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Résumé

La technique de nanoprécipitation est une méthode simple et reproductible pour la synthèse de nanocapsules à coeur huileux recouvertes d'une enveloppe de polymères hydrophiles réticulés (polysaccharides, glycopolymères vinyliques…) en une seule étape.

Grâce à leur biocompatibilité, leur biodégradabilité et leur activité biologique adaptables, les protéines constituent une autre grande famille de biopolymères d'intérêt pour des applications dans le domaine de l'encapsulation. Cependant, la production de nanocapsules protéiques par nanoprécipitation n'a jamais été décrite. Dans ce contexte, l'objectif principal de ce travail de thèse a été l'évaluation du potentiel d'une famille de protéines, les Suckerines, pour le procédé de nanoprécipitation. Les Suckerines sont une famille de protéines issues des dents décorant les ventouses du calamar géant Humboldt avec de prometteuses applications dans le domaine biomédical. Ces protéines possèdent une structure modulaire de type copolymère à bloc capable de former des feuillets bêta conférant de bonnes propriétés mécaniques.

Les suckerines étant solubles dans une solution tampon composée d'acide acétique (pH 3) mais fortement agrégées dans les conditions de pH (valeurs comprises entre 5 et 10) classiquement utilisées pour la préparation de nanocapsules à coeur huileux par basculement de solvant, nous avons finalement choisi d'explorer la nanoprécipitation des protéines par salt shifting et donc la préparation de nanoparticules protéiques. L'utilisation du persulfate d'ammonium comme agent de coacervation et précurseur de radicaux et du tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate a permis de produire des nanoparticules de suckerine de tailles modulables (100-185 nm de diamètre). Ces nanoparticules présentent des structures secondaires type feuillets bêta qui sont à l'origine du module de Young très élevé observé pour ces nano-objets (de l'ordre de grandeur du GPa).

Une protéine de fusion, soluble en milieu aqueux à pH 7 a spécialement été conçue par voie de recombinaison dans le but de générer des nanocapsules protéiques par nanoprécipitation. Cette protéine (suckerine-soie) est formée d'un bloc central de peptide dérivé de suckerine de calamar promouvant une stabilité structurelle et deux blocs terminaux issus de fibroïnes de soie qui permettent à la protéine de fusion d'être soluble à un pH physiologique. Ce design moléculaire a permis la fabrication de nanocapsules remplies respectivement de hexadécane ou de miglyol avec une enveloppe de suckerine-soie et de tailles de l'ordre de grandeur de 190 à 250 nm.

Finalement, aspirant à encapsuler un principe actif anti-cancéreux dans les nanocapsules à base de glycogène, nous avons développé un protocole où la méthode de nanoprécipitation est utilisée pour produire des nanoparticules de prodrogue entourés de glycogène.

1

General Introduction

Proteins are large complex molecules made up of smaller units called amino acids that perform a vast number of functions within organisms and are essential tools for them to thrive. Depending on their shape, proteins can carry out very distinct roles, such as being a paralysing poison (e.g. α-cobratoxin) that allows a Naja snake to hunt a rat or an oxygen transporting vehicle (haemoglobin) inside the rat's blood circulation essential to its life. A protein final shape depends on four levels of structuration: primary, secondary, tertiary, and quaternary. The most basic level of protein structure, the primary structure, is simply the amino acid sequence of the polypeptide chain. The secondary structure refers to local folded structures that form within the polypeptide chains due to interactions between the atoms of the protein's backbone. The most common secondary structures are the α-helix and β-sheet. The overall 3D structure formed by the polypeptide chains is called the tertiary structure. While all proteins possess the first three structures only the ones composed of different polypeptide chains can form a quaternary structure. This final type of structure is born when the protein's different peptide chains come together forming a 3D structure. Some biomaterials, such as human nails, mussel threads and insect cuticles are mostly made of proteins and are known to possess uncommonly good mechanical properties with Young moduli and hardness in the gigapascal range. Scientists have been studying for decades ways to copy these materials and employ them to improve human life.

Several strategies have been developed to fabricate proteins or recover them from nature. For decades proteins such as insulin, silk fibroins or albumin have been extracted from natural sources such as cow livers, spider silks and blood plasma. However, recently developments in recombinant DNA technologies now allow scientists to fabricate the same proteins using bacteria cells, mammalian cells or modified plants and animals.

Miserez's team from the Biological and Biomimetic Materials Laboratory has given special attention to the sucker ring teeth of the giant Humboldt squid. This hunting tool possesses high hardness and Young modulus between 4.5 and 7.5 GPa and is mainly composed of a family of 21 proteins named the suckerin proteins. Miserez's team synthesized recombinant forms of some of the suckerin proteins using E. coli cells and studied the origin of their high mechanical properties, attributing them to the protein's secondary structure that contained β-sheets 1 . His group has since studied different application for the suckerins and have formulated them into hydrogels 2 and used them as catalyst for generating gold nanostructures 3 and as "bio-ink" for 3D printing 4 . More recently, just before starting my PhD, I worked in Miserez lab helping formulating the suckerin proteins into nanoparticles for drug delivery and gene transfection applications 5 .

Motivated by the promising results obtained by Miserez team with the suckerin protein nanoparticles, a collaboration between our team in Lyon and the Singaporean team was started, through a "French Agency for National Research (ANR)"/"Singapore National Research Foundation" grant, to fabricate suckerin-based nanocapsules by nanoprecipitation.

The nanoprecipitation technique, extensively used by our team, relies on the supersaturation of a hydrophobic solute (oil, polymer solids) dissolved in a hydrophilic solvent when a large excess of nonsolvent (water) is added. Well defined oil filled nanocapsules with shells made of vinyl-based polymers and polysaccharides have been fabricated by our group using a simple one-pot protocol. 6,7 This technique is a potential option to generate nanocapsules with a shell made of protein but it requires some specific conditions to successfully generate the colloids. The solubility of the protein at a pH close to neutrality is one of the obstacles to overcome and that will be discussed in this PhD manuscript.

The overall objective of this PhD work is than to use the straightforward nanoprecipitation technique, in the OUZO domain, to generate the first nanocapsules with a shell composed of a protein capable of forming the β-sheets secondary structure.

The manuscript is divided into five chapters.

The first Chapter (Chapter 1) aims to provide an overview of all techniques currently available to generate micro and nanocapsules with protein shells while showing the different applications of these capsules and the type of proteins commonly used. The chapter will be divided in two subchapters; a first dedicated to the techniques used for the fabrication of microcapsules and a second for the techniques that generate nanocapsules. The microcapsule subchapter groups the techniques depending on the type of core (gaseous, liquid or solid) while the nanocapsule subchapter differentiates template-based strategies from self-assemble strategies where viral and non-viral protein cages are reported.

Difficulties in encapsulating hydrophobic drugs inside oil filled nanocapsules by nanoprecipitation culminated in a partnership between our team and Julien Nicolas and Simona Mura's team (from Institut Galien, Paris). The goal was to combine the knowledge of our group in the nanoprecipitation technique with the Parisian team expertise in the synthesis and formulation of prodrugs. In this context, Chapter 2 describes the generation of glycogen coated prodrug nanoparticles using the nanoprecipitation technique, work done in a partnership. In a first step the nanoprecipitation technique is described and its operation is demonstrated by generating oil-filled glycogen nanocapsules. The rest of the chapter concentrates in the adaptation of the nanoprecipitation protocol to a polyisoprene-gemcitabine conjugate (prodrug) that replaces the oil core. The goal of the study is to find conditions that allow the generation of glycogen shells around the prodrug's nanoparticle surface in a trial to create a functional barrier that protects the prodrug and facilitates its functionalization.

Cytotoxic tests are also performed on the resulting colloids to investigate its bioactivity.

The Chapter 3 discusses the fabrication of suckerin-based nanoparticles through a salt shifting technique. The work resulted from a failed attempt to produce nanocapsules using the recombinant suckerin proteins produced in Ali Miserez laboratory (from BBML, Singapore) using the nanoprecipitation technique. A combination of ammonium persulfate and a ruthenium complex are used to salt-out the protein into nanoparticles and crosslink them. Since the resulting nanoparticles lose colloid stability in aqueous solutions at pH close to 7 a PEGylation strategy is also studied to reduce aggregation.

Finally, the β-sheet content of one of the nanoparticle samples is investigated by circular dichroism and nanoscale mechanical property measurements using an AFM.

Chapter 4 describes the fabrication of a fusion protein that combines the suckerin's β-sheet forming domains with part of the silk's structure responsible for its high solubility at high concentration inside the spiders abdomen and how this protein solved the problems faced in chapter 3. The chapter reports the challenges faced to generate the nanocapsules using the suckerin proteins and the fusion protein by the nanoprecipitation technique in the OUZO domain.

Finally, Chapter 5 provides details on the experimental protocols, including the used materials, recombinant protein fabrication, characterization methods and the salt-shifting and nanoprecipitation conditions. 

Introduction

The word "capsule" derives from the latin word "capsula", which can be translated to "small box" or "container". This word can be found in many scientific disciplines ranging from anatomy, as an enclosing membrane, and botany, as a descriptive word for fruit, to astrophysics, as a space vehicle.

In pharmacy, the term "capsule" started being used to describe a glass ampoule or a protective cap over the stopper of a bottle of medicine. A new meaning was then added in early 19 th century. At this time physicians were facing a serious problem: they had medication that would improve the lives of patients but due to its awful taste and texture, most people refused to go through with their treatment. In France, the oleoresin of copaiba (that possesses a nauseating taste) was prescribed to people suffering from venereal disease, whose incidence skyrocketed as a result of the Napoleonic wars and the associated social unrest. To solve this problem, in 1834 Mothes and Dublanc came up with the first capsules in pharmaceutical history. These containers, made of gelatin, masked the taste and smell of the encapsulated drugs allowing a more pleasant consumption. 1 Over the last decades encapsulation has been evolving and nowadays capsules are loaded with active ingredients such as drugs 2 , cosmetics 3 , fragrances 4 , agricultural substances 5 and chemical reagents 6 . In addition to the function mentioned above, the goal is to extend the shelf life of the encapsulated substances, to protect them from the surrounding environment and in some cases to carry them to specific sites where the substances are needed in high concentrations. 7 In this review the word capsule will represent synthetic core-shell colloids that display a capsular structure, where a gaseous, liquid or solid core is surrounded by a protein shell, as presented in Figure 1. 

Micro-and nanocapsules

Capsule's sizes can go from a few centimetres, like the ones developed by Mothes and Dublanc, to only a few tenths of nanometres depending on the desired application.

When capsule size ranges from 0.1 to 100 micrometres they are designated as microcapsules and if the size ranges from 1 to 100 nanometres they are called nanocapsules (IUPAC definition). 9 Microcapsules possess a larger inner volume than nanocapsules that facilitates the loading of molecules of interest. In addition, due to its fragility microcapsules can be easily broken by friction, which is very desirable for some applications as in cosmetics, flavour release or textiles. 3,10,11 In contrast, nanocapsules have very small sizes and have raised a lot of interest over the last two decades. Thanks to their nano size, they can overcome barriers that microcapsules cannot and deliver the cargo with enhanced precision. This is particularly interesting for drug delivery and the food industry where biological barriers pose a serious obstacle to the efficient delivery of active substances. 12,13,14 As an example, efficient drug delivery through the skin is a challenge for cosmetologists and dermatologists. For our own good, the skin is a strong barrier for outside penetration, especially thanks to the outmost layers of the epidermis being composed mainly of dead corneocytes surrounded by lipid layers. Studies have shown that even when using plasma treatment to render the skin more permeable, carriers larger than 700 nm are unable to penetrate. 15 Intravenous administration of drug-filled carriers also requires sizes in the range of a few hundreds of nanometres. If the target is a tumour , microcarriers will have trouble passing the abnormal tumour vascular system that is composed of very small vessels where the blood travels slowly. 16 

Protein structures

Proteins are polypeptide chains composed of amino acids covalently bonded between their carboxyl and amino groups (peptide bonds). Amino acids are small molecules with an amino group, a carboxyl group and a side chain group, all connected to a central carbon. There are 22 amino acids in nature that are distinguished only by their side chain groups. 17 The properties of proteins depend on their amino acid composition and sequence, which is considered its primary structure. Different regions of the proteins primary structure form secondary structures such as alpha helices and beta sheets. These types of elements are formed by hydrogen bonds generated between the amino acids present in the protein backbone resulting in twisted conformations. Alpha helices are the most common secondary structure. It is created when a stretch of consecutive amino acids (from four to over forty) bond together in a helical form. On the contrary, β-sheets form when five to ten residues from different regions of the protein chain associate through hydrogen bonds, creating adjacently aligned sheet like structures. These secondary structures get packed into three dimensional compact globular units called 'domains'.

One or more of these domains packed together generate the tertiary structure of proteins. If the final protein contains several polypeptide chains, these can arrange into a quaternary structure. The formation of tertiary and quaternary structures allows amino acids far apart on the protein sequence to interact, which can lead to the formation of active sites. Figure 2 shows a scheme of the different structures just described. 17 Hemoglobin, a protein present in red blood cells whose major function is to carry oxygen possesses all the four structures illustrated above. This protein is composed of four polypeptide chains, two forming beta sheets and the other two alpha helices, with different amino acid sequences. Even though their primary structure is different, they fold into very similar tertiary structures. Hemoglobin's quartenary structure is a tetramer where the polypeptide chains are hold together by non-polar interactions and hydrogen bonds that change form depending if oxygen is bonded or not to its binding sites (heme groups). 18

Proteins as material of choice for capsule shells

All living systems use proteins to survive, from bacteria and viruses through the unicellular eukaryotes to plants and vertebrates and higher mammals such as humans. Proteins make up 50 percent of the dry weight of cells and they have unique roles in underpinning every reaction occurring in biological systems. This is important in domains where protein structure and function have an impact on humans. 19 Animal and plant proteins like albumin, haemoglobin, collagen, gelatin, keratin, sericin, fibroin, soy protein and many others are widely used in the biomedical, cosmetic, food, agriculture and textile industries thanks to their biocompatibility, biodegradability, low inherent toxicity and low toxicity of the degradation products. All of these characteristics make proteins very promising candidates for the design of micro-and nanocapsules. 20 To face the challenges associated with the controlled delivery of active ingredients for biomedical applications, encapsulation methodologies of high efficacy and reliability are necessary. Unfavourable solubility, undesirable toxicology and nonspecific interactions characteristic of conventional release methods reinforce the necessity of investing in encapsulation research. Protein-based micro-and nanocapsules offer several advantages over purely synthetic ones. For instance the use of human proteins such as human serum albumin or hemoglobin as membranes often results in drug delivery systems with minimal immunogenicity. 21 In addition, protein modification, coupling proteins with other functional molecules and formulations of different types of proteins can enhance the versatility of this class of materials. In particular, the incorporation of specific functionalities at the surface of the capsule can promote specificity to a desired target, enhancement of transdermal transport properties or increase of the effectiveness of the encapsulated active substances. 22 

Accessibility to proteins

Over the last two centuries, scientists have been extracting proteins from animals and plants to study and develop new technologies. Protocols for extracting soya protein from soya beans 23 , silk from spiders [START_REF] Lewis | Unraveling the Weave of Spider Silk[END_REF] or silkworm cocoons [START_REF] Gimenes | High Molecular Sericin from Bombyx Mori Cocoons: Extraction and Recovering by Ultrafiltration[END_REF] and several others can be found in the literature. However, extracting proteins from animal and plants is generally a very inefficient process as kilograms of source material are often necessary to purify grams of protein. Depending on the protein source, different protocols are pursued to extract the protein. Animals possess many specialized tissues in liver, muscles and brain, that are rich in specific proteins relatively easy to purify. On the other hand, plants often present complex mixtures of proteins that complicate the purification process (plants like seeds, tubers and tap roots are exceptions since they possess high levels of specific proteins). In addition, plants have cellulosic walls that need to be destroyed to release the proteins. Typically, protocols need to be developed that separate the desired protein from all the other components without degrading it. [START_REF] Doonan | Protein Purification Protocols[END_REF] Thanks to breakthroughs in genetics and biology during the twentieth century, recombinant DNA technology (RDT) emerged as a promising tool to produce proteins in a faster and more efficient manner. To better understand this technique, two concepts must be comprehended: DNA sequencing and DNA cloning. DNA sequencing is a technique used to determine the nucleotide sequence of DNA (gene) which contains the instructions for building a protein. The nucleotide sequence of the desired protein must be known for the cloning phase. DNA cloning is the process where cells, like bacteria, containing DNA molecules (vectors) with the gene of interest, replicate themselves, generating copies of the vector and by consequence of the gene. [START_REF] Griffiths | Introduction to Genetic Analysis[END_REF] RDT consists in joining the DNA of two different species and insert the resulting recombinant DNA molecule into a host that will produce many copies of the recombinant protein. The first step in RDT is to sequence the gene of the desired protein and enzymatically cleave it (using restriction enzymes) from the rest of the DNA. This gene is then added to a vector, enzymatically cut with preferentially the same restriction enzymes, that are often plasmids (circular DNA molecules that originate from bacteria), viruses or yeast cells. To complete the process an enzyme called DNA ligase is used to seal the two segments. The vectors are not part of the main cellular genome, but they can transport genes and at the same time confer useful properties, like drug resistance, to the host cell. This recombinant generated molecule is incorporated by living cells, in a process called transformation, that are nurtured to promote the cloning and the expression of the recombinant protein. Recombinant proteins used in biomedical applications and as drugs have been synthesised by RDT. The first recombinant protein approved by the Food and Drug administration (FDA) for use in humans was insulin, in 1982, which replaced the insulin recovered from cow's livers. Today more than 130 recombinant proteins are approved by the FDA (USA) and more than 170 are used worldwide in medicine. [START_REF] Barh | Omics Technologies and Bio-Engineering: Volume 1: Towards Improving Quality of Life[END_REF] Another approach to produce proteins is by inserting recombinant DNA in the genome of plants and animals. These transgenic beings are used as bioreactors to generate a desired protein. An example is the work of Scheler et al., where transgenic potatoes and tobacco leaves were used to produce dragline silk. The famous Nexia's transgenic goats, modified to produce silk-like proteins in their milk, are another example. Several other animal and plant models were already successfully used but this topic is not the scope of this review. [START_REF] Scheller | Production of Spider Silk Proteins in Tobacco and Potato[END_REF][START_REF] Wall | Transgenic Livestock: Progress and Prospects for the Future[END_REF][START_REF] Gould | Exploiting Spiders' Silk[END_REF] 

Routes to protein shell microcapsules

Different methods to produce micro-and nanocapsules covered by a protein shell have been developed over the years. To simplify the description of the different techniques, the following chapters separately treat those generating microcapsules from the nanocapsules' ones.

