repeatability, efficiency and simple controllability [START_REF] Kim | Risk assessment of zinc oxide, a cosmetic ingredient used as a uv filter of sunscreens[END_REF] . Moreover, the large sur-face relative to the volume of microsystems diminishes the volume of sample and reagents. Such features contribute to a reduction in cost and time needed for the performance of the reactions [START_REF] Gale | A review of current methods in microfluidic device fabrication and future commercialization prospects[END_REF] .

Droplet-based microfluidic technology

The first droplet-based microfluidic experiments were conducted by Thorsen et al. in 2001. The authors demonstrated the use of a pressure-driven flow for the production of controlled aqueous droplets into a continuous oil phase [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] . Indeed, droplet-based microfluidics presents a subcategory of microfluidics dealing with the generation and manipulation of highly monodisperse droplets of multi-phase micro-flows flowing in a carrier stream [START_REF] Teh | Droplet microfluidics[END_REF] . In this emerging technique, single droplets are considered as independent micro-reactors with flexible control on size distribution (attributed to the fabrication protocol), and kHz scale rate for generation (achieved by flow rates of the different phases). These systems carry out systematically many functions for analysis, sample preparation, chemical reactions, separation, transport, detection, and so on [START_REF] Shang | Emerging droplet microfluidics[END_REF][START_REF] Pamela N Nge | Advances in microfluidic materials, functions, integration, and applications[END_REF] . Moreover, due to the ubiquity of droplet-based microfluidics in a number of applications, numerous publications have emerged, particularly regarding some aspects including microfluidic manufacturing devices [START_REF] Qin | Soft lithography for micro-and nanoscale patterning[END_REF][START_REF] Ren | Materials for microfluidic chip fabrication[END_REF] , physics of droplets [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Teh | Droplet microfluidics[END_REF] , particle preparation [START_REF] Amstad | Production of amorphous nanoparticles by supersonic spray-drying with a microfluidic nebulator[END_REF][START_REF] Dendukuri | The synthesis and assembly of polymeric microparticles using microfluidics[END_REF] , and bio-chemical analysis [START_REF] Song | Reactions in droplets in microfluidic channels[END_REF][START_REF] Ashleigh B Theberge | Microdroplets in microfluidics: an evolving platform for discoveries in chemistry and biology[END_REF][START_REF] Zhao | Spherical colloidal photonic crystals[END_REF] .

Droplet formation is one of the major parts of droplet-based microfluidics, it is considered as one of the first steps in its life cycle. Although two main methods are available for fabricating monodisperse droplets, including passive and active methods. The latter require the application of external forces, for instance electrical, thermal, pneumatic, acoustic and magnetic [START_REF] Wang | Droplet microfluidics for the production of microparticles and nanoparticles[END_REF][START_REF] Tan | Thermally controlled droplet formation in flow focusing geometry: formation regimes and effect of nanoparticle suspension[END_REF][START_REF] Hwa Tan | The microfluidic jukebox[END_REF][START_REF] Zeng | Microvalve-actuated precise control of individual droplets in microfluidic devices[END_REF][START_REF] Ma | Selfaligned interdigitated transducers for acoustofluidics[END_REF][START_REF] Say | Generation and manipulation of monodispersed ferrofluid emulsions: The effect of a uniform magnetic field in flow-focusing and t-junction configurations[END_REF] . Nevertheless, pas-sive methods are the most frequently used. Different types of droplet generators have been fabricated and extensively studied [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Wang | Droplet microfluidics for the production of microparticles and nanoparticles[END_REF][START_REF] Casadevall | Droplet microfluidics: recent developments and future applications[END_REF] , including co-flow [START_REF] Zhu | Droplet generation in co-flow microfluidic channels with vibration[END_REF][START_REF] Lian | Investigation of microfluidic co-flow effects on step emulsification: Wall contact angle and critical dimensions[END_REF] , T-junction [START_REF] Liu | Droplet formation in a t-shaped microfluidic junction[END_REF][START_REF] Xu | Preparation of highly monodisperse droplet in a t-junction microfluidic device[END_REF] and flow-focusing [START_REF] Yobas | High-performance flow-focusing geometry for spontaneous generation of monodispersed droplets[END_REF][START_REF] Fu | Droplet formation and breakup dynamics in microfluidic flow-focusing devices: from dripping to jetting[END_REF] , as we will discuss in more detail hereafter.

(i) The co-flow geometry, also known as coaxial junction, is shown in Figure (iii) The flow-focusing geometry was pioneered by Ganan-Calvo et al. [START_REF] Alfonso M Ganán-Calvo | Perfectly monodisperse microbubbling by capillary flow focusing[END_REF] in order to fabricate monosized gas microbubbles in a liquid through a cylindrical geometry, it works on a so-called capillary flow-focusing where the gas is evicted of a capillary tube trough a small orifice into a liquid which induces the gas bubble streaming to break into bubbles. However, it was not until 2003 that the flow focusing geometry was applied in the founding article by Anna et al. [START_REF] Shelley L Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF] and Dreyfus et al. [START_REF] Dreyfus | Ordered and disordered patterns in two-phase flows in microchannels[END_REF] using an integrated channel into a plane geometry.

In this geometry, two immiscible liquids flow into three separate channels in a planar geometry, as shown in formation of a neck which elongates and becomes thinner as the dispersed phase advances downstream. Ultimately, the dispersed phase neck breaks up into droplets [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Gu | Droplets formation and merging in two-phase flow microfluidics[END_REF][START_REF] Gordon | Microfluidic methods for generating continuous droplet streams[END_REF] .

Figure 1.9 shows the different typical microfluidic device geometries used to fabricate droplets, including T-junction (at different intersection angles of the continuous and dispersed phase fluids), "Head-on", Y-shaped junction, double Tjunction, "K-junction", "V-junction", co-flow, and flow-focusing geometries.

In the following, we will mainly focus on the geometry used during this thesis work (flow-focusing), as well as the results achieved with it.

The mechanism behind the formation of spherical monodisperse droplets is governed by forces that are generally overlooked and neglected at the macro- scopic level. In the case of microfluidics, significant forces at the macroscopic scale like gravity and pressure are neglected in front of forces like capillary and interfacial tension. The interfacial tension is the property of a fluid that acts to minimize the free energy of the interface by reducing the interfacial area between two fluids. Also, the interfacial tension is important in the formation of spherical droplets (as it is the shape of the minimum area for a given volume), as well as for droplet subsequent stability [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Gu | Droplets formation and merging in two-phase flow microfluidics[END_REF] . Instead, the viscous forces describe how much the fluid flow throughout the microfluidic chip due to its velocity, these stresses act to stretch and extend the interface and form the droplets. In order to compare the different physical properties of liquids and describe their behavior, dimensionless numbers are very frequently used.

The bond number (Bo) describes the competition between gravitational and surface tension forces, is defined as:

Bo = ∆ρgL 2 σ
Where ∆ρ the mass density difference between the two fluids, g the gravity acceleration, L a characteristic length scale, and σ the interfacial tension. In the case of microfluidic systems, the Bond number (Bo) is typically small (Bo << 1).

This low value indicates that gravitational forces are usually neglected at the microscopic scale.

Another characteristic number of the flow is the Reynolds number (Re) of the droplets. It illustrates the relative strength of the internal inertia forces and the viscous forces. Using the linear Stokes equation , the Reynolds number can be expressed by [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] :

Re = ρνL µ
With ρ is the mass density, ν the mean velocity of the fluid, and µ the dynamic viscosity. If the inertia forces predominate this favors the turbulent flow (Re ≥ 2000). In the opposite situation where viscous forces dominate, Re is low (≤ 10) promoting the very laminar flow. Basically, microfluidic systems operate at laminar flow as indicated by the low Reynolds number, due to the small channel cross-section scales and the confinement [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Berthier | Micro-drops and digital microfluidics[END_REF] .

Moreover the competition between inertial forces and interfacial tension can be quantified by Weber number (We), its expression is:

We = ρν 2 L σ
In most applications at the microscale, the dimension scales are sufficiently small that inertia generally becomes negligible, thereby a low Weber number (We < 1)

for microfluidics application.

Otherwise in microfluidic systems the effect of gravity can be ignored as well as the internal inertia forces as discussed directly above. Consequently, the dominant forces in the micron range are therefore those related to interfacial forces minimizing the interfacial energy between the two fluids through the formation of spherical droplets, and viscous forces acting on the dispersed phase during the deformation of the interface and the formation of the droplets. This can be denoted by the capillary number (Ca), which compares these significant forces at the microscale. Thus, this number is the most important among all dimensionless numbers, and defined as the ratio of viscous forces and interfacial forces, and is expressed by:

Ca = µν σ
Where µ is generally the viscosity of the most viscous fluid in the two-phase system, ν is the velocity of that phase. Besides, the capillary number varies between 10 -3 and 10 in most microfluidic devices [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF] .

Furthermore, the competition between interfacial tension and viscosity leads Chapter 2

Materials and Methods

In this chapter, we present microfabrication techniques for microfluidics. We discuss the droplet-based microfluidics technology for particles synthesis. Afterwards, we provide details of our optofluidic detection setup. Finally, we present the experimental characterization techniques used.

Microfabrication techniques for microfluidics 2.1.1 State of the art

The fabrication of microfluidic devices can be considered as the core part of droplet microfluidics. Actually, there are several micro-manufacturing techniques such as micromachining using silicon or glass-based substrates, molding replication, modular assembly, 3D printing, and so on. Further, microfluidic device materials can be divided into three categories: (i) inorganic (silicon, glass and ceramics), (ii) polymeric (elastomers and thermoplastics), and (iii) paper. Silicon was the first material used to build microsystems for microfluidics, its use flowed nat-urally from the silicon technologies of microelectronics that were well-developed.

Indeed, silicon has its own pros and cons and is appropriate to different experimental conditions. Though the silicon is easy to manufacture and transparent to infrared, it presents a disadvantage of not being transparent to visible light, which makes typical optical detections, like fluorescence detection or fluid imaging difficult to achieve. In order to overcome the silicon opacity issue, the employment of transparent materials like glass or polymer was required. However, the fabrication techniques for silicon and glass are expensive, time-consuming, and require access to specialized facilities [START_REF] Maluf | Introduction to microelectromechanical systems engineering[END_REF][START_REF] Gregory | Micromachined transducers sourcebook[END_REF][START_REF] Madou | Etch-stop techniques[END_REF] . Considerable work was alternatively performed to circumvent these disadvantages and the focus was shifted to include polymers in order to fabricate microfluidic devices. These methods are called soft-lithography. Polydimethylsiloxane (PDMS) has become undoubtedly its primary material of choice. This polymer has been providing a superior platform to support most microfluidic chips fabrications. Historically, it was pioneered by the group of G.M. Whitesides in 1998s at Harvard university [START_REF] David C Duffy | Rapid prototyping of microfluidic systems in poly (dimethylsiloxane)[END_REF] and Manz et al.

at Imperial College of Science in London [START_REF] Hofmann | Modular approach to fabrication of three-dimensional microchannel systems in pdms-application to sheath flow microchips[END_REF] . Furthermore, soft-lithography is a standard microfabrication technique that has led to the blow up of microfluidics in a wide variety of applications ranging from physics to chemistry and biology.

The term 'lithography' refers to Greek words, that can be divided into "Litho" as stone and "Graphy" to write.

In other words, this technique makes it possible to produce a multitude of similar devices by molding on a previously fabricated master mold generally by photolithography technique. Additionally, PDMS also known as dimethylpolysiloxane or dimethicone is one of the most widely used silicone-based organic poly- mers. Indeed, its use extends from numerous advantages coming from its intrinsic properties: (1) biocompatibility or nontoxicity 199 , (2) good optical transparency (240 nm -1100 nm), (3) low autofluorescence [START_REF] Piruska | The autofluorescence of plastic materials and chips measured under laser irradiation[END_REF] , (4) moldability [START_REF] Hua | Polymer imprint lithography with molecular-scale resolution[END_REF][START_REF] Tu | Surface modification of poly (dimethylsiloxane) and its applications in microfluidics-based biological analysis[END_REF] (a submicron resolution through modified PDMS), ( 5) simplicity of sealing with a glass substrate (under easy plasma treatment to form a microfluidic device), ( 6) high gas permeability [START_REF] Sg Charati | Diffusion of gases in silicone polymers: molecular dynamics simulations[END_REF][START_REF] Leclerc | Cell culture in 3-dimensional microfluidic structure of pdms (polydimethylsiloxane)[END_REF] (for on-chip cells culture), ( 7) controlled PDMS thickness on a glass substrate (which enables the fabrication of stacking devices and the incorporation of micro-valves), ( 8) low curing temperature, ( 9) flexibility (young's elastic modulus of ∼ 0.5-4 MPa [START_REF] Sollier | Rapid prototyping polymers for microfluidic devices and high pressure injections[END_REF][START_REF] Riechers | Dynamics of surfactants at soft interfaces using dropletbased microfluidics[END_REF] ), (10) low-cost, and (11) good mechanical properties (which could be easily tuned by changing the degree of cross-linking in the polymer, heating temperature, molar ratio of curing agent and monomer so that the bulk PDMS can be polymerized with different softness).

The chemical formula of PDMS is

CH 3 [Si(CH 3 ) 2 O] n Si(CH 3 ) 3 ,
where n is the number of monomer repetitions (see Figure 2.1). Its siloxane bonds make it possible to obtain a flexible polymer chain with a high level of viscoelasticity depending on the size of the monomer chain.The higher the degree of cross-linking, the stiffer the sample will be. Conversely, the lower the degree of PDMS network's crosslinking, the lower its stiffness [START_REF] Wang | Crosslinking effect on polydimethylsiloxane elastic modulus measured by custom-built compression instrument[END_REF] .

We will describe in more detail later the microfluidic device manufacturing method adopted during this thesis work.

Soft micro-lithography technique

Microfluidic devices are designed and manufactured by patterning channels in PDMS using conventional soft-lithography methods [START_REF] Mcdonald | Fabrication of microfluidic systems in poly (dimethylsiloxane)[END_REF] , which briefly refers to a group of techniques consisting on four steps: i) the fabrication of a master mold via photolithography, ii) casting PDMS prepolymer mixture in the master mold and fabrication of a PDMS-based negative replica of the template, iii) curing and separating the PDMS from the template, and iv) sealing of the PDMS stamp to a substrate.

Photolithography, known also as optical lithography, is one of the most employed microfabrication techniques, it consists of printing with light a desired pattern into a light-sensitive material to ultraviolet (UV) light. In the first step, a silicone wafer is coated with a layer of photoresist. It is important to note that there is a group of photoresists with different properties. The choice of the appropriate photoresist depends mainly on the desired film thickness The spin-coating process is subsequently followed by "Soft baking". It consisted of exposing the wafer and photoresist to low temperatures (65 • C and 95 • C) by means of hot plates under ambient atmosphere. This step aims at eliminating solvents in the resist and improving its bonding, as well as its solidification. The recommended values of the parameters including soft bake times, spinning speed, baking temperature and duration can be determined from the available photoresist processing guidelines.

After photoresist coating, mask alignment is one of the most important and critical steps in the photolithography process. For the work involved in this dissertation, we used MJB4 mask aligner from SUSS MicroTec with an I-line type lithography optic system through an exposure wavelength of 365 nm. At first, the silicon wafer is placed in the support of UV exposure machine. The photomask is then loaded into the mask holder on top of the substrate and photoresist. It must be aligned with the wafer's surface, so that the pattern can be transferred onto its surface. Once the mask has been accurately aligned with the silicon wafer, the assembly is then irradiated with UV light through the pattern on the photomask under programmed time duration, which is determined by the energy adsorption of the photoresist and the power of the lamp. Besides, photoresist is a light-sensitive polymer which can be positive or negative, depending on whether it is desirable to make the exposed regions more soluble during development process, or vice versa. As aforesaid, we used SU8-2025 photoresist which is a negative photoresist.

Upon UV illumination, the uncovered zones of the photoresist polymerized. A post expose bake (PEB) was then performed in order to selectively cross-link the exposed regions of the film using two-step contact through a hot plate at 65 Consequently, the exposed regions became insoluble in the developing solution, instead, the unexposed regions of the photoresist breakdown and became soluble and hence washed away, thus leaving behind the geometric pattern on the silicon substrate. Thereafter, the substrate was rinsed briefly with isopropyl alcohol (IPA), and dried with a gentle stream of air (or nitrogen). Subsequently, an optional hard bake was done between 150 and 200 • C for few minutes in a convection oven to further cross-link the material.

Through careful adjustments of the microfabrication process conditions, the master mold was successfully fabricated and served many times manufacturing microfluidic chips using PDMS technology.

The fabrication of the microfluidic devices performed in our experiments involved the employment of the previously fabricated master mold in order to produce a microstructure replica by molding the polydimethylsiloxane (PDMS). The PDMS (Sylgard 184 silicone elastomer base, Sigma-Aldrich) was first mixed with curing agent (Sylgard 184 silicone elastomer, Sigma-Aldrich) with a weight ratio of 10:1, the mixture was then degassed using a vacuum pump at room temperature and the solution was poured onto the mold and placed in the oven for polymerization at 75 • C for 2 h. The PDMS stamp was then removed from the mold; and a replica of the microchannels was obtained. Inlet (to introduce the fluid(s) into the channel(s)) and outlet (to collect the product) ports were punched out using a Miltex biopsy punch with plunger of 1 mm diameter.

The PDMS block and the glass slide (50 mm x 75 mm) were eventually cleaned and dried (with compressed air), and finally treated with oxygen plasma for 20 s to enable their bonding and sealed to make the microfluidic device. Figure 2.4 shows the schematic illustration of the PDMS molding procedure. 

Droplet microfluidics 2.2.1 Droplet-based microfluidics for particles synthesis

Droplet-based microfluidics has evolved into a powerful tool for the synthesis of monodisperse nanoparticles and microparticles with uniform sizes and morphologies [START_REF] Kim | Microfluidic preparation of monodisperse polymeric microspheres coated with silica nanoparticles[END_REF][START_REF] Bchellaoui | Microfluidic-assisted formation of highly monodisperse and mesoporous silica soft microcapsules[END_REF][START_REF] Xu | Generation of monodisperse particles by using microfluidics: control over size, shape, and composition[END_REF][START_REF] Alexander | Highly monodisperse conjugated polymer particles synthesized with drop-based microfluidics[END_REF] . In particular, the production of highly ordered self-assembled colloidal crystals and mesocrystals has gained recently increasing attention for many applications based on the design of integrated materials with advanced features at the nano-and micro-scales [START_REF] Cöelfen | Mesocrystals and nonclassical crystallization[END_REF][START_REF] Nong | Non-classical crystallization of thin films and nanostructures in CVD and PVD processes[END_REF][START_REF] Wang | Droplet microfluidics for the production of microparticles and nanoparticles[END_REF][START_REF] Ryan Van Dommelen | Surface self-assembly of colloidal crystals for micro-and nano-patterning[END_REF] . Nevertheless, the high control and accuracy of the structure and morphology of such arrangements at the microscale is still challenging. In contrast to classical crystallization process, colloidal crystallisation is based on a particle-mediated aggregation and self-assembly of nu-cleated nanocrystals. The formation of mesocrystals includes oriented attachment growth mechanism involving self-organization and self-assembly of particles or crystallites along a preferential crystallographic orientation giving hence rise to the formation of a crystal in an asymmetric manner 5,[START_REF] Liu | Intrinsic dipole-field-driven mesoscale crystallization of core-shell zno mesocrystal microspheres[END_REF][START_REF] Andreassen | Classical and nonclassical theories of crystal growth[END_REF] .

