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To what extent do whey and casein micelle

GENERAL INTRODUCTION

Spray drying is a technique that has been widely used since 1970 in the manufacturing of food, biochemical, and pharmaceutical products. It is a well-established process to stabilize the physicochemical properties of products during long-term storage, facilitate product handling and encapsulate materials in carrier matrices. It consists of spraying droplets of concentrated product into a hot air flow to quickly remove water and finally form dry particles. Beyond its relative ease of operation, the drying process involves fundamental and simultaneous transfer (heat, mass, and momentum) and flows. Governed by the underlying gradients of potential (temperature, velocity and concentration), various physico-mechanical processes such as phase transition and mechanical instability take place in the course of the drying of droplets, which in turn affect the final properties of the dried particles.

Collecting powders directly from a spray dryer and analysing the physicochemical properties of particles reveal the influence of two categories of parameter according to the experimental conditions: those related to the physicochemical properties of the solution such as the initial concentration, the viscosity and the surface tension on the one hand, and those related to drying process such as the air temperature, the spraying parameters, the air to liquid mass flow rate ratio and the mean residence time on the other. Despite relative and mostly empirical control, residual problems, particularly in terms of product quality and process performance, are still encountered on an industrial scale, emphasizing the need to overlap the fields of knowledge and develop new tools and analytical methods to provide better insight into the fundamentals of drying. Indeed, the changes in droplets during spray drying are still not fully understood. Because direct observation of particle formation is not possible on an industrial spray drying scale, many experimental studies based on the drying of a single droplet have been developed. This constituted the starting point of a fresh reflexion on research into spray drying, justifying the interest of widening the research scope to other fields such as colloid, interface, material and aerosol sciences. Drying and evaporation processes are mainly viewed as being limited to spray drying technology but should be regarded more as triggers of condensed systems.

The need to open up the research into dryi g phe o e o is particularly important for the dairy sector in view of the current and future economic environment. Overall co 's ilk production and consumption grew by approximately 10% from 2005 to 2010. With the abolition of European milk quotas in 2015, the uneven distribution of milk production at the global level, the expected growth in the world population and the rise in standards of living (in particular in developing countries), the dairy market will be confronted with even more massive changes in the next decade. The production of infant formulae is still increasing (130,687 tonnes in 2013) and investment in new spray driers is being reported throughout the world to secure outlets. This context clearly drives research in order to control and predict the quality of powders, diversify their characteristics and claims and explore new ways to valorise milk components.

In this context, the collaboration between INRA STLO and United Pharmaceuticals has been supported by CIFRE funding. The goal of this PhD project was to explore the drying behaviour of infant formulae and the particle formation mechanisms that directly influence powder functionalities using a multi-scale approach. This project was exploratory in some aspects and aimed to apply a physicist's approach of the drying phenomenon to dairy systems. More generally, the main focus was to highlight relevant approaches to studying the drying of dairy products, providing more valuable understanding of particle formation. This work was therefore divided into two research parts, one focusing on the drying behaviour of the U ited Phar aceuticals' products a d i gredie ts (experiments and results not included in the thesis paper for confidential reasons) and another part focusing on the drying behaviour of key milk components and ingredients for infant formulae: i.e. whey proteins and casein micelles. Indeed, understanding how dairy proteins behave in concentrated conditions during spray drying and how spray drying influences the conversion of droplets to dry particles remaining current challenge. Their physical, functional and nutritional properties are modified by the technological scheme and process conditions applied, and are related to structural changes occurring during these stages.

The aim of the first part of the thesis is to present the economic and scientific context of the project, including a chapter on the trade development of dairy powders and research trends (Chapter 1), a literature review on dairy powders and single droplet systems (Chapter 2), followed by the description of the experimental strategy of the PhD project (Chapter 3). The second part comprises results and discussion regarding the exploration of the multi-scale approach to the drying of milk proteins. This includes the drying of single pendant droplets (Chapter 4), of confined droplets (Chapter 5) and free flying droplets (Chapter 6). Finally, the main contributions and potential avenues of research are drawn together in the conclusion and in outlook sections.

PART 1 ECONOMIC AND SCIENTIFIC CONTEXTS CHAPTER 1: TRADE DEVELOPMENT OF DAIRY POWDERS AND RESEARCH TRENDS

This chapter introduces the economic background of dairy products, from milk production to powder manufacture. In addition to key statistics concerning dairy and infant formulae production, other socioeconomic criteria need to be taken into account to understand the current context and draw conclusions regarding the future trends of dairy powders. These include the evolution of the dairy product trade, the socio-economic context, as well as energy and environmental concerns. Faced with all these challenges, dairy industries are developing and innovating in order to enhance the added value of milk products and be competitive in the future. This means widening the research scope…

The main aims of this chapter were to:

-provide key statistics on the dairy market (France and the global market) -situate dairy powders and infant formulae in the current socioeconomic context -provide highlights of research trends in drying The world production of cow's milk rose by 637.3 million tonnes in 2012. At this time, the European Union (EU) was the world largest milk producer, representing 24% of global production, followed by the United States, India, China and Brazil (CNIEL, 2014). The countries with the highest milk surpluses were New Zealand, Europe, the United States, Australia and Argentina, and the countries with the greatest milk shortages were China, Russia, Mexico, Brazil and Algeria (Figure 1). After Germany, France is the second highest European milk producer, producing 24.7 million tonnes of milk and with a dairy product manufacture representing a turnover of 25.7 billion euros in the domestic economy (Table 1).

Table of contents

Table 1: Dairy products in the French domestic economy [START_REF] Cniel | Market for dried dairy products -Trade development and investments[END_REF].

With the abolition of the European milk quota in 2015, European milk production will be governed by the market and will thus change in the years to come. For France, an increase in milk collection of around 2% per year is expected in 2020, and 90% of this increase will be exported to third countries, representing 5.9 million tonnes of milk exported in 2020 (Maison de l'agriculture, 2014). France is becoming an attractive area and many investments are currently being made to support and develop

French dairy production and processing (Figure 2). Such investments mainly involve new equipement and factory extensions to ensure the transformation and exportation of dairy products, above all dried dairy products (80% of investment in [2011][2012]. Support in this field is mainly focused on the production of dried infant formulae with the construction or renovation of specific spray driers. 

French and European markets for milk powders

In France, 50% of dry matter from milk is used in the production of dried dairy products (Table 2). It is of note that production of infant formulae increased from 2010 (with 105,677 tonnes in 2012), as did one of the main ingredients i.e. the lactose powder which rose by 29,285 tonnes in 2012.

Table 2: French production of dried dairy products [START_REF] Cniel | Market for dried dairy products -Trade development and investments[END_REF].

According the most recent figures, the production of infant formula powder is still increasing, with 130,687 tonnes in 2013 [START_REF] Cniel | Market for dried dairy products -Trade development and investments[END_REF]. Infant formula, skimmed milk powder and whey powder represent significant markets in France, with values estimated at 639 million euros, 476 million euros and 472 million euros, respectively (Table 3). The large majority of infant formula production (82%) is exported to other countries.

Table 3: Role of EU and other countries in French dairy powder trade in 2013 [START_REF] Cniel | Market for dried dairy products -Trade development and investments[END_REF].

Over the past 20 years, the dairy industry has improved the use of milk production surplus and byproducts resulting from cheese and butter production (whey, buttermilk) by means of milk cracking, producing valuable milk protein fractions [START_REF] Schuck | Changes in functional properties of milk protein powders: effects of vacuum concentration and drying[END_REF]. This was governed by technical progress in extraction and purification processes, in particular membrane filtration techniques. Proteins are now extracted and concentrated, leading to high protein content products such as Whey Protein Concentrate (WPC), Whey Protein Isolates (WPI), Whey Protein Hydrolysate (WPH), caseins and caseinates. In the last ten years, the nature of dairy powders has changed to more specific intermediate dried products, and powders have been developed as techno-functional ingredients according to their expected functional properties such as gelation, foaming and emulsification.

Dairy powders are therefore used in the development of a wide range of products, as shown by the European distribution of dairy powders according their final applications (Figure 3). Whole milk powders are mainly used for chocolate and bakery products, with production figures around 760,000 tonnes in 2010 and a net decrease (-11%) in powder availability since 2007. Skimmed milk powders are used in many products, in particular in infant formulae and chocolate. The production total of around 981,000 tonnes in 2010 is expected to increase due to the techno-functionality potential of skimmed milk powders and lower price. Production of whey powders is stable, with a clear increase in exportation since 2004 (+31%). Indeed, growth in valuable markets such as infant formulae, health and diet products represent an increasing need for whey powders to achieve expected lactose and/or whey protein formulations. In the market sector for specialized foods (dried products for athletes and seniors), WPC and WPI are interesting for their techno-functionality, especially solubility, and their nutritional

properties. An even sharper increase in production of the latter should therefore be expected in the next decade with development of higher valuable products such as diet and nutritional products. However, these specific intermediate products are quite expensive compared to skimmed milk powders. With the end of subsidies, the production of caseins and caseinates has decreased (-28%) since 2004. These powders are used in various sectors such as food, fresh dairy products and spreadable cheeses. Finally, the prospects for lactose are good due to the increase in demand for infant formulae, and production of lactose has increased considerably since 2005 (+40%), reaching 482,000 tonnes in 2010. 

The world market for milk powders

At the world level, the uneven distribution of milk production influences the development of world trade. Generally, a disparity is found between continents according to world imports of dried dairy products: 63% of imports are to Asia, 15% to Africa, 15% to Latin America and only 3% to Europe, 2% to North America and 2% to South Sea Islands (CNIEL., 2012a). These facts clearly reveal the increasing demand for dairy products from countries with milk shortages, in particular emerging countries in which the increase in global wealth means that they are becoming a new driving force. As a result, the importation of milk and whey powders by BRIC countries (Brazil + Russia + India + China) has been

growing faster than that of cheese and butter since 2008 (Figure 4). With 7 billion people already in the world, the world population is expected to increase to 9 billion by 2050. The growth will mainly be in Africa (+1.17 billion), and Asia (+0.98 billion) whereas the Europe population will tend to decrease (-0.02 billion) [START_REF] Cniel | Stratégie d'implantation géographique et positionnement sur les marchés d'export des industriels laitiers[END_REF]. The current situation, including the uneven milk distribution, the economic development of emerging countries (Asia, China, India, and Africa) and the progressive increase in the world population will change world trade definitively. Taking into account these predictions, the strategy of the dairy industries must evolve in order to meet the growing global demand for dairy products. This involves investments mainly focusing on three areas: i) ensuring and increasing the production of dairy products, ii) penetrating potential growth markets, and iii) finding smarter systems to increase the value of milk components.

Developments and investments involving milk powders

Investment in new spray driers is being reported throughout the world to secure the outlets. Indeed, investments of more than 2.5 billion euros are currently predicted for dried dairy products, involving 46 companies, 53 projects and 28 countries [START_REF] Cniel | Market for dried dairy products -Trade development and investments[END_REF]. About half of the world investments (up to 1.11 billion euros) have been in Europe (Figure 5). Germany and France are the most frequently targeted countries, with partnerships between European and foreign companies such as Synutra with Sodiaal or Biostime with la laiterie Isigny Sainte Mère. In coming decades, the growth in the world population, and energy and environmental factors, and the rise in the standard of living should increase forward the need for higher quality and safer products.

This will force dairy companies to focus on developments and innovation in processes and products. The main needs are the control of powder quality, improvement of processes taking into account their energy and environmental impact, and the diversification of powder functionalities. One way is to widen the scope of research and combine extensive knowledge of the drying phenomenon with that of several disciplines. From a scientific point of view, this involves reflection and experimentation on approaches to powder engineering [START_REF] Cuq | Food powders engineering, between knowhow and science: Constraints, stakes and opportunities[END_REF].

Worldwide research involving the dryi g phe o e o

Drying processes are used in many fields such as chemical, biotechnology, ceramics, pharmaceutical and food processing. Whatever the context, the scenario is the same: i.e. evaporation of water according to environmental conditions in order to obtain a concentrated system with modified physical properties.

However, the focus of interest can vary between studies. In some cases the research is focused on mechanisms occurring in the system throughout the drying process, without a concrete final application.

In other cases the research is focused on the outcomes from the drier system using traditional approaches based on empirical know-how. Nevertheless, drying engineering is necessarily multi-and inter-disciplinary. As A. Mujumdar said, it is impossible to do useful drying R&D without interdisciplinary effort [START_REF] Mujumdar | Editorial: The Role of Drying Technology in Sustainable R&D and Innovation[END_REF]. Drying is the subject of experimental and fundamental approaches and drying research can be basically described as a combination of three main research areas: process engineering, particle engineering and soft matter sciences (Figure 6). In this section, we describe the three key research areas exploring the dryi g phe o e o and report the main research teams for each area that have arisen from literature studies (Figures 789).

Figure 6:

The main research fields involving drying phenomenon: process engineering, particle engineering [START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF], and soft matter sciences (Marin et al., 2011).

Process engineering

Drying consumes a lot of energy in industrial processing, anywhere from 10-20% in industrialized nations [START_REF] Mujumdar | Editorial: Why Four Decades of R&D in Drying?[END_REF]. Developing countries consume much less as a percentage of their industrial energy consumption, but this figure is rising rapidly and hence there is a need to improve the quality of drying technology, in particular in the fields of commodities such as grain, food and wood that consume massive amounts of energy [START_REF] Mujumdar | Editorial: Why Four Decades of R&D in Drying?[END_REF]. Despite the fact that they are well established, drying techniques need to be improved in order to reduce energy consumption, reduce carbon footprints and ensure the safety of the process. Moreover, because the quality of powders differs widely due to the diversity of raw materials to be dried, research is continuously evolving with new concepts or process enhancements in order to improve the final end-use of powders: this includes their handling, their storage and their wettability. Therefore, any technology improvement requirements are related to a research area known as process e gi eeri g . This area highlights the influence of process parameters, dryer design and physicochemical properties of the solution on the final quality of powders (more details in § 2.2.5). For example, many studies have been undertaken on the impact of the drying temperature on the surface composition of powders and consequently their ability to rehydrate [START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF].

Moreover, due to the complexity and cost of running experiments on an industrial scale, many innovative pilot dryers have been used to carry out theoretical and experimental studies on suitable drying of components of interest (Rogers et al., 2012). Finally, because it is difficult to study particle trajectories, wall deposition and flows inside the drier chambers by experimentation, the modelling approach has shown a great potential to optimize the process [START_REF] Schuck | Drying by desorption: A tool to determine spray drying parameters[END_REF]. 

Particle engineering

Particle morphology (i.e. particle size, shape, internal structure and surface properties) confers specific aerodynamic behaviours that have a direct impact on the final powder behaviour. Control of particle morphology has recently received a great deal of attention, especially in aerosol inhaler applications (more details in § 2.2.6.2). The main aim of controlling particle morphology is to incorporate desirable attributes such as narrow particle size distribution, improved dispersibility, enhanced drug stability, optimized bioavailability and sustained release. This research topic is called particle engineering. It combines different disciplines such as chemistry, colloid and interface science, solid state physics, aerosol and powder science, and nanotechnology. Such diversified skills result from the complexity of developing particles with tuned morphology and from the need to improve understanding of the mechanisms of particle formation. It has been demonstrated that particle morphology could be oriented by the formulation and the process of preparation [START_REF] Nandiyanto | Progress in developing spray-drying methods for the production of controlled morphology particles: From the nanometer to submicrometer size ranges[END_REF]. Therefore, with an increasing demand for tailor-made inhalable particles, much effort is currently being focused on powder formation methods by drying technology in order to produce sophisticated particles and to create specific functionalities. A good example is the PulmoSphere™ the very low particle density of which facilitates lung targeting and dose consistency (Figure 6): these particles are obtained by spray drying of an emulsion in which the dispersed phase consists of a liquid that evaporates more slowly than the continuous phase [START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF]. However, particle engineering is not limited to pharmaceutical products, and food and dairy powders with controlled and optimized functionalities represent complementary applications that would benefit from advances in particle engineering. 

Soft matter science

The drying of colloidal and polymer solutions has gained in interest, with a wide range of theoretical and applied situations such as in the painting, coating, printing, microelectronic, DNA analysis and foliar fertilizer delivery industries. From a fundamental point of view, the drying or evaporation process is related to a wide range of physical phenomena such as internal convection currents, solute diffusion, particle-particle interactions and phase transition phenomena. The occurrence of these phenomena during drying and their impact on the mechanical properties of the final material represents a current research area in soft matter science. The latter mainly focuses on the behaviour of model systems in specific conditions, including the jamming state of solutes induced by concentration during the evaporation process. Understanding how concentration affects the structural, mechanical, and diffusional properties of colloid and polymer dispersions represents a great potential in the prediction of drying dynamics and the final properties of complex systems [START_REF] Bouchoux | Molecular Mobility in Dense Protein Systems: An Investigation through 1H NMR Relaxometry and Diffusometry[END_REF]. Moreover, investigations of model systems on micro and nano scales may provide key understanding of their structure and their rheological properties, paving the way to optimization of the physical and mechanical properties of the final material. Today, the progress made in fundamental soft matter science may benefit various applied Research areas by means of system analogies [START_REF] Mezzenga | Understanding foods as soft materials[END_REF]. CHAPTER 2:

LITERATURE REVIEW

This chapter aims to provide literature background to the two focal points of this project: the milk protein powders on the one hand (key ingredient in infant formulae) and the drying process on the other (which influence final po der uality . In the first part, the physicochemical characteristics of milk and the process of manufacturing dairy powders are described. Key elements concerning infant formula development are set up, in order to highlight their nutrient composition and nutritional benefits. Milk, as a biological liquid presents a complex composition and structure; the understanding of the latter has allowed significant progress in powder technology. However, knowledge in this field still needs to be improved in order to address more sophisticated product requirements, such as for infant formulae.

Taking into account the difficulty of carrying out relevant studies on an industrial scale, mainly because of the complexity of the drying operation and of in situ monitoring of drying parameters, experiments are currently being performed with the simplest system conceivable: drying of a single droplet in a controlled environment. The second part describes the different approaches to studying the drying of a single droplet, from a confined droplet to a free-flying droplet. The results and conclusions obtained with these experimental configurations are reported, as well as their contributions to the understanding of drying phenomena and control of the physical and functional properties of the resulting powders. The part on the single droplet has been published as a review in Dairy Science and Technology (Paper 1 ).

The main aims of this chapter were to:

-summarise the main characteristics of milk and dairy powders -describe the sophisticated products which represent infant formulae -introduce the value of studying the drying of a single droplet in the investigation of the processstructure -function relationships of powders 10). The composition of milk varies with the stage of lactation, the species and the health of the animal; it can be modified by both physical and chemical treatments. Milk is mainly constituted of water (87% w/w), present in two forms: free water (capillary forces) and water bounded to greater or lesser extent to the hydrophilic constituents and to the surface of macromolecules (essentially hydrogen bonding). In fact, milk is a dilute solution containing various dispersed components: fat, protein, carbohydrate and minerals in different proportions (given in Figure 11 for whole milk).

Fat is present in milk in the form of fat globules, mainly containing triglycerides. The fatty acids vary both in length (2 to 20 carbon atoms) and in saturation (0 to 4 double bonds). Dairy fat is crystalline at temperatures below -30°C and is liquid at temperatures up to 40°C.

The proteins in milk are of two types: caseins, which are insoluble at pH 4.6, and whey proteins, which are soluble over the whole pH range. Caseins consist of four proteins:  s1 -,  s2 -, -, -casein. These proteins are phosphorylated, unstructured open proteins and heat stable; they can interact and form a specific micellar structure, called casein micelles. In contrast, whey proteins are mainly constituted of lactoglobulin and -lactalbumin (50% and 20% of whey proteins in cow's milk, respectively). They are globular proteins with molecular weights in the range of 14-18 kDa and heat sensitive. Milk also contains minor proteins, including various enzymes such as plasmin and lipase.

Lactose, the main carbohydrate in milk, is a disaccharide composed of glucose and galactose.

Depending on its form, lactose is highly hygroscopic: the amorphous form is far more hygroscopic than the most common crystalline -lactose form, which binds to one molecule of water. Lactose is a reducing sugar and can interact with amine groups of proteins, particularly the -amino group of lysine, in the initial reaction of the Maillard reaction series.

The mineral substances, ofte deter i ed as ashes , mainly comprise potassium, chlorine phosphate, sodium, calcium and magnesium. Milk also contains several mineral elements in trace quantities. Above all, calcium plays an important role in the physicochemical equilibrium of milk. It exists in three forms: insoluble in the form of colloidal calcium phosphate, HPO 4 Ca (~ 850 mg.kg -1 of milk) bound to calcium phosphate nanoclusters in the casein micelle structures, soluble calcium (~ 300 mg.kg -1 of milk) and free ionic calcium (~ 90 mg.kg -1 of milk). These forms are in equilibrium, governed by the solubility of the HPO 4 Ca form which never exceeds 0.6 mM and, consequently, any change in calcium concentration affects its distribution between the colloidal phase and the soluble phase, leading potentially to the evolution of the microstructure of the colloidal phase. [START_REF] Mulder | The milk fat globule[END_REF].

Figure 11: Composition and structure of milk (approximate average for 1kg milk) (Walstra et al., 2006a).

Structure of milk

All the different components are distributed in the milk through a particular organisation, which has significant consequences on the physical properties of the system. The separation of components into compartments helps to preserve and maintain their functionalities: for example, triglycerides are protected from lipolysis by the fat globule membrane. The presence of particles greatly influences the physical properties of milk: for instance, casein micelles are known to increase the viscosity of the system and affect the optical appearance. Interactions between particles determine the stability of the system; the main example is the key role of calcium phosphate in the structure of the casein micelle. All particles have a specific size, structure, surface area, electrostatic charge and Brownian motion. Notions of surface science and colloidal chemistry are therefore essential to understanding the properties of milk and the reactions which may occur in the latter.

From a structural point view, milk can be defined through different aspects:

First, milk is a solution into which polar substances dissolve well. The ionic strength is about 0.073 M.

The pH is about 6.7 at 20°C. Its viscosity is low (about twice that of water) and density is 1029 kg.m -3 at 20°C. The dissolved substances have an osmotic pressure of about 700 kPa (Walstra et al., 2005).

Milk is also an oil-in-water emulsion which can cream easily under gravitational or centrifugal forces.

Fat globules, mostly in the range of 1-8 µm in diameter, average about 3 µm. The core of globules is mainly constituted of triglycerides and, in smaller quantities; fatty acids, sterols and monoglycerides. The membrane of the fat globule has a complex structure consisting of various components, mainly phospholipids, cholesterol and proteins. This membrane protects the fat from the lipase naturally present in the milk. The membrane can be mechanically disrupted, leading to an increase in free fat which is highly susceptible to oxidation reactions and alters the dairy powder's flowability behaviour.

Milk is a dispersion of colloids, namely casein micelles. The casein micelle is a dynamic and highly hydrated (4 g water.g -1 of casein micelles) structure. This structure contains the four caseins  s1 -,  s2 -, -, -casein at a ratio of approximately 40:10:35:12, linked to each other by colloidal calcium phosphate nanoclusters which represent 6 g.100g -1 of the overall micelle solid material. Casein micelles range in size from 30 to 300 nm in milk. The size can be modified by technological treatments: in particular, size increases with heat treatment due to the attachment of denatured whey proteins to the micelles and also due to the movement of soluble casein and calcium from the serum to the micelle.

Finally, milk is a system under dynamic equilibrium and several changes may occur, modifying its composition and its structure. These changes may be physical (foaming), chemical (oxidation, lipolysis, proteolysis) and microbial (production of acid lactic).

Cracking of milk

The separation of milk components of interest such as lipids, proteins, minerals and lactose has been facilitated in recent years by both improved understanding of the physicochemical properties of the latter and continuous improvement of the separation processes, in particular cross-flow membrane filtration (Figure 12). Microfiltration (MF) is used to remove bacteria and fat content from skim milk and to concentrate casein micelles; ultrafiltration (UF) is used to concentrate proteins; nanofiltration (NF) is applied to demineralize wheys and permeates; reverse osmosis (RO) allows the removal of water and thus the concentration of the solution at ambient temperature. These processes lead to the fractionation of dairy liquids, the so called cracki g of ilk (Figure 13) and whey (Figure 14). Progress is still being made on the extent of fractionation of milk and whey using more specific combinations of membrane filtration and other separation techniques (electrodialysis, ion exchange, and chromatography) and/or chemical treatments (such as acidification or hydrolysis). Once the component of interest has been extracted, the solution is concentrated and spray dried.

Proteins are the most valuable components of milk in terms of nutritional value and physical functionality, and they can be extracted through such separation techniques. As previously explained ( § 1.1.2) a wide range of protein powders is thus now available in their native forms (micellar casein and whey protein concentrates, casein and whey isolates) or after modification by various processes (casein and whey hydrolysate, rennet casein, caseinate). The cracking process can even lead to isolation of particular types of protein such as -lactalbumin, -lactoglobulin, lactoferrin, lactoperoxydase, lysozyme, phospholipids and calcium which are high value-added products.

Figure 12: Approximate particle sizes for which separation by means of membrane filtration can be applied (Walstra et al., 2006b).

Figure 13: Milk cracking [START_REF] Schuck | Spray drying of dairy products : state of the art[END_REF]. 

Protein powders

In this part the manufacturing process is reported for the main protein powders of importance in infant formulae. Approximate composition of these dairy powders is reported Table 4.

Milk protein concentrate powders

Milk protein concentrate (MPC) powders are produced from skim milk: the proteins are selectively concentrated by ultrafiltration before being spray dried. The powder contains both casein and whey proteins at a similar ratio as that of, the original milk. As in milk, caseins are mainly organised in their native micellar form which contains high levels of calcium and phosphorus (2.9% and 4.3% (w/w), respectively). Whey proteins are as far as possible preserved in their native state. MPC protein content ranges from 56 to 85% (w/w), lactose and the mineral content falling as the protein content increases (Table 4). protein), referred to as a milk protein isolates (MPI). MPC powders are used for their nutritional and functional properties in view of their high (protein + mineral)/lactose ratio. The latter makes MPC an excellent ingredient for protein-fortified beverages and foods, and low-carbohydrate foods. Therefore, and according to their protein content, MPCs can be introduced into a wide range of products such as skim milk powder replacers, ingredients in cheese and yogurt manufacture, or as a protein source in nutritional/dietetic formulations, clinical formulations, infant formulae and protein bars.

Native micellar casein powders

Native micellar casein (NMC), known also as micellar casein concentrate (MCC) or native phosphocaseinate (NPC), consists of a concentrate of the casein micelle fraction by 0.1 µm microfiltration, including a diafiltration step in order to purify the lactose retentate and soluble salts fractions which pass through the membrane: the content of the latter is thus greatly reduced in the diafiltered retentate, which is finally spray dried. Due to its high casein content, mainly in their micellar native state due to the low temperature encountered during membrane crossflow separation and concentration, this powder has been used as a model material in several studies. Moreover, this powder presents high water holding and good cheese making capacity, but has mediocre reconstitution properties [START_REF] Schuck | Déshydratation par atomisation de phosphocaséinate natif obtenu par microfiltration sur membrane[END_REF]. Its rehydration properties can be improved with the control of content and the nature of the salts [START_REF] Hussain | From high milk protein powders to the rehydrated dispersions in variable ionic environments: A review[END_REF] or by limiting particle agglomeration, as the rehydration-limiting step is the dispersion stage.

Whey protein concentrates

The nature and the composition of the whey depend on the processing method by which it is derived.

Sweet whey is the by-product of rennet-and hard-type cheeses, and has a composition close to that of milk 0.1 µm-microfiltrate (without taking into account phospholipids and caseinomacopeptide (CMP)); acid whey is the by-product of acid caseins and/ or lactic curd. Whey protein concentrate (WPC) powders are typically produced from sweet whey, although acid whey sources might be considered if satisfactory from a protein-degradation and microbial point of view. Indeed, the membrane concentration step limits the final mineral, lactose and lactic acid content, whatever the whey type and the initial concentrations of these constituents. The production of WPC involves different stages. Usually, whey is first concentrated by evaporation, and then desalted, in order to promote lactose crystallisation and limit the hygroscopicity of the final powder, and finally spray dried. An ultrafiltration step, sometimes complemented by a diafiltration step, is necessary in order to reach higher protein content. The final dry product must contain at least 25% protein; WPC powders have protein over dry matter ratios ranging from 34% to 55% and 80%, depending on the extent of the diafiltration step (Table 4). WPCs with 34%

proteins are mainly used in animal feed manufacture, whereas high protein WPCs are mainly used for fresh dairy products, dietary and nutritional applications.

Whey protein isolate powders

Whey protein concentrates with protein content greater than 90% are referred to as whey protein isolates (WPI). Skim milk 0.1 µm-microfiltration permeates are preferred to whey for the manufacture of WPI, as they present high microbiological quality, poor protein degradation/aggregation and are free from phospholipids and CMP. These permeates may also be desalted by ion exchange chromatography and/or microbiologically purified 1.4 µm-microfiltration, concentrated and spray dried. Protein composition of WPI depends on the material and process used: WPI produced from sweet whey without ion exchange includes the presence of the CMP whereas this protein fragment is absent from WPI produced from skim milk 0.1 µm-microfiltrate with ion exchange. Ion exchange involves separation by binding proteins positively charged at a lower pH (around 3.2) to a negatively charged resin. Once the protein has been absorbed, the solution containing lactose and minerals passes through the exchanger.