This chapter focuses on proteins as shell materials for microcapsules, but it is important to first consider the core's composition. The core can be gaseous, where typically gas bubbles are used as spherical templates for the proteins to form the shell, liquid, when an emulsion often of oil in water is used as the template or solid, where the encapsulated molecules are directly used as the core or a solid nanoparticle is used to give form to the capsules before being destroyed (generating hollow structures). Depending on the core's nature, different techniques are used to generate the protein-shelled microcapsules.

Microcapsules with a gaseous core covered by protein shells

Gas-filled microcapsules find application as contrast agents in two-dimensional echocar- 

Sonochemical technique

Sonochemistry is a scientific field that studies the chemical reactions induced by a powerful ultrasound radiation (20 KHz -10 MHz). The phenomenon responsible for this reaction is called cavitation that refers to the formation, growth and collapse of bubbles in a liquid. Bubble collapse results in a massive increase of energy, producing high temperatures and pressures in the surrounding region of the liquid, that is responsible for chemical excitation of any molecules that surround the bubble (acoustic cavitation). [START_REF] Gedanken | Preparation and Properties of Proteinaceous Microspheres Made Sonochemically[END_REF] Acoustic cavitation in water generates H• and OH• and these species can react further to generate H2O2, or in the presence of O2, HO2 (superoxide). In addition, ultrasonic irradiation of liquids is also known to create microscopic dispersion of gas in a liquid. When an aqueous solution of protein is sonicated, molecules of the protein attach to the interface of the air bubbles-water and are stabilized by the superoxide radicals generated by oxidising cysteine residues present in proteins like bovine serum albumin (BSA), HSA or hemoglobin (Hb) through the formation of disulphide bonds. [START_REF] Gedanken | Preparation and Properties of Proteinaceous Microspheres Made Sonochemically[END_REF] In 1990 Grinstaff and Suslick put together a protocol, represented in Twelve years later, Avivi and Gedanken extended the nature of proteins that could be used with the sonochemical technique to cysteine-free proteins like streptavidin that possesses only carboxyl groups on the side chains. The hypothesis was that at acidic pH the hydrophobic interactions between protein chains dominate and can stabilize the microcapsules. In their work, an aqueous solution of streptavidin was sonicated at an acoustic power of 150 W/cm 2 (20KHz) at pH 6 (adjusted with HCl) and at an initial temperature of 20 o C to generate microcapsules (Figure 5) with a diameter of around 5 µm, that were stable for 1 month. 35 [START_REF] Avivi | Are Not Required for the Sonochemical Formation of Proteinaceous Microspheres: The Case of Streptavidin[END_REF] Air-filled microcapsules survive less than a minute in the blood circulation, especially if the patient is breathing oxygen (since nitrogen is extracted from the microcapsule core to the blood), which limits their use as contrast agents. To solve this problem, insoluble gases like sulfur hexafluoride and perfluorocarbons like C3F8 (perflutren), C4F10 (perflubutane), C5F12 (perflenapent) and C6F14 (perflexane) were tested as air substitutes by several groups. One of the formulations that used perflubutane was reported as having a half-life in mice of almost 10 minutes. To produce these microcapsules, a similar protocol is used with the difference that protein aqueous solution are purged with the gas that forms the core during the ultrasonication step. 36

Microfluidic technique

With the advances on microfabrication techniques, a new method capable of producing gas-filled microcapsules with extreme control over size and dispersity arose. Microfluidic platforms manipulate liquids and gases in channels that have a cross-section between 10 and 100 µm. Often these devices are built of poly(dimethylsiloxane) (PDMS), a material extensively used for biological and water-based applications, since it can easily be deposited on a micro scale mould and then strongly bonded to glass. Silicon wafers or glass can also be processed into microfluidic devices through photolithography and etching techniques. [START_REF] Mcdonald | Fabrication of Microfluidic Systems in Poly(Dimethylsiloxane)[END_REF][START_REF] Iliescu | A Practical Guide for the Fabrication of Microfluidic Devices Using Glass and Silicon[END_REF] This technique allows precise control over size and dispersity of the microcapsules, which is of extreme importance for ultrasonic in vivo imaging, since the objects need to bear similar dimensions to red blood cells (6-8 µm) to safely pass through the microvasculature without diffusing across the endothelium. [START_REF] Park | Microbubbles Loaded with Nanoparticles: A Route to Multiple Imaging Modalities[END_REF] In 2010, Seo et al. developed a protocol using a PDMS microfluidic device to encapsulate C4F10 bubbles in a hybrid membrane composed of lysozyme and phospholipids , namely Different techniques of generating micron-sized emulsions are available, from ultrasonic emulsification, through mechanical mixing to microfabrication. The following paragraphs discuss how these techniques generate protein microcapsules and how sometimes they are paired with protein precipitation techniques to achieve the desired result.

Sonochemical emulsification technique

This technique takes advantage of o/w emulsion. In contrast with the gas core microcapsules fabricated through the sonochemical technique discussed before (point 1.2.1.1), here a second liquid phase is introduced that will form an emulsion when using the ultrasonic probe. The core of the microcapsules is composed of the second phase that has to be immiscible with water. Protein crosslinking through the formation of disulfide bonds takes place during the process since sonication induces the formation of superoxide species in the aqueous phase.

In 1990, Suslick and Grinstaff reported the preparation of oil-filled BSA-based microcapsules. To achieve this, o/w emulsions were prepared by emulsifying an organic solvent, i.e. n-dodecane, n-decane, n-hexane, cyclohexane or toluene, in an aqueous solution of BSA before the sonication step. The formation of protein microcapsules was confirmed by the addition of water-insoluble 5, 10, 15, 20-tetraphenylporphyrin (H2TPP). H2TPP is soluble in the organic solvent and can migrate to the microcapsule core. In addition, it possesses a blue adsorption peak (i.e. 418 nm in toluene), not affected by sonication, which makes it a good probe to encapsulate and to verify the microcapsule structure. [START_REF] Suslick | Protein Microencapsulation of Nonaqueous Liquids[END_REF] More recently, in 2015, Li et al. demonstrated the great potential of the ultrasonic technique to produce functional protein microcapsules for biomedical applications. In their work, Fe3O4 nanoparticles were grafted to BSA chains, thus forming a complex BSA@Fe3O4 intended to confer magnetic properties to the microcapsules. BSA molecules were immobilized on the surface of the nanoparticles through direct binding, using to an aqueous solution of BSA@Fe3O4 and BSA. The mixture was sonicated for 6 min at a power of 350 W/cm 2 at 40 o C (see scheme in Figure 11). The 12-HSA was added to change the fusion temperature of the soybean oil so that it was solid below 37 o C and liquid above. To give a dual targeting ability to the nanoparticles (incrementing on the magnetic targeting from the Fe3O4 nanoparticles), folic acid was attached to the BSA at the surface of the nanocapsules using EDC (FA-BSA@Fe3O4). Folate receptors, are known to be overexpressed by some tumours. [START_REF] Li | Synthesis of Multifunctional Bovine Serum Albumin Microcapsules by the Sonochemical Method for Targeted Drug Delivery and Controlled Drug Release[END_REF] The microcapsules generated had diameters between 0.2 and 1.9 µm and presented magnetic properties, aggregating on the vial wall when exposed to an external magnetic field. A hydrophobic fluorescence dye, coumarin-6, was encapsulated in the oily core of the microcapsules by dispersing it in the thermosensitive oily mixture before sonication to study the release profiles of the capsules. A small difference was observed in the release profiles at 35 and 40 o C, over a period of 5 days, with more drug being released at the higher temperature (24% of the total drug encapsulated) when the core was liquid compared to the lower one (16.2% of the total drug encapsulated) where the core was gelified. 46 

Protein Coacervation Emulsification Techniques

Coacervation consists in a phase separation where fully solvated macromolecules are desolvated upon addition of a salt, an electrolyte compound, a non-solvent and/or after a temperature change. The phase rich in polymer is named coacervate and the equilib-rium phase is the name given to the other phase, mainly composed of solvent. The coacervation can be defined as simple, when only one macromolecule takes part to the precipitation process, or complex, when two oppositely-charged polymers interact in a solution. [START_REF] Gu | Comparisons of Simple and Complex Coacervations for Preparation of Sprayable Insect Sex Pheromone Microcapsules and Release Control of the Encapsulated Pheromone Molecule[END_REF] 

Simple coacervation emulsification technique

Simple coacervation of proteins can only generate microcapsules in combination with a template. Often an emulsification technique is concomitantly done with the coacervation of the protein as will be described next.

In 2002 Mauguet et al. published a work on gliadin shell and hexadecane core microcapsules where the membrane was formed by simple coacervation in presence of salt. Gliadin is a protein present in cereals like wheat and is one of the main components of gluten. The microcapsules were generated by emulsifying hexadecane in an acetic acid aqueous solution where the protein was dissolved by mechanical stirring, followed by the addition of NaCl. Using this protocol, microcapsules with a mean diameter around 170 µm were fabricated for a protein concentration of 5 mg/ml and a salt content of 1.2 mg/ml. Mauguet's team also explored how protein concentration, salt concentration and the rate of salt addition affected the aggregation of the microcapsules. They found that high concentrations of gliadin (11 -13 mg/ml) resulted in microcapsule aggregation even when low amounts of coacervation agent was used (less than 1 mg/ml). At low concentrations of protein (inferior to 5 mg/ml) higher concentrations of salt (more than 8 mg/ml) were required to coacervate the gliadin. The rate of salt addition also has a high impact in the aggregation process since gliadin is particularly sensitive to ionic strength variation. A slow addition of salt proved to be essential in preventing aggregation. The crosslinking was performed by increasing the temperature of the solution to 40 o C and the pH to 8.9 (addition of an aqueous solution containing NaOH) followed by the addition of glutaraldehyde. The pH increase deprotonated the amines and allowed the glutaraldehyde to react with them and crosslink the capsules. [START_REF] Mauguet | Gliadin Matrices for Microencapsulation Processes by Simple Coacervation Method[END_REF] Lazko et al. in 2004 reported the fabrication of soy glycinin microcapsules filled with hexadecane by simple coacervation. Glycinin is the globulin protein abundantly present in soybean seeds. To generate the microcapsules, hexadecane was added to an aqueous solution of glycinin and the medium was acidified by addition of HCl until the pH reached 2. After emulsification of the hexadecane through magnetically stirring the solution, precipitation of the protein was induced by adjustment of the pH to 5 using an aqueous solution of NaOH. The addition of an aqueous solution of glutaraldehyde induced crosslinking of the precipitated protein around the oil droplets after further increasing the pH. Microcapsules with a diameter between 100 and 200 µm were obtained by varying the different parameters of the reaction. 49

Complex coacervation emulsification technique

Ionic interactions between two or more oppositely charged macromolecules lead to phase separation in complex coacervation. Often proteins are coacervated together with polysaccharides, thus forming hybrid coacervates. [START_REF] Timilsena | Complex Coacervation: Principles, Mechanisms and Applications in Microencapsulation[END_REF] The first microcapsules fabricated by this method date back to 1957 when Green and Schleicher encapsulated dyes in gelatin/gum arabic microcapsules in an effort to develop carbonless copy paper. [START_REF] Green | Oil-Containing Microscopic Capsules and Method of Making Them[END_REF] Another notable example of microcapsules generated by complex coacervation is the work of Fergason patented in 1981, where nematic liquid crystals were encapsulated in hybrid gelatin/acacia gum microcapsules and used in visual display devices. [START_REF] Dubey | Microencapsulation Technology and Applications[END_REF][START_REF] Fergason | Encapsulated Liquid Crystal and Method. US4435047A[END_REF] Most of the literature on microcapsules generated by complex coacervation of proteins was confined to patents until 1970. Two of the first studies were published in 1964 and 1967 by Luzzi and Gerraughty. The team explored the complex coacervation of acacia gum and gelatin to encapsulate oil droplets previously emulsified. Both macromolecules are good candidates for complex coacervation due to their isoelectric point difference, which allows them to coexist in the same solution without interacting electrostatically at low pH, but to co-aggregate at higher pH. This facilitates the control of the coacervation since a slight shift in pH of the solution triggers the process. [START_REF] Luzzi | Effects of Selected Variables on the Extractability of Oils from Coacervate Capsules[END_REF][START_REF] Gerraughty | Effects of Selected Variables on the Microencapsulation of Solids[END_REF] To prepare the microcapsules, Luzzi and Gerraughty dissolved acacia gum and gelatin separately in purified water. Before mixing the two solutions, the pH of the solutions was adjusted to 6.5. Since acacia is negatively charged at pH 6.5 and the gelatin (isoelectric point at pH 8) has still enough negative charges not to interact with acacia, this pH prevents electrostatic interactions between the proteins. [START_REF] Luzzi | Effects of Selected Variables on the Extractability of Oils from Coacervate Capsules[END_REF] Mixtures of different compositions of petrolatum and coconut oil were emulsified by adding the mixture of oils to the protein aqueous solution and mixing them with a hand homogenizer. The pH was then adjusted to 4.5 by addition of diluted HCl while stirring to positively charge the gelatin and start the coacervation process. To crosslink the microcapsules, formaldehyde was then added and the temperature was reduced to 10 o C. Finally, the pH was adjusted to 9.0 and the sample was filtrated to recover the coacervate. 'bad cholesterol') in the bloodstream and delays its absorption. However, the use of probucol has been limited after the discovery that it significantly reduces the level of HDL cholesterol (referred as 'good cholesterol'). [START_REF] Yamamoto | A Uniqe Antilipidemic Drug -Probucol[END_REF][START_REF] Jizomoto | Gelatin-Acacia Microcapsules for Trapping Micro Oil Droplets Containing Lipophilic Drugs and Ready Disintegration in the Gastrointestinal Tract[END_REF] The protocol employed by Hiroaki's team started by the dissolution of probucol in ODO oil mixture, followed by the addition of the resulting solution to purified water, warmed to 50 o C. The o/w emulsion was formed by mechanical mixing using a homogenizer. An aqueous solution of acacia was added to the emulsion and the coacervation process was A more recent study on oil-filled microcapsules produced by complex coacervation of a protein and a polysaccharide was published by Deveci and Basal in 2009. In their work, silk fibroin and chitosan were coacervated together to form n-eicosane-filled microcapsules. Briefly, silk fibroin solution was heated to 50 o C followed by the addition of different amounts of n-eicosane. The authors aimed to produce microcapsules that could be used in thermoregulated textiles, where phase changing materials, like n-eicosane, absorb, store and release heat. The o/w emulsion was formed by mechanical stirring. Sorbitan laurate (Span-20), a surfactant, was added to stabilize the system. Considering the isoelectric point of silk fibroin (at pH 4.2) and the pKa of the chitosan (at pH 6.5) the pH of the mixture was adjusted to 5.2. The final step consisted in the addition of glutaraldehyde to crosslink the microcapsule shells. Deveci and Basal explored how silk fibroin/chitosan ratio, oil content and crosslinking density affected microcapsule size and encapsulation efficiency. The biggest microcapsules (around 26 µm) were produced when the silk fibroin/chitosan ratio was kept in the range 17-20 (with this parameter having high influence on the objects size), using an n-eicosane content of 1% (w/v) and a crosslinker content of 0.1% (w/v). A maximum encapsulation efficiency of 62% was achieved when the n-eicosane content was increased to 1.5% (w/v) and the crosslinker content to 0.9% (w/v) with these two parameters playing a more relevant role in tuning encapsulation efficiency than the protein/polysaccharide ratio. [START_REF] Deveci | Preparation of PCM Microcapsules by Complex Coacervation of Silk Fibroin and Chitosan[END_REF] Several other studies (some examples of which are compiled in Table 1) on microcapsules fabricated using complex coacervation of proteins have been reported over the years. Most of these studies mixed polysaccharides with proteins to generate the objects. More data are available in the following reviews. [START_REF] Timilsena | Complex Coacervation: Principles, Mechanisms and Applications in Microencapsulation[END_REF][START_REF] Eghbal | Complex Coacervation: Encapsulation and Controlled Release of Active Agents in Food Systems[END_REF][START_REF] De Kruif | Complex Coacervation of Proteins and Anionic Polysaccharides[END_REF] 