In the present thesis work, we focuse more deeply on a precise ZnO microparticles fabrication using droplet-based microfluidics. As we have detailed in Chapter 1, zinc oxide is of particular interest owing to its properties, including a wide band gap (3.37 eV) and a large exciton binding energy (60 meV) at room temperature. Besides, this makes it one of the most used materials in optoelectronic devices, ultraviolet photodetectors, optofluidic micro-thermometry [START_REF] Ghifari | Dye-doped zno microcapsules for high throughput and sensitive optofluidic micro-thermometry[END_REF] , UV sensing and emissions [START_REF] Jh He | Enhancing uv photoconductivity of zno nanobelt by polyacrylonitrile functionalization[END_REF][START_REF] Dixit | Insight of dipole surface plasmon mediated optoelectronic property tuning of zno thin films using au[END_REF][START_REF] Brian | Interphase synthesis of zinc oxide nanoparticles in a droplet flow reactor[END_REF] . Furthermore, it is a promising and very appealing material for a variety of other emerging applications including solar cells [START_REF] Kang | Continuous synthesis of zinc oxide nanoparticles in a microfluidic system for photovoltaic application[END_REF][START_REF] Aleksandra B Djurišić | Zinc oxide films and nanomaterials for photovoltaic applications. physica status solidi[END_REF][START_REF] Qiao | Zno nanowire based cigs solar cell and its efficiency enhancement by the piezo-phototronic effect[END_REF][START_REF] Juan A Anta | Zno-based dye-sensitized solar cells[END_REF] , photocatalysis [START_REF] Bajorowicz | Quantum dot-decorated semiconductor micro-and nanoparticles: A review of their synthesis, characterization and application in photocatalysis[END_REF][START_REF] Baruah | Microfluidic reactors for the morphology controlled synthesis and photocatalytic study of zno nanostructures[END_REF][START_REF] Ong | A review of zno nanoparticles as solar photocatalysts: Synthesis, mechanisms and applications[END_REF] and water treatment [START_REF] Brian | Interphase synthesis of zinc oxide nanoparticles in a droplet flow reactor[END_REF][START_REF] Ong | A review of zno nanoparticles as solar photocatalysts: Synthesis, mechanisms and applications[END_REF] . Various synthetic approaches using different chemical and physical methods [START_REF] Król | Zinc oxide nanoparticles: Synthesis, antiseptic activity and toxicity mechanism[END_REF] , such as electro-deposition [START_REF] Ghannam | Control of the growth of electrodeposited zinc oxide on fto glass[END_REF][START_REF] He | Stable superhydrophobic zn/zno surfaces fabricated via electrodeposition on tin substrate for self-cleaning behavior and switchable wettability[END_REF][START_REF] Ghannam | Wettability of zinc oxide nanorod surfaces[END_REF] , sol-gel [START_REF] Soylu | Controlling the properties of zno thin films by varying precursor concentration[END_REF] , and hydrothermal [START_REF] Lei | Synthesis of hierarchical porous zinc oxide (zno) microspheres with highly efficient adsorption of congo red[END_REF][START_REF] Li | Synthesis and characterization of zno/cuo vertically aligned hierarchical tree-like nanostructure[END_REF][START_REF] Bao | One-step hydrothermal synthesis of hollow zno microspheres with enhanced performance for polyacrylate[END_REF][START_REF] Wang | Zno microspheres: Controllable preparation and optical properties[END_REF] have been employed to fabricate several types of ZnO structures including nanorods [START_REF] Ghannam | Control of the growth of electrodeposited zinc oxide on fto glass[END_REF][START_REF] Reddy Chandraiahgari | Synthesis and characterization of zno nanorods with a narrow size distribution[END_REF] , nanowires [START_REF] Li | Synthesis and characterization of zno/cuo vertically aligned hierarchical tree-like nanostructure[END_REF][START_REF] Shih | Growth mechanism studies of zno nanowires: Experimental observations and short-circuit diffusion analysis[END_REF] , micro [START_REF] Lei | Synthesis of hierarchical porous zinc oxide (zno) microspheres with highly efficient adsorption of congo red[END_REF][START_REF] Bao | One-step hydrothermal synthesis of hollow zno microspheres with enhanced performance for polyacrylate[END_REF][START_REF] Wang | Zno microspheres: Controllable preparation and optical properties[END_REF] and nanospheres [START_REF] Rakesh K Sonker | Spherical growth of nanostructures zno based optical sensing and photovoltaic application[END_REF][START_REF] Wu | A facile approach for the fabrication of au/zno-hollow-sphere-monolayer thin films and their photocatalytic properties[END_REF] . Nevertheless, the fabrication of well defined micrometersized particles is still challenging. Among all the aforementioned studies, only two reported in references. [START_REF] Bao | One-step hydrothermal synthesis of hollow zno microspheres with enhanced performance for polyacrylate[END_REF][START_REF] Wang | Zno microspheres: Controllable preparation and optical properties[END_REF] are related to the synthesis of ZnO microparticles, which suffer from a poor control of the particle sizes and a narrow particle size distribution, because of the use of a standard hydrothermal condensation procedure.

Microfluidic methods were applied recently to synthesize ZnO nanoparticles [START_REF] Teh | Droplet microfluidics[END_REF][START_REF] Wang | Droplet microfluidics for the production of microparticles and nanoparticles[END_REF] .

Various experimental parameters were shown to have a significant effect on the fi-nal properties of these nanoparticles. For instance, Zukas et al. investigated the effect of reagent concentrations, reactor design, temperature and residence time on zinc oxide particle size, size distribution and morphology by using a co-flow microfluidic geometry [START_REF] Brian | Interphase synthesis of zinc oxide nanoparticles in a droplet flow reactor[END_REF] . Baruah However, as mentioned above, these microfluidic studies were mainly devoted to the synthesis of ZnO nanoparticles with sizes ranging at the sub-micron scale. More particularly, the fabrication of zinc oxide microspheres and microcapsules with highly monodisperse and controlled size ranging in the micrometer range (and above) is still missing. Due to their particular properties particles with such features have gathered increased attention in many industrial and academic research fields, notably in bioreactors and optical biosensors [START_REF] Singh Moirangthem | Optical cavity modes of a single crystalline zinc oxide microsphere[END_REF][START_REF] Shembekar | Droplet-based microfluidics in drug discovery, transcriptomics and high-throughput molecular genetics[END_REF][START_REF] Cuomo | Polymer capsules for enzymatic catalysis in confined environments[END_REF][START_REF] Lensen | Preparation of biodegradable liquid core plla microcapsules and hollow plla microcapsules using microfluidics[END_REF][START_REF] Elliot | Drug delivery from microcapsules: how can we estimate the release time? Mathematical biosciences[END_REF] , catalysis [START_REF] Martin Am Gijs | Microfluidic applications of magnetic particles for biological analysis and catalysis[END_REF][START_REF] Horák | New monodisperse magnetic polymer microspheres biofunctionalized for enzyme catalysis and bioaffinity separations[END_REF][START_REF] Fang | Monodisperse magnetic core/shell microspheres with pd nanoparticles-incorporatedcarbon shells[END_REF][START_REF] Deng | Multifunctional mesoporous composite microspheres with well-designed nanostructure: a highly integrated catalyst system[END_REF] , biomedical fields such as drug delivery [START_REF] Ziaie | Hard and soft micromachining for biomems: review of techniques and examples of applications in microfluidics and drug delivery[END_REF][START_REF] Abbas | Janus nano-and microparticles as smart drug delivery systems[END_REF][START_REF] Rashid | Microparticles as controlled drug delivery carrier for the treatment of ulcerative colitis: A brief review[END_REF][START_REF] Ahn | Microfluidics in nanoparticle drug delivery; from synthesis to preclinical screening[END_REF] , and bio-pharmaceuticals [START_REF] Wu | Fabrication and characterization of monodisperse plga-alginate core-shell microspheres with monodisperse size and homogeneous shells for controlled drug release[END_REF][START_REF] Marimuthu | Microfluidic cell coculture methods for understanding cell biology, analyzing bio/pharmaceuticals, and developing tissue constructs[END_REF] .

Optofluidic detection setup

Control and monitoring of droplet size and droplet size distribution are among the most relevant and challenging characteristics of droplets. They can affect their use for a highly quantitative analysis. Their determination is often challenging.

Various methods have been developed in order to monitor in real-time the size and distribution of large populations of droplets.

Here we present a home built optofluidic system, which was developed in our group during the PhD thesis of Zain Hayat (2015-2018). It enables the detection of the fluorescence of droplets at kHz rates in highly sensitive manner and in a broadband range. For this purpose, microdroplets must be doped with fluorescent dyes. The design of such a system relies on the use of laser sources, a set a dichroic mirrors, filters and a parabolic reflector (PR), as detailed in Figure 2.5.

A particular feature for this optofluidic setup, relies on the use of an off-axis parabolic reflector (PR) with a 3. where electromagnetic lenses are used to focus the electron beam produced on the specimen. In fact, since the 1890s when it was demonstrated that the magnetic field can deflect electrons in numerous experiments , electron microscopy was developed and the light source was replaced by a high-energy electron beam [START_REF] Zhou | Fundamentals of scanning electron microscopy (sem)[END_REF][START_REF] Rochow | An introduction to microscopy by means of light, electrons, X-rays, or ultrasound[END_REF][START_REF] Reimer | Scanning electron microscopy: physics of image formation and microanalysis[END_REF] .

The electron beam then interacts with the surface of the sample deposited on a moving vacuum stage. The interaction between the electrons and the sample leads to the formation of secondary electrons of lower energy which are amplified, detected by appropriate detectors and converted into different electrical signals. This allows the typography of the scanned surface to be reconstructed and an image to be provided.

Transmission electron microscopy

Transmission Electron Microscope (TEM) was pioneered, in 1931, by a German electrical engineer and physicist, Max Knoll and Ernst Ruska [START_REF] Tang | Transmission electron microscopy (tem)[END_REF][START_REF] Zhang | Materials characterization techniques[END_REF] . The TEM allows to perform detailed atomic and electronic structures characterization of a specimen as well as the analysis of its chemical composition [START_REF] Van Benthem | Atomic resolution characterization of semiconductor materials by aberration-corrected transmission electron microscopy[END_REF] . The structural characterization of the TEM consists on the use of a focused electron beam of high energy electrons, focused using electromagnetic coil, within a high vacuum.

The transmitted electrons through the sample are then detected and the image is magnified using the projector lens and focused onto an imaging device [START_REF] Zhang | Materials characterization techniques[END_REF][START_REF] Nasrollahzadeh | An Introduction to Green Nanotechnology[END_REF] . The TEM provides very good resolution, of better than 1 nm for typical TEM, at high magnification imaging. 

Atomic force microscopy

The atomic force microscopy (AFM), also known as the scanning force microscopy (SFM), was developed in 1986 [START_REF] Binning | Atomic force microscope[END_REF][START_REF] Brabazon | Nanocharacterization techniques for dental implant development[END_REF] . It is a very high-resolution, on the order of 1 nm lateral and 0.07 nm subangstrom [START_REF] Brabazon | Nanocharacterization techniques for dental implant development[END_REF] 

Fluorescence recovery after photobleaching technique

Fluorescence Recovery After Photobleaching (FRAP) is a powerful fluorescence imaging based technique. It has been widely used to study the dynamics of local mobile fluorescent molecules at the micrometer scale [START_REF] Tom Kl Meyvis | Fluorescence recovery after photobleaching: a versatile tool for 237 mobility and interaction measurements in pharmaceutical research[END_REF][START_REF] James | Quantitative frap in analysis of molecular binding dynamics in vivo[END_REF] . Basically, the sample is labeled with a fluorescent molecule. Then, the diffusion processes is analyzed to perform measurements of kinetic properties. For example, mobile fraction, diffusion coefficient, and transport rate of the fluorescently labeled molecules [START_REF] Bunt | Visualization of molecular activities inside living cells with fluorescent labels[END_REF][START_REF] Swift | Basic principles of frap, flim and fret[END_REF][START_REF] Lorén | Fluorescence recovery after photobleaching in material and life sciences: putting theory into practice[END_REF] . This technique will be discussed more extensively in Chapter 4.

Chapter 3 Synthesis and Structural Properties of monodisperse Zinc Oxide microspheres

In this chapter, we describe the microfluidic-based synthesis for the fabrication and real-time monitoring of uniform-sized and stable zinc oxide microdroplets.

We also present the experimental setup used. We study the kinetics of these microdroplets. Next, we perform experimental investigations on the parameters controlling zinc oxide droplets formation and stability. We also examine the envelope structure of the microspheres using scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

Parts of this chapter were first published in N. Ghifari et al. [START_REF] Ghifari | One-step synthesis of highly monodisperse zno core-shell microspheres in microfluidic devices[END_REF] .

3.1 Microfluidic-assisted synthesis of zinc oxide and droplet production monitoring 

Zn(CH 3 COO) 2 .2H 2 O -→ Zn(CH 3 COO) 2 + 2H 2 O (3.1)
Zn(CH 3 COO) 2 -→ Zn 2+ + 2CH 3 COO - (3.2)
Zn 2+ + 2OH --→ Zn(OH) 2 (3.3) Zn(OH) 2 -→ ZnO + H 2 O (3.4)
Afterwards, the resulting ZnO nanoparticles dispersion was immediately transferred into syringes and supplied to the microfluidic device using Nemesys syringe pumps (Cetoni GmbH) in order to generate highly monodisperse droplets in a controlled manner. Therefore, we used PDMS-based microfluidic flow-focusing devices fabricated by patterning channels in PDMS using conventional soft-lithography method [START_REF] David C Duffy | Rapid prototyping of microfluidic systems in poly (dimethylsiloxane)[END_REF][START_REF] Mcdonald | Fabrication of microfluidic systems in poly (dimethylsiloxane)[END_REF] . The microfluidic chip manufacture was detailed above.

The microfluidic device consisted of two inputs, one for the carrier oil phase and the other for the dispersed phase, a main square channel cross section of about The dispersed phase consisted of a zinc oxide solution (dispersion), which flowed into the central microfluidic channel. This phase was squeezed by the two streams of the continuous oil phase and resulted in a breakup of zinc oxide colloidal solution into small droplets. The formation of droplets is achieved when the interfacial forces dominate the viscous forces. This is defined by the capil-lary number (C a = µU σ << 1, where µ is the viscosity, U the velocity, and σ the interfacial tension).

Once the droplets were generated at the nozzle region of the microfluidic device, they were transported along the microfluidic channel by the carrier oil phase and moved towards the outlet. The droplets thus generated were then collected in a Petri dish (pre-filled with a solution of HFE 7500 oil) using a tube connected to the output of the microfluidic device, and kept at room temperature under atmospheric pressure. 

Droplet kinetics study

We studied the kinetics of zinc oxide microcapsules formation from microdroplets having a diameter of about 48 µm. The results are shown in Figure 3. Considering that the condensation of the droplets is mainly governed by the diffusion and the evaporation of the solvent of the dispersed phase, the formation of zinc oxide microspheres is based on a phase separation process, in which the dispersed zinc oxide phase is transformed into a precipitated solid membrane, due to the diffusion of the solvent within the aqueous phase and then to its evaporation at the oil/air interface.

In a previous study dedicated to droplets based formation of silica microspheres. Bchellaoui et al. developed a model to explain a similar linear decrease of droplets size versus time [START_REF] Bchellaoui | Microfluidic-assisted formation of highly monodisperse and mesoporous silica soft microcapsules[END_REF] . It has the particularity to take into account the droplet radius (R drop ) at a given time (t), and assuming that the droplet volume rate is proportional to the droplet surface in contact with the air, due to solvent 

dV drop dt = 4πR 2 drop dR drop dt ∝ -R 2 drop (3.5)
Integration of equation 3.5 leads to:

R drop (t) = -A 1 t + A 2 (3.6) R drop (t) = -B 1 t + B 2 (3.7)
Where A 1 and A 2 are the arbitrary constants of the first step, while B 1 and B 2 are the arbitrary constants of the second step. The determined experimental values are A 1 = -0.9 (µm/min) and B 1 = -0.01 (µm/min).

It is also worth mentioning that in contrast to silica microspheres formation, the evaporation kinetics of our ZnO microspheres followed a dissimilar mechanism that resulted in two consecutive steps as we have noted. In the first step, we observed a very rapid and significant linear decrease in the droplet size of 0.9 (µm/min). While this value was equal to 0.331(µm/min) for silica microspheres [START_REF] Bchellaoui | Microfluidic-assisted formation of highly monodisperse and mesoporous silica soft microcapsules[END_REF] . We speculate that in our case the solvent diffused rapidly through the ZnO droplets and then evaporated. This behaviour can be mainly governed by the porous structure of the ZnO microspheres, leading to a reduction in the duration of the solvent evaporation process at the oil/air interface. Then, above about 80 minutes, the condensation kinetics appeared to be slower. Such a decrease can probably be attributed to the decrease in the porous structure of the system which, over time, consequently led to the formation of ZnO microspheres.

Thus, the solvent evaporation kinetics for the formation of ZnO microcapsules plays a key role and responds to several characteristics influencing the properties of the synthesized microspheres. This is particularly highlighted in Figure 3.4, where one can clearly see the influence of the solvent evaporation process.

Further, the evaporation kinetics of the solvent in the surrounding fluorinated oil phase, during the formation of ZnO microcapsules, plays a critical role in obtaining highly monodisperse mesoporous ZnO microcapsules with a particular morphology. Indeed, in this experiment, the evaporation of the solvent was accelerated by exposing the droplets directly to air and microscope light. In fact, the droplets accumulated on the surface of the oil as they are less dense than the perfluorinated oil phase used in these experiments.

In contrast to the previous case, ZnO microdroplets began to condense rapidly after they reach the surface of the fluorinated oil, that was already deposited in the Petri dish. The solvent diffused very rapidly from the microdroplets of the ZnO dispersed phase into the continuous phase and evaporated at the oil/air interface.

It is important to note that in this case the evaporation kinetics of the solvent was very fast, this was done in few minutes (3 minutes) or even seconds, which makes the monitoring of the variation of the droplet size as a function of time delicate.

In addition, we have noticed the formation of a weak residual of ZnO within the microparticles formed, to result on a honeycomb-like structure as revealed in 

Experimental investigation into the controlling

parameters of ZnO droplet formation

Effect of surfactant on droplet formation

The term "surfactant" is an acronym of surface-active agent, also called wetting agent, meaning that the molecules act on the surface or interface of a system. Typical surfactant possess an amphiphilic molecule consisting of both hydrophilic (polar/water-loving) and a hydrophobic (non-polar/fat-loving) groups. As a re-sult surfactant molecules have a tendency to preferentially adsorb at interfaces between immiscible phases; polar and an apolar mediums; for instance water/oil.

As a matter of fact their adsorption at interfaces decreases the interfacial tension between the two mediums, which is related to the change in concentration of adsorbed molecules at the interface. This change is expressed by the Gibbs adsorption equation in terms of surface excess:

Γ = - C sur f . RT dγ dC sur f .
Where Γ is the surface excess (adsorption per unit area), C sur f . is the surfactant concentration, R is the gas constant, T is the absolute temperature, and γ the surface or interfacial tension. In addition, it has been reported previously that other properties of the interface; for example flow, interactions, etc; could be also modified by surfactant [START_REF] Baret | Surfactants in droplet-based microfluidics[END_REF] . Surfactants are predominantly of use in droplet-based microfluidic technology, as they can influence and be exploited for a very good control during the manufacture of droplets in microfluidic systems. Thus the understanding of how surfactants can affect the synthesis of ZnO droplets and which role they are playing on the performance of droplet-based microfluidics synthesis in particular in terms of droplet stability, size and size distribution is of great practical importance [START_REF] Kovalchuk | Effect of surfactant on emulsification in microchannels[END_REF] . First, we investigated the impact of surfactants presence on ZnO droplets formation and stabilization. Therefore, two types of experiments were conducted including the formation of ZnO droplets in the presence and the absence of surfactant. In the first scenario, we synthesized ZnO droplets using a commercial nonionic polymeric fluorinated surfactant namely dSURF (0.5% in 3M T M Novec T M 7500 oil, Fluigent). In this experiment, monosized droplets were obtained and revealed to be stable, as displayed in Figure 3.5(b).

Conversely, in the absence of any surfactant, uncontrolled merging phenomena was observed at the exit of the microfluidic channel, as depicted in Figure 3.5(a). It is clear that the introduction of dSURF (0.5% in 3M T M Novec T M 7500 oil) leads to the stabilization of produced droplets in the microfluidic device against coalescence. In that case, the surfactants molecules ensure that droplets do not merge, and preferably adsorb at interfaces between a polar group dissolved in water for example, and an apolar medium that prefers to be in oil or air as already discussed above. Due to this effect, the surfactant forms a thin lubrication film and surrounds the droplets. Consequently, it greatly increases their stability and thus hinders their fusing upon contact after formation, by reducing the interfacial tension, steric repulsion between surfactant molecules and the coupling of surfactants to hydrodynamic flows, which induces surfactant gradients at the droplet interface known as Marangoni effect [START_REF] Baret | Surfactants in droplet-based microfluidics[END_REF][START_REF] Haakan | Droplet microfluidics-a tool for single-cell analysis[END_REF] .

The droplets produced in the microfluidic chip usually have a defined volume.

By preventing the droplets from coalescence, one guarantees that each droplet retains its defined volume, which is the key to high precision and reproducibil-ity of the chemical and physical phenomena that take place in the microfluidic chip. Other than stabilization, the existence of surfactant influences the droplets formation process by modifying capillary forces and interfacial viscoelasticity [START_REF] Kovalchuk | Effect of surfactant on emulsification in microchannels[END_REF] .

Such observations demonstrated evidently the crucial role of surfactant in our droplet-based microfluidic systems. It is a well-known fact that the droplets properties are defined by a very large number of parameters, for example, chip geometry, viscosities of the immiscible liquids involved, and the flow rates of both phases (dispersed and continuous). Although surfactants have been added in our microfluidic systems, it has been revealed in the following experimental studies that the situation is more complicated, as it will depend upon their nature. Since the use of unsuitable surfactants has led to the fabrication of unstable droplets, which can trigger their fusion, understanding the effect of surfactant on the performance of microfluidic devices, in particular in terms of surfactant nature, is of great practical importance, as we will detail throughout the following parts of this chapter.

Effect of surfactant on droplet stability

As previously mentioned, the properties of the droplets are determined by a large number of parameters. In particular, device geometry, viscosities of liquids involved, as well as their flow rates. Therefore, different experimental studies have been accomplished in this work. Beside, the situation is complicated even further if surfactants are present, whose influence will depend upon their concentration and type.

Though the addition of surfactant in the continuous oil phase is mandatory with aim of stabilizing droplets against uncontrolled merging [START_REF] Charles N Baroud | Dynamics of microfluidic droplets[END_REF][START_REF] Baret | Surfactants in droplet-based microfluidics[END_REF] . In our study, where ZnO nanocrystals primary building blocks carry a net electric charge on their surfaces, one may expect that the electrical charge carried by surfactant molecules may play a significant role in the stability of ZnO microdroplets.

To check this hypothesis, we examined the effect of two different surfactants:

(i) a commercially non-ionic polymeric fluorinated surfactant (from Fluigent), named dSURF (0.5%), and (ii) a negatively charged fluoropolymer surfactant, so-called TB-Krytox (2%w/w). To our knowledge, the observation of a delayed merging process of condensed zinc oxide microdroplets is reported for the first time. Interestingly, such a merging process did not occur when the non-ionic surfactant (dSURF) has been used.