After washing the resin, the pH is readjusted to about 8 to desorb and recover proteins. Whey proteins are then concentrated and spray dried. As explained previously ( §1.1.2), WPI are mainly used for nutritional applications such as dietary products or sports drinks. [START_REF] Smith | Dried dairy ingredients[END_REF][START_REF] Deeth | Chemistry of milk -Role of constituents in evaporation and drying[END_REF].

Infant formulae

Breast-feeding is universally considered to be the optimum nutrition to ensure the healthy development of an infant during the first months of life. However, breast-feeding is not practically possible in some cases (insufficient breast milk production, breast inflammation, etc.) and milk substitution is therefore very valuable. Unmodified cows' milk is very different from human milk, and cannot provide exactly the same nutritional benefits as the latter, although it is overall suitable for infant consumption. Infant formulae have therefore been developed. Their formulations have benefitted from advances in nutritional research on human milk composition and from the progress in dairy technology (milk cracking) in order to provide products that ensure the nutritional requirements of infants up to the introduction of a mix diet.

Human milk and cow's milk

The composition of human milk differs considerably fro that of cow's ilk and these differences are today fully recognised (Table 5):

The protein content of human milk is considerably lower than that of cow's ilk, with a predominance of whey proteins (Table 6). The whey protein/casein ratio is 65:35 in human milk whereas cows' ilk contains many more caseins (ratio 20:80). These differences in protein content and composition are directly suited to the baby's physiology: at birth, the digestive system, liver and kidneys of a human baby are not fully mature. The kidneys are not able to process large amount of products from protein metabolism. Caseins are less digestible than whey proteins and are known to form a solid clot in the stomach, which takes a long time to hydrolyse. In general caseins from human milk are less phosphorylated than bovine proteins, with a predominance of -casein. In contrast to cow's milk, human milk contains no -lactoglobulin but has high -lactalbumin and antimicrobial protein content, especially immunoglobulin A, lysozyme and lactoferrin. The amino acid composition of human and cow's milk is not significantly different.

The lipid content of human milk is overall similar to that of cow's milk, but the balance between saturated and unsaturated fatty acids and the proportions of essential fatty acids are very different. In particular, breast-milk contains a much higher proportion of unsaturated fatty acids and essential fatty acids than cow's ilk. The fat used for infant formula thus mainly consists of suitable vegetable oils, rich in unsaturated fatty acids, meaning that infant formulae are very low in cholesterol compared to human milk.

The carbohydrate content of human milk is higher than that of cow's ilk, including both digestible and indigestible carbohydrates. Lactose is the major digestible carbohydrate. It is assumed that human milk contains a complex mixture of oligosaccharides (containing approximately 100 components) which promote the growth of bifidobacteria in the large intestine, as these prebiotics cannot be hydrolysed by the native enzymes in the gut (Walstra et al., 2006c). In order to mimic this complex mixture and obtain a beneficial effect similar to human oligosaccharides, other oligosaccharides from animal and vegetable sources (such as fructo-oligosaccharides and galacto-oligosaccharides) are added to infant formulae [START_REF] Nasirpour | Baby foods: formulations and interactions (a review)[END_REF].

As with the previously described differences in protein composition, human milk contains much lower quantities of minerals compared to cow's milk, especially sodium, potassium, calcium and phosphorus (note that calcium and phosphorus are bound to casein at almost the same proportions in both milks), but on the other hand there are relatively high quantities of iron and copper. This is why desalted material is preferred and specific mineral supplementation is performed in infant formulae processing.

Human milk contains more vitamins A, C, E and less D, K and B. Addition of vitamins in formulae is possible.

Table 5: Co positio of Hu a a d Cow's ilk per 100g of milk (Walstra et al., 2006c). [START_REF] Nasirpour | Baby foods: formulations and interactions (a review)[END_REF].

Regulations on infant formulae

There are currently three infant milk market sectors: first age infant formulae (from 0 to 6 months), second age or follow-on formulae (from 7 to 12 months) and baby milk products for up to 12 months. 

Infant food formulations and research trends

Infant powders result from precise formulation in order to mimic the composition of human milk and conform to strict regulations. As previously stated ( §1.1.2), skim milk and sweet whey are usually used after partial demineralization as bases for infant formulae. Cow's ilk has to e adapted with reduction in the protein level, and enrichment with whey proteins and certain essential amino acids. Carbohydrate supplementation includes addition of both lactose and other carbohydrates (maltodextrins, starches, maltose). The fat content is generally a mixture of vegetable oils (palm oil, soybean, coconut and high oleic sunflower oils) providing essential fatty acids (linoleic acid and -linolenic acid). Vitamins D, A and E are also added for calcium and phosphorus absorption, for the development of immune defences, and for cell functions, respectively. Iron and Copper content avoid the occurrence of anaemia in infants.

Certain infant formulae have been developed with specific functional or nutritional benefits. These formulae can reduce disorders in infants such as allergies, regurgitation or disorders related to prematurity. They are based on specific components composition according to the baby's eeds Ta le 8).

Table 8: Example of infant formulae developed with functional and nutritional benefits.

The dairy industry has made great efforts to provide formulations as close as possible to human milk.

In addition to composition similarity, efforts currently focus on the possibility of reproducing the biological benefits of breast feeding. In this optic, protein fractions and micro nutrients have become a focus of interest, with the incorporation of nucleotides believed to be active in the gastrointestinal tract and the development of neonatal immune function [START_REF] Marriage | Use of reduced calorie infant formula containing nucleotides and/or carotenoids for reducing adverse health effects later life[END_REF]. Further improvement should occur with synergistic beneficial effects, such as those reported for lactoferrin and prebiotics [START_REF] Wittke | Milk-based nutritional compiositions containing lactoferrin and uses thereof[END_REF]. Moreover, recent studies have reported that specific proportions of medium-chain fatty acids and higher polyunsaturated fatty acids content in formulae can promote the establishment of healthy cognitive function and ensure balanced growth of infants (Destaillats et al., 2014a;[START_REF] Destaillats | Infant formula with a low content of medium-chain fatty acids in specific proportions, and its use in promoting and/or ensuring a balanced growth in infants[END_REF]. Structured lipids have been reconstituted by chemical or enzymatic procedures to mimic the fat properties of human milk [START_REF] Banavara | Nutritional compositions containing structured fat globules and uses thereof[END_REF]. Another point of interest is the production of the specific oligosaccharides profiles found in human milk [START_REF] Brassart | Nutritional products comprising human milk oligosaccharides and methods for manufacture thereof[END_REF]. Human milk oligosaccharides have gained in interest in recent years due to their important role in the immune system. As defined by [START_REF] Montagne | Infant formula -Powders and liquids[END_REF], certain human oligosaccharides have the ability to inhibit the binding of pathogens to cell surfaces as they act as competitive receptors on the host cell surface [START_REF] Montagne | Infant formula -Powders and liquids[END_REF].

Conclusions

Milk is a biological liquid with a complex structure of which the recently acquired understanding has allowed the extraction of valuable components such as proteins. This progress in separation techniques has led to a wide range of protein powders. These powders are used as ingredients for their nutritional value and physical properties in various developed and value-added products such as infant powders.

Intended to ensure the nutritional requirements of infants, infant powders can be considered sophisticated products in terms of quantity and quality of nutrients. The dairy industry is still undertaking research to provide formulations as close as possible to human milk properties. However, before being marketed, this complex mixture has to be processed, mainly using a spray drying process in order to provide dry products that are easy to transport and store. Further information is provided in the second section about the drying phenomenon and the drying process -particle structure -powder properties relationships.

2.2. Drying of a single droplet (Paper 1)

Introduction

Spray drying is technology which has been widely used over the past decades in the manufacturing of food, biochemical, and pharmaceutical products. Its expansion has been due to the possibility of running such operations on a large scale, their ease of operation, and the ability to produce composite materials [START_REF] Chow | Particle engineering for pulmonary drug delivery[END_REF]. It consists of spraying of the feed solution into a cloud of droplets within a flow of hot air. The water is rapidly evaporated from the droplets, resulting in dried particles.

Despite the fact that it is a widely used technique, the drying process involves several fundamental and simultaneous transfer (heat, mass, and momentum), flow, phase transition, and mechanical instability. Moreover, drying of a wide range of polydisperse droplets flying in a hot air stream makes it difficult to investigate these mechanisms [START_REF] Adhikari | Experimental studies and kinetics of single drop drying and their relevance in drying of sugar-rich foods: a review[END_REF]. The fast-drying kinetics (order of magnitude of 1s) clearly complicates the sampling and the recording of physical phenomena taking place in each droplet during intermediate stages of drying [START_REF] Fu | Single droplet drying technique to study drying kinetics measurement andparticle functionality: a review[END_REF]). Studies are difficult to carry out on an industrial scale and to interpret because of the complexity and scale of the drying equipment, the cost of experimental trials, and the difficulty of monitoring the various processing parameters in situ.

To overcome these difficulties, experiments are currently performed with the simplest system conceivable: drying of a single droplet in a controlled environment. Experiments with single droplets represent an easier way to observe and record the progressive drying of a droplet through kinetics indices with the recording of evolution of mass, temperature and diameter, rheological changes, skin formation, and physical deformations. This experimental concept represents a complementary approach to spray drying in order to improve understanding of fundamental phenomena governing drying that is not yet accessible on an industrial scale.

This part provides an overview of the different single droplet results and their contributions to fundamental and applied information on drying phenomena. The aim here is to provide key elements to improve understanding of the chemical and physical mechanisms involved in particle processing and that govern the properties of the final particle. [START_REF] Ranz | Evaporation from drops[END_REF] were the first to investigate the drying of single suspended droplets of pure and dissolved component solutions. The aim of their experiments was to study heat and mass transfer from a cloud of droplets to the surrounding air during spray drying. This simple approach was subsequently extended to other key issues in the spray drying process such as skin formation on a droplet and control of both the morphology and functionality of particles. The study of a single droplet has been considerably improved since the conception of new devices that allow scientists to record the drying phenomenon in situ and on a microscale. The following sections provide a brief overview of the main single-droplet experiments according to their historical evolution: levitated droplets, free-flying droplets, sessile droplets and confined droplets (Figure 15). It should be noted that a single droplet evolves in a fixed environment with controlled temperature, air velocity, and humidity, whatever the experiment. 

Experimental techniques

Levitated droplet

This method investigating the drying of a single droplet by levitation, i.e., by applying an opposite force to gravity forces in order to keep a droplet suspended in the air, can be achieved through (i) an intrusive method involving a droplet suspended from a solid support or (ii) a non-intrusive method involving a free droplet lifted by physical forces. These two methods were the first single-droplet experiments and are well described in several papers [START_REF] Adhikari | Experimental studies and kinetics of single drop drying and their relevance in drying of sugar-rich foods: a review[END_REF][START_REF] Fu | Single droplet drying technique to study drying kinetics measurement andparticle functionality: a review[END_REF][START_REF] Schutyser | Single droplet drying for optimal spray drying of enzymes and probiotics[END_REF][START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF].

In contact levitation experiments, a droplet of 1-mm diameter is suspended from the tip of a thin glass filament or a glass capillary tube and placed in a controlled air stream (Figure 15a). The drying parameters, such as the evolution of diameter, temperature, and mass of the droplet, are monitored by a camera and by thermocouples (one inserted in the core of the droplet and the other in the chamber), and the mass loss is recorded by a microbalance connected to the glass filament or by translating the glass filament deflection to the loss of droplet mass using an established calibration curve.

Thermocouples allow the recording of the difference of temperature between the chamber and the droplet in real time. Due to its ease of use, the latter setup proposed by [START_REF] Ranz | Evaporation from drops[END_REF] has frequently been used in drying research to investigate the drying kinetics and particle morphology of a wide range of solutions (milk, eggs, organic and inorganic substances) [START_REF] Eslamian | Evaporation and evolution of suspended solution droplets at atmospheric and reduced pressures[END_REF][START_REF] Lin | Spray drying drop morphology: experimental study[END_REF][START_REF] Lin | Improving the glass-filament method for accurate measurement of drying kinetics of liquid droplets[END_REF]Walton and Mumford 1999b).

On the other hand, in the non-contact levitation method, the single droplet is kept in the air by means of acoustic or aerodynamic fields (Figure 15b). The principle of acoustic levitation was described in detail by [START_REF] Davis | Single aerosol-particle studies[END_REF]: a standing wave is provided by an ultrasound generator in a levitation chamber where the evolution of a millimeter droplet is followed by an infrared thermometer and by a camera to record temperature and morphology data, respectively [START_REF] Miura | Heat and mass transfer to and from droplets[END_REF][START_REF] Schiffter | Single-droplet evaporation kinetics and particle formation in an acoustic levitator. Part 1: evaporation of water microdroplets assessed using boundary-layer and acoustic levitation theories[END_REF]. In the aerodynamic levitation method, the droplet freely floated on top of a vertical gas stream, used in combination with a CO 2 laser as a heating system [START_REF] Hennet | Aerodynamic levitation and laser heating[END_REF][START_REF] Sakai | Aerodynamic levitation apparatus for structure study of high temperature materials coupled with Debye-Scherrer camera at BL19B2 of Spring-8[END_REF].

Free-flying droplet

The second technique consists of generating a single or a chain of uniform free-falling droplets in a controlled air stream at the top of a drying tower, the temperature and air flow of which are recorded by thermo-sensors (Figure 15c). This experimental setup is therefore closer to spray drying conditions.

Droplets of micrometer range are generated by means of a micro-syringe or a pulsed orifice of identical volume and trajectory inside the chamber. Each droplet thus experiences the same drying history, resulting in particles of homogeneous shape and size. First described by [START_REF] Alexander | Factors governing surface morphology of spray-dried amorphous substances[END_REF] and [START_REF] Elsayed | Changes in particle morphology during drying of drops of carbohydrate solutions and food liquids. 1. Effects of composition and drying conditions[END_REF], this experimental setup has considerably improved over the last decade. Wu et al.

developed a generator of monodispersed droplets based on a piezoceramic system [START_REF] Wu | Monodisperse droplet generators as potential atomizers for spray drying technology[END_REF]. In this device, the solution is placed in a reservoir and pressurized through a glass nozzle with a 50-μ diameter orifice, and a fixed frequency is applied to the piezoceramic system to induce Rayleigh-like instability, followed by periodic breakup of the liquid jet in order to form a well-defined droplet chain.

This method has made possible significant investigations into how process parameters impact on the quality of a powder, such as the physical properties of particles, their morphology, and their functionality (rehydration and encapsulation properties) [START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF]Rogers et al. 2012;[START_REF] Vehring | Particle formation in spray drying[END_REF]).

Sessile droplet

This technique consists of gently depositing a droplet (nanometer to millimeter size) on a hydrophobic surface placed inside a dry chamber where the environmental conditions are controlled (Figure 15d). The hydrophobic surface is required to maintain the spherical shape of the droplet, and this is achieved by specific treatment of the surface or by specific surface topography [START_REF] Xu | Effects of surface topography and colloid particles on the evaporation kinetics of sessile droplets on superhydrophobic surfaces[END_REF][START_REF] Yu | Experimental and theoretical investigations of evaporation of sessile water droplet on hydrophobic surfaces[END_REF]. Evaporation of a droplet deposited on a hydrophobic substrate was studied by [START_REF] Mangel | The evaporation of water drops from a Teflon surface[END_REF], and this method was then frequently used to investigate thermodynamic flux inside a droplet and the mechanical properties of the particle skin [START_REF] Hampton | Influence of surface orientation on the organization of nanoparticles in drying nanofluid droplets[END_REF][START_REF] Manukyan | Imaging internal flows in a drying sessile polymer dispersion drop using spectral radar optical coherence tomography (SR-OCT)[END_REF][START_REF] Marín | Building microscopic soccer balls with evaporating colloidal fakir drops[END_REF][START_REF] Mchale | Analysis of droplet evaporation on a superhydrophobic surface[END_REF][START_REF] Pauchard | Invagination during the collapse of an inhomogeneous spheroidal shell[END_REF]. Most of these setups involved optical instruments (electronic and photonic) in order to image the evolution of the droplet shape during evaporation and to confirm data from mass records by a microbalance. Although this method has been established since 1962, and it is of considerable interest for nanotechnology applications, the analogy between the drying behaviour of a sessile droplet and what can happen in a spray drier has only recently been proposed (Eslamian and Ashgriz 20077;[START_REF] Perdana | Mimicking spray drying by drying of single droplets deposited on a flat surface[END_REF][START_REF] Wu | Towards spray drying of high solids dairy liquid: effects of feed solid content on particle structure and functionality[END_REF]. For example, [START_REF] Perdana | Mimicking spray drying by drying of single droplets deposited on a flat surface[END_REF] have developed a hightechnology setup including pneumatic micro-dispenser, drying chamber with air flow system, and camera system that is as close as possible to the conditions in a spray drying chamber. The sessile droplet configuration has also been used to investigate the spatial evolution of components inside the droplet and the physical mechanisms involved in skin formation using very sensitive instruments such as small-angle neutron scattering [START_REF] Bahadur | Control of Buckling in Colloidal Droplets during Evaporation-Induced Assembly of Nanoparticles[END_REF], small-angle x-ray scattering [START_REF] Chen | Buckling-induced structural transition during the drying of a polymeric latex droplet on a solid surface[END_REF], or high sensitivity digital camera [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF]).

Additional information: confined single droplet

The confined droplet is the simplest single droplet drying system, providing information complementary to sessile droplet experiments. Indeed, the configuration of a sessile droplet induces specific thermodynamic phenomena (e.g. Marangoni flow) that can make the understanding of the underlying drying mechanisms even more complex. The confined droplet setup consists of confining a single droplet between two glass slides whose hydrophobic surfaces limit droplet pinning phenomena (Figure 15e). The space between the two glass slides is ensured by spacers of controlled height. In this configuration, the evaporation takes place at ambient temperature by transfer from the droplet edge to the slice edge and the shrinkage of the droplet can be recorded by means of a microscope. Investigation of the evaporation phenomenon through a two dimension droplet allows: i) rapid implementation of the experimental setup, ii) direct observation of the physicochemical phenomena occurring during evaporation, iii) control of solvent evaporation by managing the slice dimensions and iv) acquisition of qualitative (morphology) and quantitative (fluorescence intensity) data. The confined droplet setup was proposed by Leng et al. who described and predicted the evolution of the droplet area and its concentration in solutes during evaporation [START_REF] Clément | Evaporation of Liquids and Solutions in Confined Geometry[END_REF][START_REF] Daubersies | Evaporation of solutions and colloidal dispersions in confined droplets[END_REF][START_REF] Daubersies | Confined drying of a complex fluid drop: phase diagram, activity, and mutual diffusion coefficient[END_REF]. Pauchard et al. also used this approach to investigate the skin formation of the droplet, its thickness and mechanical deformations [START_REF] Pauchard | Invagination process induced by 2d dessication of colloidal solutions[END_REF][START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF].

Limitations

Single-droplet experiments have been criticized as being unrealistic regarding spray drying techniques because the experimental droplets are larger and their drying behaviour can be influenced by the experimental drying device, their static state, and the experimental environment. Heat and mass transfer can be affected by heat conduction between the droplet and the solid support (filament or hydrophobic support) or even by fluctuation in the acoustic field. Heating of levitated droplet by radiation from laser beams is quite different to spray drying where heat transfer is provided by convection [START_REF] Adhikari | Experimental studies and kinetics of single drop drying and their relevance in drying of sugar-rich foods: a review[END_REF]. Moreover, it is also as difficult to monitor the changes in mass, temperature, and shape of droplets inside a monodispersed drying tower as in a spray drying tower. Despite these drawbacks, the drying of a single droplet under controlled conditions is still a valuable method to obtain real-time information regarding the basic mechanisms occurring such as transport mechanisms [START_REF] Hampton | Influence of surface orientation on the organization of nanoparticles in drying nanofluid droplets[END_REF], shrinkage behavior of droplets [START_REF] Fu | Shrinkage behaviour of skim milk droplets during air drying[END_REF], skin formation [START_REF] Parisse | Drying of colloidal suspension droplets: experimental study and profile renormalization[END_REF], and buckling phenomena [START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF]. Therefore, this approach has been applied to a large range of substances and solvents (Walton and Mumford 1999a). The following parts will try to give a realist overview of these interesting outcomes obtained using these single-droplet drying setups.

Theoretical aspects

Frohn and Roth well defined the evaporation as a mass and heat flow process dependent for a single droplet with a radius R s and a temperature T put into an environment with a temperature T ∞ and the mass fraction c ∞ of the vapour of the droplet material (Frohn and Roth 2000a). In other words, evaporation can be treated as a matter of interdependent transfer of matter, heat, and movement flows which can be transferred through three different mechanisms as follows: diffusion/conduction, radiation, and convection (Figure 16). Diffusion and conduction may occur through contact between substances in a static system. The radiation mechanism results from the propagation of electromagnetic waves, and convection represents transfer by up and down movements of gas and liquids. In the case of the evaporation process, which is considered to be a simultaneous heat and mass transfer operation, heat is transferred by conduction and convection from hot air to the liquid surface and converted to latent heat, whereas surface water molecules are transferred by diffusion and convection back into the air.

Studying evaporation of a droplet of water deposited on a solid surface or moving in air is a more complex problem. The process is non-stationary; the system is exposed to temperature, vapour, and surface tension gradients involving convection inside and all around the water droplet. Moreover, in view of the substrate, heat transfer by conduction into the substrate, and convection transfer induced by surface tension and temperature gradients between the substrate and droplet may also need to be considered. 

Evaporation of a single and pure liquid droplet

The diffusion-controlled approach is commonly used to explain the evaporation process for both a model case and for more complex situations [START_REF] Cabazat | Evaporation of macroscopic sessile droplets[END_REF][START_REF] Erbil | Evaporation of pure liquid sessile and spherical suspended drops: a review[END_REF]Frohn and Roth 2000a;[START_REF] Kim | The evaporation of a droplet produced from a liquid surface[END_REF]. This approach is based on the analogy between water diffusion rate and heat conduction rate during the evaporation process. When the liquid-vapour interface is in thermodynamic equilibrium, the rate of droplet evaporation is predicted to be the same as the rate of mass diffusion at The rate of mass loss by evaporation is provided by the following:

- = -4 R² R (1)
where m is the mass (kg), t the time (s), R the radial position from the center of the droplet (m), D v the diffusion coefficient of vapour in air (m 2 .s -1 ), and c the vapour concentration (kg.m -3 )

Taking the vapour concentration at an infinite distance from the droplet center, c ∞ , and the vapour concentration at the droplet surface, c s , Eq. 1 can be integrated between the boundary conditions: c=c s when R=R s , and c=c ∞ when R=R ∞ :

∫ ∞ = -4 ∫ R ² ∞ R (2) - = 4 -∞ (3) 
where R s is the radius of a spherical droplet (m), R ∞ the infinite distance from the center of the droplet (m), c s the vapour concentration at the droplet surface (kg.m -3 ), and c ∞ the vapour concentration at an infinite distance from the droplet surface (kg.m -3 )

In Eq. 3, the rate of evaporation is proportional to the radius of the spherical droplet, but not to the surface area of the droplet, in contrast to measurements performed in a vacuum where the evaporation process is forced. If vapour obeys the ideal gas law, the vapour concentration can be expressed by the partial pressure of the vapour:

- = 4 ℜ -∞ (4) 
where M is the molecular weight (g.mol -1 ), T the temperature (K), ℜ the gas constant (ℜ=8.31 J.K -1 .mol -1 ), P S the partial pressure at the surface, and P ∞ the infinite partial pressure. Here, according to the mass, the rate of droplet mass loss is a function of the radius, the temperature, the partial pressure, and the transport properties of the air surrounding each droplet.

If the rate of evaporation is expressed according to the radius, i.e., dm/dt= L 4 R S 2 dR S /dt, Eq. 4

becomes

- 2 = ℜ -∞ (5) 
which integrates in 6) where L is the density of the liquid and R s,0 the radius of the spherical droplet at t=0.

, -= ℜ -∞ ( 
From Eq. 6, the so-called d 2 law for evaporation follows the form R 2 = R 2 0βt [START_REF] Law | Recent advances in droplet vaporization and combustion[END_REF]. The evaporation coefficient β depends on the thermodynamic properties of the droplet liquid and on conditions of the ambiance of the droplets like temperature or velocity (Frohn and Roth 2000b). Using the d 2 law, Frohn and Roth well demonstrated that droplets from the same liquid but with different sizes have the same evaporation coefficient while uniform droplets in terms of sizes but from different liquids present distinct evaporation coefficients.

On the other hand, [START_REF] Picknett | Evaporation of sessile or pendant drops in still air[END_REF] studied evaporation of a pure liquid droplet deposited on a substrate at a uniform temperature and under diffusion control. They highlighted three distinct modes of evaporation as follows:

The constant contact area mode: the contact area between the liquid and the substrate remains constant during evaporation, but the contact angle diminishes (Figure 18a). This situation is expected for a droplet with an initial contact angle of less than 90° [START_REF] Erbil | Drop evaporation on solid surfaces: constant contact angle mode[END_REF].

The constant contact angle mode: the contact angle remains constant and the shape of the droplet remains spherical throughout evaporation, whereas both volume and contact radius decrease (Figure 18b). This is expected for an ideal system including pure liquid and equilibrium state at the interface, which is often the case of a droplet with a contact angle greater than 90° [START_REF] Erbil | Drop evaporation on solid surfaces: constant contact angle mode[END_REF].

A mix of these two modes: either i) one mode may switch to the other at any time during evaporation or ii) both contact angle and contact radius may decrease together. The latter situation often occurs at the end of evaporation of the droplet [START_REF] Yu | Experimental and theoretical investigations of evaporation of sessile water droplet on hydrophobic surfaces[END_REF]. The duration of each mode may be influenced by droplet composition and surface properties (microstructure, thermal conductivity, and chemical heterogeneity).

When a spherical droplet is deposited on a flat surface, the evaporation rate is slower compared to a free droplet where no substrate limits the evaporation rate. Indeed, the presence of the surface reduces the space into which vapour can diffuse and thus reduces the evaporation rate. When the substrate is taken into account in Eq. 3, the loss of droplet volume with over time can be expressed as follows: 

- = 4 -∞ ( 

Evaporation of single and multicomponent droplet

In most cases, evaporation takes place for multicomponent droplets with solutes of different physical and chemical properties. [START_REF] Kneer | Diffusion controlled evaporation of a multicomponent droplet:theoretical studies on the importance of variable liquid properties[END_REF] observed that the temperature and concentration dependence of the liquid properties affected the evaporation process especially with regard to a reduced diffusional resistance. Multicomponent droplet evaporation is not trivial with the implication of several phenomena such as unsteady-state kinetics, no-isothermal behaviour, internal transport processes, external transport processes, and physical property variations. Therefore, as mentioned by Frohn and Roth (2000a) for a multicomponent droplet, mass and energy transports at the interface and in the interior of the droplet need to be taken into account. [START_REF] Ravindran | Multicomponent evaporation of single aerosol droplets[END_REF] compared theory with experimental results and proposed an expression for diffusion-controlled evaporation rates of two-component droplets.

Despite the fact that many papers referred to the controlled diffusion approach, this is not the only approach to predict the evaporation rate. In general, the evaporation process can be defined as two simultaneous events at the liquid-air interface: i) detachment of the water molecule from the interface and ii) removal of water molecules into the surrounding air by diffusion. The diffusion model usually focuses on event ii), but other models can be found to describe the process of detachment of molecules during evaporation. They are called kinetics models, transfer rate-limited models, or molecular dynamics models for those focusing on interactions between molecules [START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF][START_REF] Pati | Influence of ambient vapor concentration on droplet evaporation in a perspective of comparison between diffusion controlled model and kinetic model[END_REF].

Moreover, many other models can be found in the current literature for more complex evaporation scenarios taking into account convection movement effects (ambient and forced), radiation, heated surface for sessile droplets, the multicomponent droplet aspect, etc. [START_REF] Ranz | Evaporation from drops[END_REF][START_REF] Sazhin | Advanced models of fuel droplet heating and evaporation[END_REF][START_REF] Chen | Air drying of milk droplet under constant and time-dependent conditions[END_REF][START_REF] Zhang | Evaporation and explosion of liquid drops on a heated surface[END_REF]).

Single-droplet studies of particle formation

This section introduces the fundamental properties of droplet/particle transition, from skin formation to the final shape of the dry particle, properties such as internal flow, sol-gel transition, and the mechanical properties of the solid film. These phenomena occur in a complex system submitted to different gradients: temperature, surface tension, and solute concentration. Investigation of these processes is crucial for the understanding of how they influence the shape of the particle and the physicochemical composition of the skin, which would have an impact on the final powder.

Transport mechanisms

The transport mechanisms of micro-and nanoparticles occurring during evaporation of the droplet Deegan flow is a radial outward flow which appears to compensate for the faster evaporation of the thin liquid layer formed at the contact line of the sessile droplet [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. It results in an accumulation of solutes by capillary action from the center to the contact line, forming a solid deposit at the droplet periphery k ow as a coffee ri g. The ri g for atio has ee reported for a wide ra ge of systems from model suspensions [START_REF] Hampton | Influence of surface orientation on the organization of nanoparticles in drying nanofluid droplets[END_REF]) to biological ones (Gorr et al. 2012b). Strong modifications of the coffee ring effect have been reported by controlling key parameters such as the contact angle of the droplet (Chen and Evans 2010), the characteristic of the solutes [START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF], and the nature of the solvents or the drying environment [START_REF] Majumder | Overcoming the "coffeestain" effect by compositional Marangoni-flow-assisted drop-drying[END_REF][START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF].