Microfluidic technique

Microfluidics devices can also be used to fabricate liquid-filled microcapsules. In 2016, Schloss et al. developed a protocol to produce microcapsules of modified bacterial biofilm protein (BSlA) shell. BSlA is a low molecular weight (19.1 kDa) amphipathic protein with a large hydrophilic domain and a narrow hydrophobic cap. In water, the hydrophobic side chains are buried in a random coil conformation, however it forms β-sheets at amphiphilic interfaces. This metamorphism plays a role not only in protein assembly at oil/water interfaces but also in preventing aggregation in aqueous suspensions, characteristics highly desirable for microcapsule fabrication. [START_REF] Schloss | Fabrication of Modularly Functionalizable Microcapsules Using Protein-Based Technologies[END_REF] BSlA was expressed by cloning its gene into the pGEX-6P-1 vector using specific restriction sites to give the desired fusion protein. The vector was posteriorly transformed into E. coli strain BL21 (DE3), the cells were then nurtured in the presence of ampicillin and expression was induced by the addition of IPTG. The microcapsules were engineered using a T-junction microfluid device with three channels where an aqueous solution of protein circulated in two channels perpendicular to the third where mineral oil was pumped through. Figure 14 shows a schematic of the microfluidic device used and the resulting microcapsule structure. 66 [START_REF] Schloss | Fabrication of Modularly Functionalizable Microcapsules Using Protein-Based Technologies[END_REF] To facilitate the functionalization of BSlA with other proteins, the group genetically engineered constructs that fused a 13-residue tag to one of the terminals of BSlA. This tag contained a lysine side chain that form a covalent bond with an aspartic acid side chain of a tag engineered into another protein (SpyCatcher-SpyTag system). As a proof of concept, the tagged BSlA was covalently grafted to a tagged GFP, conferring fluorescent properties to the microcapsules. [START_REF] Schloss | Fabrication of Modularly Functionalizable Microcapsules Using Protein-Based Technologies[END_REF] One year later, the same group described the production of w/o and o/w emulsions stabilized by BSlA using a similar microfluidic device. This time no tag was used since the goal of the study was to characterize the difference in organization of the protein when oil or water was used as the continuous phase. Figure 15b andc shows how BSlA organizes itself at the surface of oil and water droplets. [START_REF] Kaufman | Flat Drops, Elastic Sheets, and Microcapsules by Interfacial Assembly of a Bacterial Biofilm Protein, BslA[END_REF] The group found that due to its interfacial organization, the BSlA protein forms elastic films at amphiphilic interfaces, which resulted in capsules that can be irreversibly deformed when a certain force is applied (Figure 15f). Stable, monodispersed oil-filled microcapsules with a mean diameter of 100 μm could be readily produced (using a microfluidic device represented in Figure 15a), whereas water-filled microcapsules presented arrested coalescence Figure 15e. the most commonly used technique by the food industry to encapsulate oils. [START_REF] Anandharamakrishnan | Spray Drying Techniques for Food Ingredient Encapsulation: Anandharamakrishnan/Spray Drying Techniques for Food Ingredient Encapsulation[END_REF] Encapsulation by spray drying is a dehydration process that generates a continuous matrix around a core. The process starts by preparing an initial solution containing the wall and core materials and spraying it into a stream of hot air, responsible for evaporating the solvent, resulting in a powder made of microcapsules. There are three fundamental steps involved in this technique: 1) Atomization of the liquid into droplets; 2) Mixing of the droplets with a heated gas stream; 3) Separation of the powder from the gas stream and its recollection (steps presented in Figure 17). 69 2) Mixing of the droplets with a heated gas stream; 3) Separation of the powder from the gas stream and its recollection. [START_REF] Anandharamakrishnan | Spray Drying Techniques for Food Ingredient Encapsulation: Anandharamakrishnan/Spray Drying Techniques for Food Ingredient Encapsulation[END_REF] Protein shell microcapsules fabricated through spray drying have been studied as protective containers to prevent degradation of vegetable or fish oils. As early as 1996, Kim et al. reported the fabrication of microcapsules composed of a whey protein isolate and soy protein isolate shell and an orange oil core by spray drying of an aqueous solution containing the oil and the proteins. This work intended to find a replacement for carbohydrates, such as starch, and gums, like gum arabica, that were commonly used as wall materials. The authors were able to fabricate microcapsules using the two proteins and found that even though their size was similar around 40 μm, the soy protein isolate microcapsules presented a higher encapsulation efficiency (85.7% against 72.7%). [START_REF] Kim | Microencapsulation Properties of Gum Arabic and Several Food Proteins: Spray-Dried Orange Oil Emulsion Particles[END_REF] Wang et al., in 2011, published their work containing a spray drying protocol for the fabrication of fish oil filled microcapsules with shell made of hordein, glutelin or a mix of the two. These proteins, extracted from barley grains and its by-products, are highly hydrophobic, can be easily emulsified or processed into films and can stabilize emulsions by forming microcapsules. The goal of the work was to encapsulate fish oil to hide its unpleasant taste using a wall material that generates chemically-active capsule surfaces and to favour its digestion with no negative effects on health. To this end, the group adapted the spray drying protocol commonly used for other proteins to generate 1 to 5 μm microcapsules with a shell made of one of these two proteins or of mixtures with different ratios of proteins (Figure 18). The presence of high amounts of non-polar amino acids in hordein's and glutelin's primary structures (like proline, alanine, valine and leucine), responsible for proteins' high hydrophobicity, induced the aggregation of the proteins at the fish oil droplets surface and allowed the resulting shell to physically crosslink through hydrophobic interactions. 71 [START_REF] Wang | A Novel Process for Microencapsulation of Fish Oil with Barley Protein[END_REF] Most of the bibliography on protein shell microcapsules fabricated through spray drying describes objects with sizes over 1 μm, which presents a barrier for their use in intravenous drug delivery applications. Recent works reported smaller capsules likely produced by spray drying. To achieve this, a new device (Büchi Nano Spray Dryer B-90) was proposed to create smaller droplets before the drying step, and collect smaller capsules. [START_REF] Arpagaus | Nano Spray Drying for Encapsulation of Pharmaceuticals[END_REF] Using this device, Li et al. were able to fabricate whey protein and gum arabic shell capsules with a diameter between 350 and 600 nm, closer to the barrier of 100 nm that defines the transition from microcapsules to nanocapsules. The core of the capsules fabricated by Li's group was composed of vitamin E acetate emulsified in the presence of an non-ionic surfactant (Cremophor ELP) before being added to an aqueous solution of the wall material. The mixture was then fed to the spray dryer that generates the powder of capsules. This group also studied how the concentration of the solution to be sprayed affected capsule size and concluded that more diluted samples resulted in smaller capsules. As shown in Figure 19, lower sample concentration (0.1 wt.%) resulted in smaller microcapsules with lower size dispersity than higher concentrated samples (1 and 10 wt.%). 73 [START_REF] Li | Nanoparticles by Spray Drying Using Innovative New Technology: The Büchi Nano Spray Dryer B-90[END_REF] The spray drying process allows the fabrication of microcapsules using different proteins with only small adjustments of the protocol. With the right equipment, it can even generate capsules with diameters of less than 1 µm. More information about this topic can be found in the reviews of Nesterenko et al. and Aspargaus et al.. [START_REF] Arpagaus | Nano Spray Drying for Encapsulation of Pharmaceuticals[END_REF][START_REF] Nesterenko | Vegetable Proteins in Microencapsulation: A Review of Recent Interventions and Their Effectiveness[END_REF] 

Solid core and protein membrane microcapsules

Reports on solids being encapsulated by proteins through complex coacervation and spray drying can be found in the literature. However, spray drying publications are neither clear about the structure of the microcapsules, nor about the existence of a solid core encapsulated by a protein membrane or the presence of a matrix structure. [START_REF] Pierucci | Comparison of α-Tocopherol Microparticles Produced with Different Wall Materials: Pea Protein a New Interesting Alternative[END_REF][START_REF] Favaro-Trindade | The Use of Spray Drying Technology to Reduce Bitter Taste of Casein Hydrolysate[END_REF][START_REF] Pierucci | New Microencapsulation System for Ascorbic Acid Using Pea Protein Concentrate as Coat Protector[END_REF] In addition to these two techniques, layer-by-layer sequential deposition of oppositely charged proteins over a solid microparticle, has been extensively employed as a strategy to fabricate solid core microcapsules. Since complex coacervation and spray drying have been already discussed, this part of the review focuses mainly on the layer-by-layer technique and just briefly describes the two other techniques.

Complex coacervation Technique

Following their study of 1964 (point 1.2.2.2), Luzzi and Gerraughty published in 1967 a work showing how initial pH, temperature, ratio of solid to encapsulated materials, quantity of crosslinker and final pH affected the complex coacervation of pigskin gelatin and acacia gum into solid core microcapsules. They found that, to be encapsulated, the solid needed to respect some criteria: (1) it should be insoluble but dispersible in the aqueous medium; (2) it should contribute with no surfactant properties; (3) it should be soluble when exposed to a proper solvent; (4) it should not degrade when exposed to aqueous systems and (5) the solid particles need to be dispersible in either gelatin or acacia solution. Since pentobarbituric acid respects all the mentioned criteria and is easily quantified by spectrometry techniques, it was chosen to be encapsulated. [START_REF] Gerraughty | Effects of Selected Variables on the Microencapsulation of Solids[END_REF] To prepare microcapsules, Luzzy and Gerraughty dissolved acacia and gelatin separately in purified water at 55 o C. Before mixing the two materials, the pH was adjusted to 6.5 by addition of NaOH. Interaction between acacia and gelatin was already explained in the complex coacervation towards liquid-filled microcapsules vide supra. The solid to be encapsulated was then added to the protein solution and gently mixed. 

Layer-by-layer technique

Layer-by-layer technique relies on the interactions between a template and macromolecules that promote the deposition of the macromolecules, one layer at a time, at the surface of the template. This technique has been used to generate multilayer films of organic compounds on solid surfaces for more than 60 years now, thanks to the Langmuir-Blodgett technique [START_REF] Kuhn | Systems of Monomolecular Layers-Assembling and Physico-Chemical Behavior[END_REF] (LB) and the chemisorption from solution [START_REF] Netzer | A New Approach to Construction of Artificial Monolayer Assemblies[END_REF] . Briefly, the LB technique consists in the transfer process of a monolayer from the air-water interface into a solid. This technique is limited to certain classes of molecules that do not include proteins and are dependent on the size and topology of the substrate. Chemisorption consists in the adsorption of a substance at a surface by covalent/ionic bonds or hydrogen bond formation. [START_REF] Decher | Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites[END_REF] During the 1990s Decher's group developed a layer-by-layer process that relies on the electrostatic interactions between macromolecules to assure their deposition in an ordered manner. [START_REF] Decher | Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites[END_REF] The process consists in depositing a charged macromolecule on a substrate that possesses the inverse charge, forming a first layer, followed by the deposition of a second layer of another macromolecule, that possesses the inverse charge of the first layer. This process can be repeated to generate several layers. Since this method only involves adsorption from a solution, theoretically there are no restrictions over the size or shape (2D or 3D) of the substrate. Figure 21 summarizes how the process works. Reports on the layer-by-layer technique being used to decorate, with proteins, the surface of already formed microcapsules, or to encapsulate cells with protein/polysaccharide hybrid membranes, can be found. [START_REF] Toublan | Tumor Targeting by Surface-Modified Protein Microspheres[END_REF][START_REF] Li | The Effect of Layer-by-Layer Assembly Coating on the Proliferation and Differentiation of Neural Stem Cells[END_REF] Here, we focus on solid particles being used as substrate for the deposition of a protein membrane or protein/polymer hybrid membrane. Different solid particles can be used as a core but the majority of publications reports carbonate (MnCO3 and CaCO3) and silica microparticles as templates for the deposition of the membrane. These templates can indeed be easily destroyed to finally produce hollow microcapsules. Figure 22 summarizes the different steps of fabrication of hollow microcapsules. This technique allows a precise control over the size, shape and wall thickness of the microcapsules, since these parameters depend directly on the size of the template used and the numbers of layers generated. 83 The layer-by-layer fabrication of solid core microcapsules with protein shells can be divided into two categories depending on the mechanism of growth of the membrane in the construction of the multi-layered system: 1) by covalent coupling; 2) by non-covalent interactions (hydrogen bonds and electrostatic interaction).

Covalent construction of multi-layered microcapsules

Microcapsules fabricated by covalent interactions tend to be more robust and stable, not disassembling with changes in pH or ionic strength. Several scientific works can be found in the literature on haemoglobin (Hb) shell microcapsules assembled by the covalent layer-by-layer technique. Hb is a protein composed of four polypeptide units (α1, β1, α2 and β2), non-covalently bonded together. Each of the subunits presents a globular structure and contains a porphyrin ring called heme, that possesses a Fe 2+ ion capable of reversibly bind to oxygen. Theses microcapsules have been tested not only as drug carriers but also as blood substitutes, thanks to their unique properties of re-establishing oxygen homeostasis in tissues.

In 2007, Duan et al. published their work on haemoglobin protein hollow shells where they used glutaraldehyde (GA) to covalently bind several layers of haemoglobin around manganese carbonate microparticles. The process consisted in coating the MnCO3 microparticles with a layer of poly(ethylenimine) (PEI) so that GA could be fixed on the surface of the template, through the reaction between aldehyde and amine. Thanks to the presence of peripheral aldehyde functions, a layer of Hb could be covalently deposited. The process was repeated several times to get multiple layers of Hb. Finally, the carbonated core was destroyed to generate the hollow structures by adding ethylene diamine tetraacetic acid disodium salt (EDTA). Figure 23 shows a scheme of the final structure of the microcapsules and the way HB are bonded together. The mean diameter was not determined by Duan's team but TEM images show microcapsules around 4 μm.

Cyclic voltammetry measurements showed that Hb retained its electro-activity after being assembled into microcapsules. [START_REF] Duan | Hemoglobin Protein Hollow Shells Fabricated through Covalent Layer-by-Layer Technique[END_REF] One year after, the same group published a very similar protocol to synthesize glucose oxidase (GOD) shell microcapsules crosslinked with GA. GOD is an enzyme produced by certain species of fungi and insects that catalyses the oxidation of glucose. The aim of this work was to replicate the ATP synthase from ADP and inorganic phosphate that takes place in cells. This is a unique process that differs from that of any other enzyme.

It entails the transport of protons from one side of the cell membrane to the other. ATP is of extreme importance since it supports nearly all the cellular activities that require some energy. The complex biomimetic structure produced by Duan et al. (represented in Figure 24), that replicates the ATP synthase, is composed of several layers of GOD, generated by the layer-by-layer covalent technique, around a MnCO3 core later removed (using a similar protocol as their previous work with Hb). Amperometric measurements confirmed that GOD retained partially its electro-activity after crosslinking. These structures were coated with a lipid layer containing CF0F1-ATPase (the protein responsible for ATP synthesis). When exposed to glucose, protons were generated through hydrolysis and oxidation of glucose by GOD (the gradient of protons between the interior and exterior of the microcapsules being the driving force for ATP synthesis). The microcapsules generated had a diameter around 6 μm. 85 [START_REF] Duan | Proton Gradients Produced by Glucose Oxidase Microcapsules Containing Motor F 0 F 1 -ATPase for Continuous ATP Biosynthesis[END_REF] The same year, Qi et al. reported the preparation of hollow microcapsules with multilayers of Hb/GOD. The goal was to generate stimuli sensitive microcapsules to be used as delivery systems or glucose sensors. GOD catalyses the hydrolysis of β-D-glucose into gluconic acid and hydrogen peroxide (H2O2) and Hb can catalyse the reduction of H2O2.