In this case, droplets remained stable during the whole process of production and condensation of droplets, as depicted in Figure 3.7. We would like to point out that these observations clearly demonstrates the crucial role of surface electric charges on the stability of ZnO microdroplets and microparticles, and the effect of the electrical charges carried by surfactant molecules. Basically, when droplets are not efficiently stabilized, they merge immediately after they bump into each other while flowing within the observation microchamber, or further when getting into contact which each other in the microfluidic channels. We speculate that ZnO microparticles carry a net electric charge on their surface due to the electrical charges carried by ZnO nanocrystals whose aggregation leads to the formation of such a charged surface.

These observations demonstrate the significant role of surface electric charges on the stability of ZnO microdroplets and microparticles. They also confirm that ZnO microparticles carry a net electric charge on their surface due to the electrical charges carried by ZnO nanocrystals building units. In fact, it is well known indeed that the (wurtzite) ZnO crystal lattice is constructed by a number of alternating planes stacked along the c-axis direction. As the planes consist of tetrahedrally coordinated Zn 2+ and O 2-ions, the structure of ZnO nanoctystals consists of Zn 2+ terminated (0001) face and O 2-terminated (0001) face. Consequently, ZnO nanocrystals possess an intrinsic dipole moment along their c-axis.

We suggest that the higher stability of ZnO microparticles in the presence of non-charged surfactant molecules is ensured by both contributions from (i) the colloidal repulsive forces of the adsorbed surfactant layer around droplets and (ii) from the repulsive electrostatic forces between charged ZnO nanoparticles, which aggregate at the droplets interface. In contrast, when using the charged TB-krytox surfactant, electrostatic repulsion forces should be screened by the negative charge of the terminal carboxylic acid of the T B (+) -Krytox (-) surfactant monolayer.

Microparticles size versus droplets size

A precise control of synthesized microparticles size can be achieved easily by changing the flow rates of the dispersed and the continuous phases, and the size of the generated droplets. 

Effect of flow rates on droplet size

The droplet formation mechanism was experimentally investigated and observed for a range of flow rate conditions. Particularly, we studied ZnO droplets formation in a simple flow-focusing microfluidic device with varying the flow rate of the continuous and dispersed phases, separately.

Moreover, we studied the effect of the dispersed phase and continuous phase flow rates on the droplet size, as illustrated in Figure 3.9(a) and Garstecki et al. [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic tjunction-scaling and mechanism of break-up[END_REF] :

L w ∼ τ × Q d
Where w and τ represent the width of the channel, i. e. , the nozzle, and the time to form a droplet, respectively. Also, the time τ may be considered as the sum of the time t f ill it takes to the dispersed phase (sol) to fill the cross-section of the main channel and the time t sq , to squeeze the emerging drop to detach it from the dispersed phase: τ = t f ill + t sq .

Since t f ill scales as 1 Q d and t sq scales as 1 Q c , the (normalized) size of droplets should scale as:

L w ∼ 1 + Q d Q c
As discussed in detail by Garstecki et al. in ref. [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic tjunction-scaling and mechanism of break-up[END_REF] , the scaling law simplifies in the case where

Q d >> Q c to: L w ∼ Q d Q c
Whereas for Q d Q c , the droplets size becomes practically independent of Q c

(and Q d ). These scaling laws are in very good agreement with our results, as

shown in Figure 3.9(a) and Figure 3.9(b). 

Structural and morphological analysis

The morphological features of zinc oxide microspheres were examined and measured using Scanning Electron Microscopy (S-3400N, Hitachi) equipped with an Energy Dispersive Spectroscopy (EDS). tained photoluminescence data shows that ZnO microspheres exhibit an emission band at 3.32 eV which may be due to the free excitons [START_REF] Millers | Luminescence of zno nanopowders[END_REF][START_REF] Rodnyi | Optical and luminescence properties of zinc oxide[END_REF][START_REF] Wang | The zn-vacancy related green luminescence and donor-acceptor pair emission in zno grown by pulsed laser deposition[END_REF] , as shown in Figure Our investigations strongly suggest that the formation mechanism of the microspheres is based on a non-classical crystallization pathway. In contrast to the classical crystallization, where the crystal is formed by clusters from building units such as atoms, ions or molecules. The crystal growth mechanism behind the formation of our microspheres is in accordance with a particle-mediated process involving mesoscopic transformation of self-assembled, metastable or amorphous precursor particles inside the droplet. Indeed, the primary zinc oxide nanoparticles formed in the early stages of the reaction reorganize within the droplet.

Afterwards, the evaporation of the solvent gives rise to significant internal forces going from the inside to the outside of the droplet, thus promoting agglomeration of the aggregates on the contour of the microsphere.

Investigation into porous and soft ZnO microcapsules

To give further insight onto the hollow and porous features of zinc oxide microspheres, we investigated their swelling in the presence of a polar solvent such as water. Figure 3.13 presents a schematic illustration and optical micrographs of ZnO microparticles before and after the addition of water. The penetration of water molecules inside the microcapsules induces an increase of their volume by a factor 2, followed by the rupture of their shell (membrane), as illustrated in Prior to ZnO droplets generation, ZnO nanoparticles dispersion was prepared as described previously [START_REF] Ghifari | One-step synthesis of highly monodisperse zno core-shell microspheres in microfluidic devices[END_REF] , and then doped with a solution of rhodamine 6G and/or fluorescein at 0.1 mM, 0.01 mM, and/or rhodamine B (≥ 95%, (HPLC), Sigma-Aldrich) at 0.1 mM, 0.01 mM, and 0.002 mM. This enabled the investi-gation of the effect of a very small concentration of a charged dye on the droplet formation behavior. To obtain the required concentration in the experiments, the dyes were dissolved in distilled water. The concentration of ZnO nanoparticles was fixed throughout the experiment at 0.5 M. ZnO droplets were fabricated by varying the continuous phase flow rate (from 100 µl/h to 450 µl/h) or the dispersed phase (from 20 µl/h to 200 µl/h). The droplet formation was considered to be monodispersed (the average droplet diameter was measured from approximately 20 droplets). The size of ZnO droplet obtained in these experiments ranged from 40 µm to 90 µm, depending on the experimental conditions, as reported in ZnO droplet size and size distribution were monitored using our home-built optofluidic fluorescence detection setup. In this experiment, ZnO droplets were excited using a 532 nm CW laser while flowing in a 60 µm x 60 µm microfluidic channel, and the fluorescence was detected in the range 550 nm -700 nm. The same trend was evident for all the experiments. When the flow rate of the dispersed phase was constant in the microfluidic system and the continuous phase Moreover, it is clear from the results shown in Figure 4.2 that the droplets diameter is smaller when the continuous phase flow rate is high. Because this leads to the increase of shear stresses exerted on the interface of the filament of ZnO dispersion sol. On the other hand, when the flow rate of the continuous phase is lower there is sufficient time for a larger internal flow of the ZnO dispersion solution and less pressure upstream, and thus fill a larger volume resulting on the formation of bigger droplets [START_REF] Cramer | Drop formation in a co-flowing ambient fluid[END_REF][START_REF] Leong | Size prediction of κ-carrageenan droplets formed in co-flowing immiscible liquid[END_REF][START_REF] Schneider | Effects of chemical and physical parameters in the generation of microspheres by hydrodynamic flow focusing[END_REF] . We confirmed these findings by real-time fluorescence experiments of ZnO droplet size and size distribution, as indicated in These results are consistent with other previous studies that have reported a dependence of droplet size on the dispersed phase flow rate [START_REF] Gordon | Microfluidic methods for generating continuous droplet streams[END_REF][START_REF] Quevedo | Interfacial polymerization within a simplified microfluidic device: capturing capsules[END_REF][START_REF] Rinova Sisworo | Generation of monodispersed spherical thermosensitive gels and their swelling and shrinking behaviors in aqueous polymeric solutions[END_REF] . According to other researchers, droplets diameter increases as the velocity of the dispersed phase increases [START_REF] Gordon | Microfluidic methods for generating continuous droplet streams[END_REF][START_REF] Loizou | Examining the effect of flow rate ratio on droplet generation and regime transition in a microfluidic t-junction at constant capillary numbers[END_REF] . These investigations revealed that droplet size increases at least slightly with increasing the dispersed phase flow rate. Furthermore, the influence of some specific parameters were also examined such as liquid viscosities and interfacial tension on the droplet formation mechanism [START_REF] Rinova Sisworo | Generation of monodispersed spherical thermosensitive gels and their swelling and shrinking behaviors in aqueous polymeric solutions[END_REF][START_REF] Husny | The effect of elasticity on drop creation in t-shaped microchannels[END_REF][START_REF] George | Drop formation at low velocities in liquid-liquid systems: Part i. prediction of drop volume[END_REF][START_REF] Nie | Emulsification in a microfluidic flow-focusing device: effect of the viscosities of the liquids[END_REF][START_REF] Kj Zhu | Preparation and characterization of hcg-loaded polylactide or poly (lactide-co-glycolide) microspheres using a modified water-in-oil-in-water (w/o/w) emulsion solvent evaporation technique[END_REF][START_REF] Xu | Experimental and theoretical approaches on droplet formation from a micrometer screen hole[END_REF] . Moreover, they reported the existence of a large continuous phase flow threshold value above which droplet size remains constant regardless of the dispersed phase flow rate. From the current study, we found that for the same experimental conditions, (at fixed dispersed or continuous phase flow rate and for the same condition), ZnO droplets have bigger sizes when the fluorescent dyes were used. In addition, the particle charge effect becomes slightly significant at high concentration of the dyes. It is quite clear that the resulting ZnO droplets diameter, however, is influenced by dynamical forces depending on the flow rates of the dispersed phase (Q d ) and the continuous phase (Q c ) within the microfluidic devices. Indeed, we attribute the effect of the dyes presence to the electric charges carried by their molecules. Therefore, to check the dependence of ZnO droplets diameter on electrical charges we conducted the following experiments in the presence of potassium chloride (BioXtra, ≥ 99.0%, Sigma-Aldrich).

Effect of the continuous phase flow rate

Exploiting the aforementioned results, we prepared a mixture of different labelled ZnO droplets in the presence of potassium chloride (KCl), which allowed to perform experiments in mediums entirely solvated with K + and Cl -ions. Besides, we increased the interactions complexity by investigating ZnO nanoparticles suspension that consisted of several types of solutions carrying out diverse charges, in particular rhodamine B, rhodamine 6G, and fluorescein at various concentrations.

We present our observations in From these findings, we found that; in all our experiments, the addition of KCl actually increases the average droplets size of ZnO produced in the microfluidic system. We believe that under such conditions the electrical charges of ZnO nanoparticles are significantly higher and also the long-range repulsive forces [START_REF] Mirjam E Leunissen | Ionic colloidal crystals of oppositely charged particles[END_REF][START_REF] Yethiraj | A colloidal model system with an interaction tunable from hard sphere to soft and dipolar[END_REF][START_REF] Hachisu | Phase separation in monodisperse latexes[END_REF] . In addition, we would also like to point out that we have noticed a decrease in droplets size in the case where the dyes were used separately. On the other hand, when several dyes have been mixed, the droplets size was larger as the electrostatic interactions range was important. As one would expect, we confirmed that the electrostatic interactions within ZnO microdroplets can be tuned by charged particles addition in the medium. pure ZnO droplets organize in a standard close packing hexagonal pattern, as can be seen in Figure 4.9(a). In the latter case, we assume that the droplets carry a priori a neutral global surface charge. Accordingly, the ZnO droplets act in such a way as to minimize their total surface area in order to reduce the free energy of the interface. This therefore corresponds to an organization of droplets in a hexagonal network, where each drop is surrounded by six others. We suggest that such adsorption of rhodamine B molecules is favored by the presence of surfactant molecules at the droplet interface, enhanced by the hydrophilic PEG block of dSURF molecules, as reported by some authors [START_REF] Mikhail A Gavrilenko | Effect of polyethylene glycol immobilized into a polymethacrylate matrix on the sorption of rhodamine[END_REF] . In order, to verify this assumption, we carried fluorescence detection experiments of rhodamine molecules in flowing dSURF stabilized droplets, using our real-time detection optofluidic setup shown in Figure 2.5. 

Tip streaming effect

To explain the strongly asymmetric shape of fluorescence peaks, one should take account of the so-called tip-streaming effect, which corresponds to the accumulation of droplet stabilizing surfactant molecules at the rear of the droplets when flowing in a microchannel [START_REF] Baret | Kinetic aspects of emulsion stabilization by surfactants: a microfluidic analysis[END_REF][START_REF] Hayat | High-throughput optofluidic acquisition of microdroplets in microfluidic systems[END_REF] . On the other hand, in our study, where we used a surfactant (dSURF) which is neither charged nor fluorescent, if there was no preference for the adsorption of rhodamine B molecules with the surfactant, we should not see any effect whether it is at the front or at the back of the droplets, and the signal would be more or less symmetrical. But if more rhodamine B is placed at the back of the droplets, the fluorescence signal of the rhodamine B will be stronger at their back. This is the proof that there is indeed a preferential adsorption of rhodamine b molecules due to the non-ionic dSURF surfactant. Additionally, these results present a direct evidence of the rhodamine B interaction with the surfactant molecules (especially the hydrophilic part that is in contact with the droplets interface).

Different models for the organization of ZnO nanoparticles at the droplet interface

As far as we know, the organization in a square array of genuine liquid microdroplets is reported here for the first time. Such organization may be explained by two models of ZnO/RhB nanoparticles organization at the droplets interface, leading either to droplets with opposite charged surfaces or polar droplets, as we discuss in the following.

Model 1

The formation of two types of microdroplets with opposite surface charge: a positively charged surface, which would be induced by a self-organization of ZnO nanoparticles exhibiting all their Zn 2+ planes outwards by regards to the droplet interface (a1 model), and a second type of droplets with a negative surface charge due to the organization of ZnO nanoparticles with an opposite orientation (b1 model), as shown in Figure 4.12(a1) and Figure 4.12(b1), respectively.

We may list also two additional possible orientations of ZnO nanoparticles (though they lead to droplets with non charged surfaces). They consist of either an anti-parallel radial orientation (c1 model , Figure 4.12.c1) or a planar 'tail to head' orientation (d1 model, Figure 4.12.d1). They are both favored by attractive electric forces between ZnO nanoparticles. It is noteworthy that these two last orientations are more stable, than the previous (radial) parallel orientations, if one considers only electrical interactions between ZnO nanoparticles. The coexistence of both organizations (a1) and (b1) models may explain the observed square lattice of droplets, unlike the non polar organization of (c1) and (d1) models.

Model 2

The formation of polar microdroplets with a net electrical dipole induced by a polar ordering of ZnO nanoparticles, as sketched in Figure 4.13. We assume for this model that interfacial forces dominate electrical forces acting between ZnO nanoparticles at the droplet/air interface, whereas due to the presence of dSURF surfactant at the droplet/oil interface, dipolar electrical interaction between ZnO nanoparticles located at this interface dominate interfacial forces.

Within this model, two types of ZnO nanoparticles organizations may be con- 

Suggested models for droplets square organization

Actually, except 'c1' and 'd1' models, the previously suggested models are compatible with the observed square self-organization of RhB doped ZnO micro-droplets. Nevertheless, additional parameters should be taken into account in order they match with the desired organization, as we discuss in the following.

For the first two models, 'a1 model ' and 'b1 model ', which lead to droplets with a positive surface charge and a negative one, respectively, it is mandatory that the two types of organizations coexist, in order to have both attractive and repulsive electrostatic interactions, between nearest droplets, to give rise to a square organization, as shown in Figure 4.14(a). However, as discussed previously, such organizations are not favored by regards to dipolar interactions between nearest

ZnO nanoparticles located at the droplet interface. Therefore, one should consider that interfacial tensions between the droplets and its surrounding phases (oil and air) should be strong enough to stabilize such an organization.

Nevertheless, if one should assume that interfacial tensions should be minimized for one type of orientation (let's say 'a1 model'), it cannot be minimized for the opposite orientation (that is 'b1 model'). This argument demonstrates unambiguously that interfacial tensions should not be taken into account (alone) to explain the formation of a square lattice of ZnO droplets which would be governed by charge-charge interaction between nearest droplets, as sketched in Fig- 

Suggested role of rhodamine B molecules in the formation of square organization of ZnO droplets

As experimentally observed, the addition of rhodamine B molecules to ZnO nanoparticles suspension plays an important role in the organization of the droplets at the oil/air interface. We suggest that the addition of such charged molecules leads to the screening of dipole-dipole interactions between ZnO nanoparticles and the weakening of repulsive electrical forces between two neighboring parallel electrical dipoles. In a such a manner, interfacial forces may take over electric forces and induce a transition from an anti-parallel orientation of ZnO nanoparticles to a parallel orientation, at either droplet/air interface and/or droplet/oil interface.

Nevertheless, because of the presence of dSURF surfactant molecules at the droplet/oil interface, interfacial forces at this interface are presumably too weak by regards to dipole-dipole forces to be able to induce a parallel orientation of ZnO nanoparticles at the droplet/oil interface (even in the presence of rhodamine B molecules). Therefore, we suggest that the ordering of ZnO nanoparticles is most likely as the ones depicted by 'a2 model' or 'b2 model'.

Top-down hierarchical organization of ZnO nanoparticles at the droplets interface

As discussed above, the ability of surface tension to lead to the formation of electrical dipoles at the droplet/air interface is quite interesting. One may ask therefore the following questions:

• What would happen when two neighboring droplets, with both their electrical dipoles oriented initially upwards, rotate in order to set their dipoles anti-parallel and to maximize their dipole-dipole interactions?

• Do ZnO nanoparticles, that are initially oriented parallel at the droplet/air interface, change the orientation of their dipoles, to make them anti-parallel to each other once they come at the droplet/oil interface?

If the answer to the second question is yes, the organization of the droplets in a square lattice would not be observed. Therefore, one should admit that the shift of oriented parallel ZnO nanoparticles from droplet/air interface to droplet/oil interface should not induce a change to anti-parallel orientation, as shown in Figure 4.15. The same reasoning may be held for the anti-parallel orientation of ZnO nanoparticles initially located at the oil/droplet interface, which should not change their orientation when brought to the droplet/air interface. The locking of initially adopted orientation enables in turn to organize droplets with their overall electrical dipole anti-parallel, contributing therefore to create a long-range dipole-dipole attractive interaction between droplets. Such long range dipole-dipole interaction should become the driving force, that govern the observed square organization.

Also, one may reconsider now 'a1 model' and 'd1 model', which lead respectively to positive and negative surface charges. In this case, the stronger (+)/(-) charges interactions (by respect to dipole-dipole interactions) between opposite charged droplets may be responsible for the formation and stability of two types of opposite surface charged droplets (and neglecting therefore the effect of interfacial tension). In such a way, macroscopic electrostatic interactions would act to induce the observed square organization of the ZnO microdroplets, which is consistent with the experimental finding shown in Figure 4.9.

As a main conclusion for this section, we have shown that the organization of ZnO nanoparticles at the nanoscopic scale (at the droplet interface) is mainly governed by long range droplet-droplet interactions which take place at the microscopic scale. That it to say, ZnO nanoparticles and droplets organizations follow an unusual top to bottom ordering hierarchical scheme. It is note worthy that microparticles for all samples should be re-suspended in HFE oil, in order to facilitate their homogeneous deposition and distribution on the microscope plate. Therefore, microparticles absorb oil, swell and their size increases. This is the reason why, the measured sizes of the microparticles are higher than those deduced from SEM analysis.

Another important remark concerns the full-like feature of the microcapsules when they are analyzed using fluorescence confocal microscopy. Indeed, we expect to observe a hollow structure as this imaging technique performs, for a given Z position, a X-Y scan in order to construct, pixel by pixel, the image of the sample. As mentioned above, since microcapsules are filled with oil during the confocal analysis and also because of the observed (small) solubility of rhodamine B dye in HFE oil, which is actually enhanced by the presence of the surfactant.

Thus, the microcapsules appear like full fluorescent microspheres and not as hollow. We argue in the following that the second hypothesis is more likely to be the correct one. Indeed, as discussed previously, rhodamine B molecules may undergo strong electrical interaction with charged ZnO nanoparticles. Indeed, as mentioned in section (4.2), at the used basic pH (8.2), rhodamine B molecules are present in their zwitterionic form. Therefore, the negatively charged acetate group of RhB molecules may adsorb electrically on the positively charged surface Zn 2+ planes of ZnO nanoparticles. Moreover, from a chemical point of view, zinc acetate complexes are known to be stable chemical species. Also, we initially used zinc acetate as a reactant to synthesise ZnO nanoparticles.

Therefore, we suggest that depending on the orientation of ZnO nanoparticles at the inner surface of the microcapsules shell, RhB molecules would adsorb more or less strongly on such surface. The higher will be the density of nanoparticles with their Zn 2+ planes oriented inward, the higher will be the number of adsorbed rhodamine B molecules on the inner surface of the shell and the lower will be the number of rhodamine B molecules transported by the inward flux of HFE oil from outside the microcapsules.

Also, we observe in Figure 5.2(b) two types of microcapsules, a first with a higher fluorescence intensity and a second with a lower one. This result shows that two types of ZnO nanoparticles orientation coexist at the inner surface of the microcapsules. Moreover, we can estimate roughly the proportion of each population by taking into account the number of counts of each population, as shown in Figure 5.2(b). We find, P l 50% and P h 50%.