At the air-liquid interface, fluctuations in temperature and solute concentration generate a gradient of surface tension and usually result in Marangoni instability. Convection rolls occur inside the droplet, dragging solutes along the surface to the center. This phenomenon has been widely investigated by experimental and numerical analysis [START_REF] Ha | Onset of Marangoni instability of a two-component evaporating droplet[END_REF][START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF][START_REF] Macdonald | Onset of Marangoni convection for evaporating sessile droplets[END_REF][START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF]. Marangoni in addition to Deegan are two important flows occurring in the evaporation of a sessile droplet. Marangoni flow is known to counterbalance the Deegan effect by inducing solute circulation towards the droplet center rather than the edge [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF] and leading to a skin formation at the droplet surface [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF]. Several papers focused on how to facilitate Marangoni flow during droplet evaporation to provide a uniform deposit more desirable for specific applications such as inkjet printing [START_REF] Sefiane | Patterns from drying drops[END_REF].

The evaporation of water at the droplet surface induces a diffusional flux of solutes from the free surface toward the center. The diffusion coefficients of solutes are estimated using Stokes-Ei stei 's equation and depend on the internal liquid criteria such as solution viscosity, solute radii, and temperature:

= 6 ( 8 
)
where k is the Boltz a 's co sta t k B =1.38×10 -23 J.K -1 ), T the temperature (K), η the dynamic viscosity (Pa.s), and r c the component radius (m). [START_REF] Kim | On the mechanisms of surface formation and the surface compositions of industrial milk powders[END_REF] have estimated different diffusion coefficients of milk components to understand the repartition of solutes inside the particle after droplet drying. After the chemical analysis of the surface of the dry particle by using X-ray photoelectron spectroscopy, these authors observed a majority of larger solutes located at the surface such as fat globules and proteins that agree well with the theoretical difference between solute diffusivities.

Finally, two other mechanisms, i.e., the gravitational force and Brownian motion, may also be involved in the droplet evaporation (Figure 19). Despite the fact that the consequences of these movements are less important than capillary and Marangoni flow ones, these may take place in specific cases.

Gravitational force should be considered when the droplet is large enough to be deformed by gravity, and the solution is a dispersion of solutes which might aggregate during evaporation. Gravity deforms the droplet if its radius is larger than the capillary length:

= √ (9)
where γ is the surface tension of the liquid-air interface (N.m -1 ), g the gravitational acceleration (g=9.81 m.s -2 ) and L the density of the liquid (kg.m -3 ).

A few authors focused on the influence of the gravity during the evaporation of a single droplet [START_REF] Hampton | Influence of surface orientation on the organization of nanoparticles in drying nanofluid droplets[END_REF][START_REF] Sandu | The influence of gravity on the distribution of the deposit formed onto a substrate by sessile, hanging, and sandwiched hanging drop evaporation[END_REF][START_REF] Sommer | Limits of the impact of gravity on self-organizing nanospheres[END_REF][START_REF] Zhu | Experimental investigation of pendant and sessile drops in microgravity[END_REF]. For droplets large enough (around 1 mm), they reported that gravity can contribute to the droplet deformation. Additional to the other flows taking place inside the droplet, gravity can influence the solute segregation and thus the final deposit.

Brownian motion produces random movements of the solute and may influence solute movement inside the droplet. Such random movement results from interactions between the solute and the liquid molecules, driven by the temperature effect. Brownian motion should be taken into account when the droplet liquid is made up of sub-micro solutes. Brownian flow was mentioned by [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] in the investigation of the solute dynamics during the evaporation of a sessile droplet. The authors reported different solute layouts according to the flow rate. When the speed is slow, solutes have time to arrange by Brownian motion and form an ordered phase while high-speed solutes are jammed into a disordered phase. However, Brownian motion is often neglected in evaporation system because this latter is widely weaker compared to other transport mechanisms [START_REF] Rakers | Influence of the evaporation rate on the packing order of polydisperse latex monofilms[END_REF][START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF]).

Skin formation

The scientific community has long paid attention to the surface formation process. Investigating the way that the skin of a powder is formed includes two stages, i) understanding the way that a concentration gradient can be established from the droplet center to the surface and then ii) the behaviour of components that are over-concentrated at the interface.

Three main hypotheses originating from theoretical and experimental studies [START_REF] Kentish | Milk skin formation during drying[END_REF][START_REF] Kim | On the mechanisms of surface formation and the surface compositions of industrial milk powders[END_REF][START_REF] Wang | A review of process simulations and the use of additives in spray drying[END_REF] have been suggested to explain the occurrence of concentration gradients:

The first assumption was proposed by [START_REF] Charlesworth | Evaporation from drops containing dissolved solids[END_REF]. They hypothesized that the droplet evaporates in a homogenous way at the beginning of drying due to sufficient transport of water from the interior of the droplet to the surface to maintain saturated conditions. At a critical point,

water is lacking at the droplet surface to ensure saturated conditions and a solid phase appears then develops and forms the final skin.

A se ond hypothesis as suggested y Meerdink and an't Riet 1995 : a water gradient generated by evaporation establishes a component gradient in the opposite direction, from the surface of the droplet to the center. Segregation of components can be explained by different transport velocities depending on the concentration gradients of the components and on the diffusion coefficients of each component. The skin would thus be expected to be composed of higher molecular weight components such as proteins rather than low molecular weight components such as sucrose.

The last hypothesis was proposed by [START_REF] Fäldt | The surface composition of spray-dried protein-lactose powders[END_REF]. They observed that the more active surface components accumulate at the air-liquid interface and dominate the surface composition of the final powder. They therefore assumed that preferential accumulation should occur at the surface with regard to the active surface properties of each component, leading to over-representation of proteins in the composition of the powder skin compared to the bulk composition and to less active surface components (e.g., lactose and fat).

These hypotheses are complementary, and all three provide key answers to the way that components are driven to the interface. In addition, the question of skin formation also implies a rheological change of the interface.

The nature of the skin is still a matter of debate, it can be defined as a specific region with viscoelastic behaviour, a layer of soft gels, or a film of glassy polymers [START_REF] Okuzono | Simple model of skin formation caused by solvent evaporation in polymer solutions[END_REF]). However, it is accepted that when the volume fraction of components, Φ i , reaches a critical volume fraction, Φ g , a gel or a glassy phase occurs and then three phases coexist at the interface: a gelled skin as a barrier between the liquid core and the surrounding gas. Some studies have proposed that the skin may be promoted by weak diffusion [START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF] related to convective evaporation flow, a phenomenon which is usually studied in terms of the Peclet number [START_REF] Baldwin | Drying and deposition of poly(ethylene oxide) droplets determined by Péclet number[END_REF][START_REF] Manukyan | Imaging internal flows in a drying sessile polymer dispersion drop using spectral radar optical coherence tomography (SR-OCT)[END_REF][START_REF] Vehring | Particle formation in spray drying[END_REF]).

The Peclet number reflects the extent of convection in relation to diffusion and is commonly expressed by:

= ℎ 0 (10)
where h 0 is the initial height of the droplet, J the evaporation flux estimated from the loss of volume, V, per area unit, A, at the beginning of the drying process J=-1/A dV/dt, and D is the solute diffusivity (Eq. 8) according to solute size and the viscosity of water.

For a low Peclet number, the diffusion dominates, inducing low concentration gradients at the interfaces, while for a high Peclet number the convection dominates and the vertical gradients of solutes are more pronounced [START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF]. [START_REF] Okuzono | Simple model of skin formation caused by solvent evaporation in polymer solutions[END_REF] demonstrated that the formation of the skin depends on two parameters, i.e., the initial volume fraction of components, Φ i , and the Peclet number (Figure 20). When Φ i is near Φ g and Pe is high, the skin layer appears easily during drying, whereas no skin is observed for Φ i much smaller than Φ g and a low Pe value [START_REF] Ozawa | Diffusion-process during drying to cause the skin formation in polymer solutions[END_REF]. 2006)).

Mechanical properties of the skin

When the sol-gel transition is reached at the droplet surface, the skin formed is submitted to considerable capillary stresses induced by the loss of water occurring at the surface. According to the internal properties of the skin, mechanical instability may occur at the surface whatever the drying configuration. For droplets suspended from a capillary, Hassan and Mumford distinguished two kinds of mechanical evolution of the surface [START_REF] Hassan | Mechanisms of drying of skin-forming materials; the significance of skin formation and a comparison between three types of material[END_REF]. On the one hand, a smooth, flexible shell is progressively formed during drying: its elasticity allows the particle to undergo inflation or expansion cycles and shrink even after the skin has formed. On the other hand, a more porous and rigid skin crust may be formed, with lower resistance to vapour diffusion. The skin thickens to form a crust, and particles then keep their shape and size until the end of drying. As they cannot expand to resist the internal pressure, fracture formation may occur at the surface resulting in brittle particles.

The final particle shape is governed by the capacity of the skin to deform: for example buckled and collapsed shapes for levitated droplets as reported by [START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF] who considered that buckling instability is a viscoelastic response of the skin to capillary forces occurring as the water evaporates. The beginning of drying consists of isotropic shrinkage of the droplet, inducing concentration of solutes and increase in surface viscosity. When the skin starts to bulk, these authors hypothesized that the surface would change to an elastic shell.

Identical surface instability may be observed for sessile droplets. Pauchard and Allain (2003c) described shape distortions after the sol-gel transition or glassy transition for colloidal and polymer droplets. They described the occurrence of such mechanical instability and the degree of deformation as a function of the physicochemical conditions. On the other hand, [START_REF] Sobac | Structural and evaporative evolutions in desiccating sessile drops of blood[END_REF] identified the nucleation of cracks for a critical concentration of solutes, leading to a typical distribution of fractures around the particle.

Overall, particle formation seems to be governed by two main factors: the rheological evolution of the material and the occurrence of surface distortions (Pauchard and Allain 2003c). These spatial and te poral distortio s result fro the ski 's a ility to withsta d i ter al stresses. These echa ical properties of the material thus strongly contribute to the final shape of the particle (Figure 21). 

Single-droplet studies: control of particle features

The aim of the following section is to provide a brief overview of how experimental conditions can influence particle formation and its physical properties such as the size and shape of particles.

Influence of bulk

Several factors related to the bulk properties have been reported to have strong influences on the quality of the resulting particles.

A pioneering investigation into the impact of the nature of the components was undertaken by Walton and Mumford (1999 a,b) by means of the drying of a single-droplet system. In this study, three categories of particle (crystalline, skin forming, and agglomerate) were distinguished according to their drying behaviours and their final particle shapes.

The respective intrinsic properties of each component strongly influence the properties of the resulting particles. For example, different crystallization propensities lead to hollow particles in the case of amorphous carbohydrates while porous particles are obtained with crystalline carbohydrates [START_REF] Elversson | Particle size and density in spray drying-effects of carbohydrate properties[END_REF]. The glass transition induces strong rheological modifications which can be manifested through skin formation [START_REF] Adhikari | Effect of addition of maltodextrin on drying kinetics and stickiness of sugar and acid-rich foods during convective drying: experiments and modelling[END_REF][START_REF] Shrestha | Spray drying of skim milk mixed with milk permeate: effect on drying behavior, physicochemical properties, and storage stability of powder[END_REF]. Similarly, [START_REF] Werner | Single droplet drying:transition from the effective diffusion model to a modified receding interface model[END_REF] related the mechanical stress of the skin at the glass transition temperature to the temperature and the water content of the droplet surface. Surface activity of components is also known to affect particle shape [START_REF] Kawakami | Investigation of the dynamic process during spray-drying to improve aerodynamic performance of inhalation particles[END_REF]. Because they are attracted to air-liquid interfaces, surfactants tend to reduce internal movements and modify surface properties. Thus, highly surfaceactive solutes are likely to induce the formation of spherical and hollow particles [START_REF] Maa | The effect of operating and formulation variables on the morphology of spray-dried protein particles[END_REF][START_REF] Paramita | Effect of additives on the morphology of spray-dried powder[END_REF]. Also very important are the effects of solubility, molecular weight, and diffusivity of components. The importance of solubility on particle size has been reported [START_REF] Elversson | Particle size and density in spray drying-effects of carbohydrate properties[END_REF][START_REF] Lin | Spray drying drop morphology: experimental study[END_REF]. Both studies reported the production of the smallest and most dense particles by the most highly soluble solutes. Moreover, molecular weight has been shown to have a key role in the composition and topography of the particle surface [START_REF] Kim | Surface characterization of four industrial spray-dried dairy powders in relation to chemical composition, structure and wetting property[END_REF][START_REF] Kim | On the mechanisms of surface formation and the surface compositions of industrial milk powders[END_REF]. Solutes of high molecular weight have more limited mobility and diffuse more slowly toward the droplet center.

Consequently, high molecular weight solutes tend to concentrate at the surface, inducing the earlier formation of a shell at the droplet surface [START_REF] Fäldt | Spray-dried whey protein/lactose/soybean oil emulsions. 1. Surface composition and particle structure[END_REF]. In contrast, minerals are found to be mainly located at the center of the droplet due to their higher diffusivity and their absence of tension-active properties [START_REF] Gaiani | Surface composition of dairy powders observed by X-ray photoelectron spectroscopy and effects on their rehydration properties[END_REF]. Finally, the ability of components to bind to water may also affect the drying kinetics and thus influence particle characteristics [START_REF] Ameri | Spray drying of biopharmaceuticals: stability and process considerations[END_REF].

In addition to the nature of solutes, some studies related that the properties of the solvent have also a key role both in determining the drying behaviour of the components and in the final structure of particles [START_REF] Carver | Unexpected polymorphism and unique particle morphologies from monodisperse droplet evaporation[END_REF][START_REF] Raula | Influence of the solvent composition on the aerosol synthesis of pharmaceutical polymer nanoparticles[END_REF][START_REF] Wan | Critical solvent properties affecting the particle formation process and characteristics of celecoxib-loaded PLGA microparticles via spray-drying[END_REF].

Finally, the feed concentration and the viscosity are known to affect particle size. Larger particles are observed for high concentrations, due to the formation of larger droplets induced by a more viscous concentrated solution [START_REF] Elversson | Particle size and density in spray drying-effects of carbohydrate properties[END_REF]Walton and Mumford 1999b). In addition, the feed concentration and density may also have a strong influence on the shell thickness. A thinner and more flexible shell can be expected for lower concentrations, while a thicker and thus more rigid shell is more likely to be produced with higher feed concentrations [START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF]. Particles with thicker shells are not able to collapse, as reported by Rogers et al. (2012) for monodispersed droplets and by [START_REF] Fu | Shrinkage behaviour of skim milk droplets during air drying[END_REF] for suspended droplets.

Influence of process parameters

Drying kinetics is of major importance in the particle formation process. Drying kinetics can be managed through various process parameters such as the drying temperature, humidity, droplet size, and feed and air flow rates, all independently.

The influence of the drying temperature in particle formation represents an important focus of research, and many investigations have been carried out [START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF][START_REF] Gaiani | How surface composition of high milk proteins powders is influenced by spray-drying temperature[END_REF][START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF][START_REF] Maas | The impact of spray drying outlet temperature on the particle morphology of mannitol[END_REF][START_REF] Vignolles | Fat supramolecular structure in fat-filled dairy powders: a tool to adjust spray-drying temperatures[END_REF]. It is well known that higher drying temperatures involve faster water evaporation rates at the droplet surface, resulting in rapid component precipitation and crust formation fixing the droplet as soon as it is formed. This has a direct influence on particle size, with the formation of larger particles at higher temperatures and smaller particles at lower temperatures. As for particle shape, the evolution of droplet distortion throughout the drying process was recorded by [START_REF] Alamilla-Beltrán | Description of morphological changes of particles along spray drying[END_REF]. The authors reported a greater degree of shrinkage at lower temperatures and inflation and breakage phenomena at higher temperatures for maltodextrin droplets. These temperature particle shape relationships were reported both for suspended droplets [START_REF] Fu | Shrinkage behaviour of skim milk droplets during air drying[END_REF]) and for monodispersed droplets [START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF]. The strong relationships between the composition of the particle surface and drying temperatures have been widely investigated [START_REF] Fäldt | Spray-dried whey protein/lactose/soybean oil emulsions. 1. Surface composition and particle structure[END_REF][START_REF] Kim | Surface characterization of four industrial spray-dried dairy powders in relation to chemical composition, structure and wetting property[END_REF][START_REF] Murrieta-Pazos | Composition gradient from surface to core in dairy powders: agglomeration effect[END_REF][START_REF] Nijdam | The effect of surface composition on the functional properties of milk powders[END_REF]. It has been shown that lower temperatures allow the diffusion process to occur in the droplet with a redistribution of components according to their own characteristics (molecular weight, solubility) and affinity (surface activity). In contrast, higher temperatures tend to fix the system through rapid shell formation and maintain the initial component dispersion unchanged. Moreover, according to the heat sensitivity of each component contained in the bulk, a given temperature can induce specific mechanisms such as protein denaturation, leading to the formation of insoluble material [START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF] or crystallization of carbohydrates [START_REF] Chiou | The effect of temperature on the crystallinity of lactose powders produced by spray drying[END_REF][START_REF] Maas | The impact of spray drying outlet temperature on the particle morphology of mannitol[END_REF]), all affecting the final surface and shape of a particle.

The way that the droplet is generated represents another key factor. Indeed, droplets of different sizes can be produced according to the characteristics of the spray device, thus affecting their drying kinetics and hence their final particle features [START_REF] Walzel | Influence of the spray method on product quality and morphology in spray drying[END_REF]. For example, a high rotation speed of the rotating wheel and a lower feed concentration result in smaller particles (Littringer et al. 2012b). Smaller particles and faster drying avoid any movement of solids and mostly result in spherical particles. In contrast, atomization of the air flow may be reduced or the nozzle orifice diameter may be increased in order to obtain larger particles [START_REF] Elversson | Droplet and particle size relationship and shell thickness of inhalable lactose particles during spray drying[END_REF]. As previously described, the formation of the droplet may be strongly influenced by the viscosity, the surface activity of components, and the concentration of solids independently of the spray device.

Finally, the choice of the drying parameters may also affect the drying kinetics [START_REF] Birchal | Effect of spray-dryer operating variables on the whole milk powder quality[END_REF][START_REF] Chow | Particle engineering for pulmonary drug delivery[END_REF][START_REF] Maa | The effect of operating and formulation variables on the morphology of spray-dried protein particles[END_REF][START_REF] Okuyama | Preparation of nanoparticles via spray route[END_REF][START_REF] Paudel | Manufacturing of solid dispersions of poorly water soluble drugs by spray drying: formulation and process considerations[END_REF][START_REF] Vicente | Fundamental analysis of particle formation in spray drying[END_REF]. For example, the feed flow rate influences the residence time of a particle in the system and thus governs its drying history, taking into account the relative humidity and the outlet air temperature [START_REF] Paudel | Manufacturing of solid dispersions of poorly water soluble drugs by spray drying: formulation and process considerations[END_REF]. Increasing the breaking strength of particles has been reported for high feed flow rates (Littringer et al. 2012a). The choice of the type of atomization gas and air flow rate contributes to the formation of specific particle attributes, as reported by [START_REF] Islam | The effect of different atomizing gases and drying media on the cristallization behavior of spray dried powders[END_REF]. These authors observed different crystallization behaviors according to the type of drying gas.

In conclusion, bulk properties and process parameters are intercorrelated fundamental variables in particle attributes as illustrated in Figure 22. 

Single-droplet studies of expected functionality of particles

The above studies showed that both component properties and process parameters are important in determining the drying behaviour of the material and the size and shape of particles. Controlling particle features is a major challenge for powder performance in many industrial fields, ranging from food and dairy processing, ceramics, paints, fertilizers, and detergents to the pharmaceutical industry [START_REF] Paudel | Manufacturing of solid dispersions of poorly water soluble drugs by spray drying: formulation and process considerations[END_REF]. This last section sets out the three main areas currently involved in particle engineering and describes the main applications of these controlled shape particles.

Nanotechnology

In material processing, spray drying allows the production of nanoparticles (1 to 100 nm) of metals, semiconductors, and oxides. Spherical silica particles are usually defined by a controllable mesostructure and mesopore size. This represents a fascinating intellectual challenge for potential applications in the production of catalysts, low dielectrically constant chromatography fillers, pigments, microelectronic, and electro-optic elements [START_REF] Amelia | Assembly of magnetic microcomposites from low Ph precursors using a novel micro-fluidic-jet-spray-dryer[END_REF][START_REF] Iskandar | Enhanced photocatalytic performance of brookite TiO2 macroporous particles prepared by spray drying with colloidal templating[END_REF][START_REF] Okuyama | Preparation of functional nanostructured particles by spray drying[END_REF][START_REF] Okuyama | Preparation of nanoparticles via spray route[END_REF].

Pharmaceutical applications

In the pharmaceutical industry, spray drying is used as a particle-tailoring technique for drug delivery.

Drug particles consist of a solid pharmaceutical dispersion of active ingredients in an inert carrier matrix [START_REF] Paudel | Manufacturing of solid dispersions of poorly water soluble drugs by spray drying: formulation and process considerations[END_REF]) such as microspheres for longacting delivery [START_REF] Ameri | Spray drying of biopharmaceuticals: stability and process considerations[END_REF], fine powders for pulmonary delivery [START_REF] Chow | Particle engineering for pulmonary drug delivery[END_REF], and vaccine powders for intradermal delivery [START_REF] Sou | New developments in dry powder pulmonary vaccine delivery[END_REF]). To ensure efficacy of a drug, development has focused on particles designed with specific aerodynamic features such as particle size, density, porosity, surface roughness, and surface energy [START_REF] Kawakami | Investigation of the dynamic process during spray-drying to improve aerodynamic performance of inhalation particles[END_REF]. With their reduced size and hence their larger specific surface area, nanoparticles make it possible to increase the absorption rate of principle active ingredients, improve their bioavailability, and permit their diffusion to the target [START_REF] Arpagaus | A novel laboratory-scale spray dryer to produce nanoparticles[END_REF]. Dispersibility of inhaled particles is essential for aerosol systems, and this depends on the physical properties of the particles and their potential interactions with others [START_REF] Raula | Influence of the solvent composition on the aerosol synthesis of pharmaceutical polymer nanoparticles[END_REF]. For example, corrugated particles with an irregular surface lower the area of contact between particles and limit powder cohesiveness [START_REF] Chew | Use of solid corrugated particles to enhance powder aerosol performance[END_REF] and lower density particles are more likely to travel along airstream lines and reach deep into the lung for effective deposition [START_REF] Maa | Protein inhalation powders: spray drying vs spray freeze drying[END_REF]). On the other hand, from a manufacturing point of view, compaction and dispersion of powders are very important to ensure successful calibration of tablets and capsules. These properties can be improved by particle size enlargement, increased particle density, or else monitoring the particle morphology.

Food industry applications

Spray drying is widely used in food technology to extend the stability of a product, make its storage Moreover, in the food industry, there is considerable interest in developing agglomerated, coated, and encapsulated particles by spray drying. The ingredient of interest is totally enveloped by an inert coating aterial a d preserved i the core of the particle. These s art particles are used to reduce the reactivity of the core with the e viro e t, co trol the release of the ingredient, mask the core taste, and promote easier handling [START_REF] Gharsallaoui | Applications of spray-drying in microencapsulation of food ingredients: an overview[END_REF]). Finally, spray drying techniques offer various factors key to controlling particle formation, thus resulting in a wide range of particles of defined size, shape, surface properties, and density and providing physical characteristics which are valuable for many prospective applications. Powder science and technology are making considerable progress by creating new opportunities to enhance material performance by means of particle engineering. Spray drying represents a one-step method for producing complex formulations with specific particle characteristics.

Spray drying can serve not only as an effective research tool but can also aid a manufacturing on large scale.

Conclusions

Spray drying is a unit process operation that has been demonstrated to be valuable in the development of high value added products. Understanding the process of droplet / particle transition and identifying the key factors governing the final particle features are essential for achieving optimal properties. In this review, current and potential applications of controlled particle properties are discussed; the latter present the major challenges with regard to spray drying technology and the underlying research and development opportunities. However, full understanding of the drying phenomena and explanation of particle formation are still issues that are difficult to solve on an industrial scale. This review aims to illustrate that a multi-scale approach with scaling down to a simple system such as single-droplet drying may provide key elements for spray drying control. In particular, the single-droplet system has contributed extensively to fundamental and applied understanding of drying (evaporation) phenomena. Finally, investigation of a single droplet may represent a key approach to spray drying in order to improve understanding of the chemical and physical mechanisms involved in particle processing and govern the properties of the final particle.

CHAPTER 3: 

AIMS AND STRATEGY OF THE PHD PROJECT

Context of the PhD project

Destined for the most sensitive members of the population, infant formulae are subject to specific attention, strict regulations and quality control. As previously stated ( § 2.1.5) these products are very complex in terms of nutrient composition and nutritional benefit; additionally, physicochemical reactions occurring in the product and powder properties would also affect product quality (Figure 23). In order to synthesise the current situation, an infant formula has to meet various and specific requirements:

Nutrient composition: Because human and cow's milks are different in several aspects, the composition of an infant formula has to be adapted in terms of different nutrients. Moreover, infant formulae are prepared according to regulations which specify minimum and maximum requirement levels for specific nutrients.

Nutritional benefit: These products ensure the growth and development of babies by means of a nutritionally complete composition. Some formulae have been developed to prevent specific baby disorders such as allergy to milk proteins.

Product functionality: Infant formulae must have a regular density to be suitably packaged, have good flowability and floodability to facilitate their handling and finally be easy to rehydrate.

Product stability: In addition to its safety, an infant formula has to conserve high quality during storage and thus limit its water adsorption, oxidation, lipolysis, and lactose crystallisation reactions as well as phase separation and precipitation of the rehydrated milk. Control of all these quality requirements is of great importance for infant formula powders. Even a slight variation in these different items, such as powder flowability or rehydration ability, will cause technical problems and the final consumer will consider the product to be of bad quality. This last point has considerable repercussions for the product and the company image.

All these quality requirements are strongly linked to the way the different components interact in the solution and the way the bulk solution reacts to the different operation processes. In order to preserve the nutritional benefit of the infant formula, nutrients need to be protected and maintained during the different processing stages. A good example is the potential loss of lysine (Maillard reaction) in the case of severe heat treatment or when spray drying is performed with a high outlet drying temperature [START_REF] Schmitz-Schug | Impact of the spray drying conditions and residence time distribution on lysine loss in spray dried infant formula[END_REF]. The conservation of powders throughout storage is also very dependent on the formulation, the process and the storage conditions. Conservation can be obtained for example through good emulsification and stabilisation of the fat globules by means of surfactants or encapsulation methods [START_REF] Augustin | Nano-and micro-structured assemblies for encapsulation of food ingredients[END_REF]. This process avoids the occurrence of free fat on the powder surface, which is known to promote oxidation, lipolysis and poor rehydration ability of powders.

The final properties of powders such as their density, porosity, compressibility, flowability and rehydration can also be very variable from one batch to another. Control of the particle size, shape and internal structure is essential.

Although the formulation of infant formula is complex, one component is involved in all quality challenges: proteins. Due to their nutritional properties, their natural surface tension properties, their gel forming properties, anti-oxidant properties and their reactivity with other ingredients (proteinpolysaccharide interactions), proteins are key ingredients in an infant formula. Moreover, in these products, which have become more and more specialized with regard to the nutritional benefits for babies, more specific protein sources are used today in order to achieve well defined functionalities. As explained previously, the progress in purification technology has led to a wide range of protein concentrates and isolates. However, and despite their interesting properties and high value status as components, the use of the latter still presents technical challenges due to their high hygroscopicity (e.g. highly hydrolysated proteins), their poor rehydration (e.g. casein micelles), their sensitivity to heat treatment (e.g. whey proteins) and ionic environment (e.g. casein micelles).

It is therefore of major importance to have a thorough knowledge of protein behaviour during the spray drying process in order to preserve and explore their great potential for an infant formula: this issue is the basis for the funding of this PhD by United Pharmaceuticals in the CIFRE framework.

However, and as previously stated, spray drying on an industrial scale presents certain technical limitations (time scale, spray versus agglomeration, etc.) to the investigation of what happens during the drying process. This is the reason why a multi-scale research strategy has been implemented for the purposes of this PhD.

Aims, objectives and strategy

The aim of the PhD project is to provide some answers regarding the variability of industrial powder quality by means of a global approach to the interactions between formulationspray drying-powder functionalities.

The focus is on the milk proteins which are ingredients of great nutritional and functional importance in infant formulae and whose properties strongly influence the final quality of the product.

Obviously, the dairy industry knows the composition of their formulae and their industrial tools well, in order to comply with regulatory matters. Where there is a lack of information is what happens inside the chamber when a solution is sprayed.

Finally, it appears necessary to improve understanding of what happens during the spray drying of a solution in order to control the quality of a powder. This leads to the following scientific questions:

 How does a droplet become a dried particle? What are the physicochemical mechanisms involved in the droplet-particle transition?