This hybrid system is sensitive to β-D-glucose and its responsiveness can be monitored by the addition of the non-fluorescent dye Amplex red that oxidises in the presence of H2O2 into the fluorescent resorufin (scheme of the system is represented in Figure 25a).

The group used the same strategy of layer-by-layer covalent deposition mentioned in the previous paragraphs, depositing five layers of Hb/GA over the MnCO3 core (posteriorly removed), coated with a first layer of PEI, followed by the deposition of five layers of GOD (coupled with GA). In addition to being able to transform Amplex red into resorufin, the microcapsules membrane permeability could be tuned by adding β-D-glucose (Figure 25b). The authors of the work proposed that the gluconic acid by-product locally decreases the pH around the microcapsules, loosening their membranes and enhancing the encapsulation of active substances by diffusion. The fabricated objects had an average diameter around 6 μm. 86 PEG retained Hb's oxygen carrying functions. Moreover, GA crosslinking prevented Hb rapid breakdown from tetramers to dimers thus increasing capsule half-life and eliminating their nephrotoxicity. In the second study, Hb microcapsules were used as blood replacement to study the effect of radioactive uranyl ion (UO2 2+ ) on the oxygen-transporting capability of red blood cells. The high UO2 2+ adsorption capability of Hb microcapsules showed that the ion impairs the oxygen carrying properties and that these microcapsules can be potentially used to remove metal toxin from radiation-contaminated bodies or from nuclear waste. [START_REF] Duan | Highly Loaded Hemoglobin Spheres as Promising Artificial Oxygen Carriers[END_REF][START_REF] Duan | High Impact of Uranyl Ions on Carrying-Releasing Oxygen Capability of Hemoglobin-Based Blood Substitutes[END_REF] 

Non-covalent construction of multi-layered microcapsules

The non-covalent interactions used to fabricate and stabilise protein shell microcapsules can be divided into three categories, hydrogen bonding, hydrophobic and/or electrostatic interactions. Microcapsules prepared by the non-covalent layer-by-layer technique are less stable that the ones chemically crosslinked due to the weaker nature of the bonds formed. However, these microcapsules tend to be more sensitive to external stimuli, which makes them of special interest to design smart microcapsular systems. 89

Hydrophobic interactions, hydrogen bonds and electrostatic interactions

The specific interactions between proteins and other polymers can be explored to gen- When one of these carbohydrates was added to the capsule solution, the competitive binding between concanavalin A and the sugars resulted in the decrease of shell thickness leading to capsule collapse (Figure 26a). stabilizing the microcapsule shell. This procedure was repeated to generate several silk fibroin layers. The silica core was removed using HF after the desired number of layers were deposited. It is important to note that interactions between the negative core and the first positively charged protein moieties is mainly electrostatic, while hydrogen bonding plays a role on the fixation of the protein to the silica core. The dominant forces responsible for the deposition of the following layers are mainly of hydrophobic type.

The microcapsules produced by Shchepelina's team had a diameter around 3.5 μm and depending of the number of layers deposited, a shell thickness between 10 (5 layers) and 54 nm (12 layers) (see microscopy images in Figure 27 for the former). Shell permeability could be tuned to some extent so that thicker shells were less permeable that thinner ones. 90 This could be the cause of the high permeability presented by the DMPA/HSA membrane for molecules with less than 40 kDa. When shells containing four DMPA/HSA layers were exposed to a pH of 7.4, permeability was significantly reduced compared to when they were exposed to lower pHs. The authors claimed that these microcapsules show great potential to be used as smart vehicles for drug delivery applications. [START_REF] An | Fabrication and Characterization of Human Serum Albumin and l -α-Dimyristoylphosphatidic Acid Microcapsules Based on Template Technique[END_REF][START_REF] An | PH Controlled Permeability of Lipid/Protein Biomimetic Microcapsules[END_REF] Ye et al. opted for a different strategy when choosing the proteins used for building the shell of their hollow microcapsules. This group decided to modify silk fibroin with poly(lysine) (SF-PL) and poly(glutamic) acid (SF-PG) to obtain two polyelectrolytes later engaged in the layer-by-layer protocol. The modification was induced by diazonium activation of the tyrosine side chains in the SF chains, followed by chemical linking with polylysine or polyglutamic acid. [START_REF] Serban | PH-Sensitive Ionomeric Particles Obtained via Chemical Conjugation of Silk with Poly(Amino Acid)s[END_REF] Following this first publication, Ye's group published a second study in 2012, where the morphology and micromechanical properties of the microcapsules described above were thoroughly analysed at different pHs. Significant changes in the physical properties of the membranes were observed at extreme pH conditions (less than 3 and above 11).

The group hypothesized that the protonation of carboxyl-terminal groups on SF-PG (be-low its pKa,1) and the deprotonation of amino groups on the SF-PL (above its pKa,2), reduced the confinement of the silk backbones. This resulted in the excessive swelling of the shells and the loss of the secondary structure of silk material. Even though microcapsules were not destroyed in these extreme conditions, an increase on shell permeability and a great loss of microcapsule stiffness were observed (Figure 31). 

Routes to Protein Shell Nanocapsules

As mentioned at the beginning of this review, nanocapsules are capsular structures with sizes that range from 1 to 100 nm. Their small size, compared to microcapsules, greatly impacts their capabilities of bypassing biological barriers while retaining the function of protecting the sensitive cargo. For this reason, their use as drug nanocarriers shall augment the site-specific dose retention and the bioavailability of drugs. However, to be effective, nanocapsules have to meet certain requirements, such as low toxicity, high loading efficiency and a sustained release of the cargo. [START_REF] Piradashvili | Biodegradable Protein Nanocontainers[END_REF] Even though proteins are very good candidates for drug delivery systems, the small size of nanocapsules and the complexity of this class of materials result in the need of complex protocols to generate protein shell nanocapsules. The modest amount of publications about this type of structures and the fact that most studies date from this millennium are good indicators of how challenging it is.

Two distinguishable types of protein-based capsular nanostructures can be found in the literature. The first is the typical spherical nanocapsule, where the shell is deposited onto a template, and the second is based on protein cages, self-assembled structures that can exhibit spherical or non-spherical morphologies. Protein cages is a term used to define a large range of self-assembled proteinaceous structures, such as protein viral capsids, bacterial micro-compartments or iron storage protein ferritin. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] These two different types of capsular structures are discussed separately in the following paragraphs.

Protein shell nanocapsules by template-driven fabrication

Most studies used oil emulsions or nanoparticles as the nanocapsule core and explored different strategies to generate the membrane. Some of these techniques described to generate microcapsules are suitable with smaller templates. Others were strategically developed to take advantage of proteins intrinsic functions and generate enhanced delivery systems.

Layer-by-layer technique

Yang et al. in 2011, used the covalent layer-by-layer technique to coat mesoporous silica nanoparticles with Hb/GOD shells. This study followed the extensive work the group did on Hb/GOD shell microcapsules, referred on pages 39 to 41 of this review. The deposition technique was performed in the same way, with glutaraldehyde to crosslink the layers, the biggest change being the mesoporous silica nanoparticles used as core. These nanoparticles are particularly significant in medical and biological fields where they are used as cell markers, gene transfection reagents or MRI contrast agents. The nanocapsules synthesized by this method had a mean diameter between 100-150 nm (Figure 32). The shell proteins kept their enzymatic activity, which resulted in controlled fluorescent activity sensitive to the presence of glucose and showed good internalization by cells. All these features make the Hb/GOD nanocapsules good candidates to be used as cell markers. 100 

Inverse miniemulsion technique

Landfester's group developed a protocol that takes advantage of a chemical reaction at the interface of water droplets, generated as an inverse emulsion, to create nanocapsules with a water core and a protein shell. Hydrophilic compounds can be encapsulated with high efficiency in this aqueous core. So far, all the protocols that allowed the formation of water-filled capsules relied on the use of solid nanoparticles coated and posteriorly destroyed, often using dangerous and toxic chemicals.

The inverse miniemulsion is generated by ultrasound in the presence of a polymeric surfactant, poly-((ethylene-co-butylene)-b-(ethylene oxide) (P((E/B)-b-EO) and the protein that will form the nanocapsule shell. Figure 34 presents a scheme of the protocol to generate the protein shell nanocapsules. [START_REF] Piradashvili | Biodegradable Protein Nanocontainers[END_REF]102,103 Figure 34: Synthesis of protein nanocapsules via cross-linking reaction in an inverse miniemulsion. [START_REF] Piradashvili | Biodegradable Protein Nanocontainers[END_REF] In 2015, Landfester and collaborators reported nanocapsules with a BSA or ovalbumin (OVA) shell generated by a polyaddition reaction between the crosslinker 2,4-toluene diisocyanate (TDI) and the nucleophilic groups of the proteins (hydroxyl and amine groups) at the interface of water nanodroplets. The resulting OVA-and BSA-based nanocapsules had a mean diameter between 160 and 190 nm and presented loading efficiency (tested with the hydrophilic dye SR101 at 97 and 88%, respectively). The stability presented in blood plasma together with the degradability when treated with serine protease trypsin indicate that these nanocapsules can be used as antigen carriers for vaccine development. [START_REF] Piradashvili | Biodegradable Protein Nanocontainers[END_REF] Two years after, the same group published a study on albumin shell nanocapsules using a photoclick tetrazole-ene cycloadition for shell stabilization and an inverse miniemulsion as core template. Triggered by light and requiring mild conditions, this reaction allowed the preparation of the nanocarriers while preventing the loss of bioavailability of the antitumor and antiviral encapsulated active (Resiquimod R848). To perform the crosslinking reaction, 4-(2-phenyl-2H-tetrazol-5-yl) benzoic acid (TET) was attached to OVA and HSA by Steglitch amidation. The modified proteins dissolved in an aqueous solution were mixed with hexadecane containing the P((E/B)-b-EO) surfactant and the two phases were homogenized using an ultrasound probe. Addition of dinorbornene crosslinker to the miniemulsion and subsequent exposure to UV light triggered the reaction between the TET moieties and the crosslinker at the oil/water interface, generating nanocapsules with a mean diameter of 300 nm and a zeta potential of -30 mV (reaction mechanism illustrated in Figure 35). The nanocapsules presented low toxicity, high drug encapsulation ratio (90%), were stable in blood plasma and were able to store the drug for several months without unwanted release. In addition, exposing the nanocapsules to serine protease trypsin resulted in fast degradation of the protein corona and release of the cargo. 103 CaCl2 (dispersed in the oil phase by vortex mixing) was added to an aqueous solution containing the protein and the mixture was homogenized using an Ultra-Turrax blender.

The formation of the miniemulsion and crosslinking of the shell happens simultaneously without addition of a coacervation/precipitation agent. The CaCl2 salt present in the core dissociates into Ca 2+ and Cl -ions which results in the formation of protein-Ca-protein bridges at the o/w interface, packing the protein chains around the core and leading to the formation of protein complexes by interaction between carboxyl and amino groups (mechanisms of capsule generation and protein crosslinking is illustrated in Figure 37).

He's group fabricated nanocapsules as small as 100 nm using this strategy with a 50% drug loading capacity and 90% loading efficiency. 104 with catechol-modified gelatin (GelC) as the wall material, functionalized with aminecontaining alendronate (Aln) ligand that specifically binds to hydroxyapatite. These colloids are intended to be used as carriers for bone targeted drug delivery, since simvastatin is a lipophilic drug used for the treatment of osteoporosis. The metal-organic framework ZIF-8 (possessing a polyhedral shape) was used as sacrificial template where SIM was encapsulated via coprecipitation in methanol (SIM@ZIF-8). The SIM@ZIF-8 particles were than coated with tannic acid, through coordination interaction with the zinc ions present on the particle's surface, to improve hydrophilicity and allow the dispersion of SIM@ZIF-8 in the aqueous solution of GelC. The deposition of the GelC onto the TAmodified SIM@ZIF-8 nanoparticles was driven by hydrogen bonding and hydrophobic interactions, and π-π stacking occurred between the galloyl group from the TA and catechol from the GelC. The ZIF-8 core was then removed by exposure of the objects to EDTA, leaving the SIM inside the shell. Finally, Aln was covalently attached on the surface of nanocapsules via Michael addition and Schiff base reactions between the amine and catechol groups. Figure 41 illustrates the different structures of the protein cages mentioned here. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF]108 These types of structures offer the possibility of transporting and protecting drugs, metal nanoparticles, macromolecules, catalysts, and many other guests inside carriers with very well-defined morphologies and sizes. Four different strategies have been explored to encapsulate molecules in or on protein cages. The interior of the proteins cages is accessible through pores with defined sizes (as examples: 0.4 nm for ferritin, 3 nm for heat shock proteins and 10 nm for P22 capsid) through which small molecules can be smuggled inside by diffusion. Since the size of these pores is constant for each type of protein cage, they can be used as size-exclusion passages that only allow smaller substances than the pore size to be encapsulated. The possibility to use genetic engineering to precisely modify the protein that forms the cage at specific sites, allows the insertion of cysteine or non-native amino acids that can act as attachment points for chemical conjugation of molecules of interest, both in the interior and exterior of the cage. Physical interactions, such as hydrophobic and electrostatic interactions between the cage and the molecule to be loaded in the capsule have also been explored as an encapsulation mechanism. Finally, some of the protein cages like ferritin possesses the property of disassembling and reassembling when submitted to specific conditions (like a pH shift) which can be used to encapsulate and release substances of interest. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] Here, only the works where a substance was encapsulated with biomedical applications as goal is discussed. Since the protein cages present high immunogenic responses and 60 low blood circulation times, polymer chains like PEG chains are usually conjugated together with the protein cage by means of available reactive groups on the proteins or by introducing the desired reactive groups through recombinant technologies. 99 2 and a few more recent works will be further discussed. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF]108 

Non-viral protein cages Small heat-shock proteins

Heat-shock proteins protect cells from environmental and physiological stresses. They are therefore produced when the cells are exposed to elevated temperatures. Some of these proteins have cage like structures, alike the small heat-shock protein from Methanococcus jannaishii Hsp16.5 (Figure 41a). It is composed of 24 protein subunits that self-assemble into 12 nm hollow structures with a cavity of 9 nm and 3 nm-sized pores.

This cage can withstand relatively harsh conditions such as a pH of 11 and temperature up to 70 o C. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] In 2018, Guan et al. used a mutant Hsp16.5 as siRNA delivery system. The hypothesis was that by complexing siRNA with the protein cage, the gene material would be protected from degradation and would deliver into cells in better conditions. The group modified the Hsp16.5 through recombinant technology introducing polyarginine peptides at the C-terminal sequence of the protein cages subunits (Hsp16.5-R9, Figure 42a) that are exposed to the exterior of the protein cage. The addition of the peptides had minor effect on the cage's final structure, with only a small change in size being observed between the Hsp16.5 (12.1 nm) and the mutant form (14.8 nm, see Figure 42b). However, the addition of the nine polyarginine residues drastically changed the zeta potential from a relative neutral state to 27.2 mV. Due to the addition of the charged peptides to the surface of the protein cage, negatively charged siRNA targeting EGFP could be complexed to the Hsp16.5-R9 through electrostatic interactions. 123 The group tested the efficacy of the siRNA targeting EGFP complexed to Hsp16.5-R9 for gene silencing by transfecting it to EGFP-expressing HeLa cells. This experiment allowed the determination of the complex' efficiency by observing the fluorescence variation of the expressed GFP proteins. A reduction in fluorescence efficiency means that the siRNA was able to impair the expression of GFP by the cells. As hypothesized by the group, the reduction in fluorescence (Figure 42c) observed when the Hsp16.5-R9 containing siRNA was administered to the cells compared to free siRNA confirmed that the system is an improvement to the use of free siRNA. 123 

Ferritin and Apoferritin

Ferritins play an essential role in regulating iron levels and protecting animals, plants and bacteria against oxidants. Their natural function is the biomineralization of Fe 2+ to Fe2O3•H2O. Mammalian ferritins are made of 24 protein subunits that form a spherical cage with a diameter of 12 nm. Native ferritins concentrate in their core iron ions than can be easily removed by the right solvents, resulting in an empty cage called apoferritin (Figure 41b). The two structures are very robust: they withstand temperatures of up to 85 o C and pHs ranging from 2 to 9. In addition, ferritins are easily accessible from natural sources and recombinant expression. All of this makes them popular protein cages to be used as nanocarriers for drug delivery. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] Ferritin and apoferritin are popular carrier choices to encapsulate drugs due to its endogeneity and excellent biocompatibility. In addition, it is possible to take advantage of the fact that their cage structure can be disassembled at low pH (pH 2) and reassembled by restoring the pH to neutrality to encapsulate different molecules. Figure 43 illustrates the mechanism in human ferritin. The encapsulation efficiency of siRNA depended on the ratio siRNA/apoferritin. A ratio of 1:8 achieved the maximum encapsulation efficiency of 76% while 1:4 resulted in 21% and 1:10 in 34%. The group also tried to encapsulate the siRNA in the absence of calcium cations, which resulted in an encapsulation efficiency of 46% (for the 1:8 ratio), proving that Ca 2+ plays a strong role in the encapsulation process. Besides improving encapsulation efficiency by neutralizing the negative charges of the siRNA, the cation Ca 2+ was used to generate mineralized calcium phosphate inside the apoferritin cage, which has been demonstrated to improve the endosomal escape ability of nanocarriers. 125 Li et al. used the same strategy to encapsulate paclitaxel inside the human apoferritin cage (H subunits recombinantly expressed using vector pET-20b(+) transformed into E. coli). Since paclitaxel is insoluble in water, it was dissolved in ethyl alcohol before being added at an apoferritin/paclitaxel ratio of 1:200 into the apoferritin solution at pH 2.5

(to ensure the apoferritin was disassembled). The pH was than adjusted to 7.5 to induce apoferritin self-assembly into a cage and encapsulate the paclitaxel (scheme in Figure 45a). Free paclitaxel molecules were removed by dialysis. Encapsulation efficiency and 66 loading capacity were determined to be 20.1 and 18.4%, respectively. This system allowed the encapsulation of a water insoluble anti-cancer drug into nanocarriers which displayed lower cytotoxicity and higher therapeutic efficiency than the free drug. 126

Viral protein cages Adenovirus

The human adenovirus (Figure 41j) is a double stranded DNA virus that measures 95 nm from vertex to vertex when self-assembled into a capsid. It presents an icosahedral symmetry composed by three main proteins: 720 subunits that form 240 hexon trimers, 12 pentagon-shaped penton-base pentamers that are all centred on the vertices of the cage, and 12 fibre trimers that are interconnected with the penton-base pentamers.