Therefore, we may conclude that approximately 50 % of ZnO nanoparticles should orient their Zn 2+ planes towards the inner part of the microcapsules (as such orientation adsorb strongly RhB molecules at the shell interface impeding their diffusion and transport inside the microcapsule by the incoming flux of oil). Also, assuming that the orientation of ZnO nanoparticles is conserved along (across) the microcapsule shell, we may conclude that the outer surface of the microcapsule is mainly positively charged.

We may deduce that initially, the inner surface of the microcapsules shell (of samples 2 and 3) should be predominantly negatively charged, whereas the outer surface of microcapsules should be predominantly positively charged.

Organization of rhodamine B dye in ZnO microcapsules

Let's first calculate the average number of rhodamine molecules in each microcapsule and the surface that they would occupy on the microcapsule shell. As shown in the previous chapter, rhodamine molecules adsorb preferentially at the droplets interface, and since RhB molecules are in minority by regards to ZnO "units" in the droplet, it would be interesting to understand how RhB molecules organize around the inner surface of the shell.

Let N RhB be the overall number of rhodamine molecules in each microcapsule, and let's assume that N RhB remains constant during the condensation process of microdroplets. Then N RhB may be calculated simply as follows: µm, and the preferential adsorption of rhodamine molecules at the droplet interface, one finds that the surface density of RhB molecules at the early stage of condensation should be about 7.10 9 nm 2 . From this value, one may conclude that RhB molecules should form less than a single monolayer at the droplet interface.

N RhB = N A [RhB]V drop 3.
Also, we recall that ZnO nanoparticles primary building blocks carry an intrinsic dipole moment along their c-axis and carry therefore opposite electrical charges on their two opposite surfaces. Therefore, one may expect that rhodamine B molecules would adsorb strongly on the surface of ZnO nanoparticles. We speculate that ZnO nanoparticles should adsorb also at the droplet interface, instead remaining dispersed within the droplet. The building of the microcapsule shell should occur by aggregation and self-organization of such nanoparticles as the solvent evaporates and the size of the droplet decreases.

It is note worthy to compare this result to the reported literature. Colfen et al. [START_REF] Cöelfen | Mesocrystals and nonclassical crystallization[END_REF]5 reported in previous studies related to oriented aggregation-mediated growth of primary nanoparticles in the presence of soluble organic molecules, such as polymers and surfactants, one would expect that rhodamine B molecules serve as intercalating bridges between aggregated ZnO nanoparticles during the formation process of the microcapsule shell (meso-crystallization). Their exclusion from the formed shell indicates that attractive interaction between ZnO nanoparticles are strong enough to lead to the expelling of the dye from the shell and its adsorption on its inner surface, see Figure 5.3. 

Shell thickness versus microparticle size

The determination of the shell thickness, h, is straightforward and is based on the initial droplet size (volume), V drop , the used concentration of ZnO, C ZnO (zinc acetate), and the final size (radius) of ZnO microspheres, R p , as detailed in the following.

Let's first assume that interactions between ZnO nanoparticles are independent of the microparticle size. Within the frame of this assumption, the thickness of the shell should vary linearly versus the droplet size. The value of the slope coefficient should depend on the mass density of ZnO microspheres and therefore on the interactions between nanoparticles inside the microspheres. Since the total mass of all confined nanoparticles, m, scales as R 3 drop and/or R 3 p , the thickness of the microcapsule shell, h, should scale as R p (or R drop ), that is h p ∝ R p . More precisely, for a given microcapsule with a radius R p and mass density equal to ρ, the shell thickness h may be deduced directly from the volume of the shell,

V shell = 4πR 2 p × h.
Therefore, one can write:

h = m 4πR 2 p ρ = K 1 (ρ)( R 3 drop R 2 p ) (5.1) 
Where m = C ZnO V drop M ZnO is the total mass of zinc oxide in a single droplet, ρ is the mass density of zinc oxide, and K 1 (ρ) = C ZnO M ZnO 3ρ is a constant which depends on the mass density (ρ) of zinc oxide (as the concentration was maintained constant for all experiments). If we take ρ = 5.6 (g/cm 3 ), then K(ρ) = 2.65 × 10 -3 . 

Case of pure ZnO microcapsules

h ZnO = 12.7 × K 1 (ρ)D p (5.2) Or h ZnO (5.6) = 3.4 × 10 -2 D p . (5.3) 
We considered for the last equation the standard value of ρ = 5.6 (g/cm 3 ). of the shell which is taken in this case equal to the standard value 5.6 (g/cm 3 ). We find for instance a shell thickness of about 0.56 ± 0.04 µm for 48.5 µm droplets, which compares very well, in this case, with the shell thickness value measured directly using scanning electron microscopy, as illustrated in Figure 3.10. Nevertheless, despite a roughly linear dependence of h versus D p , as expected from equation 5.3, we notice also a break at D p 17 µm. Interestingly, this break coincides with the observed break in the linear dependence of particle size versus droplet size, at a droplet size of about 50 µm, as shown in Figure 3.8.

We suggest that the observed transition in the shell thickness vs. the particle size is related to the observed deviation from the linear dependence of the microparticle size versus the droplet size, as observed in Figure 3.8. Indeed, according to equation (3.8), we expect the microparticle size to be of about 18 µm when starting from a droplet with a diameter D drop = 53 µm. This value is noticeably smaller than the measured one, that is 19.1 ± 0.7 µm.

Therefore, one can deduce an excess size of about 1.1 µm (by respects to the expected value when the mass density of the shell is set equal to 5.6 g/cm 3 ).

The same arguing may be put forward for the shells of the microcapsules that are derived from droplets with diameters equal to 60 µm and 70 µm. For these shell thicknesses, values appear to be smaller than those which could be derived from equation 5.3.

If we consider again the example of D drop = 53 µm, we should find an excess value for the shell thickness by regards to the reference value, calculated using equation (5.3), by about:

∆h * = 0.13 µm (5.4) 

Case of dye-doped ZnO microcapsules

h ZnO/RhB = 9.2 × K 1 (ρ)R drop = 27.9 × K 1 (ρ)R p (5.5) 
Considering again ρ = 5.6 g/cm 3 and K(ρ) = 2.65 × 10 -3 , we can deduce the following linear relation between the shell thickness value and RhB-doped microparticle size: Basically, the observed deviation cannot be explained by a decrease of the mass density of the microcapsules shell, as we did previously for pure ZnO microcapsules. Indeed, in order to match h values for D p = 23.1 µm and D p = 25 µm microcapsules, one should assume a mass density value for the shell which should be equal to 6.25 g/cm 3 and 6.5 g/cm 3 , respectively. These values are noticeably larger than the standard value (5.6 g/cm 3 ). Nevertheless, it is also worth noting that Valour et al. [START_REF] Valour | Synthèse d'oxyde de zinc dopé azote sous formes de poudre et de couche mince: caractérisation du type de semiconductivité[END_REF] reported recently values of about 6.2 g/cm 3 from an experimental study dedicated to the determination of the mass densities of ZnO synthesized under different harsh experimental conditions (very high temperatures) and using BET technique.

h ZnO/RhB (5.6) = 3.7 × 10 -2 D p (5.6) 
Therefore, in our study, one may put forward that the addition of rhodamine B molecules may enhance a close packing of ZnO nanoparticles, by either screening the repulsive interactions between ZnO nanoparticles or by establishing specific interactions between Zn 2+ and the negatively charged acetate group (CH 3 CO 2-) of RhB molecules, which may lead to a higher value of the mass density of ZnO.

Nevertheless, as we have used a similar ratio of RhB molecules (by respects to ZnO units) for all samples. Therefore such argument should be rejected. Rather, we suggest another mechanism in the next section, which enables to explain the observed deviation of the shell thickness from the expected linear regime. We can see clearly from the WFM image that the microspheres possess a capsule-like structure. Because of the relatively low resolution of this images (X20 objective), a rough estimation of the thickness of the shell can be deduced from the comparison between the 16.1 µm value found for the inner diameter of the microcapsules, as measured from the FM image, and the 15 µm value outer diameter as measured from the WFM image. Indeed, as previously argued in section 

Experimental evidence of a layered organization of the microcapsule shell

Suggested mechanism for the shell and nanoparticles organization

We present in this section, an original model for the mechanism of the microcapsules shell formation. This model allows, in particular, to explain the observed dependence of the microcapsules size and their shell thickness versus the droplets size, discussed in see section 3.2.3.

General questions about the microcapsule formation

The following questions should be addressed:

• What are the main factors that determine the final size of the microparticles? In a shell nut, does the microparticle stop reducing its size after the solvent has been fully evaporated or because nanoparticles reach a minimal interaction distance, regardless of the presence or not of the solvent? Does the core of the microparticle still contains solvent even after the final size of the microparticle has been reached because of a hypothetical sealing of the shell (i. e. , solvent proofing)?

• How nanoparticles organize initially in the droplet and at its interface? Does their type of organization depends on the droplet size and the microparticle size?

• What kind of physical forces are behind the transition observed in the obtained values of shell thickness versus microparticles size?

Let's first address briefly the first questions.

We have shown in Chapter 3, Section 3.4, that the shell of the microcapsule is porous and that condensed microcapsules (once they have reached their final size) can absorb a solvent like water, or oil, and swell, and eventually break under the effect of osmotic pressure, as shown in Figure 3.13. Therefore, because of the shown porosity of the shell at its final state, we can exclude the presence of the solvent after microparticles have reached their final size.

We hence can postulate that the final size of the microcapsules is mainly determined by the close packing and the organization of nanoparticles in the shell.

Let's now address in more detail the remaining questions.

Nanoparticles surface density versus droplet size

We suggest from the above discussed results that the observed transition in the pure ZnO microparticle size versus droplet size is related to the surface density, Γ, of ZnO nanoparticles at the droplet interface. We need therefore to better understand how ZnO nanoparticles organize at the droplet interface. Let's first give a rough estimation of Γ (for a given droplet size).

For sake of simplicity, we will assimilate nanoparticles to nanosized cubes with a typical size of about 100 nm (as argued in section 3.4) and a standard mass density equal to 5.6 g/cm [START_REF] Suea-Ngam | Droplet microfluidics: from proof-of-concept to real-world utility?[END_REF] . Therefore, the mass of a single nanoparticle would be about m NP = 5.6 × 10 -15 g. Considering now the mass of a single ZnO "unit", that is 1.34 × 10 -22 g, and the used concentration of ZnO, C ZnO = 0.5 M, one can estimate easily the number N NP of nanoparticles, which are contained in a droplet.

Let's for instance consider the case of microparticles obtained from droplets with a diameter of D drop = 48 µm. We therefore deduce N NP = 4.62×10 5 nanoparticles and an overall area S NP occupied by all N NP nanoparticles at the droplet surface, that is: S NP = 0.01(nm 2 ) × 4.62 × 10 5 4620 µm 2 . Since the surface area of each droplet is equal to S drop 7240 µm 2 , all N NP nanoparticles may fit at the droplet interface without overlapping. In fact, only a fraction of the droplet surface area would be occupied by ZnO nanoparticles (in this example): Γ = S NP S drop 0.64. The observed linear dependence of Γ NP versus D drop may be understood easily using dimensional analysis argument. Indeed, since the overall amount of nanoparticles, N NP , scales as L 3 , where L is a typical size of the droplet, e. g., diameter, and the surface area occupied by the N NP nanoparticles at this interface, S NP N NP × (100 nm) 2 , scales also as L 3 , one finds that Γ should scale as L (D drop ).

Initial orientation and organization of nanoparticles at the droplet interface during the condensation process

Once the droplet has been formed and brought at the oil/air interface in the Petri dish, nanoparticles start to organize at the droplet interface with either their electric dipoles oriented normal or planar by regards to the droplet interface. For both organizations, they may adopt mainly either a parallel or anti-parallel orientations.

Nevertheless, we can fully exclude anti-parallel orientations for both normal and planar organizations, as they would lead to attractive interactions and the formation of full microspheres instead of microcapsules, as experimentally observed.

Therefore, we will assume that nanoparticles keep their electric dipoles mainly oriented parallel, in either normal or planar organizations, which would prevent the microcapsule shell from collapsing (due to repulsive electric interaction between nanoparticles within the shell).

Also, in the case of a normal organization of nanoparticles, the exact orientation (up or down) should depend on which surface of the nanoparticle presents effectively the lowest interfacial energy with the surrounding media (air and oil).

The majority suggested parallel orientation of nanoparticles, though electrically unstable, should be stabilized by interfacial forces at a nanoscopic scale and electrically at a microscopic scale, as discussed in the previous chapter, in section (4.4). Also, we expect from our results discussed in section (5.1.2), that the main orientation of ZnO nanoparticles should be with their electric dipole oriented outward (from the inner side to the external side of the shell).

Layering process at the droplet interface

We showed in section (5.3) that the shell of microcapsules built from 60 µm droplets exhibits a layered structure. We suggest that such a layering process occurs also for other microparticles. During the condensation process of the droplet and the reduction of its size, the distance between ZnO nanoparticles decreases, their repulsive interaction increases and an upper layer starts to build up. It is worth noting that in this scenario, the mass density of the layer should be smaller that the standard value of the mass density of ZnO, 5.6 g/cm 3 , as the second layer starts to form before nanoparticles come into close contact.

Starting from an initial surface density Γ 0 (for a given droplet size), as the droplet surface area starts to decrease subsequently to the evaporation process of the solvent, Γ starts to increase and nanoparticles interact more strongly. Eventually, at some critical value, Γ c , of the surface density, nanoparticles would start to build up an upper layer. The critical surface density value, Γ c , should be correlated directly to the a balance and the strength of involved interactions. As the solvent evaporation process continues, the droplet surface area decreases more and more and nanoparticles start to build up additional layers until the microcapsule reaches its final size. Considering the final surface area, S p , of the microparticle and the overall surface S NP that can occupy all N NP nanoparticles, if put together side by side, we may define n l as the number of built layers as follows:

n = S NP S p (5.7)
It is worth noting that according to this definition, we assume that all nanopar-ticles are fully packed in the layers, which means that the surface density of such nanoparticles in each layer is equal to 1 (Γ = 1) and therefore the mas density of such layers should be very close to the standard value for ZnO. Nevertheless, because of the repulsive dipolar forces, we may consider that the formation of an upper layer starts before nanoparticles come into close contact, and hence the mass density of the layer should be smaller than the standard value of ZnO. Therefore, the number n of stacked layers as defined previously should be considered as the minimum number of layer that we could expect.

Moreover, if we assume a layer thickness to be approximately equal to the typical size of a nanoparticle, i. e. , 100 nm. Therefore, we may deduce from the calculated number of built layers, n, a mean thickness, h l of the shell versus the initial droplet size or the microcapsule size, as shown in Figure 5.13.

Figure 5. 13 The number of built layers and calculated microparticles shell thickness, h l , vs. particles size.

Physical origin of the observed transition

Let us first discuss the case of microparticles derived from droplets with a diameter equal to D drop = 76 µm. Figure 5.12 shows that the initial surface density of nanoparticles for such a droplet is practically equal to Γ 0 = 1. A larger droplet would have led to an initial surface density larger than unity, which would indicate that more than a single layer of nanoparticles build from the beginning, before the condensation process of microdroplets starts. Also, because of the existence of repulsive forces between parallel nanoparticles, the building of an upper layer may occur even at smaller droplet sizes than D drop = 76 µm.

We suggest that the observed transition at D drop 50 µm in the particles size and shell thickness corresponds actually to a transition between a configuration where nanoparticles organize initially as a single monolayer at the droplet interface and a configuration where they organize initially in more than a single layer.

The transition would occur at a critical surface density approximately equal to Γ c 0.65, that is approximately 65 % of the droplet surface which would be covered by nanoparticles (see Figure 5.12).

Actually, before discussing into more details the layering process of the shell, let's first remark that another scenario could be considered. Indeed, we may consider that before the formation of the upper layer and below some critical distance between nanoparticles, repulsive electrical forces may become strong enough to force nanoparticles to reorient their electric dipoles and to undergo a more stable anti-parallel organization. In this case, one should consider that the stability and cohesion of the microcapsule should rely on elastic forces that would prevent the shell from collapsing. In this case, the mass density of the layer should be practically equal to the standard mass density of ZnO.

We will consider two different mechanisms, depending on the droplet and the microparticles sizes.

In the case of small droplets or small microparticles, e. g. , D drop = 30 µm and D p = 10 µm, the initial nanoparticles surface density Γ 0 is relatively small (Γ 0 0.39, see Figure 5.12). Therefore the N NP = 1.1 × 10 5 nanoparticles (see Considering the typical size of nanoparticles normal to the droplet interface (0.1 µm), we may deduce a value of ρ e f f = 4.9 g/cm 3 for the mass density of a 4 layers shell.

Let's consider now the case of large microparticles such as with D p = 19.1 µm. We have in this case: In the case of small droplets (with a diameter below 48 µm), initial nanoparticles surface density Γ 0 is relatively small and nanoparticles, which are initially quite far away from each other, organise at the droplet interface with their elec-trical dipoles oriented parallel as discussed previously. Basically, because of the absence of specific interactions between nanoparticles and their surrounding media (oil and air), we believe that nanoparticles may organize at the droplet interface Chapter 6

N NP 6.2 ×

First applications of ZnO microcapsules

In this chapter, we present two first applications of the fabricated dye-doped ZnO microcapsules. We show the proof of concept of a new optofluidic method for high throughput fluorescence-based thermometry. We demonstrate that this will enable temperature measurement inside optofluidic microsystems at the millisecond (ms) time scale. We use zinc oxide microparticles as temperature probes in the presence of some fluorescent dyes including rhodamine B or/and rhodamine 6G. We also present the application of ZnO microcapsules to measure the diffusion coefficients of rhodamine B and fluorescein dyes inside these microsystems.

The content of this chapter was first published in N. Ghifari et al. [START_REF] Ghifari | Dye-doped zno microcapsules for high throughput and sensitive optofluidic micro-thermometry[END_REF] .

6.1 Microthermometry

Motivation

Microfluidics have evolved greatly in recent years as a versatile tool for many applications. The so-called Lab-On-a-Chip (LOCs) are now commonly used for the development of a wide variety of applications at the interface of various fields, such as engineering sciences and biology. As we discussed earlier in this thesis work, these miniaturized systems integrate different functionalities, which allow to perform complex processes at a micrometric scale, in contrast to standard systems which require larger quantity of reagents, time and energy. In particular, the use of droplet-based microfluidics has proven to be very efficient and powerful for many applications in biological and medical technologies [START_REF] Schneider | The potential impact of droplet microfluidics in biology[END_REF] .

In biology, for instance, we mention here the achievement of the polymerase chain reaction, or digital polymerase chain reaction (dPCR) based on droplet microfluidics [START_REF] Sánchez Barea | Recent advances in droplet-based microfluidic technologies for biochemistry and molecular biology[END_REF][START_REF] Taly | Detecting biomarkers with microdroplet technology[END_REF][START_REF] Cao | Advances in digital polymerase chain reaction (dpcr) and its emerging biomedical applications[END_REF] . It is important to specify at this point that the amplification of the DNA fragment requires three thermalization steps, first at 95 • C, then at 54

• C, and finally at 75 • C, repeated for many cycles. Furthermore, the main obstacles which need to be overcome when developing attractive microfluidic PCR systems are the challenge of measuring accuracy and controlling the temperature in the microfluidic channels [START_REF] Christopher | Microfluidic droplet-based pcr instrumentation for high-throughput gene expression profiling and biomarker discovery[END_REF] . The concept would therefore be to realize an integrated digital PCR microchip, where the entire PCR thermo-cycling process can be performed.

In the context of ensuring good thermal control in microsystems and microdevices for example, methods based on micro-electro-mechanical systems (MEMS)

technology have proven to be effective for measuring temperature at the micrometer scale [START_REF] Veeramani | Design and fabrication of temperature sensor for weather monitoring system using mems technology[END_REF][START_REF] Gosse | Molecular probes for thermometry in microfluidic devices[END_REF] . However, several limitations have been identified while using these methods, including complex manufacturing, and expensive cost. Methods involving the use of fluorochromes have proved to overcome many of these limitations [START_REF] Gosse | Molecular probes for thermometry in microfluidic devices[END_REF][START_REF] Ross | Temperature measurement in microfluidic systems using a temperature-dependent fluorescent dye[END_REF][START_REF] Kuzkova | Application of temperature-dependent fluorescent dyes to the measurement of millimeter wave absorption in water applied to biomedical experiments[END_REF][START_REF] Samy | Method for microfluidic whole-chip temperature measurement using thin-film poly (dimethylsiloxane)/rhodamine b[END_REF][START_REF] Myeongsub | Microscale thermometry: A review[END_REF][START_REF] Christofferson | Microscale and nanoscale thermal characterization techniques[END_REF][START_REF] Erickson | Joule heating and heat transfer in poly (dimethylsiloxane) microfluidic systems[END_REF][START_REF] Hideyuki F Arata | Temperature distribution measurement on microfabricated thermodevice for single biomolecular observation using fluorescent dye[END_REF][START_REF] Guijt | Chemical and physical processes for integrated temperature control in microfluidic devices[END_REF][START_REF] Liu | Laser-induced fluorescence of rhodamine b in ethylene glycol solution[END_REF][START_REF] Ebert | Fluorescence ratio thermometry in a microfluidic dual-beam laser trap[END_REF][START_REF] Sakakibara | Whole field measurement of temperature in water using two-color laser induced fluorescence[END_REF] . One example is the laser-induced fluorescence (LIF) technique which generally involves the use of specific fluorescent dyes [START_REF] Estrada-Pérez | Experimental characterization of temperature sensitive dyes for laser induced fluorescence thermometry[END_REF] On the other hand, rhodamine B's fluorescence quantum efficiency depends on its environment and varies from 0.49 to 0.687. In addition, these dyes have a remarkably high photostability [START_REF] Gong | A unique approach toward near-infrared fluorescent probes for bioimaging with remarkably enhanced contrast[END_REF][START_REF] Gross | Combining optical tweezers, single-molecule fluorescence microscopy, and microfluidics for studies of dna-protein interactions[END_REF] . Rhodamine B is considered one of the most powerful molecular probes and therefore can generally be used as temperaturesensitive marker for micro-scale temperature measurement [START_REF] Hideyuki F Arata | Temperature distribution measurement on microfabricated thermodevice for single biomolecular observation using fluorescent dye[END_REF][START_REF] Moreau | Rhodamine b as an optical thermometer in cells focally exposed to infrared laser light or nanosecond pulsed electric fields[END_REF][START_REF] Moreau | Rhodamine b as an optical thermometer in cells focally exposed to infrared laser light or nanosecond pulsed electric fields[END_REF][START_REF] Peter | Nanoscale thermometry and temperature measurement[END_REF] .