 How much do the final physical properties of the particles result from the mechanical properties of the protein material?

 To what extent is the formation of particles affected by the protein material and the drying parameters?

 What is the impact of particle morphology on powder functionalities?

An innovative strategy was adopted to tackle these issues. It involved investigating the dryi g

phe o e o on different scales: a single droplet, a confined droplet, a jet of mono-dispersed droplets and a semi-industrial spraying cone of droplets (Figure 24). This multi-scale approach allowed us to break All experiments were carried out for whey protein isolates (WPI) and native phosphocaseinates (NPC)

as model milk protein system, because they are purified fractions (as previously stated § 2.1.4) and wellstudied proteins.

Figure 24: Strategy of the PhD project: investigation of the drying process by multi-scale approach.

Originality of the research project

This project was carried out using fundamental and experimental information on the dryi g phe o e o . In fact, the PhD project has had to combine both aspects of industrial spray-drying as well as aspects related to protein concentrates of soft matter systems. Multi and inter disciplinary collaboration was therefore required: in particular, collaborative research was undertaken with CNRS Orsay (Fluides, Automatique et Systèmes Thermiques, FAST) and CNRS Rennes (Institut de Physique de Rennes, IPR) for the single 2D and 3D droplet experiments and interpretation, respectively. This provided access to more specific instruments, analytical tools and fundamental understanding of dispersed systems.

PART 2

RESULTS AND DISCUSSION

CHAPTER 4: DRYING OF A SINGLE PENDANT DROPLET TO STUDY DROPLET-PARTICLE CONVERSION

In this chapter, a new approach is proposed in order to investigate droplet-particle conversion. A single droplet of a concentrated solution of proteins was deposited onto a hydrophobic substrate and placed in a dry environment. Complementary methods were used to monitor in situ both the drying kinetics and the evolution of the external and internal structures of the droplet during drying. Our results

showed that whatever the nature of protein, particle formation included three dynamic stages, clearly delimited by the loss of mass and the evolution of the internal and external shapes of the droplet.

Concomitantly, typical and reproducible particle shapes were observed according to the nature of the proteins. The particle morphology was strongly influenced by the drying environment, the contact angle, and the initial protein concentration, all of which governed the duration of the droplet shrinkage, the degree of buckling, and the shell thickness. These results are discussed in terms of specific drying behaviours of whey proteins and casein micelles in forming a predictable and a characteristic particle shape. The first part, dealing with whey proteins, was published in Langmuir (Paper 2 ) and the second on casein micelles is currently under review in Food Hydrocolloids (Paper 3 ).

The main aims of the work presented in this chapter were to:

-adapt the sessile droplet approach to the study of the drying behaviour of milk proteins -describe the transformation of the droplet in a dried particle in-and ex situ -highlight physical phenomena involved in the droplet-particle conversion 

Food Hydrocolloids

Introduction

The drying of droplets is a common process that results in dried particles with specific internal and external structures. According to the processing conditions and bulk physicochemical properties, the stress induced by spray drying may result in a wide range of particle structures such as puffed, hollow, fully filled and buckled particles [START_REF] Werner | Single droplet drying:transition from the effective diffusion model to a modified receding interface model[END_REF][START_REF] Vehring | Particle formation in spray drying[END_REF]Walton & Mumford, 1999b;[START_REF] Eslamian | Effect of precursor, ambient pressure, and temperature on the morphology, crystallinity, and decomposition of powders prepared by spray pyrolysis and drying[END_REF]. The final morphology determines some of the quality attributes of the particle (particle size, particle density, brittleness, dispersibility, and moisture content) and governs its end use (Walton & Mumford, 1999a;[START_REF] Vehring | Particle formation in spray drying[END_REF][START_REF] Hassan | Mechanisms of drying of skin-forming materials; the significance of skin formation and a comparison between three types of material[END_REF]. Controlling the particle structure therefore represents a key point for several applications such as electronics [START_REF] Jung | Kinetically driven self-assembly of a binary solute mixture with controlled phase separation via electro-hydrodynamic flow of corona discharge[END_REF], optical materials [START_REF] Iskandar | Nanoparticle processing for optical applications -A review[END_REF], drug carriers, and food powders [START_REF] Chan | Dry powder aerosol drug delivery-Opportunities for colloid and surface scientists[END_REF][START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF].

However, the process of particle formation is still not fully understood and represents an extensive research field [START_REF] Schutyser | Single droplet drying for optimal spray drying of enzymes and probiotics[END_REF]. Because the evaporation of a droplet occurs within a few seconds in a spray-drying process [START_REF] Schuck | Drying by desorption: A tool to determine spray drying parameters[END_REF], its investigation remains difficult. One strategy is to study the drying phenomenon of a single droplet under relevant conditions. The desiccation of a single droplet deposited onto a hydrophobic substrate may in fact provide fundamental insights into particle formation [START_REF] Perdana | Single-Droplet Experimentation on Spray Drying: Evaporation of a Sessile Droplet[END_REF]Marin et al., 2012). This experimental approach allows direct and accurate o servatio of the droplet-particle co versio .

Various physical phenomena such as solvent diffusion [START_REF] Erbil | Evaporation of pure liquid sessile and spherical suspended drops: a review[END_REF], internal flows (Gorr et al., 2012b), phase transition (Pauchard & Allain, 2003a), and skin formation are involved in the drying of a sessile droplet [START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF][START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF]. Under the given desiccation conditions (temperature, relative humidity, and pressure), the evaporation flux concentrates solutes on the free surface, and a sol-gel or glass tra sitio ay take place, thus for i g a thi viscoelastic layer [START_REF] Okuzono | Simple model of skin formation caused by solvent evaporation in polymer solutions[END_REF].

For highly concentrated systems (>10 wt %), this thin layer has mechanical properties that influence the shape dynamics of the droplet in a way that strongly depends on the nature of the system being investigated (colloids, polymers, or complex systems).

To the best of our knowledge, only a few groups have studied the desiccation of simple biological fluids such as protein isolate dispersions [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Accardo | In Situ X-ray Scattering Studies of Protein Solution Droplets Drying on Micro-and Nanopatterned Superhydrophobic PMMA Surfaces[END_REF][START_REF] Tarasevich | Segragation in desiccated sessile drops of biological fluids[END_REF][START_REF] Annarelli | Cracks patterns in drying protein solution drops[END_REF]Gorr et al., 2012a;[START_REF] Choi | Droplet Evaporation of Pure Water and Protein Solution on Nanostructured Superhydrophobic Surfaces of Varying Heights[END_REF][START_REF] Accardo | Lysozyme fibrillation induced by convective flow under quasi contact-free conditions[END_REF].

Most of these studies have been carried out under mild drying conditions (at ambient temperature and relative humidity) with glass slides as the substrate (low contact angle). Only two studies have applied stressful drying conditions to the droplet by using hot air [START_REF] Perdana | Mimicking spray drying by drying of single droplets deposited on a flat surface[END_REF], pressure, and relative humidity [START_REF] Baldwin | Drying and deposition of poly(ethylene oxide) droplets determined by Péclet number[END_REF]. Nevertheless, understanding the behaviour of proteins in stressful environment and the consequences for the structural and mechanical evolution of the system is becoming an important focus of interest in many fields [START_REF] Bouchoux | Molecular Mobility in Dense Protein Systems: An Investigation through 1H NMR Relaxometry and Diffusometry[END_REF][START_REF] Zimmerman | Macromolecular Crowding -Biochemical, Biophysical, and Physiological Consequences[END_REF].

In this study, we focused on whey protein isolate (WPI) and native phosphocaseinate (NPC)

concentrates. Due to their interesting functionalities and natural abundance in milk, these two proteins are widely used in the food, cosmetic and pharmaceutical industries. Moreover, and as previously stated ( §3.2), WPI and NPC are well-studied proteins and the differences in their size and structure make both systems appropriate and relevant to study systems and assess their influence on droplet-particle conversion.

Our aim was to investigate the shape dynamics and final structure of a whey protein and casein micelle droplets under stressful drying conditions on a nonwetting surface by using a hydrophobic substrate and low relative humidity. We developed an approach combining complementary methods including a microbalance, a high-speed camera, and confocal microscopy to increase our understanding of the particle-formation process under relevant conditions. It was thus possible to monitor in situ both the drying kinetics and visualization of the external and internal structures of the droplet during drying.

Materials and methods

Solution preparation

Whey protein isolates

Whey proteins represent the globular protein fraction of milk that remains soluble over the whole pH range. WPI are mostly composed of two globular milk proteins: 50% β-lactoglobulin, often in dimer form (molecular mass of 36.6 kg•mol -1 ) with tertiary structure highly sensitive to temperature and pH, and 0% α-lactalbumin (molecular mass of 14.2 kg•mol -1 ) (Walstra et al., 2006a). In general, it is considered that the diameters of whey proteins range between 3 and 12 nm. In this study, the WPI concentrate was prepared from WPI industrial concentrate concentrated to 250 g•L -1 and diluted to 200, 150, and 100 g•L -1 in deionized water containing 0.02% sodium azide as a bacteriostatic agent. Proteins were labeled with fluorochrome fluorescein isothiocyanate (FITC, Sigma-Aldrich) by adding 12.5 ppm of fluorescein solution (5 g•L -1 FITC in dimethyl sulfoxide, DMSO, Sigma-Aldrich) to the WPI concentrate before the experiment.

Native phosphocaseinates

Caseins represent 80% of the proteins in bovine milk and form a natural colloid by self-assembly of caseins and calcium phosphates into a supra-olecular structure. These icelles are poly-dispersed, roughly spherical and hydrated with diameters ranging between 40 to 300 nm (Walstra et al., 2006a).

They are composed for four major proteins,  s1 -casein,  s2 -casein, -casein, and -casein at at a ratio of approximately 40:10:35:12. A -casein brush layer present at the surface stabilizes the casein micelles through intermicellar electrostatic and steric repulsion. Casein micelle concentrate was prepared from native phosphocaseinate powder (protein content was 82% w/w) obtained from industrial source and was reconstituted at 100 g.L -1 protein in osmosed water at 50°C containing 0.02% sodium azide as a bacteriostatic agent, with continuous stirring for two days at 20°C to ensure full dissolution. Casein micelles were labelled with fluorochrome fluorescein isothiocyanate (FITC, Sigma-Aldrich) by adding 12.5 ppm of fluorescein solution (5 g.L -1 FITC in dimethylsulfoxide, DMSO, Sigma-Aldrich).

Hydrophobic substrate and drying conditions

A droplet of 0. ± 0.01 g was for ed with a icrosyri ge 0.5 μL syri ge, "GE A alytical "cie ce and deposited onto a hydrophobic substrate (Figure 25). μ ce ter-to-center distance. This pattern was made according to soft lithography techniques [START_REF] Moulinet | Life and death of a fakir droplet: Impalement transitions on superhydrophobic surfaces[END_REF][START_REF] Papadopoulos | Wetting on the Microscale: Shape of a Liquid Drop on a Microstructured Surface at Different Length Scales[END_REF], and its design conferred a small contact area with the droplet, making it possible to maintain the spherical shape of the droplet and to limit its impact on droplet dynamics during drying. The substrate provided a contact angle of around 106° for a water droplet, around 103° for a WPI droplet and around 108° for a NPC droplet.

A pendant configuration of the droplet was adopted in order to maintain a spherical shape as much as possible and avoid an inversion of the curvature of the particle [START_REF] Chen | Buckling-induced structural transition during the drying of a polymeric latex droplet on a solid surface[END_REF]. In the sessile configuration, it is well known that the shell collapses under a gravity and pressure gradient when water evaporates through the porous shell [START_REF] Chen | Buckling-induced structural transition during the drying of a polymeric latex droplet on a solid surface[END_REF][START_REF] Pauchard | Invagination during the collapse of an inhomogeneous spheroidal shell[END_REF]. Therefore, with a suspended system, the impact of drying kinetics and matter might be more noticeable.

Temperature, T, was kept constant at 20 °C (± 0.5) whereas the relative humidity, RH, was decreased to 2% by means of excess zeolites (HG2-DES-3, Rotronic) in order to ensure a constant drying stress. It is worth noting that the environment around the droplet is a key factor in the drying process because the diffusion of vapour into the surrounding air is driven by the difference between the saturation pressure and the vapour pressure. Thus, the drier the surrounding air, the faster the evaporation of the solvent in order to balance the vapour pressure.

Coupling methods

The droplet-particle co versio was followed y o itori g the ass loss, the e ternal shape, and the internal structure of the droplet under the same experimental drying conditions.

The mass loss, m, was tracked using an ultramicrobalance (XP2U, Mettler Toledo) with an accuracy of 0.1 μg. It is i fact a ore accurate esti ator of the drying kinetics than the radius or height as usually used in the literature.

The external shape was recorded with a high-speed camera (Fastcam MC2 10000 NB, Photron) equipped with suitable objectives (Zoom 6000, Navitar). The droplet profile was obtained by image analysis. A light (Phlox 100/100°LLUB, Stemmer imaging) illuminated the droplet from behind to produce a uniform background. The atmospheric disturbance was reduced by using a sealed glass chamber (measuring 80 × 80 × 80 mm 3 ). The evolution of the droplet profile was measured by means of three shape indicators: the height, z, the base radius, r b (the radius at the contact line with the substrate), and the cap radius, r c , of the droplet (Figure 25 a,b). The cap radius represents the radius of a horizontal sectio of the droplet take 0 μ fro the su strate Figure 25b). This last indicator was chosen in order to provide more information about the shape evolution of the droplet during drying.

The internal structure was studied with an inverted TE2000-E microscope. It was used in fluorescence mode with a Nikon C1 Si laser scanning imaging system and a heliu -eo laser. A Niko 10X airimmersion objective with a 0.45 numerical aperture was used. FITC was excited at 488 nm, and the fluorescence from the solution was detected at 515 nm. The evolution of the internal structure was characterized y i agi g the fluoresce ce profile of a horizo tal sectio of the droplet take 0 μ fro the substrate. The fluorescence in the center of the horizontal section was recorded to evaluate the internal organization.

Drying took around 10 min, and data were recorded automatically every 10 s. Experiments were repeated three times. Controls consisted of the drying of water droplets under the same experimental conditions. For water, it was considered that evaporation was diffusion-controlled.

A z-stack on the final particle was performed with the confocal microscope in order to provide better imaging of the whole shape. Complementary scanning electron microscopy (SEM) was used to image the hydrophobic substrate and dry particles. The samples and the substrate were coated with gold/palladium and viewed using SEM (model 6301, JEOL) at 7kV. Images from the camera and the confocal microscope were analyzed by ImageJ software (US National Institutes of Health).

4.3. Dropletparticle transition of a single WPI droplet (Paper 2)

Shape dynamics during drying

The drying kinetics of WPI at 100 g•L -1 are summarized in Figure 26 through dimensionless values of shape and mass descriptors as well the fluorescence intensity of a central point (Figure 26a), photographic sequences (Figure 26b), and confocal sections (Figure 26c). We identified three different stages of drying corresponding to distinct morphological events and all occurring at characteristic times:

droplet buckling and vacuole formation occurred at two characteristic different times, t B and t V , respectively (Figure 26a).

Homogeneous shrinkage of droplet

When t < t B (4.3 min, Figure 26a), the spherical droplet progressively shrank with a considerable decrease in height. The droplet decreased in volume while retaining its hemispherical shape with a constant base radius. In the early stages, the base radius was pinned, as was previously observed for protein suspension as a result of the adsorption of proteins to pillars [START_REF] Annarelli | Cracks patterns in drying protein solution drops[END_REF][START_REF] Choi | Droplet Evaporation of Pure Water and Protein Solution on Nanostructured Superhydrophobic Surfaces of Varying Heights[END_REF]. The contact angle decreased continuously with time, leading to a constant contact radius evaporation mode during the first stage [START_REF] Picknett | Evaporation of sessile or pendant drops in still air[END_REF]. After reaching an initial equilibrium point (with a lower rate of kinetics due to the temporarily water-saturated atmosphere), the mass decreased progressively with time. The WPI droplet mass and pure water droplet mass ran almost parallel. Moreover, it was noted at this stage that the evolution of mass 2/3 was linear with time [START_REF] Arcamone | Evaporation of femtoliter sessile droplets monitored with nanomechanical mass sensors[END_REF]. Thus, the homogeneous shrinking of the droplet before t B could be attributed to the diffusion-controlled evaporation of water from the droplet surface into the surrounding air. 

Occurrence of buckling instability

The second stage (t B < t < t V ) was marked by a sudden change in all shape indicators as a result of the development of two types of surface instability (i.e., skin formation and its buckling). The height reduction slowed down while the cap radius decreased rapidly (Figure 26a). These two simultaneous events revealed the occurrence of the buckling instability at t B , which is defined as the time when the slope of the cap radius curve changes significantly (Figure 26a). Confocal sections fully confirmed the strong and isotropic decrease in the cap radius (Figure 26c). As the buckling developed near the contact line, a foot appeared at the periphery of the droplet base and fixed its contact angle (Figure 26b). Near t B , the mass loss rate did not change too much and fitted well with pure water evaporation; in contrast, the evaporation kinetics were slightly slower near t V .

All of these results revealed that significant rheological changes occurred at the surface of the droplet. It is well known for polymer and colloidal suspensions that distortions of droplets such as buckling can be explained by skin formation on the free surface (Pauchard & Allain, 2003a). These results suggest that when the skin appeared at the surface, this event induced a surface stress leading to the buckling of the droplet. The latter caused the strong decrease in the cap radius, leading to a final spherical and central cap shape surrounded by a small foot. The porous properties of the skin did not initially impede the solvent diffusion through the surface at the beginning of the second stage.

The occurre ce of a gelled foot has ofte ee reported as a localized sol-gel tra sitio taki g place at the droplet rim and moving to the center as a gelled front [START_REF] Tarasevich | Segragation in desiccated sessile drops of biological fluids[END_REF][START_REF] Ma | Crust Effect on Multiscale Pattern Formations in Drying Micelle Solution Drops on Solid Substrates[END_REF]. However, we observed here that the buckling instability induced both the foot for atio a d fi ed the height. It was therefore co sidered that the sol-gel tra sitio appeared ot o ly at the contact line but over the entire free surface of the droplet to form the droplet shell. The latter thickened with time tended to hinder evaporation progressively as it was observed with the slowing down of the drying kinetics. The porous shell then bent under the internal (skin) and external constraints (substrate and difference in pressure) accumulated at the base of the droplet. With the receding of the base radius at the end of this second stage, there was an inversion of the evaporation mode that is typical of a complex fluid. Indeed, [START_REF] Brutin | Influence of substrate nature on the evaporation of a sessile drop of blood[END_REF] reported different dynamics of the contact radius for whole blood droplets. The contact radius remained constant at the beginning of evaporation and receded or dewetted at the end. This was directly linked to the wetting properties of the substrate and the drying environment governing the gelation kinetics.

Vacuole formation

When t > t V , shape indicators no longer evolved. At t V , confocal sections showed the formation of an internal vacuole, which rapidly (around 7 min; Figure 26a) filled the entire space beneath the shell and led to a loss of fluorescence. As reported by [START_REF] Arai | Skin formation and bubble growth during drying process of polymer solution[END_REF] the formation of the skin is a necessary condition for vacuole initiation, as explained by a pressure change between the liquid and the atmosphere. At around 10 min, the mass stopped evolving significantly. The shell no longer thickened under drying stress: co focal sectio s revealed a shell protei of 78 μ at a dista ce of 0 μ fro the substrate (Figure 26c). Then a purely mechanical evolution of the shell occurred, leading to the development of a clear central fissure splitting the particle into two equal parts. This occurred with an irregular time distribution.

From the combined methods, the drying process of the WPI droplet revealed three stages involving different evaporation rates and droplet dynamics. During the first stage, the droplet behaved as a pure liquid with a faster evaporation rate. During the second stage, the protein concentration resulted in strong rheological modifications with skin formation on the free surface. Finally, the skin thickened and became a porous shell, with a sudden decrease in the evaporation rate in the last stage.

In this study, stressful drying conditions strongly impacted the drying kinetics, with fast rheological changes in the medium revealing two major morphological events at t B and t V . Buckling has been fully investigated in the case of the evaporation of polymer and colloidal suspensions [START_REF] Parisse | Drying of colloidal suspension droplets: experimental study and profile renormalization[END_REF].

However, the formation of an internal vacuole has not been investigated in the literature, and only a few studies related the observation of hollow particles after drying [START_REF] Manukyan | Imaging internal flows in a drying sessile polymer dispersion drop using spectral radar optical coherence tomography (SR-OCT)[END_REF], especially for lysozyme droplets [START_REF] Accardo | In Situ X-ray Scattering Studies of Protein Solution Droplets Drying on Micro-and Nanopatterned Superhydrophobic PMMA Surfaces[END_REF]. This phenomenon may be directly linked to the stresses induced by the drying rate and skin formation. Results reported [START_REF] Caddock | Influence of humidity on the cracking patterns formed during the drying of sol-gel drops[END_REF] highlighted the influence of a dry environment on the radial solute distribution. They reported that under drier conditions the final pattern showed a large and solid peripheral deposit with a central depression whereas gelation occurred through the entire space inside the droplet under more humid conditions.

Influence of the initial protein concentration

Moreover, the onset of these morphological events was also validated for higher concentrations of 150, 200, and 250 g•L -1 (Table 9 and Figure 27e). The characteristic time for the buckling event and thus skin formation seemed to be dictated by the initial concentration of the droplet. Indeed, t B was observed at around 2.3 min for 200 g•L -1 , which was half of the value observed for 100 g•L -1 : the higher the initial concentration, the faster the appearance of morphological events that obviously influenced the final particle shape (Figure 27e). With higher initial concentrations, the droplet did not have time to shrink progressively and became fixed early. A foot resulting to the buckling phenomenon appeared whatever the concentration with less amplitude for higher concentrations. Indeed, buckling was reduced at 200 and 250 g•L -1 with a considerably greater final height compared to that at 100 g•L -1 (Figure 27a-d a d Table 9). These results have been also observed by Bouman and al. as it will be discussed in the following section ( § 4.3.2, Figure 30). Here, the foot feature was probably a result of the time available for water diffusion. In other words, it depended on the duration of phase 1 and the first part of phase 2. These findings suggested that at higher concentrations the skin was strong enough earlier to bend only partially under drying stress. These results were consistent with those of [START_REF] Liber | Dense colloidal fluids fom denser ammorphous sediments[END_REF] who showed that the structure formed by a colloidal hard sphere depended on the initial concentration. This typical particle morphology depended strictly on both the experimental conditions (RH and contact angle) and the initial concentration, which affected the time scale of each drying regime (phases 1-3 . The way the ski is for ed is a key poi t to u dersta di g the fi al characteristics of the shell a d thus to controlling the particle morphology. This is the subject of the following section. profiles are reported according to morphological events: buckling at t B (noted as t B100 and t B200 for 100 and 200 g•L -1 , respectively) and vacuole formation at t V (noted as t V100 and t V200 for 100 and 200 g•L -1 , respectively); t 0 is the initial droplet profile.

Whey protein particle formation

Particle morphology is mainly governed by i the sol-gel tra sitio at the air-solution interface and ii)

the progressive thickening of the skin shell and iii) the evolution of its mechanical properties.

Final shape governed by the shell thickness (and additional data)

The drying of a concentrated WPI droplet resulted in a solid particle with a hemispherical cap shape.

Dry particles with different central cap shapes have been reported in the literature upon the drying of concentrated solutions (colloids and polymers), representing either very reduced domes [START_REF] Parisse | Drying of colloidal suspension droplets: experimental study and profile renormalization[END_REF] or elongated and taller cones (Pauchard & Allain, 2003b) such as a Me ica hat .

Remarkably, the drying of WPI resulted in a smooth, hemispherical cap shape for the range of concentrations tested, with a height greater than the base radius.

The occurrence of secondary levels of instability taking place at the end of drying, such as invagination with polymer solutions (Pauchard & Allain, 2003a;[START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF] or shell collapse with biological fluids [START_REF] Schutyser | Single droplet drying for optimal spray drying of enzymes and probiotics[END_REF]Rogers et al., 2012) has often been reported. However, in this study, the cap shape remained convex throughout the drying process without an invagination instability.

No peripheral cracks or fracture patterns were observed at the contact line, in contrast to studies on human biological fluids containing protein elements [START_REF] Brutin | Influence of substrate nature on the evaporation of a sessile drop of blood[END_REF]. Only a random, single central fracture that divided the droplet into two parts sometimes appeared at the end drying as a result of the continuous evolution of stresses between the shell and the substrate (Figure 28 a-c). In this study, the absence of a secondary instability associated with the neat and clean aspect of the shell fracture indicated specific mechanical properties of the shell.

The shell thickness was measured on the final dry particle with confocal analysis for a given z-stack scan for 100, 200, and 250 g•L -1 (Figure 28). Analysis was performed only for the cap-shaped part of the particle that ega 0 μ from the substrate. Indeed, the base of the droplet including the foot and the delamination of the droplet base made analysis difficult and can be considered to be an artefact resulting from the substrate and the initial concentration. The thickness of the shell increased with the i itial co ce tratio fro 78 μ for 100 g•L -1 to 100 μ for 50 g•L -1 ). It is worth noting that the cap shape had the same thickness from the base to the top of the particle. This uniformity is not commonly observed and many studies have reported an inhomogeneous crust with thicker particles at the base [START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF] for sessile droplet and solutes accumulation at the top of the droplet due to gravity

Results and discussion -Chapter 4: Drying of a single pendant droplet | 69 effect for pendant droplets [START_REF] Sandu | The influence of gravity on the distribution of the deposit formed onto a substrate by sessile, hanging, and sandwiched hanging drop evaporation[END_REF]. However, there were some cases in the present study where the thickness of the shell was influenced by the occurrence of a hole at the surface, inducing the nucleation of the internal vacuole (as shown in Figure 28 b,e). This last point will be discussed in the following section § 6.2.2. It might be possible that the internal vacuole nucleated by means of a surface irregularity (either from the substrate or from any impurity at the surface) but this last point still needs to be investigated. 

Skin formation defined by the internal flow direction

During evaporation, the droplet shape is governed by competition among the Deegan flow, Marangoni flow, and evaporative flux at the droplet surface. Deegan flow is a radial outward flow driven by a higher evaporation flux at the contact line [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. It results in an accumulation of solutes by capillarity from the center to the contact line, inducing its pinning and forming a solid deposit at the droplet periphery k ow as the coffee ri g . A gradie t of surface te sio usually i volves Marangoni instability. Convection rolls take place inside the droplet, dragging solutes along the surface to the center. Finally, the evaporative flux induces the diffusion of water and solutes (supposedly pulled by the water flow) from the center to the free surface to compensate for evaporated water.

These three types of flow are often proposed in the literature to explain the distribution of solutes at the surface and skin formation [START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF][START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF]. The importance of convection i relatio to diffusio is co o ly assessed through the Ṕclet number [START_REF] Majumder | Overcoming the "coffeestain" effect by compositional Marangoni-flow-assisted drop-drying[END_REF][START_REF] Okuzono | Final shape of a drying thin film[END_REF]. A i creasi g Ṕclet u er value reveals weak diffusion movement, and the solutes are mainly driven by the flow closer to the interface and deform the heterogeneous skin, as reported by [START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF] It may be calculated as Pe = h 0 J/D p , where h 0 is the initial height of the droplet, J is the evaporation flux estimated from the loss of volume, V , per area unit, A, at the beginning of the drying process J = -1/A dV/dt, and D p is the protein diffusivity estimated according to "tokes-Ei stei with the protein size and viscosity of water. In this study, Pe values ranged from 8 to 5

for 100 to 250 g•L -1 , respectively. These values were very low, and we therefore considered that diffusion was the most dominant flow at the beginning of the drying process. This is in agreement with the previous discussion of the first drying phases (Figure 26a), and these finding are consistent with those of Gorr et al. (2012b). The authors reported a cap-shaped particle for a Pe of less than 0.2 and assumed that the caplike pattern dictated by the initial concentration (density) resulted from dominant diffusive transport. The homogeneous shell revealed no spatial preference for solute accumulation and confirmed the diffusion control [START_REF] Okuzono | Final shape of a drying thin film[END_REF]. This assumed a progressive accumulation of solutes from the center to the surface pulled by an evaporative flux. The formation of the protein shell suggested hydric but not mechanical equilibrium in the buckling phenomenon.

Sol-gel transition at a critical concentration

As suggested above, the skin formation may be explained by a sol-gel tra sitio i duced y a local and critical concentration of proteins. This critical concentration is considered to be reached when the viscosity increases strongly and the elastic behaviour of the system becomes significant [START_REF] Okuzono | Final shape of a drying thin film[END_REF]. Its occurrence during the drying process may be related to the evolution of the solid mass concentration of the droplet (Figure 29). Obviously, under the stressful drying conditions implemented in this study, the sol-gel tra sitio occurred locally at the i terface air-solutio or su strate-solutio .

However, the mean concentration can provide an initial idea of the minimum value of the solid fraction required to trigger these phenomena. A phase transition between t B and t V was shown previously in which the droplet became a particle, with the formation of a skin progressively thickening into a solid glassy shell. In Figure 29, it can be seen that the buckling event for the 100 g•L -1 solution occurred from an average concentration of 22 wt%. The still-increasing curve suggests a porous shell that is not completely dry. For the other concentrations, the buckling occurred from 24 to 30 wt%. It seemed that the average critical concentration increased with the initial concentration. This was also observed for colloidal hard spheres [START_REF] Liber | Dense colloidal fluids fom denser ammorphous sediments[END_REF]. Moreover, the rapid occurrence of the buckling instability for WPI solutions of 200 and 250 g•L -1 confirmed the assumption that a transition occurred between 22 and 30 wt%.