Since it is non-oncogenic, it can be used in gene and cancer therapy. [START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] Jiang et al. created a human adenovirus type 5 (Ad) based carrier system capable of delivering interleukin-12 (IL-12) and a TGF-β inhibitor (SB) and exerting anti-tumour activity by inducing IFN-γ secretion, promoting NK and T cell proliferation and inhibiting TGF-β signalling. To achieve this, the group complexed SB with a β-cyclodextrin-PEI2k Other parameters such as size dispersity of the capsules, cost and efficiency of production also have an impact on the final application. The different techniques discussed in this review allow the fabrication of capsule samples with different properties and therefore choosing the appropriate technique is essential for the desired application. As an example, spray drying is used when big quantities need to be cheaply produced without considering size distribution, e.g. to encapsulate food. In contrast, microfluidic techniques have a lower production output and require a bigger investment, but it allows a precise control over size dispersity such as in biomedical applications.

Choosing the right protein for the right application is also very important. Plant and animal-based proteins such as WPI, SPI and silk fibroin are mainly used for conservation of substances or encapsulation of food, since they are not adequate for biomedical applications (relevant immunogenic properties). Human proteins such as Hb and HSA are the best choices for drug delivery. To decrease immunogenic recognition of the capsules, synthetic polymers such as polyethylene glycol are often attached to the surface of the capsules. Small peptides and antibodies are also grafted to the surface of the objects to increase tumour specificity and internalization.

In recent years, scientist started to produce replicas of protein cages that already exist in nature to use them as carriers for bio-imaging and drug and gene delivery applications. These types of capsules possess very well define sizes and structure, which is of great interest for the targeted applications. However, they are produced through recombinant techniques which is limiting in terms of scalability.

The small number of publications on protein shell nanocapsules shows that generating these kinds of objects remain a challenge for the scientific community. One main objective of this PhD is to produce nanocapsules with protein shells using a nanoprecipitation process based on the supersaturation of an hydrophobic solute (oil) in a water-miscible solvent (acetone, THF,…) when adding an excess of a non-solvent (water) to generate dispersions of small droplets coated by a protein. This technique would allow the production of narrow sized nanocapsules in a fast and easy process without resorting to harsh conditions. The application of these nanocapsules would depend on the protein used, what substances are encapsulated inside and how their surface is functionalized. The Parisian group developed a polymer-drug conjugate composed of a gemcitabine molecule covalently linked to a polyisoprene chain. This prodrug was previously easily formulated into nanoparticles through a solvent shifting procedure resulting in anticancer nanocarriers with a high drug payload and therefore more potent biological activity than conventional nanoparticulate approaches. However, the inability to functionalize the surface of the conjugate nanoparticles leaves no option to attach molecules to the nanocarriers that would confer stealth and targeting properties.

Chapter 2

Encapsulation of a polymer-drug conjugate in glycogen shell nanocapsules through nanoprecipitation

Covering these nanoparticles with a glycogen layer can offer new possibilities for overcoming these obstacles.

Our group in Lyon developed a technology to generate oil-filled glycogen nanocapsules through the nanoprecipitation technique in a one pot procedure. 1 The hypothesis was made that replacing the oil that makes up the nanocapsules core by the polymer-drug conjugate would lead to a simple protocol capable of generating glycogen coated gemcitabine-polyisoprene nanoparticles.

This chapter first describes the nanoprecipitation technique and the fabrication of oil-filled nanocapsules, followed by the results obtained when the polymer-drug conjugate was used instead of the oil.

Ouzo effect

Ouzo effect or nanoprecipitation is a technique used to prepare colloids with narrow size distribution that does not resort to ultra-sonication, high shearing force methods or use of surfactants. This technique relies on the supersaturation of a hydrophobic solute (oil, polymer…), primary dissolved in an organic solvent miscible with water (e.g. acetone, THF…), when a large excess of water is added. Upon addition of water, the medium becomes a non-solvent for the hydrophobic solute, inducing spontaneous emulsification. For certain proportions of solute, solvent and non-solvent, submicronic droplets or particles are generated. Figure 1 shows the different steps in the case of emulsion formation. 2 and poly(vinyl alcohol), or polysaccharides such as glycogen, pullulan, dextran sulfate, dextran and hyaluronic acid. 1,4,5 Using this last category of polymers, stable nanocapsules ranging from 50 to 500 nm with monocomponent or multicomponent shells have been fabricated by our group. In addition, it is possible to tune the thickness of the shells by depositing several layers of polysaccharides over the core and to functionalize the nanocapsules surface. Encapsulation of active substances inside the oily core remains a challenge. Due to the core's composition, only hydrophobic substances can be considered for encapsulation.

In addition, the drug must be somehow compatible with the oil since both solutes are expected to coexist in the capsule's core. The present chapter deals with the encapsulation of anti-cancer drugs in glycogen shell nanocapsules.

Nanoprecipitation of anti-cancer drugs for drug delivery applications

Many hydrophobic anti-cancer drugs present low bioavailability due to their poor water solubility that limits their dissolution rate. Formulating these drugs into nanoparticles improves their dissolution rate, since it is proportional to the drug molecule surface area, and consequently improves drug bioavailability. The nanoprecipitation technique presents a route to synthesize drug nanoparticles and encapsulate them inside polymer shells. Using the nanoprecipitation technique, paclitaxel 6,7 and docetaxel 8 have been encapsulated inside shells made of different polymers (such as PLGA-PEG, PLGA and hypromellose acetate succinate) in the absence of surfactants. These drug-loaded nanocapsules (Figure 4a) are fabricated by dissolving the drug and the shell polymer in a water miscible solvent followed by the addition of the mixture to water (anti-solvent).

Even though drug loaded nanocapsules produced through nanoprecipitation present lower systemic toxicity and improved anti-tumour efficacy when compared to the free drugs, low drug loading (5-10 wt%), low encapsulation efficiency and burst release of the drug all remain a challenge. 3,9 To overcome these limitations, Couvreur and co-workers developed a new drug delivery platform that also takes advantage of the nanoprecipitation technique. The team linked isoprenoid chains (squalene) to biologically active molecules, such as gemcitabine and penicillin, resulting in bioconjugates capable of assembling into nanoparticles through nanoprecipitation without the use of surfactants. Squalene-gemcitabine nanoassemblies with a drug loading around 50 wt% exhibit much higher anticancer activity than free gemcitabine against subcutaneously grafted tumours and aggressive metastatic leukemia. 10,11 This concept was later extended to other drugs with squalenoylated bioconjugates containing paclitaxel (Figure 4b) and penicillin being fabricated and formulated into nanoparticles by nanoprecipitation. 12,13 These two strategies generate colloids with different morphologies (capsules and nanoparticles) and while the nanoparticulate bioconjugates present higher drug loading and better control over the release of the drug, it lacks an exterior layer that can attribute stealth properties to the colloids, thus preventing strong immunological responses.

Prodrugs in drug delivery

Even though the term "prodrug" was only implemented in 1958 by Adrien Albert, the concept has been used since the late 19 th century to improve undesirable properties of drugs. Scientists often resort to prodrug strategies to overcome challenges in the physicochemical properties of a molecule that limit formulation options and result in inefficient drug performance. In summary, prodrugs are molecules with low or no pharmacological activity that, through chemical, enzymatical or a combination of the two reactions, can be converted in vivo into the active parent drug. This conversion can either separate the masking molecule from the drug (increasing its activity) or induce a structural modification or rearrangement (such as an oxidation) that renders the molecule active. Figure 5 illustrates in a simplified manner the prodrug concept. 15 Prodrugs bring many benefits that help drugs overcome barriers associated with its administration, adsorption, distribution, excretion by the metabolism and toxicity. Drug formulation and administration can be facilitated by introducing ionizable or polar neutral groups that increase drug solubility in water, drug shelf-life or decrease pain and irritation after local administration. Masking the active molecule using alkyl/aryl esters or amides can help improving poor membrane permeation and drug stability in the GI track. 15 The selected prodrug approach is dictated by obstacles a drug needs to surpass. In addition, drugs need a functional group where the masking molecule can be attached to. For these reasons, building a successful prodrug requires careful planning and testing.

Gemcitabine-polyisoprene (Gem-PI) conjugates

Contrasting with the squalene-paclitaxel prodrug that is a drug-lipid conjugate. The gemcitabine-polyisoprene is a drug-polymer conjugate. The group of Julien Nicolas (from the Institut Galien in Paris) synthesized gemcitabine -low molar mass polyisoprene conjugates by nitroxide-mediated polymerization and formulated it into nanoparticles. Gemcitabine is an anticancer drug with demonstrated activity against a wide range of solid tumours: colon, lung, pancreatic, breast, bladder, and ovarian cancers. They chose to anchor the drug to the hydrophobic polymer polyisoprene that presents interesting properties such as enzymatic degradability and biocompatibility.

The conjugate spontaneously self-assembles in aqueous solution into nanoparticles with a narrow size distribution in aqueous solution. 16 This approach presents a solution to some of the drawbacks known to affect nanoparticulate systems where the drugs are physically encapsulated, such as low drug encapsulation efficiency and drug leakage from the core. 17,18 To generate a hydrophobic polyisoprene chain attached to a gemcitabine molecule, a

Gem-functional alkoxyamine initiator, obtained by coupling unprotected Gem to the AMA-SG1 alkoxyamine, was put into play in a nitroxide-mediated controlled radical polymerization of isoprene monomer (Figure 6). Since the size of the polyisoprene chain is dependent on the reaction time, conjugates with different molecular weights (polyisoprene lengths between 840 and 2510 Da) could be fabricated. 16 Nanoparticles of these conjugates were then fabricated by nanoprecipitation by adding a THF solution containing the prodrug to water (final mass fraction of THF of 0.33, see

Figure 6d

). 16 16 This type of structure showed great promise to be used as anticancer therapeutics since it exhibits high anticancer activity, in vitro and in vivo, while supressing the inherent toxicity associated to the drug. 16 However, post-functionalization of the nanoparticles surface is rather difficult due to the lack of functional groups in polyisoprene capable of reacting with other molecules, which can potentially lead to low circulation times and lack of tumour specificity.

In this context, the collaboration between the two labs intends to use the nanoprecipitation process to simultaneously generate the Gem-PI nanoparticles and coprecipitate glycogen at their surface to generate glycogen-coated prodrug nanoparticles that possess improved stealth properties and a reactive outer layer that can be functionalized (possibility to give target properties to the colloids).

Glycogen and miglyol as material choices for nanocapsule conception

Glycogen is a neutral polysaccharide found in animals' liver and muscles and certain species of bacteria and yeast. It possesses unique properties such as bio-compatibility, bio-degradability, water solubility and ease of functionalization, which makes this polysaccharide a good candidate for the fabrication of nanocapsules. Modified and nonmodified glycogen are used for drug delivery applications in the form of nanoparticles, microparticles and microcapsules. All of this, associated to the already attained knowledge on the fabrication of glycogen shell nanocapsules by nanoprecipitation, make this carbohydrate a strong candidate for the encapsulation of anticancer drugs. 19 Miglyol 812, the natural oil used in this project, is composed of a mixture of triglycerides of C8 and C10 fatty acids. This product has already been used as part of formulations to be applied intravenously (e.g.: Smofkabiven, Smoflipid).

Principles of construction of glyconanocapsules by nanoprecipitation illustrated with the miglyol/glycogen/ acetone/water system 2.2.1 Phase diagram

At first, before thinking about encapsulating a drug, attention was given to the fabrication of miglyol core nanocapsules. In order to fabricate the nanocapsules through nanoprecipitation, the phase diagrams for the water/organic solvent/oil and water/organic solvent/glycogen must be determined.

Cloud point boundary of glycogen in water/acetone mixtures

The glycogen used in this project was bought from sigma Aldrich and presented a MW of 20 kDa. The cloud point boundary for the glycogen/water/acetone ternary system was determined by titrating an aqueous solution of polymer with acetone. This line (Figure 7) separates the region where the glycogen is fully soluble (for low acetone compositions) from the region where the carbohydrate chains agglomerate. We can conclude that an acetone content around 38 wt% is needed to start precipitating glycogen chains, even if it is better to work at higher acetone content to account for the glycogen's large polymolecularity. 

Ouzo domain of miglyol/acetone/water ternary system

To determine the Ouzo domain of the ternary system, both the binodal curve and the ouzo limit of the oil must be determined. Similar to the cloud point boundary, the binodal curve was obtained by titration of miglyol/acetone solutions in water. The resulting line separates the regions where the miglyol forms a metastable emulsion (lower acetone content) from the region where it forms a thermodynamically stable microemulsion (surfactant free microemulsion -SFME domain). Above an acetone mass fraction of 0.8, the miglyol is fully soluble. It is important to note that emulsions generated in the SFME domain cannot be macroscopically observed (solution stays transparent) compared to the ones generated using an acetone content below the binodal curve where the solution becomes milky. 5 The Ouzo limit, that separates the region where large droplets are formed from the Ouzo domain, was determined before by dynamic light scattering. 5 To ensure reproducible measurements of the Ouzo limit, a non-ionic surfactant (Brij56) has been added to the organic phase to stabilize the oil droplets. In addition, after adding the required amount Oil droplets as templates for nanocapsule fabrication can be generated both in the Ouzo and SFME domains. However, there are differences between the two domains. In the Ouzo domain, droplet size varies significantly with oil content, with bigger droplets being observed for higher oil concentration. In contrast, in the SFME domain, droplet size increases with the acetone content but is independent of the oil content. In addition, in the Ouzo domain, droplet size increases with time (characteristic of metastable emulsions in solvent/water mixtures), most likely due to Ostwald ripening. Droplets generated in the SFME domain are thermodynamically stable in agreement with the formation of surfactant free microemulsions. One weakness of solvent shifting in the SFME domain is that encapsulation efficiency is not quantitative, in contrast with solvent shifting in the Ouzo domain where almost 100% encapsulation efficiency is expected. 5

Miglyol-filled glycogen-based nanocapsules through nanoprecipitation

Overlapping the glycogen/acetone/water and miglyol/acetone/water diagrams (Figure Figure 10 shows nanocapsules prepared inside the ouzo domain for a miglyol mass fraction of 5 x 10 -4 , 10 -4 mass fraction of glycogen, an acetone mass fraction of 0.59 and a mass fraction of crosslinker of 5 x 10 -5 (represented as a green star in Figure 9). 