Indeed, the molar absorptivity and concentration of the fluorescent dye used, the intensity of the incident light and the quantum efficiency of the fluorescence have a significant influence on the fluorescence intensity of the dye. The expression of fluorescence intensity, I f (per unit volume), can be derived simply from Beer-Lambert's law [START_REF] Valeur | Molecular fluorescence: Principles and applications 2nd edn[END_REF][START_REF] Gg Gilbault | Practical fluorescence, theory, methods and techniques[END_REF][START_REF] Chamarthy | Measurement of the temperature non-uniformity in a microchannel heat sink using microscale laser-induced fluorescence[END_REF] , and is defined according to the following linear relationship:

I f ∝ ΦI 0 εC (6.1)
where Φ, I 0 , ε and C are the fluorescence quantum yield, incident illumination intensity, molar absorptivity and dye concentration, respectively.

Furthermore, studies have revealed a decrease in the fluorescence quantum yield (Φ) and fluorescence lifetime of rhodamine B when temperature increases.

It is worth noting that at high temperatures significant non-radiative processes can occur [START_REF] Mahasin | Theoretical model for the effect of temperature on the fluorescence spectrum of laser dye (rh6g) in acetone[END_REF] . These are related to thermal agitation including vibrations, collisions with solvent molecules, and intramolecular rotations [START_REF] Arafat Hossain | Time-resolved and temperature tuneable measurements of fluorescent intensity using a smartphone fluorimeter[END_REF] .

It should be emphasized that the choice of the temperature-sensitive fluorophore is an important consideration for all experiments based on temperaturecontrolled features. In this context, we list here the use of two fluorescent molecules having different behaviors which motivated the setting up of this study. For example, it has been shown that the fluorescence intensity of rhodamine 6G increases linearly in response to an increase of the temperature [START_REF] Kuzkova | Application of temperature-dependent fluorescent dyes to the measurement of millimeter wave absorption in water applied to biomedical experiments[END_REF] . As for Rhodamine 110 (Rh110), it has been reported in the literature that the fluorescence is not affected by temperature.

The stability and increase in fluorescence intensity as a function of temperature may reflect the development of complexes (dimers, trimer, etc.), which exhibit higher quantum efficiency. As a result, they are better protected against intermolecular collisions. This leads to an enhancement or stability of fluorescence intensity depending on temperature.

It should be noted that the equation 6.1 also demonstrates that both nonuniform illumination (I 0 ) and non-uniform dye concentration (C) can have a significant influence on the temperature measurement, which could lead to some measurement errors and uncertainties.

For the specific case where this is mainly related to fluctuations in laser intensity, normalizing the fluorescence intensity using, for example, a temperatureinsensitive reference dye may eventually help to correct the fluctuation in laser irradiation intensity. Previous studies have shown, for instance, that rhodamine 110 has an absorption spectrum which is not very sensitive to temperature and can therefore act as a reference temperature probe. On the other hand, it has been found that it is more complicated to correct possible errors arising from a fluctuation in the concentration of the dye within the microfluidic device.

While uncertainty caused by a fluctuation of the laser illumination can be eliminated relatively easily by normalizing fluorescence intensity using a reference temperature-insensitive dye, such as rhodamine 110, those which are caused by a fluctuation of the dye concentration in the microfluidic device are much more difficult to handle. Indeed, several processes can be at the origin of concentration fluctuations, such as adsorption of dye molecules on the channel walls [START_REF] Samy | Method for microfluidic whole-chip temperature measurement using thin-film poly (dimethylsiloxane)/rhodamine b[END_REF] , trapping of molecules inside the porous substrate of the microfluidic device (e. g. , PDMS) or a non homogeneous distribution of the flow advected dye molecules along the microchannel, caused by the well-known Taylor dispersion phenomena [START_REF] Taylor | Dispersion of a solute in a solvent under laminar conditions[END_REF][START_REF] Daniel | Taylor dispersion of a solute in a microfluidic channel[END_REF] . The existence of all these processes may result in a local depletion or enrichment of the dye in the microfluidic device.

One should emphasize also another potential and important source of uncer-tainty on the measure of temperature in microfluidic systems, that is the heat dissipation within a tiny volume illuminated by a focused laser beam. To our knowledge, such an effect has been often neglected in the literature. In order to minimize the increase of temperature caused by the heating of the incident laser beam, one should either use a highly sensitive detection setup enabling to minimize the illumination power and/or increase the efficiency of the heat dissipation in the illuminated area of the sample by using a suitable material with a high thermal conductivity.

Other important factors may be responsible for fluctuations in dye concentration and subsequently lead to local enrichment or depletion of the substance used in the microfluidic device. Such factors may be due both to the phenomenon of adsorption of used molecules on the channel walls [START_REF] Samy | Method for microfluidic whole-chip temperature measurement using thin-film poly (dimethylsiloxane)/rhodamine b[END_REF] , a trapping of dye inside the porous substrate of the polydimethylsiloxane-based microfluidic device, for example, or a non-homogeneous molecular distribution of flux advected dye along the microchannel, caused by the well-known Taylor phenomena [START_REF] Taylor | Dispersion of a solute in a solvent under laminar conditions[END_REF][START_REF] Daniel | Taylor dispersion of a solute in a microfluidic channel[END_REF] .

Indeed, besides its high chemical stability and photo-stability, zinc oxide exhibits a high thermal conductivity of about 100 to 150 W /m.K (depending on ZnO structural properties) [START_REF] Özgür | Thermal conductivity of bulk zno after different thermal treatments[END_REF][START_REF] Florescu | High spatial resolution thermal conductivity of bulk zno (0001)[END_REF][START_REF] Alvarez-Quintana | Temperature dependent thermal conductivity of polycrystalline zno films[END_REF] . This value is for instance two orders of magnitude higher than the thermal conductivity of water, i. e. , 0.65 W /m.K. In addition, three other inlets were designed to deliver the carrier oil, which offers the added benefit of avoiding undesired aggregation and/or sedimentation phenomena, potentially leading to clogging of the microfluidic channels. Fluorescence measurements of rhodamine 6G-doped ZnO particles It can be seen that the interaction of dye nanoparticles with ZnO is driven by two different mechanisms. In this context, it can be suggested that the interaction of the rhodamine molecules employed can be triggered by interactions between their electric charges and those carried by the ZnO nanocrystal building units.

The chemical structures of rhodamine B and rhodamine 6G are depicted in and ZnO nanocrystals at short and long distances.

Perspectives

We envisage to consider in a future study the use of rhodamine 110 for the construction of such reference. Also, we plan to flow and detect simultaneously the two types of microparticles (rhodamine B as a measure probe and rhodamine 110 as reference probe) in the microchannel in order to make the normalization of the fluorescence intensity signal straightforward. For this purpose, the use of two different concentrations for the two types of microparticles will allow for the discrimination between the two types of particles while flowing at high throughput in the microchannel, as illustrated in Figure 6.9. 

Diffusion phenomena and micromanipulation

Since we are able to control the size of the ZnO microcapsules and their contents.

These particles can be used to measure, for example, the diffusion coefficients of molecules such as dyestuffs. We present, in the following, a first application which has allowed us to measure the diffusion coefficients of some dyes including rhodamine B and fluorescein contained in the ZnO microcapsules. As illustrated, there are basically three imaging phases, as we detail hereafter:

1. Pre-bleach: The acquisition settings are tuned to save a sequence of images at low laser power. The pre-bleach sequence is important as it serves as a reference during the FRAP experiment (see Figure 6.10(a)). 

Experimental measurements of diffusion coefficients of dye molecules

Furthermore, to establish quantitative information on the dynamics of the fluorophore molecules mobility at the micrometer scale, and whether the neighbouring particles have an influence on their diffusion and mobility, we have carried out the following FRAP experiments. In a separate set of experiments, we generated two colored ZnO droplets. We synthesized independently ZnO microspheres with 16.5 µm diameter doped with rhodamine B (0.1 mM) and fluorescein (0.1 mM).

It is worth mentioning that the concentrations of rhodamine B and fluorescein were a significant consideration for FRAP experiments. They have been chosen so that ideally they were small enough not to significantly influence the signal saturation of the ZnO microspheres during the fluorescence imaging based acquisitions process (the pre-and post-bleach experiments), but also to be rapidly and permanently bleached throughout photobleaching of the targeted ROI. By the same token, they had to remain stable enough to undergo the slightest photobleaching and the fluorescence signal had to be large enough to be detected in all experiments.

We uniformly photobleached each type of microparticle throughout the inner part of the microsphere considering two categories of microparticles: surrounded and isolated ZnO microspheres. Next, the fluorescence intensity of the considered area after photobleaching as a function of time as well as their behaviour were investigated.

A comparison of FRAP results is presented in Figure 6.11, and measured as a function of time using confocal laser scanning microscopy. This figure shows as can be seen in Figure 6.11(a).

These results provide very interesting evidence that there are two different diffusion behaviors in ZnO microspheres. In the case of RhB-doped ZnO microspheres, the dye molecules are not dependent on the environment of the studied microsphere. It is important to note that in this case the RhB molecules cannot pass the microcapsule envelope barrier and are therefore well confined within the microsphere. Consequently, rhodamine B molecules remain attached to the microsphere, and therefore there is no exchange between the microsphere and its neighboring molecules after photobleaching.

Besides, it can be seen that in the case of rhodamine B there is no transport of fluorescent molecules from the surrounding (external) environment. Therefore, the diffusion only takes place from the inside of the microsphere. Moreover, as the diffusion coefficient of rhodamine B is two order of magnitude times smaller than the literature value of rhodamine B in water (D = 3.610 -6 cm 2 /s) [START_REF] Gendron | Diffusion coefficients of several rhodamine derivatives as determined by pulsed fieldgradientnuclearmagnetic resonance and fluorescence correlation spectroscopy[END_REF] , we may conclude therefore that rhodamine B molecules should be strongly attracted to the surface of ZnO microspheres, presumably because of their two (+ and -) electrical charges.

On the other hand, the behavior is different in the case of fluorescein. One can clearly notice that the diffusion occurs outside the microsphere as the intensity of the recovered fluorescence is much higher than in the case of isolated microspheres. It can be seen that in this case the diffusion of dye molecules depends strongly on the environment of the photo-bleached microcapsule. In the case of isolated microcapsules, more fluorescence is recovered than in the case of surrounded microcapsules since the fluorescein molecules can thus move freely inside the microsphere without being hindered by the surrounding microspheres.

Another interesting information can be mentioned from the comparison of the diffusion time of the two used dyes. One can see that fluorescein molecules diffuse much faster than rhodamine B ones. One explanation for this phenomena could be the electric charges carried by the dye molecules and the ZnO nanopar- It is interesting to note that, that despite the rough estimation of the exact value of the photobleached number of dye molecules and the real illuminated volume (because of the focused laser beam geometry), we find that this ratio is of the same order than the observed ratio for both rhodamine B and fluorescein, that is 0.35. Also, in the case of fluorescein, one can clearly see that the environment of the studied microsphere plays an important role in the diffusion. Fluorescein molecules can cross the microsphere barrier. The fact that only 23 % of the fluorescein is recovered (in the case of the surrounded particles) shows that there is a strong concentration gradient between the inside and outside of the microsphere.

However, for Fluo-doped ZnO microspheres, the intensity of fluorescence appears to be strongly dependent on the environment of the bleached particle, as shown by the recovery curves in Figure 6.11(b). From these curves the mean dynamics of the mobile molecules of the Fluo-doped ZnO microspheres can be easily extracted. It has been estimated to vary approximately from 18.71 s to 25.8 s for isolated and surrounded particles, respectively. One may also conclude that the fluorescein diffusion constant were D Fluo-surr = 6 10 -8 cm 2 /s and D Fluo-iso = 8.4 10 -8 cm 2 /s for isolated and surrounded microspheres, respectively.

Further studies are required to find out more about the forces acting between these electrically charged particles. It is important to note that the strong dependence of the diffusion constant on the environment of the photobleached areas might be caused by the high level of interactions within the encompassed particles.

It could be assumed that such microspheres interact strongly with their environment allowing the molecules therefore to be more trapped in such configuration, and preventing them from more freedom, flexibility, and rapidity of movement.

Whereas, in the case of single particles, the high fluorescence recovery could be due to a lack of interactions (attractive/repulsive forces) with the enclosed particles, and thus much more freedom of the mobile fraction for moving around within the bleached area. This is particularly highlighted in Figure 6.12. This fig-

ure shows that the dispersed microspheres on the surface of a Petri dish which are not in contact with each other have kept their spherical shape. On the other hand, the surrounded microspheres have a spreading appearance in order to ensure a bond with the surrounding microspheres. These particles are subject to attractive forces which lead to the deformation of their spherical shape. This yields consistent results for the FRAP experiments as we used both types of assembly for our study to analyze the mobility of rhodamine B and fluorescein.

This indicates that, in this case, the dye is much less trapped inside the microsphere and therefore diffusion is less inhibited in the presence of the rhodamine B molecules. We consider that the exposure of the region of interest to the laser beam during the bleaching process leads, obviously, to a phenomenon of diffusion of the unbleached fluorophore molecules towards the area of interest and of the bleached molecules outside, which explains the restoration of fluorescence in the bleached area. Thus, it is important to note that we have observed a significant interaction and mobility between the microspheres on a larger scale, as shown in We attribute these interactions to the transformations induced in the microsphere, notably the modification of its surface charge due to the laser exposure during the 

General Conclusion

In this thesis work, we have developed an original droplet-based microfluidic approach to generate zinc oxide microcapsules with well-controlled size and morphology in a micro-metric range from 10 µ to 30 µ. We have shown that microcapsules have an envelope whose thickness depends on the initial size of the microdroplets.

We have studied the effect of different parameters on droplet formation, and on the size and stability of the resulting microspheres, such as the effect of surfactants, dispersed and continuous phase flow rates, addition of electrical charges (ions, dyes, . . . ), surfactant type (TB-Krytox and dSUR) and the kinetics (solvent evaporation rate), as well as on the study of their optical and electrical properties. We have characterized the as-synthesized zinc oxide microspheres using optical microscope, scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy (EDS), transmission electron (TEM) microscopy, photoluminescence (PL), and confocal microscopy (CM).

We have discussed the kinetics and real-time monitoring of uniform-sized and stable zinc oxide microdroplets and showed that the decrease of droplets size versus time follows two steps. In this regard, we have determined the relationship between droplets size and particles size and provided a detailed description of the formation mechanism of zinc oxide microcapsules.

We have also shown the polarity feature of zinc oxide nanoparticles and their self-organization at the microdroplet interface. We have shown that the electric charges carried by the primary units of zinc oxide nanoparticles play a vital role in the droplet interfaces stability, thus in the presence of charged molecules, and the size of the synthesized zinc oxide microcapsules.

Moreover, we explained the colloidal growth processes and the self-organization of zinc oxide nanoparticles using a microfluidic approach. In addition, we suggested that both orientation and self-organization of zinc oxide nanoparticles in microdroplets and microparticles should be governed by a balance between interfacial forces and electrostatic forces.

We have presented experimental evidences of the preferential adsorption of charged fluorescent dyes at the zinc oxide droplets interface and establish different models to support our findings. The optical and electrical properties of these microspheres have been studied both experimentally and theoretically.

Furthermore, we have developed a new approach to measure the temperature inside optofluidic microsystems at the millisecond (ms) time scale in a reliable way using dye-doped Zinc oxide microcapsules. In addition, we used rhodamine B and rhodamine 6G as molecular temperature probes for high throughput fluorescence-based thermometry. We have demonstrated that rhodamine B and rhodamine 6G can be used efficiently as molecular probes for measuring temperature in accurate and quick manner at the microscale of flowing zinc oxide microparticles inside microfluidic devices. In addition, we have also demonstrated that the as-synthesized doped zinc oxide microspheres can be used to study the dynamics of fluorescent probes mobility, and to measure the diffusion coefficients of rhodamine B and fluorescein dyes inside zinc oxide microcapsules. Abstract : This work focuses on the development of an original droplet-based microfluidics approach to generate highly monodisperse micrometer-sized ZnO spheres with well-controlled size and morphology. This approach is straightforward, and promising not only for the fabrication of uniformsized ZnO microcapsules, with adjustable size and precise control at the microscale, but also for gaining new insights into the understanding of colloidal growth processes and self-organization of ZnO nanoparticles by the microfluidic route. In addition, such microparticles may find interesting applications in many areas such as photonics, photovoltaics, or biomedecine.

This work deals with the effect of handling parameters on droplet formation, size, and stability of the resulting microspheres, as well as the study of their optical and electrical properties coupling experimental and theoretical works. We have shown the synthesis, in a micrometric range from 10 µm to 30 µm, of mesoporous ZnO microcapsules with a thin and flexible shell.

We investigate the polar feature of ZnO nanoparticles and their interfacial self-organization. Besides, we reveal that the electric charges carried by ZnO primary units play a crucial role in the stability of the droplets in the presence and in the absence of charged molecules. It also plays a key role throughout the assembly process from the creation of the colloidal ZnO nanoparticles to the microdroplets, and finally the microspheres.

We report, for the first time, the self-organization of doped-ZnO liquid microdroplets in square arrays. We demonstrate that such a result discloses the polar aspect of ZnO microdroplets and corroborate a shift in the balance between the driving forces controlling the ZnO nanoparticles organization at the nanoscale. We have developed different models, in very good agreement with the dipole-field and interfacial forces mechanisms, to support the experimental results put forward, and to explain the ZnO/RhB nanoparticles interfacial organization based on ZnO droplets organization properties.

Based on our findings, and on the stated dependence of the microcapsules size, shell thickness, and nanoparticles surface density versus the droplets size, we provide an original model for the contribution of the involved factors in the shell formation mechanism.
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 414586 photobleaching, (b) immediately after photobleaching the spherical inner part of the microsphere, with short pulse of intense laser light, showing that the selective ROI is no longer fluorescent, (c) was recorded during the recovery after photobleaching, and (d) the recovery curve that demonstrates an increase in fluorescence intensity as the bleached dye diffuses and the new unbleached dye move into the ROI. The white circles represent the selected microsphere for photobleaching. Scale bars 50 µm. . . . . . . . . .
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 11 Figure 1.1 (a) Hexagonal wurtzite ZnO crystal structure, (b) Top view of the hexagonal wurtzite ZnO crystal structure showing the commonly used crystal directions on the (0001) basal plane, (c) three-dimensional (3D) vision of the hexagonal unit cell 30 .

Figure 1 . 2

 12 Figure 1.2 General overview of the wide variety of ZnO synthesis techniques.

Figure 1 . 3

 13 Figure 1.3 Wide variety of synthesized ZnO nanostructures. Adapted from 31 .

Figure 1 . 4

 14 Figure 1.4 Examples of MEMS Devices. (a) a physical gear and chain. The size of the links in the chain are around 50 µm long, less than the diameter of a human hair. Image courtesy of Sandia National Laboratories. (b) Digital micromirror device invented by Hornbeck at Texas Instruments. This device uses millions of articulated microscopic mirrors to direct light through a projection lens. (c) Bosch MEMS sensors. (d) A set of micromirrors from Lucent Technologies for routing optical light waves in the form of photons to and from one of 256 input/output optical fibres. Each mirror can be tilted in different directions to direct the light. Scale bars: 200 µm, and 100 µm.

  offer excellent sources, to cite just few examples. Historically, in 1990s considerable progress has been made in microelectro -mechanical systems (MEMS) when it was motivated by the necessity of the miniaturization of different kind of systems (chemical, biological, and biomedical) down to submicrometric sizes. Following the trend towards miniaturization of electronic devices, these systems have employed fluid flows under more sophisticated conditions, which later gave birth to a new branch of MEMS came to be known as "microfluidics". Since then, the field of microfluidics has been gradually set up as demonstrated thoroughly by an increased number of publications (see Figure 1.5).