In our study, it is of note that 200 and 250 g•L -1 solutions quickly underwent a buckling phenomenon that suggested the sol-gel tra sitio was close to these co centrations (i.e., around 30 wt%), which are substantially lower than the concentration range reported by [START_REF] Parker | The Nonequilibrium Phase and Glass Transition Behavior of ß-Lactoglobulin[END_REF] but consistent with the critical concentration for the phase transition of other biological fluids described in the literature (Sobac & Brutin, 2011;Bouchoux et al., 2009). Moreover, the sol-gel tra sitio occurred first at the air droplet interface because of water evaporation; therefore, the fact that the local whey protein concentration is higher than the average concentration obtained for the overall mass balance on the entire droplet. 

Additional information: the drying of a single sessile WPI droplet

The investigation of the drying behaviour of whey proteins through a sessile droplet system has been carried out by [START_REF] Bouman | The drying of a single whey protein droplet: vacuole and hole formation, Abstract for the International Drying Symposium[END_REF]. A specific experimental setup allowed the recording of the single droplet profile while varying different parameters such as temperature, initial concentration, presence of airflow and droplet rotation (Figure 30a).

These authors reported similar observations for the drying of a single WPI droplet: three dynamic stages, occurrence of an internal vacuole and formation of a spherical final particle (Figure 30b). They observed that the final morphology of the dried particles was also determined by the initial protein concentration (Figure 30 c-f). At lower WPI concentrations, (i.e. 5% and 10%) the droplets could not maintain their spherical shape during the drying process. Images these latter concentrations revealed gelled foot and the authors reported a surface deformation probably driven both by gravity and by the pressure gradient. On the other hands, droplets obtained from higher WPI concentrates (i.e. 20% and 30%) remained spherical with a negligible deformation at the base of the droplet.

These results well illustrated the reason why in the present work we decided to investigate the drying of a pendant droplet to avoid this inversion of curvature. Therefore we felt free to work with a 10% WPI solution of which the viscosity will not lead to droplet dispersion problems in the following experiment with the Mono Disperser Spray Generator (see Chapter 6). and totally disappeared after 8 min (Figure 31a). This shrinkage in volume was due to the late reduction of the base radius, retained by pillars. In contrast, the casein micelle droplet stopped decreasing early and underwent distortions to finally form a solid deflated particle at 9 min (Figure 31b). In Stage 1 due to the similar evolution of the base radius, the cap radius and the height, the droplet behaved as a droplet of water. The droplet was wholly liquid and shrank in a homogeneous way as shown in Figure 31b. This suggests that evaporation was controlled at the beginning of drying by diffusion of the water from the droplet surface toward the surrounding air, although proteins became progressively concentrated at the air-liquid interface.

Stage 2 represented the gelation of the surface, marked by the beginning of buckling of the droplet at t B . This surface instability occurred when the concave curvature of the base of the droplet (Figure 31b, 3 min) became convex (Figure 31b, 4 min). At this stage the shape indicators suddenly changed and became different from those measured for the water droplet, except for the base radius which was pinned to the substrate (Figure 31). The cap radius decreased substantially while the height tended to be constant. As evaporation progressed, the concentration of proteins changed the rheological properties of the interface, leading to a sol-gel transition. A thin skin was formed at the surface, directly affecting the dynamics of the droplet and causing buckling as the water evaporated.

At Stage 3, the profile of the casein micelle droplet seemed not to evolve further: constant shape indicators were measured whereas the water droplet evaporated rapidly. Such droplet dynamics were previously observed during the drying of whey proteins [START_REF] Sadek | Shape, Shell, and Vacuole Formation during the Drying of a Single Concentrated Whey Protein Droplet[END_REF], which showed three similar phases corresponding to evaporation of the free water at the surface, buckling instability and in that case solidification into a spherical particle.

However, the occurrence of a second phase of surface instability in the drying of casein micelles at t I clearly distinguished the behaviour of these two milk proteins. Indeed, the gelled surface of caseins invaginated in stage 3, forming wrinkles and finally leading to a deflated particle shape. The occurrence of this second deformation was evident with the confocal recording (Figure 33a). Time-lapse representations showed that soft invaginations appeared at 5 min, became deeper with time and stopped evolving at 9 min. It should be noted that, when the particle solidified, an internal vacuole developed as previously observed in the drying of whey proteins. 

Influence of the relative humidity on the occurrence of invaginations

The appearance of invaginations was not only related to the drying conditions. Invaginations also occurred during the evaporation of casein micelle droplets at higher relative humidity, HR ~ 40% (Figure 33b). Drying at different levels of relative humidity (HR ~ 2% and HR ~ 40%) impacted on the duration of the first stage, which is the time required to reach the sol-gel transition. The evaporation behaviour of the droplets during this first stage (Figure 33 a,b) can be described as a pure shrinkage stage by the d²law r 2 = r 0 2 - v t, where r is the droplet radius, r 0 the initial radius and  v the evaporation coefficient which depends on the thermodynamic properties of the droplet and on the drying conditions (Frohn & Roth, 2000b). The decrease in droplet radius is shown in Figure 33c for both drying conditions. The negative slopes on the trend curves allowed estimation of the evaporation coefficients of vapour in both conditions with  v (HR ~ 2%) = 0.4 10 -9 m 2 .s -1 and  v (HR ~ 40%) = 0.2 10 -9 m 2 .s -1 . Indeed, these values highlighted the slower evaporation of water at RH ~ 40%, meaning that stage 1 was twice as long and onset of invaginations was later (t I ~ 8 min) compared to RH ~ 2% condition (t I ~ 5 min). ) for drying at HR~ 2% (filled dots, three repetitions) and at HR~40% (empty dots, two repetitions). The slopes of the trend curves allow estimation of the evaporation coefficients.

Mass evolution of water and NPC droplets

Recording of the loss of mass of droplets confirmed the different phases in the drying process of casein micelles (Figure 34a). After an initial phase of stabilization (when kinetics were lower due to the temporary water-saturated atmosphere), the mass decreased progressively with time. Compared to the loss of mass for water, the casein micelles showed a similar tendency during stages 1 and 2 despite a slight difference due to the water holding capacity of caseins. One interesting point is that the onset of gelation did not seem to affect the loss of mass of the casein droplet which continued to decrease during stage 2, suggesting the formation of a porous skin layer at that point. During the last stage, the rate of evaporation progressively slowed down due to the considerable increase in viscosity and the thickness of the skin layer. To increase the understanding of these rheological changes, the occurrence of surface instabilities such as buckling and invaginations was investigated in relation to the evolution of the solid mass concentration of the droplet (Figure 34b). The buckling of the droplet seemed to occur at casein micelle concentrations ranging from 157 g.L -1 to 234 g.L -1 . Evolution of the evaporation process showed that the proteins were not homogenously distributed inside the droplet and were found to be more concentrated at the interface. However, this study revealed a protein content range with the critical concentration likely to induce a sol-gel transition. This range is consistent with the findings of Bouchoux et al. (2009), who reported viscoelastic properties starting from 130 g.L -1 for casein micelles and a phase transition where casein micelles behaved as elastic gels at 178 g.L -1 . As in the previous study on the drying of whey proteins, leading to a smooth spherical particle shape (Figure 35 c,d), these invagination instabilities seem to be specific of casein micelles and suggest particular mechanical properties of the elastic shell of caseins.

Conclusions

The droplet-particle conversion during drying was investigated through a single droplet system and by combining complementary methods in order to describe in-and ex situ the transformation of the droplet into a dried particle. Drying experiments were conducted with whey proteins and casein micelle solutions through controlled conditions (20°C, 2% RH).

For both milk proteins, the drying of the single droplet revealed three regimes involving different evaporation rates and droplet dynamics, all resulting from various physical mechanisms. At the beginning, the droplet behaved as a pure liquid without a significant influence of the protein surface activity. Ne t, a sol-gel tra sitio was elieved to occur at an average concentration of around 30 wt% and 20 wt% for whey proteins and casein micelles, respectively. Gelation fixed the surface area while the water was still evaporating, inducing buckling (first surface instability) of the droplet and revealing a concomitant hydric rather than mechanical equilibrium. Indeed, we believe that in this context the initiation of surface instability was mainly due to rheological changes, as it did not at first impede the loss of mass (water evaporation). The skin then progressively thickened into a homogeneous protein shell, leading to the formation of an internal vacuole.

From our results, it was clear that the initial concentration of the solution influenced the mechanical stability of the shell and consequently the final shape of the particle. This particular morphology depended on the drying rate, the contact angle, the inward water diffusion (influenced by the initial concentration), and the nature of the solutes.

Once the skin layer was formed, the surface underwent instabilities such as buckling and invagination according to the kind of protein that led to typical and reproducible particle shapes as illustrated in Figure 35. A smooth, hemispherical hollow particle was obtained for the drying of the single droplet of whey proteins, whereas a deflated wrinkled particle shape wad obtained for the drying of a single droplet of casein micelles. These results suggest particular mechanical properties of the milk protein shell, leading to a predictable and, a characteristic particle shape. 

CHAPTER 5: DRYING OF A SINGLE CONFINED DROPLET TO STUDY THE MECHANICAL PROPERTIES OF THE MILK PROTEIN MATERIALS

The aim of this chapter is to contribute to the understanding of particle formation mechanisms by considering the mechanical properties of WPI and NPC materials. Exploratory experiments were therefore performed. The progressive solidification of the interface of a confined droplet during drying time was studied using a high speed camera and fluorescence microscopy. The mechanical properties of the final protein materials were then characterized by micro indentation testing. The drying dynamics of WPI and NPC droplets showed different timescales and mechanical lengths, whatever the drying conditions and the droplet configuration, leading to typical mechanical instability at the surface (i.e. buckling and fracture). The interface of casein micelles reached sol-gel transition earlier, followed by elastic and plastic regimes in which the shell distorted and buckled to form a final wrinkled particle. In contrast, the interface of whey proteins became elastic at only half the drying time, retaining a spherical shape which finally fractured at the end of drying. The mechanical difference between the two plastic shells might be explained by the behaviour of proteins in jamming conditions. Analogous behaviour between the casein micelles and soft and deformable colloids on the one hand, and between whey proteins and hard spheres on the other, is discussed. These results have been accepted in Food Hydrocolloids (Paper 4 ).

The main aims of the work presented in this chapter were to:

-suggest an exploratory experiment to investigate the skin properties of WPI and NPC proteins -compare characteristic lengths according to properties of the skin layer of WPI and NPC -discuss the results in relation to relevant literature -widen the research to concentrated soft matter issues 4 Accepted as: Sadek C, Pauchard L, Schuck P, Fallourd Y, Pradeau N, Le Floch-Fouéré C, Jeantet R.

Mechanical properties of milk protein skin layers after drying: understanding the mechanisms of particle formation from whey protein isolate and native phosphocaseinate. Food Hydrocolloids

Introduction (Paper 4)

The evaporation of a droplet, whether free falling in the air, suspended from a thin filament, or deposited on a substrate, has been extensively studied in the past and is still a significant subject for scientific and industrial research (Sadek et al., 2014a). The evaporation of solute dispersions involves important physicochemical phenomena such as solute and solvent transport, adsorption and interactions between solutes and phase transitions. As the solutes concentrate at the interface during evaporation of the water, important rheological changes occur within the droplet, inducing its progressive transition to a solid state with a specific particle structure (Pauchard & Allain, 2003b). Thus the final shape of the particle depends on the physicochemical properties of the matter and the drying parameters. However, understanding precisely how the final shape is formed and how it can be controlled still represent a challenge. Indeed, the final shape of film formed from biological solutions and protein dispersions has recently become an area of interest for many applications. For medical diagnostic purposes, some researchers have focused on the final pattern of human fluids such as synovial fluid [START_REF] Shabalin | Diagnostic markers in the structures of human biological liquids[END_REF], whole blood [START_REF] Sobac | Desiccation of a sessile drop of blood: Cracks, folds formation and delamination[END_REF] and DNA [START_REF] Dugas | Droplet Evaporation Study Applied to DNA Chip Manufacturing[END_REF]. This has mainly consisted of studying the evaporation of defined proteins, particularly lysozyme and bovine serum albumin (BSA) [START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF][START_REF] Annarelli | Cracks patterns in drying protein solution drops[END_REF][START_REF] Tarasevich | Segragation in desiccated sessile drops of biological fluids[END_REF][START_REF] Accardo | In Situ X-ray Scattering Studies of Protein Solution Droplets Drying on Micro-and Nanopatterned Superhydrophobic PMMA Surfaces[END_REF]Gorr et al., 2012).

Moreover, many studies have investigated the potential of proteins such as whey proteins and sodium caseinates to form delivery systems for probiotics and active substances from the spray drying technology [START_REF] Burgain | Encapsulation of Lactobacillus rhamnosus GG in microparticles: Influence of casein to whey protein ratio on bacterial survival during digestion[END_REF][START_REF] Hogan | Emulsification and microencapsulation properties of sodium caseinate/carbohydrate blends[END_REF][START_REF] Sadeghi | Microemulsification-cold gelation of whey proteins for nanoencapsulation of date palm pit extract[END_REF][START_REF] Zhang | Encapsulation of bixin in sodium caseinate to deliver the colorant in transparent dispersions[END_REF][START_REF] Serfert | Spray drying behaviour and functionality of emulsions with b-lactoglobulin/pectin interfacial complexes[END_REF].

According to the literature available on spray drying, different proteins may result in various types of particle morphology [START_REF] Ameri | Spray drying of biopharmaceuticals: stability and process considerations[END_REF]Faldt & Bergenstahl, 1996;[START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF]. For example, [START_REF] Maa | The effect of operating and formulation variables on the morphology of spray-dried protein particles[END_REF] reported distinct particle shapes (spherical, donut-like and wrinkled particles) after the drying of three model proteins (rhDNase, rhuMAbE25 and BSA, respectively). Particle morphology may have important impact on powder functionalities (flowability, dispersibility, cohesion, etc.) and thus is becoming a point of interest.

Each of these distinct morphologies resulted in the occurrence of different types of surface instability during evaporation. Pauchard et al. (2003c) studied such physical phenomena on single droplets of colloid and polymer dispersions. They reported that the first instability is due to the formation of a permeable solid skin at the surface which bends under the pressure of solvent evaporation. Then, according to the mechanical properties of the skin, a large number of deformations, including invagination or fracture instablity, may occur and finally shape the dried particle. The mechanical skin responses may be strongly linked to the internal properties of the material such as its porosity, thickness, viscoelasticity and microstructure.

Therefore, the aim of this study was to evaluate:  Are particular mechanical properties of a dry skin layer associated with specific protein nature?

 Do these mechanical properties explain the occurrence of surface instability during evaporation?

In other words, the aim of this study is to know if the nature of the protein may lead to a skin layer whose physical properties condition the way that a droplet or the shell responds to mechanical stress induced by the evaporation process. In order to investigate these questions, experiments were conducted with distinct proteins, i.e. whey protein isolates (WPI) and native phosphocaseinates (NPC) to form the dried material. Understanding the drying behaviour of the two different protein materials should therefore provide key information to be able to predict the final structure of milk powders and thus control their physical properties.

Materials and methods

In the first part, the drying process of a droplet has been reported according to two different configurations, i.e. a single, pendant droplet and a confined droplet (Figure 36). In the second part, the mechanical properties of the skins of different milk proteins have been characterized in order to establish the elastic and plastic behaviours of the protein materials. These results are then discussed to understand the occurrence of droplet deformation during the drying process. 

Solutions of WPI and NPC proteins

Experiments were conducted with distinct proteins, i.e. whey protein isolates and native phosphocaseinates. These are the two main classes of proteins in milk according to the ratio 20:80 (WPI: NPC). They are distinct in size and structure. Whey proteins have a rigid, compact globular structure with well-defined folding of the polypeptide chain. They are mainly constituted of 50% β-lactoglobulin, often i di er for olecular ass 3 . kDa , with 0% α-lactalbumin (molecular mass 14.2 kDa) (Walstra et al., 2006a). Native phosphocaseinates, also called casein micelles, represent a complex association of caseins  s1 -,  s2 -, and caseins, phosphate and calcium ions organized into micellar structures. The casein micelles are dynamic structures interacting with the soluble phase and highly hydrated as they contain around 4 g of water per gram of casein (de [START_REF] De Kruif | Supra-aggregates of casein micelles as a prelude to coagulation[END_REF]. They can be considered as natural and colloidal microgels with diameters ranging from 30 to 300 nm, and thus very different from whey proteins. The feed solutions were prepared from two milk protein powders, whey protein isolates and native phosphocaseinates, obtained from industrial sources and presenting protein content around 89 and 82% (w/w), respectively.

The two solutions were reconstituted at 100 g.L -1 protein in osmosed water at 50°C with continuous stirring for two days at 20°C to ensure full dissolution. The pH for WPI and NPC concentrates was in the range of 6.59 ± 0.16 at 25°C. Particle size was measured by dynamic light scattering using a Zetasizer NanoZS apparatus (Malvern Instruments, Malvern, United Kingdom). The different sizes of proteins ranged from 8 to 30 nm and from 108 to 300 nm for WPI and NPC proteins, respectively.

Observation of single, pendant droplet

See material and method § 4.2.2.

Observation of a confined droplet

The principle of a confined droplet is to sandwich a droplet between two circular, parallel horizontal glass slides, as a thin liquid film with h << r (t) and to allow it to evaporate in this confined system (Figure 37b). This two dimensional (2D) configuration bypassed optical artefacts and enabled a more accurate observation of the local distribution of fluorescence which was not accessible in three dimensions (3D).

The experiment was carried out according to a specific protocol explained in [START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF]. This confined system provides control of the water evaporation from the droplet meniscus toward the edge of the circular glass slides.

Experiments were conducted at room temperature (20°C) and 40% relative humidity. The proteins were labelled with fluorochrome rhodamine isothiocyanate (RITC, Sigma-Aldrich) by adding 20 µL of fluorescein solution (1 g.L -1 RITC in dimethyl sulfoxide, DMSO, Sigma-Aldrich) to the 980 µL protein solutions before the experiment. RITC was excited at 570 nm, and the fluorescence from the solution was detected at 595 nm. Each droplet of 0.2 µl was squeezed between two glass slides of 16 mm in diameter with the distance between ensured by three 100 µm spacers. Placed at the periphery of the circular glass slides, these spacers did not affect the evaporation process or droplet deformation. Data were recorded automatically every 1 s during 40 min.

The evolution of the droplet edge and the fluorescence distribution within the droplet were observed using a fluorescent microscope (model BX51TF, Olympus, Japan) with light from a halogen lamp, a CDD camera (model QIClick, Qimaging, Canada) and a X4 magnification lens. Surface area and periphery length values were extracted from image analysis using Archimed (Microvision, France) and ImageJ computer software.

The protein concentration at the interface was evaluated by fluorescence intensity measurements.

Calibration curves were therefore established from the fluorescence profiles measured for five concentrations (25,50,80,100,200 g.L -1 ) of WPI and NPC proteins (Figure 37). In order to measure fluorescence intensity resulting only from proteins, preliminary tests fixed the acquisition parameters of the camera in such a way that no fluorescence intensity could be detected from a droplet of water with the same quantity of probes. No fluorescence could be measured at lower protein concentrations (e.g., 25 g.L -1 ) thus explaining why the intercept value of the calibration curve was different from 0. Mean intensity was measured at the interface for each concentration with two repetitions for the 100 g.L -1 concentration and at t buckling (Figure 38). Using the calibration curve, a critical concentration for t buckling was then estimated.

This method can be criticized for the following reasons:

-The proteins were not specifically linked to the probes -The calibration curve did not intercept the X axis at 0, and fluorescence intensity was therefore not perfectly proportional to concentration -Optical artefacts from the meniscus may occur, focusing on the interface of the 2D droplet However despite these limitations, we implemented this exploratory method to evaluate the concentration range at which the instability transitions occurred at the interface. These values were thus considered as an order of magnitude of a concentration at t bukling and used to discuss relative values between the two proteins. We are nonetheless aware that a more robust method needs to be developed in order to define the critical protein concentrations involved in these phenomena. Proposals are made for this in the outlook section and discussed there.

to present nice droplet representations. These images were not however used to measure protein concentrations. 

Indentation

A thin layer of WPI or NPC solution was deposited in a mould 5 mm in height and allowed to dry at room temperature 20°C and relative humidity at 40%. The films were collected after the occurrence of fracture to be sure that the stress is released by fracture in the system. Indentation testing was then performed using an indentation tester (CSM, Anton Paar, Switzerland) with a spherical Rockwell indenter (Figure 39) in order to characterize the mechanical properties of the protein skins. The time-dependence of the stress release was investigated by creep measurements [START_REF] Malzbender | Measuring mechanical properties of coatings: a methodology applied to nano-particle sol-gel coatings on glass[END_REF]: the indenter, initially in contact with the surface of the layer, was driven to the skin layer until a maximum of F 0 =50 mN was reached, with a loading speed 50 mN.min -1 (Figure 39b). The maximum force was maintained during creep duration (here 1000 s).

Modelling the layer with a two-element Kelvin-Voigt model (a purely viscous damper and purely elastic spring connected in parallel as shown in figure 39), and the time variation of the penetration depth p as a creep response to a constant external force F 0 could be expressed as:

.5 = 4√ [ (1 - - )] (11) 
Equation ( 11) was derived from the classic Hertz model during an elastic indentation of an infinitely stiff indenter in a sample with an elastic modulus E and a viscosity η, for a spherical indenter with a radius α.

A representative value of the skin layer yield stress, σ y was estimated using the following semiempirical relationship originally developed for metals [START_REF] Tabor | Hardness of Metal[END_REF],

= 0 .8 (12)
where the area of indentation, A, was the surface contact between the indenter and the skin layer. This was provided by A=24.5p c 2 +500.10 -6 p c , where the contact depth, p c =p max -ԑ(F 0 /S max ) depends upon the maximum force applied F 0 , a geometric factor ԑ (=0.74), and the maximum slope of the unloading curve S max (Figure 44b) [START_REF] Malzbender | Measuring mechanical properties of coatings: a methodology applied to nano-particle sol-gel coatings on glass[END_REF].

Note that measurements of viscoelastic properties of materials using indentation testing do not yield absolute values but provide a process by which to compare the mechanical properties of different materials and characterization of the time evolution of the mechanical properties of the system.

Results and discussion

5.3.1. Drying dynamics of sessile droplets and particle shape

As previously said, distinct and reproducible droplet deformation and particle shapes occurred between the two proteins (Figure 40). The same three stages were observed during the drying of a single droplet of NPC and WPI, but they were reached with different kinetics, and with different and specific deformations according to the type of protein (Table 10). The WPI droplet shrank over a longer time before the clear formation of a gelled foot (around 5.2 min) resulting from a buckling phenomenon whereas the NPC droplet rapidly became asymmetrical (before 3.8 min). The buckling of the NPC droplet occurred earlier in the drying process than that of the droplet of WPI, fixing a larger surface area. Once the skin was formed, the gelled droplets evolved in different ways during the last stage. Indeed, the NPC droplet was considerably distorted after buckling and the gelled foot, revealing invaginations at the surface, whereas the WPI droplet remained spherical and did not evolve further, except in the interior where a large vacuole nucleated. This marked a clear difference between the drying dynamics of the NPC droplet and the WPI droplet. Wrinkles appeared throughout the last stage of NPC protein drying, leading to a deflated particle shape with a small internal vacuole occurring at the end (Figure 40d). The nucleation of which strongly depended on the history of the droplet dynamics. The WPI vacuole filled the entire place inside the spherical, gelled droplet, whereas the vacuole occurred much later, after considerable distortion, and remained smaller for NPC. The onset of surface instability of colloidal suspensions was described with the theory of thin elastic shells (Pauchard & Allain, 2003a;[START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF]. [START_REF] Tsapis | Onset of buckling in drying droplets of colloidal suspensions[END_REF] reported that as water evaporated, the accumulation of colloids at the droplet surface induced the formation of a viscoelastic layer which became elastic, and then buckled. They suggested that forces between the colloids in the droplet may have an important role in determining the onset of buckling, and that capillary forces drive the deformation of the skin and overcome the electrostatic forces stabilizing the colloids against aggregation.

However, in the study presented here, the two droplets distorted in different ways after the sol-gel transition, with invaginations for NPC and fracture of the spherical shell for WPI.

Dynamics of the interfaces of confined protein droplets

The temporal evolution of the surface area and the length of the periphery of the confined droplets of WPI and NPC proteins are presented in Figure 41 and Figure 42, respectively, showing two dynamic stages of the droplets during drying, whatever the protein material, i.e. isotropic shrinkage and then deformation by invagination.

At the beginning, the confined droplets behaved as pure water by shrinking in a homogenous way, as already observed by Giorgiutti-Dauphine & Pauchard (2013). As the water evaporated, the length of the periphery and the surface area of the confined droplet decreased keeping the circular shape. Then the sudden change in periphery length revealed an inversion of the curvature of the skin layer in both cases (Figure 41 and Figure 42). At this stage of drying, this local buckling instability resulted in a viscoelastic layer, as previously observed for the pendant droplet configuration.

However, the increase in the length of the periphery indicated that the instability continued to progress inside the droplet. The local depression became deeper with time until a crescent-like shape was formed. Moreover, it appeared that the final shape resulted directly from the drying dynamics of the confined droplets. Figure 41 shows a long stage of shrinkage for WPI before the occurrence of buckling instability at around 33 min (Table 11). The instability occurred on a small surface area, leading to a small pattern which finally fractured. In a similar way to the pendant droplet, the NPC proteins showed early distortions in the confined drying process. A local depression occurred from 11 min, whereas the convex part of the interface remained fixed. The invagination then progressed through a larger surface, leading to long, thin pattern.

Thus, whatever the droplet configurations (3D pendant droplet, 2D confined droplet, size), the device constraints (hydrophobic support, glass slides) and the drying conditions (relative humidity, temperature) making possible the occurrence of various hydrodynamic flows (Marangoni, Deegan and capillary flows) similar scenarios were observed for WPI and NPC proteins involving different kinetics to reach the surface instability. This suggests that the drying dynamics of the droplet might be more related to the instability of the system in terms of mechanical issues (induced by the development of an elastic skin) than in terms of hydrodynamic flow issues.

These similarities between 2D and 3D configurations have already been reported for colloidal suspensions [START_REF] Leng | Drying of a colloidal suspension in confined geometry[END_REF][START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF]). Moreover, these authors observed a direct relationship between the initial volume fraction of colloids and the drying behaviour of the confined droplets. For example, [START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF] reported that the duration of shrinkage increased when the initial volume fraction of colloids decreased. In addition, [START_REF] Leng | Drying of a colloidal suspension in confined geometry[END_REF] described different final geometry of the material according to the nature of the dispersion. For large particles of poly-methyl methacrylate (PMMA) with a radius of 3 µm they reported first a latency time during which the droplet remained circular, then the occurrence of a small depression and finally fracture of the skin. For the drying of smaller particles (PMMA particles, radius = 230 nm), they observed similar dynamics to the WPI droplet (i.e. a shrinkage stage) then buckling of the layer and the occurrence of a final fracture. 

Gradients of protein concentration near the edge of the confined droplet

In a droplet, a radial flow is induced by the evaporation rate, V E , that provides the typical velocity scale characterizing the transport of non-volatile components, such as proteins. A concentration profile is expected to develop on a typical length scale = 0 this ratio representing the gradient of proteins migrating towards the droplet-air interface as the water evaporates (Giorgiutti-Dauphine & Pauchard, 2013). The diffusion coefficient, D 0 , can be estimated using the Stokes-Einstein equation; = 6 leading to D WPI = 2.40×10 -11 m 2 .s -1 and D NPC = 2.08×10 -12 m 2 .s -1 as NPC and WPI proteins are significantly different in terms of size (Table 11). For each protein, the evaporation rate was estimated from image analysis of the size of the confined droplets at V E ~ 2.10 -7 m.s -1 . The theoretical diffusion length (λ theo ) was estimated at 120 µm and 10 µm for WPI and NPC, respectively (Table 11). In addition, the diffusion length was estimated from the experiment, by measuring the fluorescence gradients near the droplet edge at 500 s, as shown in Figure 43. The experimental values (λ meas , Table 11) followed a similar trend with a shorter diffusion length for NPC proteins than for WPI proteins despite the different magnitude range.

Note that the theoretical diffusion length does not take into account the drying time. Despite the fact that the measurements were made on the same time scale and with the same evaporation rate, the WPI and NPC droplets were not at the same drying stage at a given time. For example at 500 s, the NPC droplet was close to buckling whereas the WPI droplet was still shrinking. The difference observed in diffusion length therefore suggests that a lower NPC protein concentration is needed at the interface to induce a sol-gel transition than for WPI proteins, demonstrating that the latter, larger diffusion length is mesured in droplet far from the buckling instability stage. In order to confirm this hypothesis, the magnitude of the critical concentration of proteins at the for NPC and C buckling ~ 414 g.L -1 for WPI. These results confirmed the differences between NPC and WPI in terms of diffusion length suggesting that NPC proteins might undergo a sol-gel transition at a lower critical concentration than WPI.