Glycogen coating on Gem-PI nanoparticles through nanoprecipitation 2.3.1 Determination of the phase diagrams

Four different Gem-PI samples with PI ranging from 700 to 4750 Da (Table 1) were available for testing. The first test to generate glycogen-coated Gem-PI nanoparticles through nanoprecipitation is to draw the binodal and Ouzo limits for the prodrugs, the same way as it was done with miglyol, with THF as a solvent. Acetone was changed for THF because the prodrugs are not soluble in acetone. Due to the small amount of sample available, the ouzo limit was not determined. Then we overlap the diagrams with the THF/water/glycogen diagram showing the cloud point boundary of the polysaccharide (Figure 11). It is now possible to identify conditions to simultaneously generate the nanoparticles and co-precipitate the glycogen from the Gem-PI binodal and the glycogen's cloud point boundary. As mentioned before, Harrisson et al. 16 observed that higher PI molecular weight resulted in smaller particles for a fixed THF mass fraction of 0.33. PI's around 1560 Da resulted in nanoparticles with a mean diameter around 130 nm while PI's around 840 Da resulted in nanoparticles around 160 nm. The PI of 1570 Da was used since it offers a good compromise between drug content (14.3 %) and a nanoparticle size expected to be smaller than 150 nm (the GEM-PI 700 Da prodrug possesses a higher gemcitabine content but it is expected to generate nanoparticles close to 200 nm).

Harrisson et al. successfully generated Gem-PI nanoparticles with a narrow size distribution using a prodrug final mass fraction of 1.7 x 10 -3 . Examining the binodal curve of the Gem-PI 1570 and the cloud point boundary of glycogen (Figure 12), it is likely that a prodrug mass fraction four times smaller (4 x 10 -4 ) will be inside the ouzo domain as long as the THF mass fraction stays between 0.45 and 0.65. Previous research from our group on the Ouzo limit of different solutes like miglyol, hexadecane or PMMA showed that the Ouzo limit is generally seen at low solute mass fractions, typically below 10 -3 . 1,4,20 

Fabrication of the glycogen coated Gem-PI nanoparticles

Based on the previously made assumptions, samples were prepared in different conditions (Table 2 and Figure 13) to check how changes in sample composition affected the resulting objects. TEM images of sample a, prepared in a domain of composition (0.4 THF mass fraction)

where the glycogen remains soluble in the THF/water mixture, show a mix of glycogen aggregates (darker black spots) and Gem-PI collapsed nanoparticles (light grey spots).

At this THF mass fraction, the Gem-PI conjugates were expected to aggregate into nanoparticles, but the glycogen did not co-precipitate. DLS characterization shows one unique population around 230 nm corresponding to Gem-PI particles while the glycogen was still in solution and only aggregated when the solvent was removed. proves that the glycogen impacts the morphology of the nanoparticles when the sample is drying, indicating that at least some glycogen is present on the surface of the prodrug nanoparticles. A lower content of THF appears to improve the compatibility problems between the Gem-PI and glycogen.

To better understand the lack of compatibility between the PI and glycogen, we used the "Hansen Solubility Parameter in Practice" software to collect all the components

Hansen solubility parameters (see Table 3). This program is used to access polymer's solubility and compatibility issues. To estimate the solubility and compatibility of polymers the three components of δt (total Hildebrand parameter), δd (dispersion parameter), δp (polar component) and δh (hydrogen bonding component) are compared.

The closest these parameters are, the more compatible the two polymers will be. By comparing THF, the organic phase used to formulate the glycogen coated prodrug nanoparticles, to acetone which our group uses to fabricate oil-filled nanocapsules with shells made of glycogen, a difference can be noticed in the polarity component. The polarity component of THF (5.70) is substantially lower than the one of acetone (10.40) and much closer to polyisoprene (1.40). This indicates that polyisoprene tends to interact more with THF than glycogen, explaining the lack of compatibility. Since the solubility parameters of a mixture of solvents is proportional to the amount of each solvent, the more THF and less water in solution, the more the compatibility problem accentuates. 21 Component δt

((J/cm 3 ) 1/2 ) δd ((J/cm 3 ) 1/2 ) δp ((J/cm 3 ) 1/2 )
δh ((J/cm 3 ) In order to better evaluate the role of glycogen in the nanoprecipitation process, a sample prepared at THF mass fraction of 0.5 and Gem-PI 1570 Da and glycogen mass fraction of 4x10 -4 (crosslinked with 2x10 -4 mass fraction of IPDI) was compared to a control sample prepared in the same conditions but not containing glycogen and IPDI.

Figure 14 shows the objects obtained using the aforementioned conditions. Core-shell structures can be observed in the sample that contains glycogen (Figure 14a), while in the sample with no glycogen (Figure 14b) only spots of collapsed Gem-PI nanoparticles are observed. This experiment clearly shows that glycogen plays a role during the preparation of prodrug nanoparticles. Based on these results, THF mass fraction of 0.5 was selected for the following experiments.

A question remains on why the objects present swollen morphology and a much bigger size when dried (TEM) than when still in the THF/water solution (DLS). A possible explanation would be that the nanocapsules made of a low Tg polyisoprene core and a soft glycogen shell flatten on the TEM grids, making comparison of sizes between TEM and DLS characterizations inaccurate.

A new sample was prepared in the same conditions as the one of Figure 14a, but this time the THF was evaporated overnight by leaving the flask open inside a fume hood.

The evaporation process was started 2 h after sample preparation to allow the crosslinking reaction to fully take place. The expected capsular structures are not observed in the transmission microscopy images (Figure 15) and instead structures that resemble glycogen micelles are observed, which indicates that the objects might have collapsed sometime between THF evaporation and sample drying. This lack of stability indicates that a minimum amount of glycogen is present at the surface of the Gem-PI nanoparticles and most glycogen should be still in solution. The soft deformable objects observed in the presence of THF shrink after its evaporation and when water is evaporated a day after (for TEM analysis) they are destroyed. DLS analysis indicates the presence of one population of objects with 140 nm, half the size of the sample where THF was not removed. This indicates that the presence of THF inside the GEM-PI nanoparticles most likely is responsible for the swelling of the Gem-PI core. Low compatibility between the glycogen and the prodrug is clearly an issue for the characterization of the nanocapsules through TEM, since the glycogen is not capable of stabilizing the prodrug core during the drying process required for microscopy analysis.

Three other Gem-PIs available (PIs of 700, 3690 and 4750 Da) were tested to generate glycogen-coated nanoparticles so as to verify if PI molecular weight affected glycogen/Gem-PI compatibility. A PI 2800 Da not linked to a Gem moiety was also tested.

As for the PI with 1570 Da, no capsular structures could be observed by TEM microscopy for the three other molecular weights and the pure polyisoprene when THF was evaporated 2 h after sample preparation. Similar dark spots resembling glycogen micelles are observable in all four samples (Figure 16). DLS characterization of the samples after THF evaporation showed one population in all samples, whose size decreased with the increase in PI's molecular weight. This size variation behaviour was also observed by Nicolas' group. 16 The sample not containing gemcitabine (PI 2800 Da) presented a mean diameter (measured by DLS) of 130 nm, in between the Gem-PI 700 Da (185 nm) and the Gem-PI 4750 Da and very similar to the Gem-PI 1570 Da (140 nm) and the Gem-PI 3690 Da (130 nm), which indicates that the absence of the gemcitabine moiety does not impact the final size of the colloids.

In addition, the size measured by DLS is much bigger than the observable particles in the TEM pictures, indicating that the formed objects are destroyed during sample drying.

The conclusion taken from this result is that molecular weight of the PI has no effect on glycogen/PI compatibility and therefore in the stability of the nanoparticles generated. To be able to visualize the nanocapsules in absence of swelling or deformation, a sample was analysed by cryoTEM. The chosen sample was from Gem-PI 1570 Da since it presents the best compromise between objects size (140 nm, DLS intensity mode) and drug content. Sizes between 100 nm and 200 nm are preferable for drug delivery carriers as well as high drug percentage in each nanocarrier. Since the sample is frozen and analysed in the solid state, it was expected that, if there were nanocapsules in the aqueous solution before the drying step, they would be observable by cryoTEM.

As shown in Figure 18, spherical objects can be observed with an average size of 140 nm measured by DLS and slightly bigger than 200 nm when observed in the TEM images.

Unfortunately, no core/shell structure could be clearly identified but sizes were significantly smaller than when analysed by TEM (mean diameter of 310 nm measured by DLS and 765 nm measured through the TEM images). In addition, difficulties on preparing a high enough concentrated sample resulted in pictures with very few objects.

The picture in Figure 18a, one of the few where a cluster of objects could be observed, gives some clues on the structure of the objects. They seem deformed by contact with neighbouring objects, but no coalescence is observed, which suggests the presence of a (glycogen) barrier between the nanoparticles. In Harrisson's work clusters of Gem-PI nanoparticles were also observed (Figure 6d) but never in such close proximity to the point of generating deformation. The more negative charge (-70 mV) at the Gem-PI surface is likely to keep them apart preventing coalescence. Since the surface charge drastically increases (-30 mV) when glycogen is present, the glycogen-coated nanoparticles can come into closer proximity (weaker repulsive electrostatic force) though coalescence is avoided thanks to a glycogen barrier at the prodrug nanoparticles surface. At this point we have evidences that we decorated the nanoparticles with glycogen. 

Cytotoxicity tests on glycogen-coated Gem-PI 1570 Da microparticles

A cytotoxicity study was performed with glycogen-coated Gem-PI 1570 Da Free gemcitabine (represented in black in Figure 21) presents an IC50 value of 5.24 nM, which means that at that concentration, half of the cells lost viability. This value contrasts with the one from glycogen-coated PI 2800 Da nanoparticles (represented in green), that did not contain any gemcitabine, where up until a concentration of 1000 nM cell viability did not decrease to 50%. The glycogen coating (and the addition of IPDI to ensure its crosslinking) does not seem to have any undesired effect in cytotoxicity, since no significant difference was observed between the IC50 of the Gem-PI nanoparticles (represented in blue, IC50 value of 42.66 nM) and the glycogen-coated Gem-PI nanoparticles (represented in red, IC50 value of 47.15 nM). These results show that the prodrug nanoparticles (glycogen-coated or not) present reduced cytotoxicity compared to free gemcitabine while keeping the pharmacology activity associated to the drug in higher concentrations. The glycogen layer can now be functionalized to attribute site specificity to the nanocarriers, allowing the administration of smaller doses that concentrate in the tumour, reducing negative side effects while keeping therapeutic activity intact. 

Conclusion

The objective of the work described in this chapter was to generate glycogen-coated Gem-PI nanoparticles by nanoprecipitation. The interest of this technique lies in its fast, facile and cheap to develop protocol. In addition, nanocarriers with sizes between 100 and 200 nm presenting a narrow size distribution are produced, which is desirable for drug delivery applications.

Nicolas and co-workers synthesized a polymer-drug conjugate (prodrug) composed of gemcitabine and polyisoprene that they could engineer, through a solvent displacement technique, into nanoparticles presenting high biological activity.

Conditions were found where capsular objects could be fabricated using the nanoprecipitation technique, with a Gem-PI with a PI molecular weight of 1570 Da as core and using THF as organic phase and water as aqueous phase. However, in the presence of THF, the objects were swollen and deformed. Evaporating the THF after crosslinking the sample proved useful in keeping the objects with a diameter around 140 nm. However, nanocapsule destruction during the drying process associated to sample preparation for TEM made observation of the objects a rather complicated task.

Low compatibility between glycogen and PI resulted in low amount of glycogen at the prodrug nanoparticle surface, which leads to no substantial stabilization of the colloids through the formation of a crosslinked hydrophilic layer and therefore the samples cannot survive the drying process inherent to TEM characterization.

Cryo-TEM was used as a replacement strategy for object visualization but a capsular structure was not observed using this technique. On the other hand, zeta potential measurements showed a decrease of the colloids' surface charge when a glycogen was used in sample preparation. In the future, more experiments should be done to confirm the objects structure. A solution for the problem can be to graft amine functionalized gold nanoparticles to the glycogen using the IPDI crosslinker and observe if the particles are attached to the capsules surface through cryo-TEM.

MTT assays were performed with glycogen coated Gem-PI 1570 Da nanoparticles and three control samples (free gemcitabine, Gem-PI 1570 Da nanoparticles and PI 2800 Da nanoparticles). The glycogen-coated prodrug nanoparticles presented a higher IC50 than free gemcitabine and a very similar one to non-glycogen coated prodrug nanoparticles, indicating that the glycogen coating does not interfere with the activity of the prodrug, neither increase their cytotoxicity.

Cytotoxicity tests were performed on the sample after evaporating the organic solvent with no purification step in-between. Centrifugation and filtration experiments resulted in the destruction of the objects. Future work should explore a way to separate the nanocarriers from the rest of the sample and titrate the supernatant to look for glycogen leftovers.

Chapter 3

Design of sub-200 nm suckerin-based nanoparticles by nanoprecipitation

Introduction

The work that will be discussed in this chapter results from a partnership with Ali 

Humboltd squid and the sucker ring teeth (SRT)

The Humboltd squid, Dosidicus gigas, is a large (up to 2 m in size and 50 kg in weight), aggressive and predatory animal commonly found all around the Eastern Pacific Ocean.

This animal possesses four extracellular hard tissues that play a vital role on its survival:

(1) the pen, which acts as a rod-like reinforcing structure of the squid long body; (2) the beak, enveloped by the buccal mass, used to kill and dismember the prey; (3) the cartilaginous cranium that protects the squid's central nervous system and (4) the sucker ring teeth (SRT), located inside the suckers along the squid eight arms that are used to increase the gripping power during prey capture (Figure 1(a) and (b)). Herein, we will focus on the protein material found in the sucker rings which display a series of dentation as can be seen in Figure 1(c). 1 To be an efficient hunting tool, the sucker ring teeth need to withstand, preferentially without damage, the extreme shear forces created by struggling prey, which requires excellent mechanical properties. A close examination of the SRT revealed that it is composed of a series of parallel tubular elements with a mean diameter around 215 nm, oriented parallelly to the teeth and spread across the basal ring (Figure 2(a)). In addition, the pore fraction across each tooth is not uniform, but gradually increases from the tooth core to the periphery. This channel-like structure has a direct impact on SRTs mechanical properties since, in the dry state, it presents higher hardness and elastic modulus at the periphery than in the core (Figure 2(b)). 1 In dry conditions, the elastic modulus of the SRT ranges between 7.5 (periphery) and 4.5 GPa (core). As a comparison, common synthetic polymers such as polyamides (PA), 120 poly(methyl methacrylate) (PMMA), and high-molecular weight polyethylene (PE) are less stiff than the squids hunting tool (Figure 3). 1 The exceptionally high SRT's elastic modulus and hardness are nevertheless not unique for biologic materials and are often associated to the presence of an inorganic phase.

Examples of this kind of materials are nacre, crab claw, or turtle's shell. The interesting feature of the SRT is the absence of an inorganic phase in their microstructure.

Elemental analysis carried out by X-ray spectroscopy and amino acid analysis, together with wide-angle X-ray scattering experiments showed the absence of a mineral phase, of metal ions, of chitin or of any semi crystalline organic constituents. The SRT is mainly composed of proteins. Figure 4 compiles different biological materials, plotted as their hardness versus Young's modulus and separated according to their mineral content, where it can be observed that the SRT mechanical properties are on pair with other biological materials possessing a medium mineral. 

Suckerin proteins

Studies on SRT composition resulted in the discovery of a family of 21 proteins ranging from 5 to 57 kDa, together with traces of sulphur and fluorine atoms, whose role is unclear for now. These proteins possess a primary structure rich in glycine (37 mol %), tyrosine (14 mol %) and histidine (13 mol %) with smaller quantities of hydrophobic residues like leucine, alanine, valine, proline and polar residues like threonine and serine. 2 RNA-sequencing analysis combined with proteomic techniques such as liquid chromatography tandem mass spectroscopy and traditional N-terminal Edman sequencing were applied by Miserez' group to sequence the suckerin proteins and gain more insight into the proteins structure. This comprehensive study showed that suckerin proteins exhibit a modular structure (Figure 5), similar to silk proteins, made of two different structural domains, one rich in alanine, valine, histidine and threonine (M1) and another one rich in glycine, tyrosine and leucine (M2). 

Recombinant suckerin-like proteins

In this project, colloids made of the recombinant suckerin-12, suckerin-19 and de novo construct trimer proteins were fabricated and for this reason, special attention will be given to these proteins in the rest of the chapter. The suckerin proteins present a substitute for silk proteins with the advantage of being easier to produce by recombinant expression. The suckerin-12 and suckerin-19 proteins were chosen because Miserez' group has already optimised their expression and purification processes. The construct protein was chosen for its better solubility in aqueous solutions.

Expression of recombinant suckerin-12 and suckerin-19 proteins

Miserez' group spent a large deal of efforts in developing a protocol to express recombinant proteins based on the suckerin's proteins. Two of the first proteins expressed by the group were the suckerin-12 and suckerin-19, but only the suckerin-19 has been described in a scientific journal. 4 124

To express the suckerin-12 and suckerin-19 proteins, E. Coli BL21(DE3) bacteria containing the recombinant vector PET-24a with the necessary coding were used (see detailed protocol in chapter 5). Isopropyl β-D-1-thiogalactopyranoside (IPTG) was used as inducer of protein expression and ampicillin as selector. Recombinant protein purification was performed by sequential protein precipitation and centrifugation steps using different buffers, followed by a dissolution of the proteins in an acetic acid aqueous solution and centrifugation to finally remove insoluble impurities. 