Figure 1 . 5

 15 Figure 1.5 Scopus analysis of the word "microfluidics" showing real boom in this research field. published documents per year (left) and by subject area (right).
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 6 It corresponds to two parallel concentric channels, where the dispersed phase fluid flows into the middle channel and continuous phase fluid flows in parallel into the other aligned channel 32 . This geometry was first investigated experimentally and implemented in microfluidics in 2004 by Cramer et al. 191 . The authors achieved droplet formation in two distinct regimes, dripping and jetting, by using a needle into another co-flowing immiscible fluid that led to the formation of droplets.
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 16 Figure 1.6 Schematic illustration of an example representing the geometry of co-flow microfluidic device for the generation of (a) single (W/O), (b) double (W/O/W) and (c) triple (W/O/W/O) emulsions 32 .
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 17 Figure 1.7 Common T-junction geometry used for the generation of droplets at 90 • first implemented by Thorsen et al. (a) 33 , and from Baroud el al. publication 34 (b).
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 1818 Figure 1.8 Flow-focusing geometry developed by (A) Ganan et al.[START_REF] Alfonso M Ganán-Calvo | Perfectly monodisperse microbubbling by capillary flow focusing[END_REF] , (B) according to Anna et al.[START_REF] Shelley L Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF] and Dreyfus et al.[START_REF] Dreyfus | Ordered and disordered patterns in two-phase flows in microchannels[END_REF] .

Figure 1 . 9

 19 Figure 1.9 Common microfluidic device geometries for droplet generation. (a) Cross-flow: (i,ii) T-junction at different intersection angle of the continuous and dispersed phase fluids (θ = 90 • and 0 • < θ < 90 • , respectively). (iii) "Head-on" geometry (θ = 180 • ). (iv) Y-shaped junction with intersection angle of 0 • < θ < 180 • . Double T-junction where droplet are generated at (v) the same area, and (vi) at separated parallel T-junctions. (vii) "K-junction". (viii) "V-junction". (b) Co-flow: (i) Quasi-2D planner, and (ii) 3D co-flow. (c) Flow-focusing: (i) Axisymmetric, (ii) Planner, (iii) Microcapillary, (iv) Microcapillary device combining co-flow and flow-focusing geometries 38-40 .

  to three different flow regimes in microfluidic devices: (i) Dripping regime, where interfacial tension forces dominate viscous forces, which is indicated by low capillary number (Ca << 1). Under such a condition, one can observe the production of highly monodisperse spherical droplets. (ii) Parallel flow, occurred in the opposite situation when viscous forces dominate interfacial tension forces (Ca >> 1), resulting on large deformations of droplets. (iii) Jetting regime, corresponds to the situation when capillary forces become comparable to viscous forces (Ca = 1). Consequently, polydisperse droplets are formed resulting on the breakup of swelling jet downstream.
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 21 Figure 2.1 Chemical structure of polydimethylsiloxane (PDMS)

Figure 2 . 3

 23 shows how master molds are fabricated with negative relief patterns of SU-8 photoresist on a silicon (Si) wafer using photolithography. The main steps of this technique are detailed as follows.

(see Figure 2 . 2 )

 22 . In the present work, a silicone wafer was coated with a layer of SU8-2025 photoresist (MicroChem Corporation (Newton, MA, USA)) so as to form a uniform layer on the wafer surface. Basically, the photoresist application is carried out by spin-coating where the thickness of the deposited layer is programmed by speed, acceleration and time of rotation. The SU8-2025 photoresist was spin-coated onto the silicon wafers through two cycles. First spun at 500 rpm for 5 to 10 seconds with acceleration of 100 rpm/second, and the second cycle depended on the desired thickness.

Figure 2 . 2

 22 Figure 2.2 Spin Speed versus film thickness of SU-8 2000 resists (SU-8 2025, SU-8 2035, SU-8 2050 and SU-8 2075) (a) and their properties (viscosity, density, and % solids) (b).

Figure 2 . 3

 23 Figure 2.3 Schematic illustration of a SU-8 mold fabrication on a silicone wafer through photolithography.

Figure 2 . 4

 24 Figure 2.4 Schematic fabrication of microfluidic devices with PDMS replica molding.

  2 mm hole (MPD269V-M01, Thorlabs). It enables to collect efficiently the emitted fluorescence of the droplets over a large band of wavelength (including wavelengths that are shorter than the excitation wavelength). The hole is just large enough to accept a collimated laser beam input without altering the reflection properties of the parabolic mirror. It enables the incident excitation laser beam to hit the sample without using any cut-off dichroic filter and to collect a large amount of emitted fluorescence of the sample. The excitation sources, which consisted of two CW filtered laser beams (532 nm and 488 nm), may be merged and directed together to target the sample on the microscope stage, with a non polarizing beamsplitter (BS). A half-wave plate (λ /2) and a polarizor (P) enable to modulate the intensity of the laser beam.Imaging system consists of an Olympus IX73 inverted microscope, equipped with an integrated XY stage with flexible manual positioning that allowed us to easily track microdroplets and microparticles. The laser light is first reflected up into the microscope objective and focused in the microfluidic channel using a dichroic mirror (DM1, DiO2-R532, Semrock). Light emitted from fluorescent droplets is then captured by the microscope objective and channeled back to the detectors through the parabolic reflector and a set of lenses and a periscope. Flu-orescence light is separated from the laser beam by notch filters (NF-488 and NF-532; Semrock) and then split into tow parts, below and above 560 nm, thanks to a single-edge dichroic beam splitter DM2 (FF562-DiO3, Semrock). Detectors consist of two photomultiplier tubes (PMT, H5784-20; Hamamatsu Photonics).The signal output from the PMTs is then analysed using a PCIe-7841R FPGA acquisition card (National Instruments) which execute a FPGA Labview program at an acquisition rate which maybe increased up to 200 kHz. Flowing droplets are identified by periodic peaks of fluorescence with a typical period of about 1 ms.

Figure 2 . 5

 25 Figure 2.5 Experimental optofluidic setup for high throughput fluorescence measurements. Two CW lasers can be used simultaneously for excitation (532 nm and 488 nm) with the use of a beamsplitter (BS), a set mirrors (M), iris diaphragms (ID), a half-wave plate (λ /2), a polarizer (P) and DM1 dichroic mirror (DiO2-R532, Semrock). For the detection part, a notch filter (NF) is used to avoid pollution of recorded signals by multi-reflected excitation light. Two components of the fluorescence signals emitted by dye-doped droplets are separated with DM2 dichroic mirror (FF562-DiO3, Semrock), filtered, and collected on two different photo-multiplier tubes (PMTs).

2. 3

 3 Characterisation techniques 2.3.1 Scanning electron microscopy Scanning Electron Microscopy (SEM) is a remarkably versatile technique that has long been used to examine and visualize the morphology of microstructure and characterize chemical composition. It involves the use of a fine electron beam produced from electrons. These are produced at the top of the column and accelerated downwards. They then pass through a combination of lenses and apertures

Figure 2 . 6

 26 Figure 2.6 Schematic diagram of Scanning Electron Microscope (from Encyclopaedia Britannica, Inc 41 ).

Figure 2 . 7

 27 Figure 2.7 Transmission Electron Microscope schematic diagram 42 .

  , technique for three-dimensional topographic imaging of a sample surface. It can be also applied to perform force spectroscopy and manipulating the sample properties like scanning probe lithography, and atomic manipulation. It involves a very sharp tip, also called needle, probe, or stylus, located at the end of a flexible cantilever made from Si or Si 3 N 4[START_REF] Haugstad | Atomic force microscopy: understanding basic modes and advanced applications[END_REF][START_REF] Brabazon | Nanocharacterization techniques for dental implant development[END_REF] . The tip is then moving across the sample surface and touching it. The tip-surface contact enables in fact precise scanning over a sample surface either by attractive or 61 repulsive forces causing the cantilever to deflect towards or away from the surface, respectively. Topographic information is produced using an optical system using a laser beam. It consists of sending a laser light on top of the cantilever. The incident beam is then reflected to detect cantilever deviations to or from the surface, causing slight changes in the direction of the reflected beam. These changes are then recorded on a photodetection area where the displacement can be measured by measuring the signal intensity or by triangulation[START_REF] Brabazon | Nanocharacterization techniques for dental implant development[END_REF] .

Figure 2 . 8 Figure 2 . 9

 2829 Figure 2.8 (a) Illustration of a typical atomic force microscope showing its components including tip, cantilever, laser beam, and quad photodiode 43 . SEM images of a real cantilever and tip (b) of the atomic force microscope used during our experiments, and (c) taken from the front side.

60 µm × 60

 60 µm and an output for the collection of the droplets in a Petri dish. The flow rates of the carrier oil (Q c ) and the dispersed phase (ZnO dispersion) (Q d ) were set using Nemesys syringe pumps (Cetoni GmbH). Hence a suitable fluorocarbon oil HFE 7500 (C 3 F 7 CF(OC 2 H 5 )CF(CF 3 ) 2 ) (3-ethoxy-dodecafluoro-2trifluoromethyl-hexane, Inventec) having a density of 1.61 g/cm 3 was used as 67 the carrier oil phase. Actually, this oil has the advantage of not inducing PDMS swelling and being also chemically inert. More important of our application, it is very convenient for our microparticles synthesis protocol and does not solubilize any of the ZnO dispersion solutions. The schematic of the experimental setup is shown in Figure 3.1.

Figure 3 . 1 (

 31 Figure 3.1 (Top) Schematic illustration of the microfluidics setup used and the flow-focusing microfluidics design for zinc oxide droplets generation. (Down) Optical micrographs of real-time generation of droplets showing stable and monodisperse zinc oxide droplets fabrication.

  Figure 3.2 depicts the schematic illustration of the formation mechanism of the ZnO microspheres.

Figure 3 . 2

 32 Figure 3.2 Schematic illustration of the formation mechanism of ZnO microcapsules.

  3. 

Figure 3 .

 3 3(a) shows that the decrease of droplets size versus time follows two regimes.The first regime is relatively fast and lasted about 25 minutes, during which the droplets size dropped from 44 µm to 21 µm (that is approximately 1.25 times larger than the final size of the microparticles). We observe experimentally that the condensation of ZnO nanoparticles starts significantly and practically one hour after droplets production and collection in the Petri dish. It is also interesting to note that during this step, the condensation kinetics are fast and the droplets size decreased linearly with time. The second regime of droplets size reduction is much slower than the previous one. It lasted several hours during which the microparticles size decreased slowly from 21 µm to approximately 17 µm.

Figure 3 . 3

 33 Figure 3.3 Variation in the diameter of the microdroplets of the ZnO dispersed phase as a function of time (a). Optical micrograph of a monolayer of zinc oxide microdroplets at the oil/air interface. The droplets were collected in a Petri dish as a function of time, for different droplet sizes for instance (b) 42.2 µm, (c) 63.2 µm, (d) 21.5 µm, and (e) 18.3 µm.

Figure 3 . 4 .

 34 Figure 3.4.

Figure 3 . 4

 34 Figure 3.4 Optical micrographs of zinc oxide microdroplets collected in a Petri dish at the oil/air interface during evaporation of the solvent, (a, left) monolayer and (a, right) bilayer of zinc oxide microdroplets, (b,c) monolayer of zinc oxide microdroplets, and (d) bilayer of zinc oxide microdroplets.

Figure 3 . 5

 35 Figure 3.5 Effect of surfactant presence in zinc oxide droplets generation, production of ZnO droplets (a) without and (b) with surfactant.

Figure 3 .

 3 6 shows optical micrograph of ZnO droplets and SEM image of the fabricated ZnO microspheres in the presence of TB-Krytox. It can be observed from this figure that droplets stabilized by the negatively charged surfactant (TB-Krytox) were successfully produced and collected in a Petri dish, whereas they were only stable in the early stage of condensation. Indeed, droplets became unstable as the droplets size started to reduce significantly following the solvent evaporation and the condensation process, as illustrated in Figure 3.6.

Figure 3 . 6

 36 Figure 3.6 (a) SEM image of the as-prepared ZnO microspheres in the presence of TB-Krytox. (b) The corresponding optical micrograph of ZnO droplets. It demonstrates the surfactant effect on the stabilization of zinc oxide droplets and particles. Scale bars, 50 µm.

Figure 3 . 7

 37 Figure 3.7 (a) SEM image of the fabricated ZnO microspheres using dSURF fluorosurfactant.(b) Optical micrograph of ZnO droplets in the presence of the same surfactant.

Figure 3 . 8

 38 Figure 3.8 Effect of droplet diameter on the final size of zinc oxide microspheres in the case of (a) pure ZnO microdroplets and (b) rhodamine B-doped zinc oxide microdroplets.

Figure 3 .

 3 9(b). In this study, the flow rate of the dispersed phase has been changed in a large range, from Q d = 30 µL/h up to Q d = 250 µL/h for a given flow rate of the continuous phase which was equal to Q c = 300 µL/h. After each change in the flow rate, we gave the microfluidic system the time to stabilize for at least 10 minutes. Droplet production was monitored using a CCD camera (IDS) equipped with a 10X lens for this experiment. The images were then processed and analyzed using ImageJ software. The presented values of droplets size versus flow rate is an average value of 20 measured droplets. The experimental error of the droplets size did not exceed 3%. It is observed that the size of droplets varies practically linearly with the flow rate of the dispersed phase (Q d ). We attribute such feature to the relative high viscosity of the sol. Indeed, according to the model initially developed by

Figure 3 . 9

 39 Figure 3.9 (a) Effect of the continuous phase and (b) the dispersed phase flow rates on the mean diameter of the generated droplets at a flow rate of the dispersed and continuous phases equal to Q d = 50 µL/h and Q c = 300 µL/h, respectively. (c) Schematic illustration of ZnO droplets generation process through the microfluidic flow-focusing system composed of a flowing zinc oxide solution (Q d ) and a carrier oil phase (Q c ).

Figure 3 .

 3 10 depicts SEM images of ZnO microspheres obtained from droplets with a diameter of 48 µm ± 0.5 µm. It is observed that the microparticles have a spherical shape with a mean external diameter of about 16.5 µm ± 0.4 µm. Energy Dispersive Spectroscopy (EDS) analysis was performed to check the chemical composition of the obtained microspheres. An oxygen peak at about 0.52 keV and Zn signals at about 1 keV and 8.6 keV were observed in the EDS spectrum (Figure 3.11(c)). An analysis of the ob-

Figure 3 . 10

 310 Figure 3.10 Scanning electron microscope images of 16.5 µm size zinc oxide microcapsules, shell thickness was found about 0.6 µm. Scale bars, 10 µm.

3. 11 (

 11 b). The scanning electron microscope image demonstrates also a hollow feature of the fabricated microspheres with a mean shell thickness of about 0.6 µm ± 0.1 µm (see Figure 3.10(c) and Figure 3.10(d)). Worth noting, the measured shell thickness is in good agreement with the calculated one as detailed hereafter. Within the reasonable assumption that the droplet content does not dissolve in the continuous fluorocarbon oil phase, the mass of ZnO (m ZnO ) of the overall ZnO nanocrystals contained in the droplet should be conserved in the microcapsule shell. Hence m ZnO = C ZnO V drop M ZnO , where C ZnO , V drop , and M ZnO represent the concentration of ZnO precursor (zinc acetate), the volume of a single droplet and the ZnO molar mass, respectively. Let A = πD 2 p be the surface area of a microcapsule of a diameter D p , h its shell thickness and ρ its mass density. One may write then m ZnO = ρπD 2 p h and deduce h according to the following equation: h = C ZnO V drop M ZnO πD 2 p ρ (3.10) Considering the standard value of zinc oxide mass density, ρ = 5.6 g/cm 3 , the used concentration C ZnO = 0.5 M of ZnO precursor and the initial microdroplet size, D drop = 48 µm, one may deduce a value for the thickness of the microcapsule shell of about 0.6 µm, which is in very good agreement with the measured value. Further detailed structural and morphological analysis of the obtained ZnO microspheres was carried out by transmission electron microscopy (TEM) within the MATMECA consortium (supported by the ANR under contract number ANR-

Figure 3 . 11

 311 Figure 3.11 Size distribution (a), photoluminescence spectra (b), and EDS analysis (c) of ZnO microcapsules.

Figure 3 . 12

 312 Figure 3.12 Transmission electron microscopy images of (a) a single ZnO microsphere and (b) high magnification of the edge of the microsphere showing the lattice fringes, (c) High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) image of the edge of the microsphere, (d,e) revealing the presence of oxygen and zinc on the surface of the microsphere. Scale bars, (a) 1 µm, (b) 1 nm, (c,d,e) 2 µm.

Figure 3 .

 3 Figure 3.13, under the effect of osmotic pressure. This experiment gives another confirmation of the porous feature of the synthesized zinc oxide microspheres.

Figure 3 .

 3 Figure 3.14 shows high resolution SEM images of the microparticles surface, which gives a better view of the porosity of the microcapsule shell and enabled us to give an approximate size of ZnO nanoparticles building blocks, that is approximately 100 nm.

Figure 3 . 13

 313 Figure 3.13 Optical micrograph of ZnO microparticles (10 µm) and a schematic illustration before (a,c) and after they are swollen (13 µm) with water (b,d), emphasizing the porous and hollow features of zinc oxide microparticles. Scale bars, 30 µm.

Figure 3 .

 3 Figure 3.14 (a) Low and (b) high-magnification SEM images of a zinc oxide microsphere surface demonstrating the porous nanosized zinc oxide particles.
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 3441 Figure 3.15 TEM images of a single pure ZnO microsphere revealing that the microsphere flattens after couple minutes of observation under the effect of the incident electron beam of 200 kV in the case of pure ZnO (a) and in the case of doped ZnO microsphere with a charged dye (rhodamine B) (b).

Figure 4 . 1

 41 Figure 4.1 Chemical structures of the dyes used in this study, rhodamine B (a), rhodamine 6G (b), and fluorescein (c).

Figure 4 .

 4 Figure 4.4 and Figure 4.2.

Figure 4 .

 4 Figure 4.2 shows the variation in the average diameter of zinc oxide droplets in function of the continuous phase flow rate in the case of doped zinc oxide with rhodamine B (Figure 4.2(a)), rhodamine 6G (Figure 4.2(b)), and fluorescein (Figure 4.2(c)). The flow rate of the dispersed phase was kept constant at 50 µl/h while varying the continuous phase flow rate from 100 µl/h to 450 µl/h. It should be noted from the results shown in Figure 4.2 that the average diameter of ZnO droplets gradually decreased by increasing the continuous phase flow rate.

Figure 4 . 2

 42 Figure 4.2 Effect of the continuous phase flow rate on droplet size at a constant flow rate of the dispersed phase (Q d = 50 µl/h), in the presence of different concentrations of RhB (a), Rh6G (b), and fluorescein (c).

Figure 4

 4 Figure 4.3.

Figure 4 .

 4 Figure 4.3 illustrates real-time fluorescence intensity recording from zinc oxide droplets flowing in the microfluidic channel at a constant dispersed phase flow rate. Rhodamine B, at a concentration equal to 0.1 mM, was used as a fluorescent probe for the detection of droplet generation and content. Indeed, the laser spot was well placed in the microfluidic channel to detect in real-time the passage of each droplet, which is described by a single fluorescence pulse on the graph.

Figure 4 . 3

 43 Figure 4.3 Fluorescence intensity versus time recorded from ZnO microdroplets doped with rhodamine B [0.1 mM] at 50 µl/h of the dispersed phase flow rate (Q d ) over a wide range of the continuous phase flow rate (Q c ), (a) Q c = 100 µl/h, (b) Q c = 200 µl/h, (c) Q c = 300 µl/h, and (d) Q c = 450 µl/h.

Figure 4 .

 4 Figure 4.4(b), and Figure 4.4(c). The ZnO droplets produced were about 44.3 µm, at flow rates Q d = 30 µl/h and Q c = 300 µl/h, of the continuous phase and

Figure 4 . 4

 44 Figure 4.4 Effect of the dispersed phase flow rate on droplet size at a constant flow rate of the continuous phase (Q c = 300µl/h), in the presence of different concentrations of RhB (a), Rh6G (b), and Fluo (c).

Figure 4 . 5

 45 Figure 4.5 Fluorescence intensity versus time recorded from ZnO microdroplets doped with rhodamine B [0.1 mM] at 300 µl/h of the continuous phase flow rate (Q d over a wide range of the dispersed phase flow rate (Q d (a) Q d = 20 µl/h, (b) Q d = 50 µl/h, (c) Q d = 100 µl/h, and (d) Q d = 200 µl/h.

Figure 4 . 6 .

 46 In fact, this figure shows how the continuous phase flow rate affects ZnO droplets average size. While Figure 4.7(a) and Figure 4.7(b) display the impact of the dispersed phase flow rate on ZnO mean droplets size.

Figure 4 . 6

 46 Figure 4.6 The effect of KCl solution on droplets diameter versus continuous phase flow rate for a given dispersed phase flow rate equal to 50 µl/h.

Figure 4 . 7

 47 Figure 4.7 The effect of KCl solution on droplets diameter versus dispersed phase flow rate for a given continuous phase flow rate of 300 µl/h.

4. 2

 2 Experimental evidence of polar ZnO microdroplets formationIn order to better understand the effect of the presence of a permanent and a strong electric dipole carried by ZnO nanoparticles on their organization and orientation in the condensing droplets, and later in the shell of the synthesized ZnO microcapsules, we produced two types of ZnO microdroplets. In the first set of experiments, we fabricated pure zinc oxide monodisperse droplets (0.5 M). In the second set of experiments, we doped the dispersed phase (ZnO nanoparticles suspension) with rhodamine B molecules, at a concentration of 0.1 mM. Then, we collected the two types of ZnO droplets in a Petri dish, which was previously pre-filled with HFE 7500 oil, and analyzed their organization at the oil/air interface, using optical microscopy. Moreover, it is useful to keep in mind that we used the non-ionic dSURF surfactant for stabilizing droplets, in order to avoid strong charge-charge interactions between surfactant molecules and ZnO nanoparticles, which would force the nanoparticles to adopt a specific orientation at the droplet interface. Also, at the used basic pH (8.2), rhodamine B molecules are present in their zwitterionic form, as shown in Figure4.8.