Despite the exploratory nature of our approach, the concentration ranges were in accordance with the results of previous studies focusing on the rheological behaviours and the phase transitions of proteins concentrated by a osmotic stress technique. In particular, the rheological behaviour of co ce trated β-lactoglobulin (which represents 50% w/w of WPI composition) was studied by oscillatory shear experiments [START_REF] Parker | The Nonequilibrium Phase and Glass Transition Behavior of ß-Lactoglobulin[END_REF]. The authors observed a solid-like response from 540 g.L -1 , with a crossover of the storage modulus G' o the loss odulus G'' (frequency, f ~ 2Hz). This rheological transition was mainly influenced by the crowding of proteins which could no longer diffuse freely. Similar results were fou d for ovi e seru al u i which represe ts 5% w/w of WPI co positio with G' > G f ~ 1Hz) for a concentration greater than 500 g.L -1 [START_REF] Brownsey | The Glass Transition Behavior of the Globular Protein Bovine Serum Albumin[END_REF]. The authors predicted vitrification at a concentration higher than 600 g.L -1 for both whey proteins, leading to structure arrest.

Casein micelles were similarly analysed after osmotic stress concentration [START_REF] Dahbi | Rheology and structural arrest of casein suspensions[END_REF]Bouchoux et al., 2009). Bouchoux et al. (2009) reported that casein micelles showed elastic properties from 130 g.L - 1 , with a significant increase in apparent viscosity. They interpreted these results as protein interactions through short-range repulsion produced by the -casein brush layer, present on the entire surface of the micelles. As the compression increases, the -casein layer may become flexible and the casein micelles ay the co e i to co tact a d eco e close packed. A tra sitio i to a soft solid was esti ated at around 178 g.L -1 with G' > G'' at low fre ue cy (f ~ 0.01Hz). These results were confirmed by the work of [START_REF] Dahbi | Rheology and structural arrest of casein suspensions[END_REF], who highlighted the beginning of an elastic regime from 148 g.L -1 where the apparent viscosity strongly increased and the occurrence of a solid state at around 170 g.L -1 according to oscillatory tests. Above 190 g.L -1 the system became dynamically arrested.

Table 11: Characteristic values of the confined droplet dynamics and protein distributions during drying.

Mechanical properties of WPI and NPC skin layers

As the critical concentration approached, the surface of the droplet became elastic. At this stage the skin can withstand internal stresses through the onset of surface deformation. Deformation occurs mainly by bending, which is much less energy consuming than stretching [START_REF] Boulogne | The buckling and invagination process during consolidation of colloidal droplets[END_REF]. The protein skin layer was assumed to be homogenous and characterized by an elastic modulus E, by a viscoelastic relaxation time-scale determined by the ratio η/E and a yield stress σ y . The values for E, η , η/E and σ y are given in Table 12 for WPI and NPC.

In Figure 44a, creep measurements by indentation testing gives the time variation of the penetration depth at constant load 50mN. It can be seen that the penetration depth was deeper for the WPI layer than for the NPC layer. The Kelvin-Voigt model (Eq. ( 11)) fitted the data and allowed estimation of the elastic modulus at 0.29 and 0.48 GPa for WPI and NPC, respectively. The values of the penetration depth and the elastic modulus thus suggest that the material made of the NPC proteins was stiffer than the WPI material at a given fracture time and peak load although these values can be considered in the same range as regard other systems such as silica material [START_REF] Boulogne | Effect of a non-volatile cosolvent on crack patterns induced by desiccation of a colloidal gel[END_REF]. Moreover, the viscoelastic relaxation time-scale was determined from the estimation of E and η and the viscosity revealed a higher value for NPC than WPI. The viscoelasticity effect of NPC was more pronounced than WPI and therefore the viscous dissipation was more important for NPC than WPI. These mechanical properties result to different signatures at the protein scale.

It is well known that the elastic modulus increases in the protein layer with time. The skin behaves as a coherent solid whose internal properties (thickness, microstructure) impede the free evaporation of water and lead to an increase in the drying stress as a function of time. When the drying stress reaches the skin layer yield stress, irreversible deformation caused by plasticity may occur. At this point, the structure is at arrest and macroscopic deformation such as the buckling process is then possible. In this study, the skin layer yield stresses were estimated through the load-deplacement curve at 30 MPa for NPC and 52 MPa for WPI (Figure 44b, Eq. ( 12)). With a lower value, the NPC material left the linear elastic regime earlier and reached plasticity well before the WPI material. Table 12: Estimated values and fit parameters of the creep curve as function of the load applied (50 mN).

Although these indentation values cannot be considered real protein material parameters, due to their dependence on loading history [START_REF] Chicot | Improvement in depth-sensing indentation to calculate the universal hardness on the entire loading curve[END_REF], the mechanical properties of WPI and NPC materials can be compared and discussed in relation to our previous results (pendant and confined droplets).

A diagram of the possible skin formation mechanisms is proposed in Figure 45.

As we saw, a gelled layer appeared sooner in the drying process of the NPC droplet (t buckling ~ 1/3 t drying ) leading to the fixation of a larger surface area of the droplet. The elastic NPC skin became harder and stiffer and rapidly reached the plastic stage, inducing the occurrence of early surface invaginations of the thin skin layer which behaved as a ductile plastic material (Figure 45). On the other hand, the WPI droplet underwent a long shrinkage stage before buckling (t buckling ~ 1/2 t drying ) in which the droplet greatly reduced in volume and was thus more concentrated at the interface. At buckling, the spherical elastic shell presented a smaller diameter. When the drying stress reached the yield stress of WPI, the shape remained identical but the occurrence of fracture reflected a brittle plastic material (Figure 45).

The mechanical difference between the two plastic shells might be related to specific internal properties of the protein skin layers. In particular, the elastic modulus and the yield stress are known to depict the internal organization of the components of the material.

Some researchers have described and discussed the rheological behaviour of globular proteins (lactoglobulin and bovine serum albumin) with viscosity models of hard sphere colloidal solid dispersion [START_REF] Brownsey | The Glass Transition Behavior of the Globular Protein Bovine Serum Albumin[END_REF][START_REF] Parker | The Nonequilibrium Phase and Glass Transition Behavior of ß-Lactoglobulin[END_REF][START_REF] Loveday | Phase and rheological behavior of high-concentration colloidal hard-sphere and protein dispersions[END_REF]. Despite the fact that aggregation of globular proteins involves specific binding sites, phase transitions may be understood by analogy with the behaviour of hard sphere dispersions revealing short range attractions and long range repulsions [START_REF] Nicolai | Protein aggregation and gel formation studied with scattering methods and computer simulations[END_REF]. In particular, it has been suggested that whey protein dispersions may be dominated by repulsive excluded volume interactions at high concentration values. As the volume fraction increased and the space avalaible for particle motion decreased, the system became jammed.

For hard spheres, the crowding of non-interacting particles led to a glasslike transition at volume fractio s of a out Φ = 0.58. This solid state resulted fro the per a e t trappi g of particles withi cages formed by nearest neighbours [START_REF] Pusey | Phase behaviour of concentrated suspensions of nearly hard colloidal spheres[END_REF]. The possible analogy between the rheological behaviour of WPI and undeformable hard sphere colloids could suggest a similar structural signature of the colloids. It is possible that as a hard sphere WPI might present similar intrinsic mechanical resistance under compression, inducing strong resistance to surface deformation, until reaching the yield stress where the shell fractures (Figure 45)

This behaviour is not expected for NPC as, in contrast to whey proteins, caseins are loose, selfassembled structures. [START_REF] Bouchoux | How to Squeeze a Sponge Casein Micelles under Osmotic Stress, a SAXS Study[END_REF] reported that the structure of the micelles is strongly affected by the rise in concentration. Above close packing, they reported that proteins continue to come into close contact and start to deform or deswell. The authors suggested a sponge-like model to describe the behaviour of casein micelles. Under compression, some soft regions of the micelle may lose water and collapse. The micelles finally merge with each other and form a continous and irreversible material.

Since it is known that caseins behave as hard spheres in dilute regimes, [START_REF] Dahbi | Rheology and structural arrest of casein suspensions[END_REF] observed a strong deviation from the hard sphere model for higher concentrations (above ~ 150 g.L -1 ). However, the authors reported the same kind of rheological behaviour for casein micelles with a micro-gel model in jamming conditions. It therefore appears that casein micelles at high concentrations might be assimilated to soft deformable colloids such as foams and emulsions, as they are able to deform from the spherical shape and pack into specific disordered configurations [START_REF] Douglas | Jamming in colloidal dispersions: hard sphere suspensions, emulsions and foams[END_REF]. In contrast to hard spheres, soft colloids can still hop around each other in a concentrated regime, allowing deformation and thus explaining the ductile property of the plastic NPC material (Figure 45). 

Conclusions

Whey proteins and casein micelles droplets showed distinct drying behaviours in terms of drying kinetics and droplet dynamics, whatever the experimental conditions. The casein micelle layer rapidly reached the elastic regime at a critical concentration range estimated at around 156 g.L -1 whereas whey proteins became elastic after a long shrinkage stage at a critical concentration range estimated at around 414 g.L -1 .

After the sol-gel transition, the droplets underwent different types of surface instability (invaginations or fractures) which may be related to specific mechanical properties of protein materials. The way the proteins behave in jamming conditions may explain the network structure of the material and thus its mechanical properties.

It is assumed that the brittle plastic characteristics of skin layer made of whey proteins may be explained by analogy with the concentration of non-interacting hard sphere colloids until crowding occurs where colloids are no longer able to flow and are caged between each other. At this point the system would arrest and fracture when the shear stress would exceed the yield stress.

In contrast, the ductile elastic skin layer made of casein micelles was believed to result from the capacity of micelles to deswell as soft deformable spheres in jamming conditions. Their rearrangement would enable irreversible deformation of the shell leading to a wrinkled particle shape.

Improved understanding of the physical phenomena taking place in jamming conditions may be of considerable importance for industry, especially in the control of spray drying. Indeed, the prediction of the increase in viscosity and of the occurrence of phase transitions, and the understanding of the physical properties (brittleness, porosity) of the system should provide a powerful tool to control the structure of food.

This study raises additional questions, such as whether or not the same mechanical properties would be obtained when using materials made of ideal systems such as hard spheres and microgels, and whether or not the mechanical properties of the material can be managed by controlling the softness of the particle. These questions are the subject of ongoing investigations discussed in the outlook section.

CHAPTER 6: SIGNATURE OF MATTER ACCORDING TO A MULTISCALE APPROACH

In this chapter, the drying behaviours of whey protein and casein micelles are reported for flying single droplets in experimental conditions close to those on an industrial scale (in particular temperature). To improve understanding of the role of each protein in the particle-forming mechanisms, seven mixtures containing different whey protein to casein ratios were prepared. A monodisperse spray dryer (MDSD) was used to produce uniform particles of the latter by drying monodispersed droplets in a hot, dry air flow (around 193°C). Powders were characterized according to their physical characteristics and their rehydration properties. It was demonstrated that particle morphology was mainly governed by the type of protein matrix, almost regardless of the drying kinetics, which differed considerably between MDSD and single droplet drying. Part of these results has been published in Drying Technology (Paper 5 ).

Moreover, additional information about WPI and NPC powders obtained on semi and industrial scales is developed in this section in order to validate the influence of the nature of the proteins on the final particle shape.

The main aims of the work presented in this chapter were to:

-study the drying of WPI and NPC solutions though a flying droplet system drying at temperatures close to real industrial conditions -study physical and rehydration properties of powders -identify morphological criteria to characterize the shapes of the different samples -compare to industrial powders and discuss these results obtained from a pendant single droplet particles. This efficient technology is widely used in many areas, such as the pharmaceutical industry, to form carriers or novel forms of drug delivery [START_REF] Geller | Development of an Inhaled Dry-Powder Formulation of Tobramycin Using PulmoSphere Technology[END_REF][START_REF] Ameri | Spray drying of biopharmaceuticals: stability and process considerations[END_REF][START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF] or in the agri and food industries to extend the stability of products or to obtain new ingredients or new functionalities [START_REF] Cuq | Food powders engineering, between knowhow and science: Constraints, stakes and opportunities[END_REF][START_REF] Burgain | Encapsulation of Lactobacillus rhamnosus GG in microparticles: Influence of casein to whey protein ratio on bacterial survival during digestion[END_REF].

According to the process conditions and bulk physicochemical properties, spray drying allows the formation of a wide range of particle morphologies, each distinct from the other in their physical characteristics (particle size, distribution of particle size, particle shape, and particle density) (Walton & Mumford, 1999a). These intrinsic properties provide particles with typical aerodynamic behaviours that determine their final application [START_REF] Kawakami | Investigation of the dynamic process during spray-drying to improve aerodynamic performance of inhalation particles[END_REF]. For example, particles with high bulk density are required to reduce transport costs [START_REF] Barbosa-Cánovas | Advances in food and nutrition research[END_REF], larger particles are known to improve powder flowability [START_REF] Fitzpatrick | Effect of composition and storage conditions on the flowability of dairy powders[END_REF], wrinkled particles are more dispersible than spherical particles [START_REF] Chew | Use of solid corrugated particles to enhance powder aerosol performance[END_REF], porous particles are designed for pulmonary drug delivery [START_REF] Edwards | Large Porous Particles for Pulmonary Drug Delivery[END_REF], and hollow particles are useful for microencapsulation [START_REF] Mcdonald | Hollow latex particles: synthesis and applications[END_REF]. This non exhaustive list is indicative of why control of particle morphology and physical properties has become a scientific issue in the last 10 years with intensification of research into particle engineering, involving fundamental aspects such as colloid and interface sciences, physics, and nanotechnology [START_REF] Vehring | Pharmaceutical particle engineering via spray drying[END_REF][START_REF] Nandiyanto | Progress in developing spray-drying methods for the production of controlled morphology particles: From the nanometer to submicrometer size ranges[END_REF][START_REF] Aguilera | Why food microstructure?[END_REF][START_REF] Chan | Dry powder aerosol drug delivery-Opportunities for colloid and surface scientists[END_REF].

Controlling the physical properties of powders is a key issue in the food and dairy industries in order to facilitate final application and optimize rehydration [START_REF] Hussain | From high milk protein powders to the rehydrated dispersions in variable ionic environments: A review[END_REF]Gaiani et al., 2011a;[START_REF] Sharma | Functionality of milk powders and milk-based powders for end use applications-a review[END_REF][START_REF] Ilari | Flow properties of industrial dairy powders[END_REF]. Much attention has been paid to date to the process-product relationships.

Theoretical models, taking into account both drying kinetics and drying temperatures, have been developed to predict the shell formation and morphology of dairy powders (Rogers et al., 2012;[START_REF] Lin | The reaction engineering approach to modelling the cream and whey protein concentrate droplet drying[END_REF][START_REF] Birchal | Effect of spray-dryer operating variables on the whole milk powder quality[END_REF]. From experimental approaches, various investigations have shown strong influences of drying parameters (e.g., drying temperatures, air flow rate, nozzle characteristics) on the size, shape, and density of particles [START_REF] Fyfe | Influence of Dryer Type on Surface Characteristics of Milk Powders[END_REF][START_REF] Alamilla-Beltrán | Description of morphological changes of particles along spray drying[END_REF][START_REF] Langrish | An investigation and quantitative assessment of particle shape in milk powders from a laboratory-scale spray dryer Drying[END_REF][START_REF] Littringer | The morphology of spray dried mannitol particles -The vital importance of droplet size[END_REF][START_REF] Elversson | Droplet and particle size relationship and shell thickness of inhalable lactose particles during spray drying[END_REF][START_REF] Paramita | Effect of additives on the morphology of spray-dried powder[END_REF][START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF][START_REF] Arpagaus | A novel laboratory-scale spray dryer to produce nanoparticles[END_REF].

However, because milk is a complex colloidal system, less attention has been paid to the influence of composition on particle formation processes. In dairy research, some authors have reported qualitative descriptions of powder morphology after drying different solutions [START_REF] Kim | Surface characterization of four industrial spray-dried dairy powders in relation to chemical composition, structure and wetting property[END_REF][START_REF] Nijdam | The effect of surface composition on the functional properties of milk powders[END_REF]). An analytical approach based on X-ray photoelectron spectroscopy has been developed to investigate the chemical composition of the first 10 nm of the powder shell (Faldt & Bergenstahl, 1996a).

Based on this method, it has been shown that the chemical composition of the crust can be different from the bulk, mainly related to major impacts of the matrix composition and the drying process [START_REF] Murrieta-Pazos | Composition gradient from surface to core in dairy powders: agglomeration effect[END_REF][START_REF] Kim | On the mechanisms of surface formation and the surface compositions of industrial milk powders[END_REF][START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF]. Nevertheless, no comprehensive experimentation regarding the influence of the matrix on the physical properties of the shell and the final particle morphology are reported in the current literature. [START_REF] Sadek | Shape, Shell, and Vacuole Formation during the Drying of a Single Concentrated Whey Protein Droplet[END_REF] recently focused on the drying behaviour of a single suspended droplet of whey proteins extracted from milk to provide an understanding of the history of the process of particle formation. Whatever the initial concentration of whey proteins, the drying process revealed three dynamic stages of the droplet, including homogenous shrinkage of the droplet, skin-shell formation at the surface, and internal vacuole nucleation at the end of drying. The occurrence of the sol-gel transition in the drying process is clearly involved in this behaviour, inducing surface solidification and droplet buckling into a smooth and spherical particle. The process of formation of a spherical, hollow particle was thus described using this experimental device, albeit limited to a single milk protein system. Some questions regarding both particle morphology and the role of the dairy matrix remain unanswered: To what extent can the composition influence particle shape independently of processing parameters and how does the particle shape impact on powder functionality?

The aim of this study was to answer these questions by focusing on the drying behaviour of two major milk proteins, whey protein and casein micelles, single or in mixture, and two drying approaches were investigated to obtain general outcomes of the influence of composition on particle design.

Materials and methods

Solutions

The feed solutions were prepared from two milk protein powders that is, whey protein isolate (WPI) and native phosphocaseinate (NPC) obtained from industrial sources and presenting respectively a protein content around 89 and 82% (w/w). The two solutions were reconstituted to 100 g.L -1 in reverse osmosis water at 50 °C with continuous stirring for 2 days at 20 °C to ensure full dissolution. The pH for WPI and NPC concentrates was in the range 6.59 ± 0.16 at 25 °C. Particle size was measured by dynamic light scattering using a Zetasizer NanoZS apparatus (Malvern Instruments, Malvern, UK). The different sizes of proteins determined by a nanosizer ranged from 8 to 30 nm and from 108 to 300 nm for WPI and NPC proteins, respectively.

Seven blends of WPI and NPC at the WPI:NPC (v/v) ratios 100:0, 80:20, 60:40, 50:50, 40:60, 20:80, and 0:100 were reconstituted under gentle mixing. The solutions were then filtered to remove all particles larger than 100 µm and maintained at 50 °C immediately before drying to decrease solution viscosity.

Jet monodispersed droplets

Spray drying of blends was carried out using a Monodisperse Spray Dryer (MDSD; Mark II, Dong-Concept New Material Technology Co., Ltd., China; Figure 46). Solutions were kept in a reservoir and pressurized through a nozzle with an orifice of 100 µm diameter. A fixed frequency was applied on the piezoelectric ceramic nozzle to induce periodic breakup of the liquid jet and thus form a well-defined droplet channel. For all experiments, the best monodispersed droplet formation was obtained at 7 kHz frequency with a mass flow rate of 1.48 g.min -1 . The droplets were dispersed from the nozzle outlet by a dispersion air flow fixed at 3L.min -1 to avoid droplets merging. Monodispersed droplets were monitored by a camera (Nikon, D5200, France) and microlens (Nikon, 60MM/2.8 AF-S micro NIKKOR, France) and droplet size was measured by ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).The inlet and outlet temperatures and drying air flow rate were kept constant at 193.5 ± 1.6 °C, 108.4 ± 0.4 °C, and 325 L.min -1 , respectively, in order to exclude any influence of the drying conditions on the resulting powders.

Approximately 25 g of powder was collected after each run at a spray dryer yield of 6 g.h -1 . The drying parameters were slightly managed in order to reach comparable values of water content and water activity in the powders. Indeed, these latter respectively ranged from 3.01 to 4.30% and 0.10 to 0.16 and were not significantly different. 

Physical analyses

Particle size analysis is included in the analysis of particle shape presented above. For each powder, particle size distribution expressed as particle number (%) was described by the 10th, 50th, and 90th percentiles, d(0.1), d(0.5), and d(0.9), respectively. The criterion selected was d(0.5), meaning that the diameter of 50% of the particles was lower than this criterion, and SPAN = .9 -. .5

to obtain an estimate of the particle size distribution of each powder.

Bulk, packed, and true densities were obtained from adaptation of analytical methods described in [START_REF] Schuck | Analytical Methods for Food and Dairy Powders[END_REF] due to the limited powder quantities. Bulk density represents the product density, including the air within each particle (occluded air) and the air between each particle (interstitial air).

This was obtained from the weight of a defined volume of powder gently deposited in a small container to avoid any powder compaction. Packed density represents the product density without interstitial air;

this was obtained from the weight of a defined volume of powder after tapping the small container 10 times at a frequency of one tap per second. The true density represents the absolute product density without interstitial or occluded air. This was measured with a helium and nitrogen pycnometer (Pycnomatic, Thermo Fisher Scientific, France) after grinding the powder in a mortar with a pestle for 1 min. The compressibility is defined as the difference between the bulk density and the packed density.

Bulk, packed, and true density measurements were repeated twice.

Rehydration properties

The wettability, dispersibility, and solubility indices are three essential parameters for characterization of the rehydration properties of powder. Wettability is the time needed for total immersion of a powder in water, dispersibility corresponds to the ability of a powder to separate into individual particles when dispersed in water, and solubility represents the ability of the powder to dissolve in water. The rehydration analyses were adapted from protocols described in [START_REF] Schuck | Analytical Methods for Food and Dairy Powders[END_REF] taking into account the limited powder quantities: only 5 g of powder was dissolved in 50 mL of distilled water (20 °C) to test solubility instead of 10 g in 100mL of water, and only 3 g of powder was dissolved in 30 mL of distilled water (20 °C) to test wettability instead of 10 g in 100mL of water.

Dispersibility was assessed with the solution resulting from the wettability test. Rehydration analyses were repeated twice.

Light microscopy

Particles were observed using a light microscope (Olympus BX51TF) with a camera (Qimaging) and lenses (X4 and X10). Images were analyzed using Archimed and ImageJ computer software.

6.1.3. Results and Discussion

Morphology

The different solutions of WPI:NPC were dried by MDSD in order to control all of the external parameters that could influence particle properties. The piezoelectric ceramic nozzle generated droplets of identical volume, which then passed through the same drying trajectory under uniform drying air conditions [START_REF] Wu | Monodisperse droplet generators as potential atomizers for spray drying technology[END_REF].

We therefore obtained samples with particle characteristics that depended only on the matrix properties. It should be noted that industrial spray dryers generally produce polymorphic powders with a wide size distribution [START_REF] Nijdam | The effect of surface composition on the functional properties of milk powders[END_REF][START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF]. In particular, the micrographs of industrial WPI and NPC powders reported by Gaiani et al. (2007) (Figures 47 a,b) showed a wide range of sizes and shapes, making it difficult to establish the relationship between bulk composition and particle shape.

In our study, the drying of WPI and of NPC with MDSD resulted in samples with very distinct types of external morphologies (Figures 47 c,d). WPI particles were of a smooth, spherical shape with an open hollow structure. In contrast, NPC particles were very wrinkled, dense, and more opaque. These shape characteristics were also observed in industrial powders reported by [START_REF] Gaiani | Dairy Powder Rehydration: Influence of Protein State, Incorporation Mode, and Agglomeration[END_REF] despite wideranging polydispersity of particles (Figure 48). Considering that the droplet size and drying history were identical for each particle with MDSD, the distinct morphology observed for each of the two homogenous samples in this study suggested a specific signature of each protein matrix in the particle shape that was independent of the drying temperatures. All powder samples obtained from these WPI and NPC mixtures were identified by the quantification of shape properties and physical characteristics. Spherical analysis is shown in Figure 49, where each powder is represented by the sphericity index of particle distribution. The sphericity index results made it possible to distinguish two powder categories: (1) powders with a significant percentage of particles close to a perfect sphere (e.g., 100:0 and 80:20 mixtures had more than 40% of the particles with a spherical index of 0.95) and ( 2) powders with mainly nonspherical particles (e.g., 0:100, 20:80, and 40:60 mixtures had less than 10% of particles with a spherical index of 0.95). Two powders were intermediate, with a spherical tendency for the 50:50 mixture and a nonspherical tendency for the 60:40 mixture. This first analysis indicates that more than 80% of WPI in a formula results in mainly spherical particles, whereas more than 60% of NPC in a formula results in mainly wrinkled particles.

Each powder is represented by its compactness index distribution in Figure 50. The graph shows identical profiles for formulae containing at least 60% of NPC (0:100, 20:80, and 40:60), of which more than 75% of particles had a compactness index of 0.90. In the other mixtures the population of compact particles decreased progressively. Note that particles for formulae containing more than 80% of WPI showed similar lower compactness indexes. In fact, a majority of WPI in the mixture seems to produce less dense particles with occluded air, such as hollow particles referred for a compactness index of 0.75 (see inset in Figure 50, which are images extracted from the analysis with the particle analyzer). 

Physical characteristics

Droplet size was measured before drying and no significant difference was noted for the seven WPI:NPC formulae (Table 13). In contrast, powder size analysis showed different results. The particle size distribution was wider for a WPI powder (SPAN=0.40), whereas it was narrower for a powder mainly containing NPC (SPAN=0.24). It is of note that particles of pure WPI presented both a wide size distribution and smaller d(0.1) and d(0.9) values. However, despite the variety of size distributions, powders showed the same mean diameter (d(0.5)=141 µm). In this study, in contrast to other factors such as protein concentration, nozzle orifice size, and pulverization parameters, which are known to have a significant impact on droplet and particle size [START_REF] Elversson | Particle size and density in spray drying-effects of carbohydrate properties[END_REF], the WPI:NPC ratios did not have any significant influence on droplet diameter or mean particle diameter. The SPAN values of powders produced on an industrial scale ranged from 1 to 2 [START_REF] Millqvist-Fureby | In-situ lecithination of dairy powders in spray-drying for confectionery applications[END_REF].

In contrast, the SPAN values of MDSD powders were lower with weak intravariation between samples, because they were obtained by MDSD. However, the extreme protein ratios clearly influenced particle size distribution, and this might be linked to the ability of different proteins to freeze the droplet surface and form a skin, as detailed below.

Table 13: Physical droplet and particle parameters for the different WPI: NPC powders.

Bulk density and powder compressibility are represented in Figure 51. Two tendencies could be distinguished according to the powder composition: (1) a high bulk density with simultaneous poor compressibility for mixtures mainly containing NPC (40:60, 20:80, and 0:100 mixtures) and ( 2) a progressive decrease in bulk density and simultaneous increase in compressibility with increased WPI fraction. These results are consistent with those previously reported on compactness and were expected because bulk density is directly influenced by occluded and interstitial air (Table 13). In addition to the considerable impact of particle bulk density on the physical properties of a powder such as compressibility and compactness, the external morphology of particles (spherical or wrinkled) and particle size distribution may also have a considerable influence. 

Impact of matrix on particle shape

In addition to the above quantitative results, micrographs of the powders were considered for qualitative analysis (Figure 52).

Mixing the two proteins resulted in MDSD produced powders with different types of particle morphologies as already reported for pure WPI and pure NPC powder. These micrographs highlighted the presence of three well-defined types of morphology: spherical particles (100:0 and 80:20 mixtures), wrinkled particles (0:100 and 20:80 mixtures), and hybrid shaped particles only in intermediate mixtures (50:50 and 40:60 mixtures; Figure 52, inset images). In the last case, particles were almost spherical, with an open, hollow structure but with small local invaginations at the particle surface. Moreover, microscopic observation demonstrated that drying the different mixtures resulted in a specific distribution of the three types of particle morphologies according to the WPI:NPC ratio, rather than a progressive deformation of particle shape, which could be expected from the quantitative results from the shape analyzer.

Thus, the kind of protein seems to govern the particle shape, resulting in a typical morphological distribution in the powder depending on the protein ratio. This phenomenon strongly influences the physical properties of powders. In this work, in order to investigate the extent to which the protein impacts on particle shape, the drying of WPI:NPC mixtures was conducted on lower drying kinetic. In addition to the drying with MDSD, some WPI:NPC mixtures were dried by a single-droplet drying system. Single-droplet experiments were different from MDSD experiments in terms of droplet size and environmental conditions. Figure 53 shows a top light microscopy view of each single dried particle. Two distinct types of morphologies appeared: a semispherical, hollow particle for the WPI solution and an invaginated particle for the NPC solution. Intermediate morphology was observed for the protein mixtures, with progressive shell deformation as the NPC fraction increased in the solution.

These types of particle morphologies were similar to those observed for the MDSD drying experiments, although single-droplet and MDSD drying showed considerable differences in the timescale, ranging from 10 min to a few seconds, respectively.