Recombinant suckerin-12 and suckerin-19 primary structures

The recombinant suckerin-12 ( 23 

Recombinant suckerin-12 and suckerin-19 secondary structures

Miserez and co-workers analysed the suckerin proteins by circular dichroism to verify if the recombinant proteins possess β-sheet structures. Circular dichroism is a technique that allows the estimation of a protein secondary structure by measuring the interaction of polarised light with the proteins. The spectra obtained from this technique are often expressed as the mean residue molar ellipticity as a function of light wavelength. A

protein presenting an all α-helix structure presents two minimums of similar magnitude between 208 nm and 222 nm, while the spectrum for an all β-sheet structure presents in general a minimum between 210 and 220 nm and a maximum between 195 and 200 nm. Proteins with a random conformation present only one minimum around 220 nm. 5 As shown in Figure 8, both proteins exhibit a β-sheet secondary structure when dissolved in a 5% (v/v) acetic acid aqueous solution at a concentration of 6 mg/ml, that eventually shifts into a random coil conformation when diluted six times (1 mg/ml). In line with the targeted generation of robust suckerin-based proteins nanocapsule, it was anticipated that a high local concentration of proteins within the colloids would induce the formation of reinforcing β-sheets. 

Expression of the de novo construct trimer protein

Miserez' team also designed suckerin-based constructs that possess the same Pro-M1-Pro-M2 sequence design as most suckerins but present a better solubility in aqueous conditions. The construct used in this work, called de novo construct trimer, was expressed and purified in similar conditions as recombinant suckerin proteins (detailed protocol in chapter 5). Figure 9 shows the SDS-PAGE and MALDI-TOF characterization of the purified protein. 

De novo construct trimer primary structure

The de novo construct trimer (36 kDa) is a polypeptide with a sequence repeated three times (primary and repeating sequences are given in 

De novo construct trimer secondary structure

The CD spectrum of the protein construct (Figure 11 

Suckerin protein colloids fabricated by nanoprecipitation

The suckerin-19 recombinant protein has been used by Miserez' team to fabricate self-healing gels, stiff films and nanoparticles by taking advantage of the β-sheets formation. 6,7 The goal of the partnership between the French and Singaporean labs was to extend the range of applications of the suckerin proteins by generating a range of protein-based colloids (nanoparticles and nanocapsules) using the nanoprecipitation technique already discussed in chapter 2. The use of these proteins was thought to be advantageous to physically crosslink the colloids through the formation of β-sheets and in this way prevent the use of additives (like IPDI) to chemically crosslink the shells. In addition, these proteins are biocompatible and biodegradable, which can lead to potential applications of these colloids in areas like cosmetics or food (fragrances, flavours encapsulation and release) or life science (e.g. drug encapsulation and vectorization).

For the nanoprecipitation technique to be successful in generating colloids, the protein must respect few criteria. First, the protein should be soluble in aqueous conditions at a pH somewhere between 5 and 10, where the size of the colloids can be best controlled.

Yan et al. determined that bicarbonate ions, naturally present in water, tend to adsorb at hydrophobic interfaces and play a key role in the stabilization of the particles/droplets generated by nanoprecipitation. This is of particular importance for the generation of nanocapsules, where an oil emulsion is generated to serve as the core. At pHs ranging from 5 to 10, the concentration of bicarbonate ions is maximal, resulting in a more precise control over colloid size and size dispersity. 8 Secondly, the protein must be insoluble in the organic phase, more precisely, the protein needs to precipitate in the presence of a certain amount of an organic solvent (fully miscible in water). Finally, the protein must precipitate at the interface of the oil droplets used as a template in case of nanocapsule preparation. These three criteria will be checked in the following paragraphs.

Solubility tests of the suckerin proteins

Solubility of the polymer material in aqueous conditions is of extreme importance for the success of the nanoprecipitation technique in producing precisely-defined colloids.

Since the suckerin-12, suckerin-19 and the de novo construct trimer are insoluble in water at pH 7.0, alternative aqueous conditions had to be found to solubilize the proteins. The use of an aqueous buffer solution presenting a pH far from the isoelectric point of the protein was expected to overcome these solubility issues.

Hydrophobic Gly, Ala and Leu residues account for roughly half of the composition in suckerin proteins. These proteins present poor solubility in neutral aqueous solutions, and at pH close to 7, they form macroscopic aggregates at concentrations higher than 0.5 mg/ml. The isoelectric point of the proteins, at pH 7.95 (suckerin-12), pH 8.30

(suckerin-19) and pH 9.20 (de novo construct trimer) explain the low solubility under neutral conditions, since the electrostatic charges are not strong enough to overpower the hydrophobic interactions between the chains and keep the suckerin protein chains away from each other.

Increasing the protein electrostatic charges by changing the pH of the aqueous buffer can reduce the size of these aggregates to the point where they are only a few tens of nanometres. Figure 12a shows the DLS spectra, in intensity mode, of 1 mg/ml protein aqueous solutions at pH 3 (5%(v/v) acetic acid aqueous buffer) and pH 13 (100 mM of NaOH aqueous buffer). In acidic conditions, more than one peak can be observed in the DLS spectra for all proteins. The aqueous solution of suckerin-12 has a very distinct peak at 6 nm and another one around 300 nm; the aqueous solution of suckerin-19 has a peak around 30 nm and another one around 200 nm. Finally, the de novo construct trimer presents a series of peaks at 8, 60 and 350 nm. It is important to note that in intensity mode, there is a strong dependence between the intensity of the light scattered and the particle size, more precisely the intensity is proportional to the sixth power of the size.

That means that for the suckerin-19, suckerin-12 and the de novo trimer, the dominant population is by far the one with the smallest size.

From all the amino acids part of the primary structure of these proteins (Table 1), only the phenol groups of tyrosine (pKa of 10.07), the imidazole groups of histidine (pKa of 5.93) and the guanidino groups of arginine (pKa of 13.2) can contribute for the overall charge of the protein. These three amino acids amount to 27% of the suckerin-19, 26%

of the suckerin-12 and 25% of the trimer construct primary structures. At pH 3 all three residues are protonated and therefore present positive charge whose repulsive electrostatic forces prevent protein aggregation.

When alkaline conditions (100mM aqueous solution at pH 13, Figure 12(b)) were used to solubilize the proteins, bigger aggregates were observed for the three proteins that could not be observed with the naked eye. At this pH the arginine, histidine and tyrosine residues of the protein are deprotonated, possessing a negative charge which improves solubility compared to water at pH 7 but is less effective than pH 3. The suckerin-12 and de novo trimer do not possess a population with sizes under 100 nm, drastically changing from the results obtained in acidic conditions. The suckerin-19 presented a peak around 50 nm, almost doubling in sized compared with the 30 nm found in the acidic solution, and a second peak at 710 nm with more than triple the size of the 200 nm observed when acidic conditions were used. Since the nanoprecipitation process works better when the protein is dispersed into unimers and because the smallest aggregates were observed when the protein was dispersed in the 5%(v/v) acetic acid aqueous buffer, the acidic buffer was chosen for further experiments. In a preliminary attempt to investigate the aptitude of suckerins to aggregate, a blank experiment was performed where a 1 mg/ml suckerin-19 aqueous solution at pH 3 was casted on a grid and analyzed by TEM (Figure 13). Aggregates in the micrometre scale (around 1 µm) were observed, together with smaller aggregates (around 200 nm). This 132 experiment demonstrates that the suckerins tend to self-assemble upon drying the sample. 

Fabrication of suckerin nanoparticles and nanocapsules with a suckerin shell through nanoprecipitation

The solubility conditions found for the suckerin proteins in aqueous media are far from ideal for nanocapsule fabrication. Yan et al. found that a pH lower than 5 negatively influence the formation of the oil nanodroplets owing to a drastic decrease of bicarbonate ions concentration shown to actively participate to the stabilisation of water/hydrophobic interfaces. 8 Moreover, protein aggregates present in the solution are not optimal either. However, efforts were made on determining the cloud point boundary of the suckerin proteins in acetone/5%(v/v) acetic acid aqueous solution (pH 3) mixtures, first step required for the fabrication of colloids. As done in the previous chapter for glycogen, the cloud boundary point was determined by titrating the acidic solutions of protein with acetone until the solution turned cloudy, indicating the desolvation of the protein.

However, none of the suckerin proteins showed a clear precipitation in the presence of acetone whatever the content of acetone considered (from 0 to 90% for an initial concentration of 0.4 mg/mL of protein). Either the proteins are not precipitating, or they form nanogels (swollen-type nanoparticles) that do not show a very different refractive index than the solvent/water dispersion. To confirm this point, we performed different types of size measurements.

DLS experiments were further performed on acetone/acidic aqueous solutions mixtures containing 0.4 mg/ml of suckerin-19 protein (Figure 14). This experiment intended to check if the solvent induced a change in protein solvation invisible to the naked eye. To "freeze" the structure of possibly formed colloids by addition of acetone. 0.06 mg/ml of IPDI were also included in the acetone phase to stabilize the possible colloids. As illustrated by Figure 14, the evolution of protein aggregation state as a function of the acetone volume fraction is not obvious. We can assume that samples with a content of acetone inferior to 50% show two major populations, one with a size inferior to 100 nm and another one located around 200 nm, slightly below the size for sample free of acetone. When reaching an acetone content between 60% and 70%, the DLS spectrums of the samples show the disappearance of the smallest population which 134 might indicate that colloids are formed. Finally, at 80% acetone or more, the large particle peak shifts to larger sizes, presumably showing a new transition.

Different samples were than analysed by TEM (Figure 15). The sample containing an acetone content of 50% did not present any visible objects by TEM, the reason why no pictures are shown here. An acetone content of 60% (Figure 15a) results in a polydisperse sample of nanoparticles with an average size measured by DLS of 155 nm and 70 nm by TEM and PdI of 0.37 by DLS and 𝐷 𝑤 ̅̅̅̅ /𝐷 𝑛 ̅̅̅̅ of 1.72 by TEM.

When the content of acetone is increased to 70% smaller nanoparticles can be observed by TEM (with an average size of about 30 nm by TEM), but their aggregation makes it impossible to measure correctly their size. No conditions were basically found here where a clean sample of non-aggregated nanoparticles was observed. Due to the lack of time and difficulty of fabricating nanocarriers through solvent shifting, experiments with the suckerin-12 and de novo trimer were not conducted.

Motivated by these preliminary results, another route was explored again by coacervation using a salt as the coacervation agent.

Precipitation of the suckerin proteins into nanoparticles by salting-out

Different strategies to process proteins into nanoparticles have been successfully employed in the last few decades. Examples using an organic solvent miscible with water 9 , eletrospraying 10 , microdot capillary 11 and salting-out 12 can be found in the literature. Salting-out is particularly interesting not only thanks to its simplicity but also because it only requires water and a salt, easy to remove, to generate the colloids. 13 Depending on the nature of the salt and its concentration, precipitation or crystallization of proteins can be triggered. 14 When salts and proteins coexist in the same solution, the anions and cations from the dissociated salt neutralize charges on the protein. At low salt concentrations (> 0.5 M), protein solubility often increases with the increase of ionic strength, so-called salting-in.

However, as salt concentration increases further (very high ionic strength), aggregation can be observed indicating protein precipitation or salting-out. Often, proteins that posses positively charged and negatively charged domains self-aggregate in the presence of very low amounts of salt. By slightly increasing salt concentration, the anions and cations neutralize charges on the protein surface which prevents aggregation. When the concentration of salt increases even further, the protein's surface becomes so charged that the protein chains aggregate. 15 Proteins interact with water in three different ways: ion hydration between charged side chains and water molecules (e.g. Asp, Glu, Lys); hydrogen bonding between polar residues and water (e.g. Ser, Thr, Tyr, and the main chain of all residues); and hydrophobic hydration (Val, Ile, Leu, Phe). In hydrophobic hydration, the configurational freedom of water molecules is reduced when in the proximity of apolar residues. This new ordering of water molecules results in a loss of entropy and is thus energetically unfavourable. When enough salt is added to a solution (salting-out), the surface tension of water increases which results in an increase of hydrophobic interactions between the protein and water molecules. The protein responds to the change by minimizing its contact with the solvent, folding and aggregating and finally leading to precipitation. 16 The Hofmeister scale (Figure 16), built by Franz Hofmeister in 1888, series different anions and cations in order of how efficiently they salt-out proteins. This scale helps to choose which salts will more efficiently precipitate proteins. 

Nanoparticles generated by salting-out using different salts

Previous work done by Ping et al., from Miserez' group, showed that by adding specific salts to an aqueous solution of suckerin-19 resulted in the formation of protein particles.

Furthermore, changing the type and concentration of salts and temperature in which salting-out is conducted would provide particles with different sizes ranging from 200 to 800 nm. The group used a two-step protocol where first the protein, dissolved in a 5%(v/v)acetic acid aqueous solution, was salted-out into nanoparticles using NaCl, KCl or FeCl3, followed by a crosslinking step using ammonium persulphate (APS) and a ruthenium complex, tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate (Ru II ), capable of covalently bond the suckerin-19 tyrosine residues when exposed to light (vide infra). 6 The smallest nanoparticles reported by the group, at room temperature, were fabricated with KCl as salting-out agent (mean diameter of 330 nm). Keeping the same anion and changing the cation for Na + (NaCl, a less efficient salting-out agent) resulted in significantly bigger particles (mean diameter of 800 nm). On this basis, the hypothesis was made that using a combination of anion and cation that both are more efficient in salting-out proteins according to Hofmeister scale, would produce smaller nanoparticles. 6 In this view, a good candidate is ammonium sulphate. However, since ammonium persulphate can both act as precipitation agent and crosslinker and is very similar to ammonium sulphate (it dissociates into ammonium and sulphate ions after persulfate decomposition), we opted by using it instead. This would favour a one-pot protocol to generate nanoparticles. Note that ammonium sulphate is extensively described as salting-out agent for proteins but not ammonium persulphate.

Ruthenium-based photoinitiator as crosslinking catalyst

As stated before, Miserez' group have used a ruthenium-based photoinitiator called tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate (Ru II ) together with ammonium persulfate to covalently bond the tyrosine residues of the protein and fix the nanoparticles morphology. The group has used this strategy not only to crosslink suckerin nanoparticles but also to generate suckerin hydrogels. 6,7 Since Ru II and APS proved to be efficient in crosslinking the suckerin proteins and the APS can be used as salting-out agent and crosslinking catalyst, a closer look was given to this method.

Fancy et al. explored the ruthenium(II) tris-bipyridyl dication (Ru(II)bpy3 2+ ) (similar compound to the Ru II ) and APS-based protein crosslinking reaction and found that at least two mechanisms are involved in the generation of covalent bonds between protein residues (Figure 17). When exposed to light at a wavelength of 452 nm, the Ru(II)bpy3 2+ oxidizes into Ru(III)bpy3 3+ and the missing electron breaks O-O bond of APS, generating a sulphate anion and a sulphate radical. The oxidized Ru(III)bpy3 3+ induces the generation of a tyrosyl radical allowing the tyrosine residue to form a covalent bond with another nearby tyrosine radical or a nucleophilic side chain (from cysteine or lysine residues). Since the suckerin proteins do not possess any cysteine or lysine residues, we assume that the reaction takes place between two tyrosine residues. 17 The persulphate anion radical then abstracts the radical from the intermediate complexes to finally stabilize the new generated bond and generate a hydrogenosulphate anion. The suckerin-19 possesses 63 tyrosine residues, the suckerin-12 35 and the de novo construct trimer 48, which makes this crosslinking method usable with all proteins considered here.

Generation of suckerin-19 nanoparticles using APS and Ru II

The typical procedure to generate nanoparticles by salting-out the suckerin proteins with APS, is the following. Firstly, the protein is dissolved in an aqueous buffer (5% v/v acetic acid) at the desired concentration and left resting overnight at room temperature.

Next a solution of water, containing a known amount of APS is mixed with the acidic aqueous solution (5% v/v acetic acid) containing the protein, followed by the addition of the Ru II intermediate also dissolved in water. The sample was then exposed to a light source for 3 minutes (protocol in chapter 5). The quantities of the salts and proteins were always calculated in mass and weighted with a precision balance and all the samples had a final volume of aqueous solution of 240 µL. The samples were then dialysed against an aqueous solution containing 5% acetic acid solution at pH = 3 (the same buffer used for solubilizing the proteins) to remove excess Ru II complex.