Figure 4 . 8

 48 Figure 4.8 Zwitterionic form of Rhodamine B at a basic pH.

Figure 4 .

 4 Figure 4.9 shows optical microscopy images of the organization of ZnO droplets at the oil/air interface (in the Petri dish) in both experiments. Interestingly, these images reveal that despite using a small ratio of doping rhodamine B by respects to Zn atoms (this concentration refers to the initially used zinc acetate concentration), [RhB] [Zn] = 2.10 -4 , the two types of droplets organize in two different patterns: dye-doped droplets organize in an unexpected square pattern. Whereas

Figure 4 . 9

 49 Figure 4.9 Optical microscopy images of ZnO droplets collected after their generation at the oil/air interface showing a long range hexagonal order (a) and doped droplets with rhodamine B dye displaying a square organization (b). This organisation highlights the existence of a spontaneous electrical polarization within these droplets. Scale bars, 100 µm.

4. 3

 3 Experimental evidence of the adsorption of rhodamine dye molecules at the droplet interface 4.3.1 Analysis of rhodamine B fluorescence intensity in flowing droplets Taking account of the observed effect on the organization of ZnO droplet by the addition of a very small number of rhodamine B molecules by regards to the total amount of ZnO units in each droplet (one RhB molecule for 5000 ZnO units), it can be inferred that rhodamine B molecules should adsorb preferentially at the droplet interface where a thin layer of ZnO nanoparticles start to self-organize.

Figure 4 .

 4 Figure 4.10(a) shows a detailed fluorescence intensity peak of one of the flowing ZnO droplets, which were doped with a rhodamine B dye solution (0.1 mM).It shows that the droplet fluorescence peak has an asymmetric shape, with a sharp increase of the fluorescence intensity at the back by regards to the slope of the increase of fluorescence at the front. Also, a quick comparison of the area under the fluorescence peak in region A and B of the observed shape of the fluorescence peak, indicates clearly that rhodamine B dye density is higher at the back of the droplet than at its front.

Figure 4 . 10

 410 Figure 4.10 Shape of the fluorescence intensity signal versus time emitted from RhB-doped ZnO microdroplets in the presence of dSURF surfactant (a). The corresponding optical microscopic image of the microdroplet flowing inside the microfluidic channel (b). Scale bar, 50 µm.

Figure 4 . 11

 411 Figure 4.11 Schematic illustration of tip-streaming effect in RhB-doped droplet carried by a flow of HFE oil: (a) without surfactant and in the presence of surfactant (b).

Figure 4 . 12

 412 Figure 4.12 Organization models for ZnO nanoparticles at the droplet interface:The coexistence of both organizations (a1) and (b1) models may explain the observed square lattice of droplets, unlike the non polar organization of (c1) and (d1) models.

  sidered at the droplet/air interface. They both consist on a parallel radial organization with either O 2-or Zn 2+ planes are oriented outwards (by regards to the droplet interface), as sketched in Figure 4.13(a2) and Figure 4.13(b2), respectively.

Figure 4 . 13

 413 Figure 4.13 Schematic illustration of the asymmetric organization of ZnO nanoparticles which may lead to the formation of polar microdroplets which is compatible with a square organization of microdroplets at the oil/air interface.

ure 4 .

 4 14(a). More precisely, if interfacial tensions were strong enough, they would lead to one type of orientation, either 'a1 model' or 'b1 model', which would lead to hexagonal close packing of the droplets, as sketched in Figure4.14(b).

Figure 4 . 14

 414 Figure 4.14 Schematic illustration of ZnO microdroplets organizations in a square (a) and hexagonal (b) lattices.

Figure 4 . 15

 415 Figure 4.15 Schematic illustration of dipolar interactions between polar ZnO droplets (see text for details).

5. 1 Figure 5 .

 15 Figure 5.1 shows fluorescence and white field confocal images of doped ZnO microspheres with different sizes. More precisely, images (a-b) corresponds to microparticles with a size of about 12.4 ± 0.3 µm (sample 1). They show circular fluorescent regions surrounded by a narrow dark region, whose width is found to be about 1 µm. The size of the initial droplets was about 30 µm. Images (c-d) correspond to another sample of RhB-doped ZnO microcapsules made of droplets with a diameter equal to 48.5 ± 0.3 µm (sample 2). The size of the circular fluorescent region is found in this case equal to 16.8 µm. They are surrounded by a dark tiny region whose width is about 1.3 µm. The comparison of white-field images with the fluorescence images indicates clearly that ZnO microspheres are in close contact and form a perfect hexagonal array. Therefore, one may conclude that rhodamine B dye is excluded from the microcapsules shell, and only the inner part of the microcapsules is fluorescent. These images confirm unambiguously that the doped ZnO microspheres are made of non fluorescent shell, whose thickness is about half of the width of the dark strip separating two close fluorescent regions, i. e. , 0.5 µm, and 0.65 µm, for microcapsules of sample 1 and sample 2, respectively. It is interesting to note that these values are very close to the previously measured ones for the shell thickness of microcapsules made from 48 µm

Figure 5 .

 5 Figure 5.1(e-f) corresponds to another sample of doped microcapsules with a measured size equal to 19.9 µm (sample 3), which were left several hours on the microscope plate before recording confocal images (in order to let HFE oil evaporates). It is known indeed that HFE 7500 has low vapor pressure of about 0.4 atm at normal temperature and pressure. This is why, microcapsules condense completely at the air/oil interface within few hours at normal temperature and pressure.Figure 5.1(e) shows clearly that once microcapsules have expelled their confined oil, we can see clearly their hollow feature.

Figure 5 . 1

 51 Figure 5.1 (a, c, e) Confocal fluorescence and (b, d, f) the corresponding white field microscopy images of 12.4 µm, 16.8 µm, and 19.9 µm zinc oxide microspheres (where we can see clearly the capsular structure of the microparticles), respectively.

123 5. 1 . 2

 12312 Qualitative analysis of the electrical charges distribution on the surface of the microcapsule shell Another interesting feature related to the distribution of the surface electrical charges of ZnO microcapsules may inferred from the analysis of fluorescence images. Figure 5.2(a) shows another confocal fluorescence microscopy image of RhB doped microcapsules, obtained from droplets with a typical size of 46 µm,where we can see a noticeable discrepancy in the fluorescence intensity of the different microcapsules. This phenomena can be also observed with doped microcapsules shown in Figure5.1(c) but is not with microcapsules shown in Figure5.1(a), which were obtained from droplets with 30 µm diameter.

Figure 5 .

 5 2(c) and Figure 5.2(d), which correspond to standard optical microscopy images of sample 2 and sample 3, respectively, show also a difference in the staining of microcapsules with rhodamine B, from one microcapsule to another.

Figure 5 .

 5 Figure 5.2(b) shows a plot of the normalized intensity distribution of microcapsules fluorescence obtained from the analysis of the fluorescence intensity of approximately 222 microcapsules. We can see clearly two types of microcapsules,one type that we label P l (where "l" stands for low), where its normalized fluorescence intensity is centered around 0.6 and a second type that we label P h (where "h" stands for high), which fluorescence intensity is centered around 0.7.It is worth noting that all droplets and microcapsules contain the same concentration of rhodamine B dye, [RhB] = 0.1 mM. In order to understand the observed discrepancy in the fluorescence intensity, it is important to keep in mind that microcapsules are filled with HFE oil. Actually, two effects may therefore explain the observed phenomena:

Figure 5 . 2

 52 Figure 5.2 (a) Confocal fluorescence and (b) the corresponding distribution of normalized fluorescence intensity; (c, d) optical microscopy images showing a non homogeneous distribution of rhodamine B dye in different microcapsules (average microcapsules size: 24 µm (c) and 20 µm (d)).
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 9 molecules/dropletWhere N A stands for Avogadro number and V drop = 5.8 × 10 4 µm 3 corresponds to the volume of each droplet (which size is equal to 48 µm). Taking account of ZnO microparticles size, R µ part. 8 µm, the area of their inner surface is equal to:S µ part. = 4πR 2 µ part.8.10 8 nm 2 . Considering a maximum area that would occupy each rhodamine B molecule, assumed to be flat on the surface, ∼ 1 nm 2 /molecule (see Figure 4.8) and the calculated overall number of rhodamine molecules in each microcapsule, N RhB = 35.10 8 , one may conclude that the overall rhodamine B molecules would organise approximately in four stacked layers on the surface of ZnO microcapsules (35.10 8 molecules/8.10 8 nm 2 ). It is interesting to compare this result to the initial value of the surface density of RhB molecules at the droplet interface (before condensation). Taking account of the droplet size, R drop. = 24

Figure 5 . 3

 53 Figure 5.3 Adsorption of RhB molecules on ZnO nanoparticles at the droplet interface and in the microcapsule shell.

Figure 5 . 4 (

 54 Figure 5.4(top) shows measured values (black curve) and calculated values (red curve) of ZnO microparticles size, D p , versus droplet size, D drop . As we can notice, microparticles size follow approximately a linear dependence versus the droplet size, with a slope equal approximately to 0.34, in a very good agreement with equation 3.8.

Figure 5 .

 5 Figure 5.5 shows the observed dependence of the shell thickness, h(5.6), versus the microparticle size, in the case of pure ZnO microcapsules. It is worth noting to remind that the reported values are derived from the measured values of the microcapsule sizes, R p , and the assumed constant value for the mass density

Figure 5 . 4

 54 Figure 5.4 Variation of the size of pure ZnO microparticles (top) and RhB-doped microcapsules (down) versus droplet size: black curve corresponds to measured values of D p and red curve corresponds to calculated values according to eq. 3.8 (for a) and eq. 3.9 (for b).

Figure 5 . 5

 55 Figure 5.5 Calculated shell thickness and effective mass density of the microcapsules vs. particle size.

For

  RhB-doped ZnO microparticles, we observe a different behavior from the one exhibited by pure ZnO microparticles. Indeed, the plot of D p versus D drop , shown in Figure 5.4(bottom), exhibits a very good linear dependence of microparticles size versus droplets size over practically the whole investigated range of droplet sizes, from 30 µm to 60 µm. Considering again the value of the slope k * = D p D drop = 0.33 of the linear dependence of the size of microparticles versus the size of droplets, we can rewrite equation 5.1 as:

Figure 5 .

 5 Figure 5.6 shows the variation of the shell thickness h versus microparticle size as deduced from experimental values of D p and D drop according to equation 3.10. For small microparticles, we notice a very good agreement of the variation of h vs. D p with the predicted linear feature predicted by equation 5.6. Such agreement does not hold for large microparticles, particularly for D p = 23.1 µm

Figure 5 . 6

 56 Figure 5.6 Calculated shell thickness vs. particle size of rhodamine B doped microcapsules; blue curve: deduced values from particle size and droplet size, two linear regimes for the shell formation can be deduced, one for small droplets and the second for large ones.

Figure 5 .

 5 Figure 5.7 shows interesting confocal images of rhodamine doped microparticles, which were obtained from droplets with a diameter equal to 48.5 µm. It is worth noting that Figure 5.7(left) and Figure 5.7(right) correspond to images of the same ROI using a 20X objective in either fluorescence mode (FM) or white field mode (WFM), respectively.

Figure 5 . 7

 57 Figure 5.7 Confocal images of RhB-doped ZnO microcapsules with a mean size equal to 16.14 µm (derived from droplets with a size equal to 48.5 µm) imaged with 20X objective. Comparison of the inner diameter, measured from the fluorescence image part (left) and the external diameter, measured from white field image (right), shows clearly the structure. Despite the relatively low resolution of these images, we find a good agreement between the measured value (0.56 µm) of the microcapsule shell thickness and the calculated value (0.57 µm) using eq. 3.10.

( 5 . 1 . 3 )

 513 , rhodamine dye molecules adsorb only on the inner surface of the microcapsule shell. We can deduce a shell thickness value equal to D out -D int 2 = 0.56 µm, which is in a very good agreement with the calculated value (0.57 µm) from equation (3.10). A more accurate measure of the shell thickness can be deduced from the analysis of Figure 5.8, which shows interesting confocal images of two isolated ZnO rhodamine doped microparticles, and obtained from droplets with a diameter equal to 60 µm and imaged using a 40X objective. In this case, microcapsules exhibit circular apertures with a size equal to 12 µm (microcapsule on the left) or 10 µm (microcapsule on the right). It is important to remind that microparticles were re-suspended in HFE oil prior to confocal microscopy analysis. Therefore, they absorb HFE oil, swell and eventually the shell breaks under the effect of osmotic pressure, as shown in Figure 5.8. We used LAS X software of the SP8 LIGHTNING confocal microscope to observe and analyze the previous samples in more detail. Three-dimensional (3D) visualization and analysis allow us to understand the topology of threedimensional images, and thus confirm the existence of a hollow structure within the synthesized ZnO microspheres, as evidenced in Figure 5.9.

Figure 5 . 8

 58 Figure 5.8 Confocal images showing the rupture of the microcapsules under the effect of osmotic pressure. These images allows to determine the thickness of the microcapsule shell, which is found in this case equal to 0.64 µm, in a very good agreement with the calculated value using eq. 3.10.

Figure 5 . 9

 59 Figure 5.9 Confocal 3D images showing the hollow feature of the synthesized ZnO microspheres doped with rhodamine B from different samples.

Figure 5 . 10

 510 Figure 5.10 Confocal images enabling for an accurate measure of the shell thickness, which is found in this case approximately equal to 0.52 µm.

Figure 5 . 11

 511 Figure 5.11 Details of the microcapsule shell observed using white field mode of confocal microscopy. Scale bar, 10 µm.

Figure 5 .

 5 Figure 5.12 shows calculated values of Γ NP versus droplets size when varying from D drop = 30 µm to D drop = 76 µm (at a constant concentration of ZnO equal to C ZnO = 0.5 M). As we may notice, nanoparticles surface density changes linearly in the investigated droplets size range, from 0.4 to 1, approximately.

Figure 5 . 12

 512 Figure 5.12 ZnO nanoparticles occupancy rate at the droplet interface.

  section 5.4.2 for calculation) may organize initially in a single monolayer with their electric dipoles predominantly oriented parallel, then at Γ = Γ c 0.65, a second layer starts to build where electric dipoles keep their parallel orientation According to the definition of the number of layers, n, given in equation (5.7), we find for 10 µm microcapsules n l 3.5 layers. As discussed above, this number of layers should be regarded as the minimum number of layers that we should take into account. Let's consider, for instance, that the effective number of layers is equal to n e f f . = 4 and let's the mass density ρ(4) of the shell in this case. The effective area S (NP) that would be occupied by all N NP = 1.1 × 10 5 nanoparticles with such mass density is equal to S (NP) = 4 × S p 1256 µm 2 , where S p = 314 µm 2 is the surface area of the microcapsule. Therefore, the density of nanoparticles per unit surface is approximately equal to N NP S (NP) 88 nanoparticles/µm 2 .

8 and

 8 in multilayered polar clusters, whose thickness should depend on the initial surface density of nanoparticles. Their exact electrical polarisation would depend on the local orientation of nanoparticles. Nevertheless, the overall orientation of such clusters should be parallel in order to maintain repulsive forces and to prevent the microcapsule structure from collapsing.Upon droplet shrinking, nanoparticles or nanoclusters get closer and closer.The process stops and the microparticle reaches its final size once the nanoclusters reach their minimal distance. The thickness of the shell should be determined by the initial thickness of nano-clusters: 4 layers for droplets with a diameter equal to 30 µm and 41 µm, and 6 layers for droplets with a diameter equal to 48.5 µm.In the case of large droplets (with a diameter above 53 µm), the initial nanoparticles surface density Γ 0 is quite large and therefore nanoparticles interact strongly since the start. Upon droplet shrinking, dipolar repulsive interaction between nanoparticles become strong enough to force nano-clusters to adopt an anti-parallel orientation just before undergoing the formation of a second layer of nano-clusters.Therefore, the final thickness of the shell would be twice (or more) the thickness of the initial nano-clusters: 3 layers for droplets with a diameter equal to 53 µm and 60 µm, and 4 or 5 layers for droplets with a diameter equal to 70 µm and 76 µm. The final value of the thickness of the shell will depending on the exact orientation of the dipole moment of the nano-clusters in the upper layer. Basically, one would expect that the upper nano-clusters would orient their electrical dipoles parallel by regards to those of the lower layer in order to undergo attractive interaction between the two layers of the shell. Nevertheless, as shown in Figure5.Figure 5.11, we can see clearly two layers of about 0.25 µm separated by a distance of about 0.15 µm.Based on this result and on the observed deviation of the microparticle size from the linear dependence versus droplet size, shown in Figure5.4 and discussed in more detail above, we suggest that the electrical dipole moments of the nanoclusters (or nanoparticles) in the upper layer undergo an anti-parallel orientation by regards to those of the lower layer. The distance between the two lasers is directly related to the repulsive force between the two stacked layers of nanoparticles. An accurate measure of such a distance may give an interesting insight on the balance between electrical forces and elastic forces acting on the layers of the shell.

  . It should be noted that many fluorophores allow the study of fluorescence intensity as a function of temperature. Hence, the use of such fluorescent molecules as specific probes is feasible for both spatial and temporal temperature measurement in a very sensitive and localized manner. Many different fluorescent probes have been used in the field of fluorescence imaging, as well as for the development of new probes with very specific properties. Rhodamine B (RhB) and rhodamine 6G (Rh6G) are widely used as engineering fluorescent dyes and have very good spectroscopic properties. In particular, they have very high fluorescence quantum yields, e.g. 0.95 for rhodamine 6G 314 .

6. 1 . 2

 12 Experimental procedureRhodamine doped ZnO microcapsules as temperature probesIn order to better understand the effect of temperature on the intensity of fluorescence in doped ZnO microparticles, we used three types of fluorescent nanoparticles: one type was doped with rhodamine B, a second type was doped with rhodamine 6G and the third type was doped with a mixture of rhodamine B and rhodamine 6G. The later mixture was intended to be used as a reference for fluorescence intensity calibration and to take account of fluctuations in incident illumination intensity. Indeed, the fluorescence intensity of rhodamine B decreases linearly with increasing temperature at a ratio of about -2 %/ • C whereas the fluorescence intensity of rhodamine 6G increases linearly with increasing temperature at a rate of about +2 %/ • C[START_REF] Kuzkova | Application of temperature-dependent fluorescent dyes to the measurement of millimeter wave absorption in water applied to biomedical experiments[END_REF][START_REF] Liu | Laser-induced fluorescence of rhodamine b in ethylene glycol solution[END_REF][START_REF] Zehentbauer | Fluorescence spectroscopy of rhodamine 6g: concentration and solvent effects[END_REF][START_REF] Ma Ali | Temperature effects in rhodamine b dyes and improvement in cw dye laser performance[END_REF] , as shown on Figure6.1.

Figure 6 . 1

 61 Figure 6.1 Fluorescence spectra of Rhodamine 6G (a) and Rhodamine B (b) as a function of temperature.

Figure 6 . 2

 62 Figure 6.2 (a) Flow-focusing microfluidic geometry for zinc oxide droplet formation. Schematic illustration of the different case studies used for the generation of (b) rhodamine B-doped ZnO droplets, (c) rhodamine 6G-doped ZnO droplets, and (d) rhodamine B/rhodamine 6G-doped ZnO droplets. (e) Schematic illustration of the used microfluidic design for fluorescence analysis of doped ZnO microparticles. (f) Optical micrograph of stable and monodisperse zinc oxide droplets generated through the flow-focusing microfluidic device, Scale bar, 100 µm.

6. 1 . 3

 13 Fluorescence detection and measurements Fluorescence measurements of rhodamine B-doped ZnO particles The experimental results of the temperature dependence of fluorescence intensity are shown in Figure 6.3(a). In these experiments, fluorescence intensity was detected and examined for rhodamine B-doped ZnO microparticles flowing in the HFE 7500 carrier oil within the microfluidic channel at 150 µL/h. The emission spectra of the individual microparticles were recorded. The temperature dependence of fluorescence intensity was obtained for four different temperatures, 20, 30, 40, and 50 • C, as the particles passed under laser irradiation in the narrowing zone of the microfluidic channel. As shown in this Figure, the intensity of the fluorescence spectrum of rhodamine B-doped microparticles decreases with increasing temperature. Thus, the fluorescence spectrum undergoes significant changes as the temperature of the microparticles studied changes. As explained above, such temperature rise leads to significant vibration and rotational energies as a consequence of high thermal excitation.

Figure 6 .

 6 Figure 6.3(b) shows the peak intensity of the fluorescence of ZnO microparticles, flowing in the microfluidic channel, as a function of time. A high magnification of the fluorescence intensity peak of the ZnO microparticles doped with rhodamine B shows that this peak has an asymmetrical shape with rearward elongation of the droplet. This indicates that the ZnO droplet interfaces are deformable.As already shown above using experimental results in optical and scanning electron microscopy, these microparticles exhibit a porous structure and are consisting of a thin membrane whose thickness has been experimentally and theoretically estimated to be 0.7 µm 269 . Moreover, numerous studies have been carried out

Figure 6 . 3

 63 Figure 6.3 (a) Fluorescence intensity peaks within a wide temperature range from • C 20 to 50 • C. These peaks were recorded from confined rhodamine B dye in flowing ZnO microcapsules having a size of 17.8 µm along a 22 µm wide micro-channel constriction area. (b) High-magnification of the fluorescence intensity peak vs. time of doped ZnO microcapsules with rhodamine B. The red arrow shows the back of the drop at the interface with the continuous phase.