Note that the heat treatment produced by drying may induce conformational changes of whey proteins to a lesser or greater extent. Nevertheless, that does not seem to influence the skin formation and droplet deformation with the observation of identical particle shape at 20 °C (drying of single The occurrence of the same kinds of particle morphologies resulting from different drying kinetics is an innovative result compared to those commonly reported on particle shape in the literature (Rogers et al., 2012;[START_REF] Alamilla-Beltrán | Description of morphological changes of particles along spray drying[END_REF][START_REF] Paramita | Effect of additives on the morphology of spray-dried powder[END_REF][START_REF] Nijdam | The effect of surface composition on the functional properties of milk powders[END_REF][START_REF] Kim | Surface composition of industrial spray-dried milk powders. 2. Effects of spray drying conditions on the surface composition[END_REF][START_REF] Vicente | Fundamental analysis of particle formation in spray drying[END_REF]Walton & Mumford, 1999b). Most of these studies were qualitative and related to drying parameters. The spherical particle shape is usually explained by rapid evaporation and the presence of high pressure in the particle, resulting in particle inflation and crust formation, whereas wrinkled particles are believed to result from slower water diffusion, allowing the deformation, shrinkage, and collapse of the particle [START_REF] Alamilla-Beltrán | Description of morphological changes of particles along spray drying[END_REF]. However, Rogers et al. (2012) reported a clear increase in puffed particles of fresh skim milk when the temperature increased, but contrasting results were reported by [START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF] who observed monodispersed smooth particles of milk protein concentrate at lower temperatures and polydispersed, wrinkled particles at higher drying temperatures.

Our results from the single-droplet and MDSD experiments clearly showed that spherical, wrinkled, or hybrid particles in WPI:NPC powders cannot result only from the drying kinetics but result initially from the intrinsic behaviour of matrix according to its physicochemical properties. Moreover, the hollow particle shape has also been explained by the generation of a vapour bubble subsequent to the increase in droplet temperature above the boiling point in the spray dryer [START_REF] Paramita | Effect of additives on the morphology of spray-dried powder[END_REF][START_REF] Nijdam | The effect of surface composition on the functional properties of milk powders[END_REF]. In our study, hollow particles were obtained after slow drying at 20 °C (vacuole nucleation was investigated in [START_REF] Sadek | Shape, Shell, and Vacuole Formation during the Drying of a Single Concentrated Whey Protein Droplet[END_REF]), suggesting no relationship with the boiling phenomenon but rather the influence of surfactant activity of droplet components. Thus, the impact of the nature of the protein, its physical and chemical properties, and its concentration may be relevant to the understanding of particle formation. However, one question remains unresolved, and that is how particle shape impacts powder functionality.

Relation between particle shape and powder functionality

The rehydration ability of powders was assessed through wettability, dispersibility, and solubility measurements.

All of the powders were poorly wettable, with wetting times of more than 4 min. In general, wettability depends on particle size, density, porosity, surface charge, surface area, and the presence of an amphipathic composite on the particle surface [START_REF] Mimouni | Investigation of the microstructure of milk protein concentrate powders during rehydration: Alterations during storage[END_REF]. Moreover, it has usually been reported that high levels of proteins at the particle surface hinder the wetting of a powder (Faldt & Bergenstahl, 1996b;[START_REF] Kim | Surface characterization of four industrial spray-dried dairy powders in relation to chemical composition, structure and wetting property[END_REF]. The powders produced in this study mainly contained proteins (i.e., almost without hygroscopic substances such as lactose in the formula), which may have explained their poor wettability. Moreover, whey proteins are well known to be poorly wettable due to their low water-holding capacity after drying [START_REF] Gaiani | How surface composition of high milk proteins powders is influenced by spray-drying temperature[END_REF]. In fact, whey proteins free of water after spray drying are likely to aggregate by means of protein-protein hydrophobic interactions, which limit in a first stage the powder wettability [START_REF] Gaiani | Dairy Powder Rehydration: Influence of Protein State, Incorporation Mode, and Agglomeration[END_REF][START_REF] Anandharamakrishnan | Effects of process variables on the denaturation of whey proteins during spray drying[END_REF].

Regarding dispersibility and solubility, the indices ranged from the best values for pure WPI solution to the poorest results for the pure NPC solution (Figure 54). These results for pure WPI and NPC powders are consistent with those found in the literature (Table 14). The casein micelles mainly constituting the NPC concentrate are known to form a poorly soluble material due to protein-protein interactions.

Proteins tend to fuse and constitute a porous, gel-like structured skin, inhibiting the mobility of water through the particle. These interactions increase after drying, leading to close packing of proteins and resulting in poor rehydration ability [START_REF] Mimouni | Investigation of the microstructure of milk protein concentrate powders during rehydration: Alterations during storage[END_REF][START_REF] Havea | Protein interactions in milk protein concentrate powders[END_REF][START_REF] Mckenna | Microstructure of whole milk powder and of insolubles detected by powder functional testing[END_REF]. The results for the WPI:NPC mixtures showed rehydration behaviours in agreement with the WPI:NPC ratios;

that is, a progressive evolution from good rehydration ability for high WPI:NPC ratios to poor rehydration ability for low WPI:NPC ratios.

It is of note that the rehydration properties did not match the corresponding categories of particles observed for physical features (sphericity, compactness, and compressibility). In fact, the particle analysis highlighted constant particle characteristics at definite ratio ranges that is, spherical particles for 100:0 and 80:20 mixtures and wrinkled particles for 40:60, 20:80 and 0:100 mixtures whereas the rehydration analysis showed more continuous results. For example, for the 40:60, 20:80, and 0:100 mixtures, the dispersibility progressively decreased in relation to the increase in the NPC fraction in the mixture, although the sphericity, compactness, and other shape characteristics remained almost unchanged. Within the limits of this study that is, for similar particle sizes and drying kinetics it can be concluded that the rehydration properties of powders containing mainly NPC are poorer than those of powders containing mainly WPI. In terms of physical aspects, powders of high density are required to ensure easy handling, storage, and transportation. This powder property depends on different particle characteristics such as the particle surface morphology, particle size distribution, and powder compactness. In this study, it was shown that NPC tended to generate small wrinkled particles of high density, in contrast to WPI, which formed larger, hollow, spherical particles, with more occluded and interstitial air. These properties have an indisputable impact on powder quality, especially in terms of flowability of particles. It has been reported in the literature that a closer arrangement of particles and numerous contact points between particles can induce stronger particle-particle interactions such as van der Waal force and H-bonding.

Better flowability could therefore be expected for the mixtures containing mainly WPI (100:0 and 80:20 mixtures); in fact, the greater the particle size and sphericity, the lower the particle-particle interaction and the better the powder flow behaviour. On the other hand, particles obtained from the mixtures containing mainly NPC showed surface roughness that increased contact points between particles and facilitated particle compaction. It is clear that different size/morphology distributions may induce interparticle forces (cohesion) and/or particle-surface forces (adhesion) that confer specific aerodynamic properties on particles [START_REF] Maa | The effect of operating and formulation variables on the morphology of spray-dried protein particles[END_REF].

Table 14: Overview of functional results of powders containing mainly whey and/or micellar casein.

In our study and in previous investigations, [START_REF] Sadek | Shape, Shell, and Vacuole Formation during the Drying of a Single Concentrated Whey Protein Droplet[END_REF] the unique structures obtained for whey proteins and/or for casein micelles under the same drying conditions and with similar dry matter content may be explained by the different properties of these proteins in terms of molecular conformation, molecular weight, solubility, diffusivity, and viscosity. Given that WPI and NPC concentrates are not equivalent in terms of volume fraction and number of proteins, the critical concentration at which proteins undergo sol-gel transition and the occurrence of this transition in the drying time may strongly influence the droplet shape. A diagram of the possible particle formation mechanisms is proposed in Figure 55.

Casein micelles are prompt to quickly adsorb at the air-water interface due to their flexible structure, high surface activity, and limited diffusivity due to their large hydrodynamic size [START_REF] Dickinson | Milk protein interfacial layers and the relationship to emulsion stability and rheology[END_REF]. These bigger proteins would need less removal of water to reach the sol-gel transition. They thus would form a skin at an early stage of drying when their concentration reaches a critical level at which they would undergo progressive close-packing and turn into a soft gel (Bouchoux et al., 2009). The shell formed at the interface in this way would be thin and flexible enough to deform in response to drying stresses.

Note that casein micelles are highly hydrated proteins and it has been shown that when these structures are compressed, a part collapses when the other may resist [START_REF] Bouchoux | How to Squeeze a Sponge Casein Micelles under Osmotic Stress, a SAXS Study[END_REF]. This heterogeneous behaviour when submitted to the compressive forces and their highly hydrated structure may explain the particular mechanical properties of the shell, such as flexibility, allowing the occurrence of significant instability at the particle surface. As described by Hassan and Mumford, the particle may behave as a skin-formed material and collapse prior to solidification of the matrix, which would result in wrinkled, dense particles with a large surface area [START_REF] Hassan | Mechanisms of drying of skin-forming materials; the significance of skin formation and a comparison between three types of material[END_REF]. On the other hand, whey proteins, with lower molecular weight and less surface activity (Gaiani et al., 2011b), form a less cohesive film [START_REF] Elversson | In situ coating -An approach for particle modification and encapsulation of proteins during spray-drying[END_REF], allowing homogenous shrinkage of the droplet at the first stage of drying. As the droplet shrinks, whey proteins concentrate at the interface until they reach a critical concentration and fix the surface layer into a solid, spherical shell [START_REF] Sadek | Shape, Shell, and Vacuole Formation during the Drying of a Single Concentrated Whey Protein Droplet[END_REF]. In this case, proteins form a thicker but porous crust, which allows water to evaporate and does not bend under capillary pressure. The final particles are spherical shaped and hollow and have an open structure that confers a certain brittleness on the particle.

When whey proteins and caseins were mixed, the morphological distribution in the powder depended on specific WPI:NPC ratio thresholds. For an NPC fraction higher than 60%, most droplets tend to behave as pure casein droplets and form a dense, wrinkled particle at the end of drying. For solutions mainly containing WPI (fraction greater than 80%), most droplets seem to behave as pure whey protein droplets. For intermediate ratios, both types of morphologies were observed. However, for these intermediate WPI:NPC ratios, a hybrid type of morphology was seen. The latter resulted from two protein signatures and suggested hypothetical cohabitation of both whey and caseins in the shell formation. This last assumption is the subject of ongoing investigations discussed in the outlook section. In this study, trials were carried out on a semi-industrial scale. The WPI concentrate (30% w/w) with a protein content of 95% w/w was dried at an inlet air temperature of 152°C and outlet air temperature of 59°C. The NPC concentrate (15% w/w) with a protein content of 85% w/w was dried at an inlet air temperature of 183°C and outlet air temperature of 68°C. 

What about the hole?

Increasing the drying temperature has often been reported in the literature to be linked to a greater tendency to form larger, hollow particles. Rapid evaporation induces the formation of a relatively nonporous, rigid skin at the surface and vaporization of the residual moisture leads to particle inflation. The escape of water vapour may result in rupture of the particle shell with the formation a blowhole, followed sometimes by the collapse of the structure. This phenomenon is well known in the drying of skin forming materials such as skimmed milk droplets (Walton et al., 1999) and was observed in this project only for the drying of NPC solutions at higher temperatures (Figure 59). It is clear that the hole is formed outwardly.

In the case of WPI particles, the hole is formed inwardly, as observed both for MDSD and for industrial powders (Figures 52,58). These observations suggest that the nucleation of the internal vacuole results from hot air entering through a droplet surface defect. In the single 3D droplet experiment, the hole was not evident for 10% WPI solution droplets, and the vacuole was expected to be formed from the hydrophobic substrate. However, it was clear that the hole appeared at a higher concentration (20%) as shown in figure 27b. [START_REF] Bouman | The drying of a single whey protein droplet: vacuole and hole formation, Abstract for the International Drying Symposium[END_REF] emphasized this last point. They demonstrated that the formation of a hole influences the nucleation of the internal vacuole. Once the hole has been formed the liquid front moves inwards into the droplet. The authors reported that the hole and subsequent vacuole formation contribute to a higher drying rate, because the hole may function as an evaporation vent. They showed that the direction of air flow determined the location of the hole, which preferentially formed in the downstream direction of the air flow (Figure 56). Without an air flow, a hole appeared at the top of the droplet (Figure 61a), caused by gravity in combination with an increase evaporation rate at this point. They also performed a X-ray tomography in order to characterize the particle shape. As shown in Figure 61b, the particle in our study showed the same inward hole direction and the thickness of the shell seemed almost homogeneous. 

Conclusions

In this section we focused on the influence of protein composition on powder properties using a spray-drying system controlling the size and drying history of each droplet. The drying behaviours of the two major milk protein concentrates (whey protein isolate and native micellar caseins) were investigated singly and mixed together at different ratios.

Powders were characterized according to their physical characteristics and their rehydration properties. The results showed that the type of protein seems to govern the particle shape, for which three types of morphology were demonstrated: (1) smooth, spherical, hollow particles for whey proteins;

(2) wrinkled, dense particles for casein micelles; and (3) hybrid particles for protein mixtures.

These mixtures resulted in a typical distribution of the types of morphology according to the WPI:NPC ratio, almost regardless of the drying kinetics. All powders had rehydration properties in accordance with the literature, with progressive evolution from good rehydration ability for high WPI:NPC ratios to poor rehydration ability for low WPI:NPC ratios.

Thus, the main result of this study was that protein composition has a strong influence on the morphology of the particles and the rehydration ability of powders, without any direct relationships between particle morphology and rehydration ability.

From these results and from the current literature, it may be expected that the nature of the proteins influences the mechanical evolution of the protein material (the liquid surface, the skin layer and the shell), almost regardless of the drying temperature and the droplet configuration. Of course, the latter parameters (temperature and shear) have a recognised impact on protein functionalities and thus influence the viscosity of the bulk, the rehydration of the final powder and the stability (decantation, foaming) of the rehydrated solution. However, it seems from the material physics point of view that a predominant factor in particle formation is the response of matter to the stress induced by evaporation.

GENERAL CONCLUSION

In the current context of intensification of global exchange, spray drying techniques hold great promise for the dairy and this warrants investment in new types of drying equipment and research.

Despite the fact that it is a widely used technique, certain aspects of droplet formation during spray drying are not fully understood, resulting in continuing variability in terms of powder quality and performance. Understanding precisely how the final shape is formed and how it can be controlled still remains a major challenge for the dairy industry.

Direct observation of particle formation during spray drying is not possible on an industrial (time and length) scale. This thesis reviews experimental studies based on the drying of a single droplet, representing a new field of investigation in spray drying. On the basis of this focus and developments, this PhD project aims to break down the complexity of the drying phenomenon using an exploratory multi-scale approach.

The study focused on the milk proteins (whey proteins and casein micelles) which are the highly nutritionally and functionally important ingredients in infant formulae whose properties strongly influence the final quality of the powder. Particle formation of milk proteins was investigated using different experimental systems (single pendant droplet, confined droplet, mono-dispersed droplets and spraying cone droplets) in different drying environments (drying temperature: 20°C to 190°C and HR: 40% to 2%) and monitored with various instruments (high speed camera, confocal microscopy, microbalance, indentation testing, scanning electron microscopy, and dynamic image analysis system) in order to provide answers to the following questions:

How does a droplet become a dried particle? What are the physicochemical mechanisms involved in the droplet-particle transition? It was observed that the drying of a single protein droplet comprised three distinct stages. At the beginning, the free water evaporation was diffusion controlled, from the droplet surface towards the surrounding air. The droplet behaved as pure water, decreasing uniformly in volume and retaining its spherical shape. During the second stage, the evaporation process resulted in the accumulation of proteins at the interface, leading to distinct rheological properties between the surface and the droplet core. At this stage, shrinkage of the droplet slowed down, revealing the occurrence of sol-gel transition at the surface. As a result, a skin developed progressively at the air-liquid interface, fixing the surface area of the droplet and leading to buckling of the droplet. Water evaporation was still possible through the porous skin. During the last stage, the skin thickened into a protein shell, with the nucleation of an internal vacuole. The same three stages were observed for both whey proteins and casein micelles, but they occurred with different kinetics, and with different and specific types of deformation according to the type of protein. The WPI droplet shrank over a longer period before the occurrence of buckling instability, whereas the NPC droplet rapidly became asymmetrical. Indeed, buckling of the NPC droplet occurred earlier in the drying process than that of the WPI droplet, fixing a larger surface area. Once the skin was formed, the gelled droplets evolved in different ways: the NPC droplet was considerably distorted after buckling, revealing invaginations at the surface, whereas the WPI droplet remained spherical and did not evolve further, except inward where a large vacuole nucleated, with the occurrence of a final fracture of the dried particle (Figure 62). These results marked a clear difference in drying dynamics between NPC and WPI droplets and suggested particular mechanical properties of the milk protein shell, leading to a predictable and characteristic particle shape.

How much do the final physical properties of the particles result from the mechanical properties of

the protein material? It was found that the drying dynamics of whey protein and casein micelle droplets showed different timescales and mechanical lengths, whatever the drying conditions and the droplet configurations, leading to typical mechanical instability at the surface i.e. buckling, invagination and fracture. The casein micelle layer rapidly reached the elastic regime within a critical concentration range, estimated at around 156 g.L -1 , whereas whey proteins became elastic after a long shrinkage stage within a critical concentration range, estimated at around 414 g.L -1 . As the critical concentration approached, the surface of the droplet became elastic. The elastic modulus increased in the protein layer and the skin behaved as a coherent solid whose internal properties (thickness, microstructure) impeded the free evaporation of water and led to an increase in the drying stress as a function of time. At this stage the skin was able to withstand internal stresses through the onset of surface deformation that results to different signature at the protein scale. The indentation values suggested that the viscoelasticity effect of NPC was more pronounced than WPI and therefore the viscous dissipation was more important for NPC than WPI at a given fracture time and peak load. When the drying stress reached the skin layer yield stress, irreversible deformation caused by plasticity might occur. Exhibiting a lower yield stress value the NPC material left the linear elastic regime earlier and reached plasticity well before the WPI material.

The mechanical difference between the two plastic shells might be related to specific internal properties of the protein skin layers. Analogous behaviour might be discussed between the casein micelles and soft and deformable colloids on the one hand, and between whey proteins and hard spheres on the other.

Brittle plastic characteristics of the skin layer made of whey proteins could result from the concentration of non-interacting hard sphere colloids until crowding occurs where colloids are no longer able to flow and are caged between each other. At this point the system would arrest and fracture when the shear stress exceeded the yield stress. In contrast, the ductile elastic skin layer made of casein micelles was believed to result from the capacity of micelles to deswell as soft deformable spheres in jamming conditions. Their rearrangement would thus allow irreversible deformation of the shell, leading to a wrinkled particle shape. Focusing on these analogies is the subject of ongoing investigations mentioned in the outlook section.

To what extent is the formation of particles affected by the protein material and the drying parameters? WPI:NPC mixtures were dried at 190°C with a spray drier system controlling the size and the drying history of each droplet. The protein type seemed to govern the particle shape, resulting in typical morphological distributions depending on the WPI:NPC ratio (mostly spherical for 100:0 and 80:20 mixtures or mostly wrinkled particles for 0:100 and 20:80 mixtures) and the presence in intermediate mixtures (50:50 and 40:60 mixtures) of hybrid shaped particles. These specific particle morphologies were similar to those observed for single pendant droplet experiments, and for powders obtained on semi-industrial spray drying (Figure 62). Although single pendant droplet, MDSD and semiindustrial configurations showed considerable differences in drying timescale and temperature, ranging from 10 min to approximately 1 second and 20°C to 48-108°C (wet bulk temperature and outlet drying air temperature), respectively, they did not from the particle shape observation seem to influence the skin formation and droplet deformation.

What is the impact of particle morphology on powder functionalities?

The literature review suggested that the particle shape would strongly influence the physical properties of powders. Indeed, powders mainly containing WPI showed a wider particle size distribution with higher values for interstitial and occluded air, and lower values for bulk density. On the other hand, powders mainly containing NPC showed narrow particle size distribution, lower values for interstitial and occluded air, and higher values for bulk density. Because powders with more than 60% NPC resulted in mostly wrinkled particles, their physical properties were closer to a pure NPC formula. It is of note that these differences in terms of size, density, external shape and skin properties (for example brittleness) could have an impact on the handling of powders (such as compressibility and flowability of powders). In terms of rehydration properties, all powders showed results in accordance with the literature, with progressive evolution from good rehydration ability for high WPI:NPC ratios to poor rehydration ability for low WPI:NPC ratios. Finally, the main innovative result of the PhD project is the highlighting of the impact of the matter on the particle formation and the direct consequences on particle characteristics and powder properties, regardless of the drying kinetics and the droplet generation system. From an application point of view, this study emphasizes the crucial role of the formula composition on the powder characteristics, in addition to nutritional aspects not considered here. Controlling product formulation thus represents a potential way to tune particle morphology and thus meet the anticipated functional properties of a powder.

Despite the fact that within the limits of this work the drying kinetics did not show as much impact on particle formation as was expected, spray drying parameters are also believed to have a considerable role regarding adjustment, attenuation and smoothing effects of the matter signature.

Another major conclusion of this work is the value of mimicking the drying phenomenon without necessarily reproducing the real time, energy and matter consumption scale which may impose important limits. Transferring the study of drying from real scale to the simplest experimental system allows more direct, flexible and detailed investigation of the influence of specific ingredients on particle characteristics.

FUTURE OUTLOOK

The initial framework of this study comprised a multi-scale study of the whole spray drying process, from droplet formation to particle properties. It was shown in this study that it is mainly the matter signature that governs the phenomenon occurring during drying and that therefore the latter should be taken into account in order to be able to predict and control the properties of a powder. As a consequence, the main focuses of the future outlook are the properties and behaviour of matter in a condensed state. Despite the fact that the study of the properties of condensed matter is a shorter term perspective, it is of note that considerable effort will be required in order to integrate the knowledge in this field (matter properties) into particle processing. Specific developments will depend on the final application (control of powder density and its flowability, processing of the matter for encapsulation or coating purposes, improvement of powder rehydration and its dispersion in the case of encapsulated products, etc.) and will include the preparation of the mix, the design of the spraying system and the choice of the drying parameters as it is reported in Figure 63.

Overall, this PhD project can be considered as an investigative study which demonstrated that studying the simplest droplet system (2D or 3D) can provide valuable information on the properties of matter in a condensed state, whatever the kinetic by which the matter is condensed. From this starting point, various investigations can be proposed, in order both to consolidate any hypothesis developed in the PhD project and to further the understanding of the behaviour of soft condensed matter and identification of potential means allowing design of particle morphology and control of powder functionalities. Three key points emerged: the matrix, film formation and the properties of the dry material (Figure 63). However, the multi-scale approach implemented was time consuming and required development of new methods and skills in very different research areas, thus limiting the time to extend the area of the PhD project. One main recommendation for future investigations would be to delimit the study to a well-studied matter and focus on one of the key aspects, film formation or material properties which are directly linked. 

Choice of the matrix of interest

Two distinct projects might be envisaged regarding the choice of the matrix. First, efforts should be made to label casein micelles and whey proteins specifically and selectively in order to be able to distinguish each type of protein in WPI:NPC mixtures. Secondly, the results (phase states and material properties) obtained with WPI and/or NPC should be compared with those obtained with model colloids whose shape is controlled to pave the way for better understanding of the underlying mechanisms.

The labelling of milk proteins would allow more accurate evaluation of protein localisation and dynamics inside the droplet. One potential method for selective protein labelling would be that used by [START_REF] Nigen | Dynamic and supramolecular orga isatio of α-lactalbumin/lysozyme microspheres: A microscopic study[END_REF] based on the pH adjustment of proteins to 8.5 to favour covalent binding with fluorescent probes, followed by extensive dialysis to remove free probes. Mass spectrometry analysis could finally assess the quantity of proteins labelled. Previous studies have shown good results for the labelling of -lactoglobulin with FITC and the labelling of  s1 -casein with RITC. These probes can be used jointly, as their excitation wavelengths are 488 and 543 nm, respectively, while their emission wavelengths are 525 and 580 nm, respectively. It should first be established that their use in mixture does not lead to non-radiative emission transfer between the two probes (Fröster Resonance Emission Transfer). In addition to FITC and RITC, a wide range of less photosensitive and brighter probes is currently available. For example, [START_REF] Dubert-Ferrandon | A novel technique for differentiation of proteins in the development of acid gel structure from control and heat treated milk using confocal scanning laser microscopy[END_REF] used Alexa Fluor 594 and Alexa Fluor 488 to label casein micelles and whey proteins, respectively. Preliminary studies should be performed to identify the best probes for selective labelling of milk proteins.

The second project should consist of generating well-defined colloids. Clearly, this project would involve an important development stage and external skills in colloidal chemistry, for which the collaboration with the FAST laboratory (CNRS Orsay) would be a key advantage. A wide range of hard and soft colloids can be obtained with chemical and/or physical modifications of the colloid surface.

These modifications confer varying degrees of softness and deformability on originally rigid colloids.

Examples of such an approach are available in the literature. For example, Koumakis et al ( 2012) used systems with different softness and shell mechanics such as i) sterically stabilized PMMA (polymethylmethacrylate) colloids (hard sphere), ii) core-shell microgels with deformable PNIPAM (poly(Nisopropylacrylamide) outer shells (microgels) and iii) ultra-soft star-like micelles with interpenetrable multi-arms (star-like micelles) as reported in Figure 64. The authors compared the mechanical properties of the colloidal glasses resulting from these three different model colloids.

Finally, in the long term, it would be interesting to include other key parameters in the investigations such as the thermal denaturation of proteins and the influence of the mineral environment on the structure and behaviour of proteins. 

Investigation of film formation

Investigation of film formation appears to be a priority once the choice of the matrix has been made.

It would be valuable to observe the process of drying of droplets with specifically labelled milk proteins by confocal microscopy, first considering WPI and NPC separately and then using different WPI/NPC mixtures. The single, pendant droplet setup would provide information about the dynamics of whey proteins and casein micelles during the drying process and their location at the interface.

Additionally, the particles obtained after drying with MDSD would make it possible to consolidate the results and to clarify the different particle shape distribution reported in Chapter 6. In particular, it would be of major interest to gain more information about the cohabitation of whey proteins and casein micelles and how the casein signature becomes more pronounced in the WPI/NPC ratio from 60%. The question of probe sensitivity to temperature, with direct consequences on its stability and its brightness, remains to be solved in experiments with MDSD. Browey et al ( 2009) reported images of particles containing both FITC-labelled insulin and RITC-labelled alginate after spray drying at an inlet temperature of 150°C. Such experiments need to consider first the suitable physicochemical conditions of the medium in relation to the probe properties. In this case, the confocal resolution may be better, and a microscope such as STORM (Stochastic optical reconstruction microscopy) with a resolution around 15 nm would then be more appropriate.

Moreover, it would be wise to analyse film formation with labelled proteins through the confined droplet, and completement the experiments with the different mixtures. Redoing the calibration curves with the labelled proteins would facilitate a more detailed analysis of the fluorescence gradient near the interface.

Also regarding the confined droplet, various microscopy analysis techniques commonly used today would be interesting to test. One example is the FRAP (Fluorescence Recovery After Photobleaching)

technique which is based on bleaching the sample at a specific place and recording the fluorescence recovery in this area over time. This technique might be a way to evaluate the degree of gelation of the interface, assuming that the diffusion properties of the matrix are strongly modified by the rheological changes. A similar approach was used out by [START_REF] Hagman | Effect of gelatin kinetics on probe diffusion determined by FRAP and rheology[END_REF] who studied the sol-gel transition with FRAP and rheology methods. The authors reported that FRAP was able to determine structural changes before gelation occurred by comparison with the gel point obtained by rheological method, and concluded that FRAP was a powerful tool for determining dynamic changes in the microstructure.

Investigation of material properties

Although characterization of material properties has been addressed in this thesis, more can be done about mechanical and microstructural analysis and thus represents a wide area of investigation.

In the study of colloids with a controlled shape, some preliminary experiments were performed with a single droplet deposited on a glass slide (with a low contact angle) that was dried in a controlled Moreover, AFM (Atomic Force Microscopy) will be a powerful tool to investigate the fine structure of protein and colloid materials. This technique consists of scanning the surface of a sample with a cantilever, and tracking the magnitude of the cantilever deflection according to its interaction with the surface. In AFM force mode, the interaction between the cantilever and the surface is measured while the cantilever touches or retracts from the surface (tapping mode). The force applied to the cantilever when the tip touches and presses the surface can provide information on sample stiffness, while varying the retractio force applied to pull-off the tip fro the sa ple ca provide i for atio o adhesio forces between the tip and the sample surface [START_REF] Turner | Scanning probe microscopy in the field of drug delivery[END_REF]). These force measurements lead to force-distance curves by which elastic properties of materials can be calculated. For example, [START_REF] Julthongpiput | Micromechanical properties of glassy and rubbery polymer brush layers as probed by atomic force microscopy[END_REF] made specific grafting surfaces and studied their nanomechanical properties such as You g's odulus, adhesio a d rough ess y usi g the contact and friction mode of the AFM. [START_REF] Zhang | Determincation of the surface free energy of crystalline and amorphous lactose by atomic force microscopy adhesion measurement[END_REF] studied the surface energy of crystals of lactose from adhesion force measurements to predict the adhesion of two surfaces brought into contact. Development of the methodology and analysis of data to extract mechanical information will require specific expertise, as discussed by [START_REF] Chyasnavichyus | Probing of polymer surfaces in the viscoelastic regime[END_REF]. However, AFM is clearly a powerful tool, as it is also possible to explore the AFM imaging obtained by measuring the phase difference between the oscillations of the cantilever piezo and the oscillations detected to gain information about the surface structure, such as thickness and micro-roughness [START_REF] Lisunova | Direct probing of micromechanical properties of hydrogen-bonded layer-by-layer microcapsule shells with differetn chemcialc compositions[END_REF].