Figure 6 . 4

 64 Figure 6.4 (a) Plot of the linear decrease of the normalized fluorescence intensity of rhodamine B-doped ZnO microparticles vs. temperature. (b) Comparison of the change of fluorescence of rhodamine B vs. temperature in flowing RhB-doped ZnO microparticles (squares, red curve) and flowing RhB-doped ZnO microdroplets (circles, blue curve).

Figure 6 .Figure 6 .

 66 Figure 6.5(a) shows the response of fluorescence intensity to temperature increase of rhodamine 6G-doped ZnO microparticles. As in most cases, rhodamine 6G exhibits an opposite response compared to rhodamine B as the temperature increases. We have noticed an increase in the fluorescence intensity spectrum of rhodamine 6G-doped ZnO microparticles, although the fluorescence intensity spectrum surprisingly became less important as we approached 40 • C where it recorded its minimum fluorescence intensity, as reported in Figure 6.5(a). As far as we know, this is the first time that such behavior of rhodamine 6G-doped ZnO microparticles has been reported.

Figure 6 . 6

 66 Figure 6.6 Relative intensity of the fluorescence of rhodamine B and rhodamine 6G mixture vs. temperature in ZnO microparticles.

Figure 6 . 7

 67 Figure 6.7 Optical microscopy images of doped ZnO microspheres with rhodamine B (a), rhodamine 6G (b) and rhodamine B/ rhodamine 6G mixture. Scale bars, 10 µm.

Figure 6 . 8 .

 68 Figure 6.8. In contrast to rhodamine 6G, which can only carry a positive elec-

Figure 6 . 8

 68 Figure 6.8 Chemical structures of the used dyes. (a) Rhodamine B, (b) zwitterionic form of Rhodamine B (presence of both a positive and negative charges). (c) Rhodamine 6G can carry only a positive charge or no charge at all.

Figure 6 . 9

 69 Figure 6.9 Different microparticles doped with two different dyes may be discriminated by the value of their fluorescence intensity signals. Such concentration based coding method will be applied in the future for the simultaneous recording of the fluorescence intensity signals from RhB doped microparticles (measure probes) and Rh110 doped microparticles (reference probes).

6. 2 . 1

 21 Uptake, distribution and diffusivity of charged fluorophores in ZnO microspheres We performed additional confocal experiments, in particular fluorescence recovery after photobleaching (FRAP), in order to acquire more information on the mechanisms regulating diffusion, fusion, and charge of molecules in uniform rhodamine B-or fluorescein-doped ZnO composite microspheresFluorescence recovery after photobleaching of ZnO microspheresIn this work, confocal imaging FRAP experiments were carried out using Leica TCS SP8 confocal laser scanning microscope, equipped with 40X and 63X oil immersion objectives with a numerical aperture (NA) of 1.25. Throughout the bleaching events, all experiments were conducted by Leica FRAP wizard software using the zoom-in bleach mode. Fluorescence recovery after photobleaching was performed using a circular area to photobleach the inner part of the microspheres and to measure the diffusion coefficients of the fluorescent dyes within ZnO microspheres. The laser was monitored at 100 % of its power and for each fluorophore unique photobleaching wavelengths were used. After bleaching experiments, fluorescence recovery was operated at low laser intensity and at 2.58 s intervals. To conduct FRAP experiments using rhodamine B and fluorescein, experiments were performed at least 24 h after droplets generation within the microfluidic system.

Figure 6 .

 6 Figure 6.10 represents examples of images recorded during fluorescence recovery after photobleaching experiment on rhodamine B-doped ZnO microspheres.

Figure 6 .

 6 Figure 6.10(a), Figure 6.10(b), and Figure 6.10(c) show intensities as a function of

2 .

 2 Photo-bleach: A region of interest (ROI, a circular area in this experiment) is locally irradiated with a short pulse of intense laser power to photo-bleach the fluorescent molecules within the selectively illuminated area. It is interesting to note that such irradiation leads to a substantial decrease in the average intensity of fluorescence as a function of time according to an exponential decay law[START_REF] Ahmed | Practical manual for[END_REF] :I(t) = I 0 e -KtWhere I 0 represents the initial fluorescence intensity, and K the bleaching rate constant of the fluorophore. This light exposure also causes irreversible chemical modifications of the fluorophore molecules within the selective ROI, making it non-fluorescent, as shown in Figure6.10(b). 3. Post-bleach: It employs a time-lapse acquisition with setting similar to the pre-bleach, but longer-lasting. The gradient of fluorescence intensity leads to a diffusion of fluorophores from the local unbleached surroundings into the bleached area, whereas photobleached labeled components diffuse out over time. The recovery of the fluorescence intensity throughout the postbleach phase allows to gain insight into the mobility of the molecules 335 , diffusion 336 , binding 337 , as well as their redistribution ability after photobleaching, as illustrated in Figures 6.10(c) and 6.10(d).

Figure 6 . 10

 610 Figure 6.10 Confocal images recorded during a FRAP experiment on ZnO microspheres; uniformly labelled with rhodamine B, (a) taken before photobleaching, (b) immediately after photobleaching the spherical inner part of the microsphere, with short pulse of intense laser light, showing that the selective ROI is no longer fluorescent, (c) was recorded during the recovery after photobleaching, and (d) the recovery curve that demonstrates an increase in fluorescence intensity as the bleached dye diffuses and the new unbleached dye move into the ROI. The white circles represent the selected microsphere for photobleaching. Scale bars 50 µm.

Figure 6 . 11 1 / 2 .

 61112 Figure 6.11 Comparison of fluorescence recovery after photobleaching graphs of surrounded and isolated (a) rhodamine B-doped ZnO microspheres (b) and fluorescein-doped ZnO microspheres.

Figure 6 . 8 cm 2

 682 Figure 6.11(a, blue graph) illustrates the average fluorescence intensity recovered of surrounded rhodamine B-doped ZnO microspheres. In this case, the halftime of recovery of surrounded particles was t 1/2-RhB-surr = 29.1 s. The average diffusion constant of rhodamine B exhibited a value of: D RhB-surr = 3.9 10 -8 cm 2 /s. Meanwhile, isolated particles curve indicates slightly faster diffusion with an average diffusion constant of D RhB-iso = 4.6 10 -8 cm 2 /s and a half-time of recovery equal to t 1/2-RhB-iso = 24.7 s and for practically the same fluorescence recovery of 34.2 % and 35.1 %, for surrounded and isolated particles, respectively,

  ticles. In contrast to the strong interactions between rhodamine B molecules and ZnO nanoparticles. The interactions between ZnO nanoparticles and fluorescein molecules should less important. In addition, taking account of the surface area value of the used ROI (S ROI =112 µm 2 ) and assimilating roughly the photobleached volume V PB under the ROI with the volume of a cylinder whose base and height are equal to S ROI and the diameter D p of the microcapsule, respectively, we can estimate the expected fluorescence recovery after photobleaching by the ratio V p -V PB V p 0.21. Basically, because of the demonstrated non permeability of the microcapsule shell to RhB molecules, we could use the measured 0.35 value for the recov-ered fluorescence ratio as an accurate measure for the ratio of the photobleached quantity of rhodamine molecules (provided that the illuminated volume of the microcapsule is accurately determined).

Figure 6 . 12

 612 Figure 6.12 Confocal microscopy of single ZnO microspheres (a) fluorescence, (c) bright field, and encompassed ZnO microspheres (b) fluorescence, (d) bright field micrographs.

Figure A. 1

 1 Figure A.1 Fluorescence images of the FRAP results on a ZnO (0.5 M) microsphere doped with rhodamine b (0.1 mM) before and after photobleaching at different time intervals of 0.65 s, 1.3 s, 3.9 s, 5.85 s, and 13 s. The dotted yellow circle indicates the circular ROI that was created in the centre of the microsphere to conduct the experiment.

Figure A. 1 .

 1 

Figure A. 2

 2 Figure A.2 Schematic illustration of the effect of FRAP on the modification and redistribution of the surface charge of Rhodamine B-doped ZnO microspheres.

Figure B. 1

 1 Figure B.1(a) shows a confocal image of ZnO microspheres doped with rhodamine B (red spheres) and fluorescein (green spheres) obtained using the first approach, which was carried out through a separate synthesis of two types of particles. The latter have been mixed together and visualized using confocal microscopy. In both cases, uniform distribution of the dyes within the microspheres can be seen in Figure B.1(a). Moreover, rhodamine B and fluorescein have been well-confined. Surprisingly, the analysis of the results obtained when ZnO colloidal nanoparticles have been doped simultaneously with both dyes, reveals that the latter were distributed in an astounding way, where we can see the fluorescein well trapped in the center of the microspheres while rhodamine B occupied the outer contour of the microspheres, as depicted in Figure B.1(b).

Figure B. 1

 1 Figure B.1 Confocal images of (a) uniform rhodamine B-doped ZnO microspheres (red particles) and fluorescein-doped ZnO microspheres (green particles) synthesized using the first approach, (b) rhodamine B/fluorescein-doped ZnO microspheres prepared using the second approach. Scale bars 50, µm.

Figure C. 1

 1 Figure C.1 Confocal microscopy micrographs (a, c, e) and bright field (BF) (b, d, f) optical images of a combination of differently stained fluorescent ZnO microspheres mainly rhodamine B-doped (red particles) and fluorescein-doped (green particles). Scale bars, 20 µm.

Figure 4 . 1 )

 41 Figure 4.1). Such a charged dye can land slightly onto positively polar planes of ZnO microspheres. Negatively charged fluorescein (anionic/dianionic) may allow probing contribution of attraction at the positively charged surfaces of ZnO building blocks.

Figure C. 2

 2 Figure C.2 Fluorescence recovery after photobleaching (FRAP) was measured for two charged fluophores (rhodamine B in red, and fluorescein in green). The graph shows recovered fluorescence intensity curves over time calculated for two types of ZnO samples.

Figure D. 1

 1 Figure D.1 Polarizing optical microscopy images of RhB doped ZnO microcapsules, under no polarizers (left) and crossed polarizers (middle and right).

Figure D. 2

 2 Figure D.2 Schematic representation of different optical axes of ZnO nanoparticles; schematic representation of different optical axes of ZnO nanoparticles; (a) random orientation of domains of ZnO nanoparticles (isotropic), (b) homeotropic orientation of ZnO nanoparticles where the nanoparticles orient their principal optical axes (n2 or n3) perpendicular to the surface of the microcapsule, (c) planar orientation of ZnO nanoparticles where n2 or n3 optical axes are parallel to the surface of the microcapsule, (d) schematic representation of different optical axes of ZnO nanoparticles, (e) top view of the microcapsule with a homeotropic orientation showing the orientation of n1 optical axes by respects to the equatorial planes of the microcapsule, (f) top view of the microcapsule with a planar orientation showing the orientation of n2 (or n3) optical axes by respects to the equatorial planes of the microcapsule.
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Table 1 .1 Overview of ZnO nanoparticles applications.

 1 

	ZnO nanoparticles

Table 1 . 2

 12 Dimensionless numbers in droplet microfluidics.

	Symbol	Name	Formula	Physical meaning
	Bo	Bond number	ρgL σ	Gravitational/ Surface tension
	Re	Reynolds number ρνL µ	Internal inertia/ Viscous
	We	Weber number	ρν 2 L σ	Inertial/ Interfa-cial tension
	Ca	Capillary number µν σ	Viscous/ Interfa-cial tension

  et al. reported the synthesis of ZnO nanospindles, nanospheres and nanosheets with different sizes by changing the microfluidic channel dimensions and the flow rate 224 . A continuous synthesis of ZnO nanoparticles has been reported by Kang et al. using a silicon-based microfluidic system and a time pulsed mixing method 219 . Ladanov et al. reported the synthesis of ZnO nanowires by hydrothermal growth on a silicon substrate 239 .

  10 5 , S(NP) 6200 µm 2 , S p 1146 µm 2 , Γ 0 0.69. The minimum number of layers in this case should be approximately equal to 5.3 layers, which is practically the same value as for the microparticle with D p = 16.6 µm (D drop = 48.5 µm). If we consider, for instance, that the effective number of layers is again equal to n e f f . = 6, the effective area S (NP) that would be occupied par all nanoparticles with this effective number of layers would be equal to S (NP) = 6 × S p 6876 µm 2 . Therefore, the density of nanoparticles per unit surface is found again approximately equal to N NP S (NP) 89 nanoparticles/µm 2 , and therefore, the mass density value of the six layers shell would be practically the same as for the previous analyzed microparticles, i. e. , ρ e f f = 5.0 g/cm 3 for the 6 layers shell.

	Calculation for microparticles with other sizes are reported in table 5.1 (be-
	low).						
	D part. (µm) D drop (µm)	N NP	Γ	n	n e f f h (µm) ρ e f f (g/cm 3 )
	30	10	1.12 10 5 0.39 3.58	4	0.39	4.9
	41	14	2.87 10 5 0.54 4.66	5	0.50	5.2
	48.5	16.5	4.75 10 5 0.64 5.56	6	0.59	5.0
	53	19.1	6.20 10 5 0.7 5.41	6	0.58	5.0
	60	21.3	8.99 10 5 0.79 6.31	7	0.67	5.0
	70	24.2	1.43 10 6 0.93 7.77	9	0.83	4.8
	76	26.1	1.83 10 6	1	8.54 10	0.92	4.7

Table 5 . 1

 51 Summary of the results obtained for different particle sizes.

  Synthèse, structure, organisation et premières applications des microcapsules colloïdales de ZnO élaborées par voie microfluidique. Microfluidique à base de gouttelettes, Oxyde de Zinc, ZnO, Microcapsules, Microsphères. Ce travail se concentre sur le développement d'une approche microfluidique originale à base de gouttelettes pour générer des sphères de ZnO de taille micrométrique très monodispersées avec une taille et une morphologie bien contrôlées. Cette approche est simple et prometteuse non seulement pour la fabrication de microcapsules de ZnO de taille uniforme, avec une taille ajustable et un contrôle précis à l'échelle micrométrique, mais aussi pour acquérir de nouvelles connaissances sur la compréhension des processus de croissance colloïdale et l'auto-organisation des nanoparticules de ZnO par la voie microfluidique. En outre, ces microparticules peuvent trouver des applications intéressantes dans de nombreux domaines tels que la photonique, le photovoltaïque ou la biomédecine. Ce travail porte sur l'effet des paramètres de fabrication sur la formation de gouttelettes, la taille et la stabilité des microsphères résultantes, ainsi que sur l'étude de leurs propriétés optiques et électriques, en couplant les travaux expérimentaux et théoriques. Nous avons montré la synthèse, dans une gamme micrométrique allant de 10 µm à 30 µm, de microcapsules de ZnO mésoporeuses à enveloppe fine et flexible. Nous étudions la caractéristique polaire des nanoparticules de ZnO et leur auto-organisation interfaciale. En outre, nous révélons que les charges électriques portées par les unités primaires de ZnO jouent un rôle crucial dans la stabilité des gouttelettes en présence et en absence de molécules chargées. Elle joue également un rôle clé tout au long du processus d'assemblage, de la création des nanoparticules colloïdales de ZnO aux microgouttelettes, et enfin aux microsphères. Nous rapportons, pour la première fois, l'autoorganisation de micro-gouttelettes de ZnO liquide dopé en réseaux carrés. Nous démontrons qu'un tel résultat révèle l'aspect polaire des microgouttelettes de ZnO et corrobore un changement d'équilibre entre les forces motrices contrôlant l'organisation des nanoparticules de ZnO à l'échelle nanométrique. Nous avons développé différents modèles, en très bon accord avec le champ dipolaire et les mécanismes de forces interfaciales, pour étayer les résultats expérimentaux mis en avant, et pour expliquer l'organisation interfaciale des nanoparticules de ZnO/RhB sur la base des propriétés d'organisation des gouttelettes de ZnO. À partir de nos résultats et de la dépendance constatée de la taille des microcapsules, de l'épaisseur de la coquille et de la densité de surface des nanoparticules par rapport à la taille des gouttelettes, nous fournissons un modèle original de la contribution des facteurs impliqués dans le mécanisme de formation de la coquille. Microfluidic-based colloidal ZnO microcapsules: synthesis, structure, organization and first applications. Keywords : Droplet-based microfluidics, ZnO, Microcapsules, Microspheres.
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We believe that such a significant increase in the ZnO droplets diameter in the presence of rhodamine B-doped, rhodamine 6G-doped, and fluorescein-doped ZnO droplets; for the same flow rates values of both phases was clearly affected by increasing electrical charges in the solution even though in the presence of only a small amount of the dye in the droplets ([RhB] = 0.002 mM). we obtained a lower slope (around 0.5 %/ • C) than that reported in the literature (1.9 %/ • C) [START_REF] Kuzkova | Application of temperature-dependent fluorescent dyes to the measurement of millimeter wave absorption in water applied to biomedical experiments[END_REF] . On the other hand, as we have seen above, when temperature increases molecular collisions in solution and the amplitude of internal molecular vibrations also increase. Therefore, a better extinction of the fluorescence is recorded when the non-radiative relaxation of the excited state is enhanced [START_REF] Arafat Hossain | Time-resolved and temperature tuneable measurements of fluorescent intensity using a smartphone fluorimeter[END_REF] . Furthermore, from the comparison of the temperature dependence of fluorescence intensity in Figures 6.5 

Optical and electronic characterization on doped-ZnO particles

In addition, the morphology of doped ZnO microparticles synthesized according to the three scenarios presented above was studied by scanning electron and optical microscopes. Figure 6.7(a) shows a spherical ZnO microparticle doped with the fluorescent rhodamine B dye. We find that the rhodamine B nanoparticles clearly show a uniform distribution on the shell of the ZnO microsphere, with a surface having a smooth appearance. In fact, this shell essentially corresponds to the thin porous envelope, as we presented in more detail in Chapter 3 (which essentially corresponds to a thin-shell microcapsule with a thickness of about 0.7 µm).

On the other hand, we noticed that the use of rhodamine 6G led to a nonhomogeneous distribution of dye within the shell of the microcapsule marked by a difference in the fluorescence intensity of the ZnO microsphere, as illustrated in Figure 6.7(b). Due to this effect, we noticed the formation of some regions on the surface of the ZnO microsphere with different degrees of luminescence and also with a pale pink color. In addition, closer observation of the scanning electron microscopy images of the ZnO microspheres reveals a porous structure of the membrane. The average pore size of ZnO pores estimated from scanning electron microscopy images was approximately 100 nm.

We speculate that such results indicate that the incorporation of dye molecules into the porous structure of ZnO leads to a difference in the fluorescence on the surface of the microspheres, which is in good agreement with the results presented above. These changes also demonstrate that the nature of the dye used, i.e., its Therefore, to illustrate this, we proposed the model shown in Figure A.2. To elucidate these results we assume that the microsphere (1) was positively charged before photobleaching, as was the microsphere (3) at the bottom left. However, it should be noted that microsphere (2) was negatively charged and therefore attracted by the other two positively charged microspheres. Photoblanching may be the cause of a change in the surface charge of the microsphere under study, hence the observation of a strong interaction between the oppositely charged microspheres ( 1) and ( 3) and repulsion between the microspheres that have become similarly charged, i.e. microspheres ( 2) and (3). Then, the phenomenon of repulsion between the microsphere (1) and ( 2), would probably be related to a rebalancing and redistribution of charges after diffusion between the two microspheres which contributed to the change in the charge of the microsphere (3) which became negatively charged.

Appendix B Anisotropic distribution of charged dyes in ZnO microspheres

We have shown previously that the use of charged dyes, such as rhodamine B, can change the electrical polarization of zinc oxide microdroplets. To better understand how charged molecules interact with condensed ZnO microspheres, and which role they play in the final organization of ZnO microcapsules, we examined the effect of two widely used electrically charged fluorescent probes, which are rhodamine B and fluorescein.

In the first experiment, we prepared separately two samples of ZnO nanoparticles, to which we added separately the two dyes, at a concentration of 0.1 mM.

Then the two mixtures were injected in the microfluidic device in order to produce two types of ZnO microdroplets, one which doped with rhodamine B and the second with fluorescein.

In the second experiment, we add successively rhodamine B and fluorescein dyes, at a concentration of 0.1 mM, to ZnO nanoparticles dispersion, then the Here, we would like to point out that interesting considerations can be drawn from the comparison of the diffusion coefficients estimated utilizing FRAP experiments (see Figure C.2). Based on the above observations, a plausible explanation concerning the impact of charged fluorescent probes can be developed. We speculate that under our synthesis conditions, the fluorescein dye exhibits a negatively charge on its phenol and/or carboxylic acid functional groups (pKa = 6.4) (see Appendix D

Self-organization of nanoparticles and birefringence of microcapsules

We suggested that the microcapsules are made of the stacking of ZnO nanoparticles in the shell. Since such building units (with a thickness of about 0.1 µm) are assumed to have a non spherical shape and an intrinsic dipole moment polar, one may wonder how such anisotropic building units self-organize inside the shell.

To better understand such organization, we used polarizing optical microscopy to investigate birefringence properties of ZnO microcapsules, as shown in Fig.