Moreover, development of this method would also be useful for the characterization of the rheological changes in the first part of research into the film formation. In fact, the samples can be continuously imaged in air or in an aqueous environment, making it possible to observe ongoing processes directly as reported by [START_REF] Yang | Application of atomic force microscopy as a nanotechnology tool in food science[END_REF]. There is no information available to date about such drying studies with an AFM tool. However, this approach would ideally make it possible to study the viscoelastic properties of the interface during drying and highlight changes at the surface when the gelation is expected to occur.

Another technique that would complement the study of material properties is X-ray micro-computed tomography (μ-CT). This non-destructive method would allow detailed analysis of the internal microstructure of the whole sample. It is based on the capacity of components of the system to absorb X-rays. This technique ge erates 3D i ages of the sa ple's orphology a d i ter al icrostructure with resolution down to the sub-micron level. Contrary to AFM force mode experiments, μ-CT analysis leads to an image consisting of different grey values that represent the intensities or local absorption values, from which the microstructure information can be extracted. Image processing is necessary for this purpose and this represents a delicate stage of development of the method. A potential method to extract thickness and porosity values from image data was developed by [START_REF] Sondej | Investigation of coating by microcomputed X-ray tomography[END_REF]. Moreover, the results obtained with this technique can be compared with those obtained with confocal analysis (shell thickness) and with AFM (surface structure features).

To really complete the characterization of material properties, it will be necessary to study the inverse phenomena, i.e. the changes in dried protein materials following addition of water. Clearly, this part could be a research theme in itself, but some aspects could be clarified with the methods described above. For example, Lequeux and al. investigated the spread of a droplet of water deposited on a thin layer of carbohydrate [START_REF] Tay | How does water a hydrosoluble subtrate ?[END_REF]. They tracked the progress of the contact line of water dissolving the substrate. The water velocity was recorded with a similar setup to that described in Chapter 4 (high speed cameras). However, the additional and innovative point of their study was the analysis of the variations in hue at the contact line, which resulted from the interference between the light reflected by the film and the light reflected by the silicon wafer, as shown in Figure 66. By collecting the intensities of the red, green, and blue sensors of the camera and comparing the theoretical and experimental hues, they were able to measure the film thickness [START_REF] Tay | How does water a hydrosoluble subtrate ?[END_REF]. Finally, using this method, the authors determined from the average value of the volume of the water fraction across the woollen film, leading to discussion of the hydration mechanisms of the substrate [START_REF] Dupas | Dynamic wetting on a thin film of soluble polymer: effects of nonlinearities in the sorption isotherm[END_REF]. This method would provide information regarding the sorption behaviour of the material, in combination with AFM or indentation testing, in order to study mechanical changes in rehydrated materials. 
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 4 Figure 4: Global importation dairy products by emerging countries (Brazil + Russia + India + China) from 2000 to 2011 (CNIEL., 2012a).

Figure 5 :

 5 Figure 5: Global investments in 2012 (CNIEL., 2012b).
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 7 Figure 7: Overview of main research teams focusing on process engineering since 2010.

Figure 8 :

 8 Figure 8: Overview of the main research teams focusing on particle engineering since 2010.

Figure 9 :

 9 Figure 9: Overview of main research teams focusing on evaporation with a soft matter approach since 2010.

Figure 10 :

 10 Figure 10: Milk viewed at different magnifications showing the relative size of structural elements. (A) uniform liquid, (B) fat globules and (C) plasma-containing proteins such as casein micelles[START_REF] Mulder | The milk fat globule[END_REF].

Figure 14 :

 14 Figure 14: Whey cracking (Lortal & Boudier, 2011).

Figure 15 :

 15 Figure 15: Experimental techniques used to study the drying of a single droplet (modified from Fu et al. (2012)).

Figure 16 :

 16 Figure 16: Diagram of all phenomena involved in the evaporation process for a sessile droplet (modified from Hays et al. (2012)).

  . Taki g all previous assu ptio s i to co sideratio , Ma well e pressed Fick's law equation according to the vapour concentration and the radial position of the droplet, using a spherical surface A= πR 2 ) (Figure17)(Maxwell 1890).

Figure 17 :

 17 Figure 17: Diagram of single droplet drying configuration corresponding to the model proposed by Maxwell where c s is the concentration of vapour at the droplet surface (kg.m -3 ), c ∞ the vapour concentration at infinite distance from the droplet surface (kg.m -3 ), P s the partial pressure at the surface, P ∞ the infinite partial pressure, R s the radius of the spherical droplet (m), R ∞ the infinite distance from the center of the droplet (m), D v the diffusion coefficient of vapor in air (m².s -1 ) and T the temperature (K).

  7) where L is the density of the droplet liquid (kg.m -3 ) and f Ѳ) the function of the contact angle of the droplet. Different authors have proposed polynomial expression of f Ѳ) (Bourges-Monnier and Shanahan 1995; Pick ett a d Be o 1977; Rowa et al. 1995 , a d this is fully descri ed i Er il's review Er il 01 .

Figure 18 :

 18 Figure 18: The two different modes of evaporation for a sessile droplet.

  have been widely investigated with the sessile droplet method. Competition between various physical mechanisms such as Deegan flow, Marangoni flow, and evaporative flux may occur inside the sessile droplet during evaporation (Figure19). Investigations of such flows have been reported in the literature[START_REF] Majumder | Overcoming the "coffeestain" effect by compositional Marangoni-flow-assisted drop-drying[END_REF][START_REF] Maki | Fast evaporation of spreading droplets of colloidal suspensions[END_REF][START_REF] Manukyan | Imaging internal flows in a drying sessile polymer dispersion drop using spectral radar optical coherence tomography (SR-OCT)[END_REF][START_REF] Monteux | Packing and sorting colloids at the contact line of a drying drop[END_REF][START_REF] Zhang | Shape changes during the drying of droplets of suspensions[END_REF]).

Figure 19 :

 19 Figure 19: Transport mechanisms occurring inside a sessile droplet.

Figure 20 :

 20 Figure 20: Skin formation in relation to Peclet number and volume fraction (from Okuzono et al. (2006)).

Figure 21 :

 21 Figure 21: Diagram showing different ways of particle deformation (modified from Handscomb et al. (2009) and Vicente et al. (2013)).

Figure 22 :

 22 Figure 22: Diagram of relationships between process parameters, material properties, fundamental variables, and particle and powder properties in spray drying (modified from Vicente et al. (2013) and Schuck et al. (2012)).

  easier, and create new ingredients. Research is being carried out on the properties of food powders, including studies to improve their handling and transport during the manufacturing process by controlling the size and density of particles (Barbosa-Cánovas and Juliano 2005; Fitzpatrick and Ahrne 2005; Sharma et al. 2012). Another focus of current development involves the relationships between particle surface composition and powder properties. The influences of surface composition have been established on wall deposition during spray drying[START_REF] Adhikari | Experimental studies and kinetics of single drop drying and their relevance in drying of sugar-rich foods: a review[END_REF][START_REF] Wang | A review of process simulations and the use of additives in spray drying[END_REF], particle agglomeration during storage, and the rehydration ability of powders[START_REF] Fang | Functionality of milk protein concentrate: effect of spray drying temperature[END_REF]).

Figure 23 :

 23 Figure 23: Diagram of the main issues involved in infant formula quality.

  down the complexity of the drying phenomenon. The first stage of the project consisted of studying the drying process of a single 3D droplet in real time and in situ by means of complementary methods (high speed camera, confocal microscopy and micro-balance) (Chapter 4). In the second stage, the results were compared to a 2D confined droplet to characterize the mechanical properties of the protein materials (Chapter 5). The results were then validated with the help of a new spray dryer pilot (Mono-Dispersed Spray Drier) which produces perfectly controlled droplet sizes and shapes. This third stage allowed the formation of particles with an identical thermal history. Physical and functional characterization of powders was thus obtained. Finally, drying on a semi-industrial scale was used to validate the information acquired on the behaviour of dairy proteins (Chapter 6).

Figure 25 :

 25 Figure 25: Schematic illustration of the experimental setup in a) a profile view, b) a top view of the droplet, and c a sca i g electro icroscopy i age of the cyli drical pillars 0 μ dia eter, 10 μ height). The droplet is characterized by the contact angle, θ, the base radius, r b , the cap radius, r c and, the height, z. The latter was patter ed with cyli drical pillars 0 μ dia eter, 10 μ high ade of poly(dimethylsiloxane) (PDMS) positioned in a triangular lattice and separated from each other by a 50

Figure 26 :

 26 Figure 26: Droplet drying dynamics: a) representation of dimensionless values (X/X 0 ) for the base radius ( ), cap radius ( ), height (▲), mass (○), fluorescence intensity (X), and pure water droplet ass • . b) Corresponding image sequences. c) Confocal sections taken at z stack = 60 μ . The refere ce ar is 500 μ .

Figure 27 :

 27 Figure 27: Images of final shapes, 3D confocal reconstitution, and profiles of droplets obtained from ImageJ analysis of 100 g•L -1 (a, b, e (solid line)) and 200 g•L -1 (c, d, e (dotted line)) WPI solutions. Droplet

Figure 28 :

 28 Figure 28: "hell thick ess i relatio to height for 100 • , 00 × , a d 50 g•L -1 (■) of WPI, (a, b, c) SEM and light micrograph of the fracture plane of the 100 g•L -1 and 200 g.L -1 (d, e) z-stack montage of a dry particle with a step of 0 μ for 100 g•L -1 and 200 g•L -1. The shell thickness was estimated from particle sections only at releva t z values i.e., a ove the gel foot 0 μ a d elow the ape height i us 100 μ . Measure e ts were carried out o ly for the capshaped area of the dried particle z > 0 μ fro the substrate).

Figure 29 :

 29 Figure 29: Representation of the average solute concentration according to the drying time scale for the 100 g•L -1 solution of WPI and other concentrations (inset).

Figure 30 :

 30 Figure 30: a) Schematic illustration of the experimental setup, b) video images of a 20% (w/w) WPI solution droplet drying at 30°C (with a streaming velocity of 0.2 ms -1 ), video images of droplets with varying initial WPI concentrations at the specific moment of vacuole formation: c) 5% (w/w), d) 10%(w/w), e) 20% (w/w) and f) 30% (w/w). Initial droplet radius is 0.5 mm, Temperature is 100°C and airflow speed is 0.2 ms -1 (results extracted from[START_REF] Bouman | The drying of a single whey protein droplet: vacuole and hole formation, Abstract for the International Drying Symposium[END_REF].

4. 4 .

 4 Dropletparticle transition of a single NPC droplet (Paper 3) 4.4.1. Difference shape dynamics between droplets of water and NPC The profiles of casein micelle and water droplets are shown Figure 31 according to drying time. Drying of the droplet of water comprised a single stage in which the droplet progressively decreased in height

Figure 31 :

 31 Figure 31: Camera images of a) water and b) NPC droplet profiles according to drying time, scale bar: 200 μ . The evolution of the shape indicators of protein and water droplets during drying is represented in Figure 32. It became clear that the drying dynamics of the casein micelle droplet were composed of three different stages.

Figure 32 :

 32 Figure32: Representation of dimensionless values (X/X 0 ) for the base radius, cap radius, height of single droplet of a NPC (filled dots) and a single droplet of water (empty dots). Characteristic times represent the beginning of the buckling of droplet at t B , and the onset of invaginations at t I.

Figure 33 :

 33 Figure 33: Time-lapses of confocal sections taken at z-stack = 0μ of a NPC droplet drying with zeolites (HR~ 2%) and (b) NPC droplet drying in ambient air (HR~ 40%). The white dotted lines delimit stage 1 in the drying process. Focusing only on stage 1, (c) represents the decrease in squared droplet radius (r/r 0 ) 2 in drying time (t/r 0 2

Figure 34 :

 34 Figure 34: a) Decrease in mass of the casein micelle and water droplets during drying and b) representation of the average solute concentration for the NPC droplet according to drying time.

Figure 35 :

 35 Figure 35: 3D confocal reconstitutions of final single pendant particles shape (a, b) of NPC and (c, d) of WPI, top and profile views, respectively.

Figure 36 :

 36 Figure 36: Diagram of the two experimental setups: a) single, pendant droplet and b) confined droplet.

Figure 37 :

 37 Figure 37: Calibration curves for WPI and NPC proteins.

Figure 38 :

 38 Figure 38: Method to measure the fluorescence intensity at the droplet interface, a) mean intensity distribution for a WPI droplet at t 0 and concentration at 100 g.L -1 , b) mean intensity distribution for a WPI droplet at t buckling at C buckling .

Figure 39 :

 39 Figure 39: Diagram of the indentation creep test method: a) diagram of the spherical Rockwell indenter, b) a typical load-time curve for the creep test and c) typical creep curve consisting of a viscous state and an elastic state inserted into the linear viscoelastic creep (Kelvin-Voigt) model used to fit the experimental curves.

Figure 40 :

 40 Figure 40: Time lapse images of drying droplet profiles of a) WPI droplet and b) NPC droplet. SEM images (7 kV and 100X) of the fracture plane of c) the final dry WPI particle and d) the entire dry NPC particle.

Figure 41 :

 41 Figure 41: Images of the confined WPI droplet at different evaporation times (scale bar 1 mm). Graph: periphery length and surface area as a function of evaporation time.

Figure 42 :

 42 Figure 42: Images of the confined NPC droplet at different evaporation times (scale bar 1 mm). Graph: periphery length and surface area as a function of evaporation time.

Figure 43 :

 43 Figure 43: Diffusio le gths λ of NPC □ a d WPI (• easured at 500 s duri g the dryi g ti e.

  buckling time was approached by analysing the fluorescence profile of a confined droplet. The fluorescence intensity was measured just before the occurrence of buckling instability in the skin layer of the droplet, and converted into protein concentration through the calibration curves. The corresponding critical concentration average was different according to the nature of the protein with C buckling ~ 156 g.L -1

Figure 44 :

 44 Figure 44: Results of the indentation tests: (a) contact creep responses for WPI and NPC proteins, (b) representation of a load-displacement curve for WPI proteins.

Figure 45 :

 45 Figure 45: Diagram of the different rheological regimes of skin formation of WPI and NPC droplets according to drying time.
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  Publised as: Sadek C, Li H, Schuck P, Fallourd Y, Pradeau N, Le Floch-Fouéré C, Jeantet R (2014) To what extent do whey and casein micelle proteins influence the morphology and properties of the resulting powder ? Drying technology 32:1540-1551 6.1. Drying of WPI and NPC solutions under controlled drying history (Paper 5) 6.1.1. Introduction Spray drying is a well-established technique by which to convert a liquid solution into individual, solid

Figure 46 :

 46 Figure 46: a) Diagram of the MDSD and image of the dispersed droplet channel, b) image of the MDSD.

Figure 47 :

 47 Figure 47: a) Diagrams of the Feret diameter, b) formula of Mean Feret and c) the compactness indices.

Figure 48 :

 48 Figure 48: Scanning electron micrographs of (a) WPI industrial powder and (b) NPC industrial powder, both extracted from (Gaiani et al. 2007) (x500, scale bar = 60µm). Light micrographs of (c) WPI powder produced from MDSD and (d) NPC powder produced from MDSD (x10, scale bar = 100µm).

Figure 49 :

 49 Figure 49: Sphericity index of particle distributions (number, %) for the different WPI: NPC powders.

Figure 50 :

 50 Figure 50: Compactness index of particle distributions (number, %) for the different WPI: NPC powders, and recorded images of particles according to the compactness index.

Figure 51 :

 51 Figure 51: Bulk density (grey bar plots) and compressibility (black curve) of the different WPI: NPC powders.

Figure 52 :

 52 Figure 52: Micrographs of different WPI: NPC particles obtained from MDSD drying (x10, scale bar = 100 µm).

  pendant droplet) and 48 to 108 °C (corresponding to wet bulb temperature and outlet drying air temperature in MDSD experiments).

Figure 53 :

 53 Figure 53: Micrographs of different WPI: NPC particles obtained from pendant single droplet drying (x10, scale bar = 200 µm).

Figure 54 :

 54 Figure 54: Dispersibility (left graph) and solubility (right graph) results for WPI: NPC particle ratio from MDSD drying.

Figure 55 :

 55 Figure 55: Diagram of influence of type of protein on particle shape formation.

6. 2 .

 2 Additional information 6.2.1. Influence of drying temperature and droplet configuration Complementary information from the current literature should be mentioned in discussion of the results previously presented in this part. As mentioned previously,[START_REF] Bouman | The drying of a single whey protein droplet: vacuole and hole formation, Abstract for the International Drying Symposium[END_REF] investigated the drying of a single sessile droplet of WPI at different drying temperatures. As can be observed in Figure56, the authors observed the same droplet dynamics and physical phenomenon (vacuole nucleation) for drying temperatures from 30°C to 120°C. Only the duration of the stages seems to be impacted on by the drying temperature. The drying of single suspended droplet of fresh whole and skimmed milk was investigated by[START_REF] Fu | Colloidal transport phenomena of milk components during convective droplet drying[END_REF]. As shown in Figure57, the droplet constituted mainly of casein micelles underwent surface invagination during drying at a drying air temperature of 105°C.

  Figure 58 shows SEM images of fine WPI powders (Figure 58, line a) and NPC (Figure 58, line b) at different magnitudes. Additionally, the SEM images of commercial powders of WPI and NPC are shown in Figure 59. Using these different pictures, it is possible to validate the impact of the nature of milk proteins on the drying dynamics of droplets and their final particle shape.

Figure 56 :

 56 Figure 56: Camera images of drying droplets of 20% (w/w) of WPI. The droplets are dried with an airflow coming from the left with a streaming velocity of 0.2 ms -1 at temperatures ranging from 30°C -120°C. (results extracted from Bouman et al. 2014).

Figure 57 :

 57 Figure 57: Video images of single droplets of skim milk (small letters) and whole milk (capital letters) at different stages of drying (drying temperature: 105°C), (results extracted from Fu et al. 2011).

Figure 58 :

 58 Figure 58: SEM images of powders obtained with the drying on a semi-industrial scale of a) concentrate of WPI (30% w/w) at t inlet =152°C and t outlet =59°C, b) concentrate of NPC (15% w/w) at t inlet =183°C and t outlet =68°C.

Figure 59 :

 59 Figure 59: SEM images of industrial and commercial powders of WPI (a) and NPC (b).

Figure 60 :

 60 Figure 60: SEM images of NPC powder obtained at semi-industrial scale. Inserted, are the images of blowhole particles.

Figure 61 :

 61 Figure 61: a) Images of a 20% (w/w) WPI solution droplet drying without convective airflow. T was around 25°C and relative humidity RH is 33%, b) X-ray Tomography images of a dried particle. Initial droplet radius and concentration are 0.75 mm and 20% (w/w), respectively. Drying air temperature is 120°C (results extracted from Bouman et al. 2014).

Figure 62 :

 62 Figure 62: Multi-scale images of particle shapes of dried WPI and NPC droplets.

Figure 63 :

 63 Figure 63: Diagram of short-term and long-term outlook of the PhD project.

Figure 64 :

 64 Figure 64: Different colloids: hard spheres, microgels and star-like micelles. Figure extracted from Koumakis et al (2012).

  environment. The point of interest in this case was the final pattern, in particular the time of the nucleation of fractures and their organization. As shown in Figure65, the drying of WPI led to the rapid nucleation of geometric, radial fractures from the droplet periphery whereas NPC led to later nucleation of a few, random fractures. These kinds of fractures and cracks were also observed for model colloids such as silica and soft particles. Because the type of fracture directly results from particular mechanical properties of the material, such similarities could potentially guide the design of model colloids in order to mimic the mechanical properties of whey proteins and casein micelles. Monitoring the drying dynamics of droplets constituted from these model colloids in similar experimental conditions as for WPI and NPC (observation of the surface deformations) could then help to model the behaviours of whey proteins and casein micelles during film formation. This kind of experiment would thus allow completion of the characterization of the mechanical properties of the dried material. A paper dealing with this point, based on results acquired during the PhD but not presented here, is currently in preparation with the FAST laboratory.

Figure 65 :

 65 Figure 65: Patterns of milk protein droplets (WPI and NPC) and model colloid droplets (silica and soft particles) after drying (26°C and 37% RH).

Figure 66 :

 66 Figure 66: a) Top view of a spreading droplet onto a film of maltodextrin, b) side view showing determination of the dynamic contact angle. Figures extracted from Dupas et al. (2013).

Figure 1 : 5 Figure 2 : 6 Figure 3 :Figure 4 :Figure 5 :Figure 6 :Figure 7 :Figure 8 :Figure 9 :Figure 10 :Figure 11 :Figure 12 :Figure 13 :Figure 14 :Figure 15 :Figure 16 :Figure 17 :Figure 18 :Figure 19 :Figure 20 :Figure 21 :Figure 22 :Figure 23 :Figure 24 :Figure 25 :Figure 26 :Figure 27 :Figure 28 :Figure 29 :Figure 30 :Figure 31 :Figure 32 :Figure 33 :Figure 34 :Figure 35 :Figure 36 :Figure 37 :Figure 38 :Figure 39 :Figure 40 :Figure 41 :Figure 42 :Figure 43 :Figure 44 :Figure 45 :Figure 46 :Figure 47 :Figure 48 :Figure 49 :Figure 50 :Figure 51 :Figure 52 :Figure 53 :Figure 54 :Figure 55 :Figure 56 :Figure 57 :Figure 58 :Figure 59 :Figure 60 :Figure 62 :Figure 63 :Figure 64 :Figure 65 :Figure 66 :

 152634567891011121314151617181920212223242526272829303132333435363738394041424344454647484950515253545556575859606263646566 Figure 1: Milk surpluses and shortages world-wide 2012 ............................................................................. 5 Figure 2: Example of investments in development of French milk production in 2014 ................................ 6 Figure 3: Distribution of dairy powders according final applications in the European market .................... 8 Figure 4: Global importation dairy products by emerging countries from 2000 to 2011 ............................. 9 Figure 5: Global investments in 2012 ..........................................................................................................10 Figure 6: The main research fields involving drying phenomenon: process engineering, particle engineering and soft matter sciences ..........................................................................................................11 Figure 7: Overview of main research teams focusing on process engineering since 2010 .........................12 Figure 8: Overview of the main research teams focusing on particle engineering since 2010 ...................13 Figure 9: Overview of the main research teams focusing on evaporation with a soft matter approach since 2010 .....................................................................................................................................................14 Figure 10: Milk viewed at different magnifications showing the relative size of structural elements ........18 Figure 11: Composition and structure of milk .............................................................................................18 Figure 12: Approximate particle sizes for which separation by means of membrane filtration can be applied ..........................................................................................................................................................20 Figure 13: Milk cracking ...............................................................................................................................21 Figure 14: Whey cracking ............................................................................................................................21 Figure 15: Experimental techniques used to study the drying of a single droplet .....................................31 Figure 16: Diagram of all phenomena involved in the evaporation process for a sessile droplet ..............35 Figure 17: Diagram of single droplet drying configuration corresponding to the model proposed by Maxwell .......................................................................................................................................................35 Figure 18: The two different modes of evaporation for a sessile droplet. ..................................................38 Figure 19: Transport mechanisms occurring inside a sessile droplet. .........................................................39 Figure 20: Skin formation in relation to Peclet number and volume fraction .............................................43 Figure 21: Diagram showing different ways of particle deformation ..........................................................44 Figure 22: Diagram of relationships between process parameters, material properties, fundamental variables, and particle and powder properties in spray drying ...................................................................48 Figure 23: Diagram of the main issues involved in infant formula quality. .................................................53 Figure 24: Strategy of the PhD project: investigation of the drying process by multi-scale approach. ......56

  concentrations..............................................................................................................................................69 Table 10: Comparison of the characteristic times and morphological features between the WPI droplet and NPC droplet. ..........................................................................................................................................87 Table 11: Characteristic values of the confined droplet dynamics and protein distributions during drying ......................................................................................................................................................................92 Table 12: Estimated values and fit parameters of the creep curve as function of the load applied (50 mN) ......................................................................................................................................................................93

  

  

  

  

  

  

  

  

  1.1.2. French and European markets for milk powders .................................................................. 1.1.3. The world market for milk powders ...................................................................................... 1.1.4. Developments and investments involving milk powders ......................................................

	1.1. Key dairy market statistics
	1.1.1. Milk production

1.2. Worldwide research i volvi g the dryi g phe o e o ......................................................... 1.2.1. Process engineering ............................................................................................................ 1.2.2. Particle engineering ............................................................................................................. 1.2.3. Soft matter science ..............................................................................................................

Table 4 :

 4 Approximate composition of major dairy powders

Table 6 :

 6 Protei

s i Hu a a d Cows' ilk

  To ensure appropriate nutritional composition and safety, infant formulae and follow-on formulae are submitted to strict controls by the European Commission. Infant formulae are described as Foodstuffs

	intended for particular nutritional use by infants during the first months of life and satisfying by
	themselves the nutritional requirements of such infants until the introduction of appropriate
	co ple entary feeding , and follow-on formulae are described as Foodstuffs intended for particular
	nutritional use by infants when appropriate complementary feeding is introduced and constituting the
	principal li uid ele ent in a progressively diversified diet of such infants . The European Commission
	specifies requirements for the composition and labelling of infant and follow-on formulae. The
	composition in terms of specific components (such as proteins, carbohydrates, fat, mineral substances,
	vitamins and certain other ingredients) must comply with minimum and maximum levels (Table 7)

according to French and European legislation (Directive 2006/141/EC, regulation 1243/2008, and the decree of April 11, 2008).

Table 7 :

 7 Extract of nutrient composition of infant formulae according to Commission Directive 2006/141/EC.

  This chapter describes the aims and the strategy of this PhD project. Based on the recent progress in dairy powder technology, the complexity of the formulation of infant formulae and innovative ways for studying the drying phenomenon highlighted by the literature review, this part delimits the research area

and outlines the research questions of the project. This study mainly focused on the behaviour of milk proteins (whey proteins and casein micelles) during the drying process and their roles in the physical characteristics of powders. It has benefited from a multidisciplinary approach due to the joint direction of an industrial partner, United Pharmaceuticals, and that of the INRA STLO (Science and Technology of Eggs and Milk) Research laboratory. The innovative aspect of this project is the multi-scale approach to the dryi g phe o e o implemented in this study, considering several configurations and range of drying kinetics: confined droplets (very slow kinetics), single pendant droplet configuration (slow kinetics), monodispersed flying droplets (fast kinetics) and spraying droplet dispersion (fast kinetics). This multiscale approach has benefited from close collaborations with CNRS Orsay (Fluides, Automatique et Systèmes Thermiques, FAST) and CNRS Rennes (Institut de Physique de Rennes, IPR). The main aims of this chapter were to: -define the PhD research area and outline the research questions -introduce the innovative multi-scale strategy -highlight the multidisciplinary aspects of this research
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Single, pendant droplet

Experiments on slow drying of droplets of the same blends were carried out using the setup described previously in § 4.2.2.

Analysis of particle shape

Particle morphology was analyzed and characterized by means of a dynamic image analysis system (Helos and Rodos Analyzer Systems, Sympatec, Germany). The particle shape analyzer principle is based on a laser diffraction system (pulsed laser excited at 532 nm) combined with a high-speed camera.

Approximately 1 g of powder sample was dispersed by compressed air at 0.1 MPa and the camera recorded each particle image at 450 images per second with an M6 lens (5-1200 mm) system.

Measurements were made in duplicate.

In contrast to other laser diffraction systems, dynamic image analysis allows different modes of calculation of particle size and shape and is especially applicable to nonspherical particles. The mean Feret diameter was therefore used to characterize the diameter of the particle, rather than the diameter of a circle of equal projection area, which is commonly used (Gaiani et al., 2011a). The mean Feret diameter is the mean value of minimum and maximum Feret diameters over all orientations, defined as the distance between two parallel tangents of the projected area of the particle at an arbitrary angle (Figures 47 a,b). In order to ensure the best representation of each particle sample, only particles with a mean Feret diameter greater than 80 µm and less than 200 µm were analyzed. This method of statistical analysis was therefore free from artifacts caused by brittle particles, aggregated particles, or other particle residues. More than 10,000 particles were analyzed for each sample, thus ensuring reliable statistical analysis.

Two shape indicators were used in this study for the morphology analysis; that is, sphericity and compactness indices. The sphericity index was calculated as the ratio of the minimum to the maximum mean Feret diameter. A perfectly spherical shape corresponds to a sphericity index of 1. The compactness factor was defined by the ratio of the projection of a concave area A to the convex area A + B of the particle (Figure 47c). A compact particle thus has compactness index close to 1. Only particles of compactness inferior or equal to a compactness of 0.9 were analyzed to ensure the best representation of the compactness distribution. The distribution in particle number (%) of sphericity and compactness indices was plotted for each powder.