When 0.3 mg of APS and 0.2 mg of Ru II complex were mixed with 0.1 mg of suckerin-19, suckerin-12 or de novo construct trimer proteins, well defined nanoparticles of less than 200 nm were synthesized as can be seen in Figure 18 clearly different form the ill-defined aggregates obtained when the protein solution without APS and Ru II was cast on a grid (Figure 13). All the samples presented bigger average sizes after redispersion in the acidic buffer (DLS) than when dried (TEM) owing to significant swelling of the nanoparticles in acetic acid solution at pH=3. The smallest nanoparticles were constructed with suckerin-19, possessing a diameter of 105 nm measured by DLS and 75 nm in the dry state using TEM images compared to the 145 nm (DLS) and 130 nm (TEM) of the suckerin-12 nanoparticles and the 155 nm (DLS) and 150 nm (TEM) of the trimer construct particles. This indicates that there is an optimal interval of APS content that results in less polydisperse nanoparticles (between 0.1 and 0.6 mg). It is important to note whereas Ru II complex plays no role in the precipitation process, no particles have been observed by TEM in its absence suggesting a poor stability of the formed nano-objects upon salting out. Crosslinking the precipitated proteins is thus mandatory to prepare stable nanoparticles using this protocol. Decreasing the amount of Ru II catalyst while keeping APS constant did not change nanoparticle size in dry conditions, but affected the crosslinking density, a trend that could be assessed by the nanoparticle swelling in a wet environment as measured by DLS (samples: S-19.3 where 0.20 mg of Ru II were used, S-19.4 where 0.10 mg of Ru II were used, S-19.5 where 0.05 mg of Ru II were used of Table 2). While the size measured by TEM of the nanoparticles, from the previously mentioned samples, was around 75 nm, sizes measured by DLS increased from 105 nm (0.2 mg of Ru II ) to 140 nm (0.10 mg of Ru II ) and 185 nm (0.05 mg of Ru II ).

Suckerin-19 nanoparticles stability

Once cross-linked, the suckerin nanoparticles can be conveniently dispersed in acidic buffer at pH 3. However, dialysing the samples against permuted water at a pH of 6.4

resulted in a loss of colloid stability with clear nanoparticle aggregation (Figure 21d)

making it impossible to measure their size by DLS or perform zeta potential analysis. This aggregation is due to the reduction of electrostatic charges at the surface of the colloids when the pH is shifted to higher pH (closer to the isoelectric point of the proteins). As mentioned before, only the phenol groups of tyrosine (pKa of 10.07), the imidazole groups of histidine (pKa of 5.93) and the guanidino groups of arginine (pKa of 13.2) contribute for the overall charge of the protein. These three residues amount to 27% of the protein's amino acids (Table 2) and at pH 3 their three R-groups are positively charged. However, when the pH is shifted to 6.4, the histidine groups (that amount to 10.9% of the amino acids) became are just slightly protonated providing much less cationic charges. The remaining positive charges cannot overpower the hydrophobic forces that cause nanoparticle aggregation.

This result motivated the investigation of a shell functionalization strategy, such as PEGylation, to create a steric barrier between the colloids and avoid aggregation. 

Suckerin-19 nanoparticles PEGylation

Nontoxic, uncharged and hydrophilic polymers like PEG have been extensively used as stabilizing agents since they provide a steric barrier preventing the nanoparticles to come into contact and therefore avoiding coalescence. In addition, the hydrophilic nature of the polymer generates short-range repulsive hydration forces that help keep the nanoparticles apart from each other. 18 Since the suckerin-19 protein does not possess functional groups other than the OH present in tyrosine, serine and threonine residues that amount to 15.3%, 7.5% and 3.4% of the protein amino acid composition respectively, some thought had to be put into finding a functionalized PEG that can react with OH groups. The chosen strategy relied on introducing an amino-functionalized PEG (methoxypolyethylene glycol amine 2,000), PEG-NH2 and a difunctional isocyanate (IPDI) to graft the PEG chains to the available OH located at the surface of the nanoparticles.

PEGylation using PEG-NH 2 and IPDI

To 'freeze' the PEG chains at the nanoparticle surface isocyanate-alcohol reactions that have been successfully exploited to cross-link glycopolymer-and polysaccharide-based nanocapsules were explored. The crosslinking protocol consisted in adding 20 µL of acetone containing IPDI, just after nanoparticle photocrosslinking (involving tyrosine units), followed by the addition of 20 µL of water containing PEG-NH2. The samples where than dialysed against water to remove excess APS, Ru II complex and unreacted PEG-NH2.

Different amounts of IPDI and PEG-NH2 were tested to determine the best conditions that would stabilize the nanoparticles in water at neutral pH. As shown in Table 3, nonaggregated nanoparticles could only be observed when 0. 3) in agreement with the amino acid composition of the SRT.

Still, the PEG chains working as steric barrier prevented aggregation provoked from Van der Waals forces, whereas non-PEGylated particles crashed. 

Riboflavin-based photo crosslinking

Riboflavin, also known as vitamin B2, is naturally found in eggs, dairy products, meat, mushrooms and almonds. It is commonly used as a dietary supplement and can be used for treating medical conditions such as keratoconus (progressive thinning of the cornea). 19 For this reason, replacing Ru II complex by such non-metallic crosslinking catalyst, could be advantageous in applications in cosmetics, flavour encapsulation or drug delivery where toxicity is an issue.

Water-soluble variants of riboflavin such as flavin-mononucleotide and riboflavin-5-phosphate have been used to crosslink collagen and silk fibroin when exposed to UVA radiation. Two mechanisms have been proposed that explain how photo-excited riboflavin can strip electrons from tyrosine residues, generating tyrosyl radicals (that can then be employed to crosslink proteins that contain tyrosine residues).

Figure 23 schematizes the two proposed mechanisms: type I where triplet-excited riboflavin directly oxidizes tyrosine residues and type II where an intermediate singlet oxygen is produced and oxidizes the tyrosine. Riboflavin possesses two adsorption maximums at 365 nm and 430 nm. Since a wavelength of 365 nm presents higher energy and has been proven to achieve higher crosslinking density in collagen, this wavelength was chosen here to crosslink the nanoparticles. [20][21][22] Figure 23: Tyrosine's two types of crosslinking mechanisms using riboflavin. 22 Nanoparticle samples were prepared using 0.1 mg of protein and 0.3 mg of APS to test the riboflavin-based crosslinking. Different amounts of riboflavin 5′-monophosphate (rib5), 0.2 and 0.4 mg, were dissolved in 20 µL of water and added to the samples followed by irradiation, using a UV lamp at a wavelength of 365 nm, for 30 and 60 min.

Samples were than dialysed against the 5% (v/v) acetic acid aqueous solution for 48 h to remove rib5 and APS. Figure 24 and Table 4 present the characterization of the four samples prepared with different combinations of rib5 content and exposure times. The presence of nanoparticles in all samples proves that rib5 can crosslink the suckerin-19. However, sizes were bigger than 105 nm when Ru II complex was used as crosslinker (samples S19.3 of Table 2) compared to 175-240 nm with riboflavin 5′-monophosphate. Increasing the time of exposure to UV radiation resulted in significantly bigger nanoparticles while increasing rib5 content only slightly decreased nanoparticle size. Longer exposition times to radiation also resulted in higher dispersity as observed in the TEM images. The longer crosslinking reaction may promote inter-particle crosslinking reactions resulting. More experiments would be necessary to optimize the use of rib5 as crosslinking catalyst. These proteins present low solubility in water at pH 7 and the best solubility conditions found (acidic buffer at pH 3) are not ideal for the solvent shifting technique used to generate nanocapsules. While trying to precipitate the proteins by solvent shifting using acetone, it was found that nanoparticles with 155 nm can be generated only in one particular condition and the sample presented high size dispersity.

Salting-out was the chosen method to generate suckerin nanoparticles, with APS being used as salting-out agent. This choice was based on the Hofmeister list of salts, where the ions ammonium and sulphate are quoted as the most efficients in salting-out proteins and the fact that the crosslinking method chosen took advantage of APS as an electron receiver.

Nanoparticles smaller than 200 nm were obtained, when salting-out the three proteins with APS. The Ru II catalyzed photo-crosslinking strategy efficiently 'froze' the nanoparticles conformation that stayed stable for 8 days, dispersed in the acidic buffer at pH 3, even after removing the salts. Suckerin-19 nanoparticle size could be tuned by changing the amount of APS used to salt-out the protein. However, when lower amounts of salt were used to reach sizes smaller than 100 nm, dispersity grew significantly with bigger nanoparticles being detected through DLS analysis.

The nanoparticles lost colloid stability when dispersed in water at pH 7, which led us to the exploration of PEGylation as a strategy to stop aggregation. A reactive variant of PEG, PEG-NH2, was tested. This strategy proved to be viable to crosslink the nanoparticles.

Finally, the presence of the β-sheet secondary structure in the nanoparticles was The work presented in this chapter was submitted as a communication and is therefore presented with a similar structure to the submitted document. The supporting information is available at the end of the document.

Introduction

Polymer nanocapsules are progressively emerging as promising candidates for drug delivery applications thanks to their potential to improve targeting, drug efficiency, reduced side effects, their aptitude to co-deliver multiple drugs or their ability to cross physiological barriers including the cell membrane. [1] Owing to specific physico-chemical and biological properties including inherent biocompatibility, low immunogenicity, biodegradability, complete control of the (amino acid) sequence, or the suitability to diverse functionalization with bioactive domains, proteins are a particularly advantageous class of building blocks for the construction of nanocapsules. [2] The most common proteinaceous nanocapsules for encapsulation of drugs are self-assembled protein nanocages, such as ferritin or vault nanostructures, which are made of protein subunits that self-assemble into nanoscaled cages with precise geometry. [2a] While this biological approach leads to ordered protein nanostructures with exquisite control over their geometry and near monodisperse size distributions, it is unfortunately limited to specific protein building blocks that self-assemble via precisely-defined protein-protein interactions of the subunits. [3] Alternatively, the construction of proteinaceous nanocapsules can be undertaken by means of chemical or physico-chemical approaches.

The prevalent routes rely on multi-step template driven strategies such as layer-by-layer technique [4] , complex coacervation emulsification technique [5] , or interfacial reactions of proteins in water-in-oil miniemulsion systems. [6] Nanoprecipitation is a simple and easy-to-use "bottom-up" strategy typically relying on the supersaturation of a hydrophobic solute (such as an oil, first dissolved in a watermiscible solvent) upon addition of water, and has lately emerged as a general and modular method to generate polymer nanocapsules with a precise control of the dimensions and the physico-chemical properties. The first step of nanoprecipitation is to establish phase diagrams and to identify the domains of interest, e.g. Ouzo and surfactant-free microemulsion (SFME) regions. [7] This information can then be used to establish conditions of solvent shifting so that the solute is spontaneously emulsified and forms submicronic templates, onto which hydrophilic polymer chains (initially dissolved in the aqueous phase) quantitatively precipitate to grow a robust polymer shell. Following this route, oil-filled nanocapsules have been constructed from a range of vinyl-based polymers [8] and polysaccharides [9] . However, to the best of our knowledge, the preparation of protein-based nanocapsules by nanoprecipitation has not been reported yet.

A recently-discovered family of structural proteins, suckerins, has shown promising potential for biomedical applications [10] (including as therapeutics carriers). Suckerins are modular, block copolymer-like structural proteins that constitute the hard sucker ring teeth of squids and cuttlefish. [11] They consist of 10-12 amino acid-long modules forming β-sheets that are interspersed by longer, mostly amorphous domains [12] (although protein NMR experiments indicate that short peptides in these domains can also form β-sheet secondary structures [13] ), resulting in mechanically-robust materials with good processability. [14] Another important biochemical feature of suckerins is their high Histidine (His) amino acid content (ca. 10 mol.%). Because of the pKa (ca. 6.0) of its imidazole side-chain, His is protonated under mild acidic conditions, which not only enhances the solubility of suckerins in water but also facilitates endosomal escape via the proton-sponge effect. [10a] While suckerins can be readily produced recombinantly in E. coli [15] , they usually aggregate in the inclusion bodies during expression because of the relatively high content of hydrophobic residues, requiring subsequent treatment with high concentration urea in order to solubilize them. [15] Moreover, although purified recombinant suckerins are soluble at acidic pH, their solubility significantly decreases in aqueous buffers around pH 7. This pH-dependent solubility is beneficial to fabricate films or other solid materials [14,15] but may constitute a barrier for obtaining nanocapsules by nanoprecipitation. Indeed, the efficiency of the process is generally compromised when pH values are below 5 or above 10, [16] and self-assembly or aggregation of the proteins is not desirable before solvent shifting.

Discussion and results

In this context, we aim herein at developing simple nanoprecipitation routes to nanocapsules involving suckerin-based proteins and water/acetone/oil ternary systems.

Starting from encouraging results obtained with previously reported recombinant proteins from suckerin-19, we then describe how engineering of fusion suckerin proteins with enhanced solubility in water can be achieved by fusing a silk-derived solubility tag to a central suckerin domain, thereby affording the production of proteinaceous materials with aqueous solution behavior at pHs compatible with a solvent shifting procedure (see Figure S1). We further establish these recombinant suckerin-silk fusion proteins as promising modality to produce protein-based functional nanocapsules through nanoprecipitation in a straightforward manner.

We first tested suckerin-19 in nanoprecipitation assays. The two amino acids with ionizable side-chains in suckerin-19 are tyrosine (Tyr) and His (ca. 15% and 10% of the protein composition) residues. [13] These residues possess R-groups with pKa's around 6

(imidazole of His) and 10 (hydroxyl of Tyr). The protein net charge is thus nil in the pH range between 6 and 10 so the chains tend to aggregate. Since acidic pHs (at which suckerin-19 chains are closer to monomeric state, pH=3) impair the nanoprecipitation process, we first intended to generate nanocapsules through solvent shifting at pH ~10 (see DLS of aqueous protein solutions at pH 10, Figure S2). Under such conditions, the solvent shifting procedure yielded ill-defined mixtures of protein capsules together with protein aggregates in the range of a few hundred nanometres as evidenced by TEM analyses (see Figure S3 in supporting information).

We then decided to design a fusion protein containing suckerin peptide domains and exhibiting water solubility in appropriate pH conditions for nanoprecipitation. In a recent study, Andersson et al. [17] demonstrated that engineered spider silk proteins (fibroins) could be produced in E. coli in soluble form and with very high yield (in the range of 200-300 mg/mL). Similar to suckerins, spidroins contain a long repetitive, hydrophobic central domain that forms strong β-sheet structures in silk fibres. This domain is flanked by non-repetitive N-terminus (NT) and C-terminus (CT) globular domains, whose roles are to maintain a high solubility of the spidroins in the silk-forming gland of the spider and to trigger aggregation into β-sheet rich structures during silk drawing. [18] Exploiting the NT domain of a spidroin from Euprosthenops australis (E.

australis) and the CT domain of a spidroin from Araneus ventricosus (A. ventricosus), this team was able to produce proteins and peptides that are notoriously difficult to express in soluble form, including membrane proteins or amyloidogenic peptides. [19] Based on such results, we hypothesized that these NT and CT tags could be fused to suckerins or suckerin peptides as a way to enhance their solubility near neutral pH. We constructed a fusion protein consisting of central suckerin-derived peptide (SUP) domain flanked by NT and CT tags (NT-SUP-CT) (see Figure 1a, Table 1 and2). [20] The SUP domain contains three copies of the peptide module PAATAVSHTHHA that was previously shown to form cross-β functional amyloids [20] , separated by di-Glycine linkers. Furthermore, in order to bring chain flexibility to the construct, the β-sheet forming modules were flanked by two 167 copies of the Glycine (Gly) and Tyrosine (Tyr)-rich amorphous peptide GLGGYGGLYGGY that is also found abundantly in suckerins. [13] Figure 

D. gigas suckerin peptides

GLGGYGGLYGGYPAATAVSHTTHHAPGGPAATAVSHTTHHAPGGPAATAVSHTTHHAPGLGGY GGLYGGY

Our results show that NT-SUP-CT fusion protein can be recombinantly expressed in E.

coli in soluble form, with a high yield of ca. 100 mg/mL (Figure 2a). NT-SUP-CT can be readily purified using nickel affinity chromatography in aqueous buffer without the need of using denaturing agents, and can be dissolved at neutral pH (> 150 mg/mL), a solution behaviour that could not be achieved with wild-type suckerins or SUP lacking the NT and CT domains. In comparison, previous production yields were in the range of 30 mg/L cell culture, highlighting the efficiency of NT and CT tags not only to enable soluble expression but also to enhance expression yield. As shown by SDS-PAGE (Figure 2a) and MALDI-ToF (Figure 2b) analysis, high purity NT-SUP-CT was obtained after dialysis with the expected molecular weight (MW) of 33.1 kDa. Circular dichroism (CD) spectra (Figure 2d) showed the presence of two minima at 208 and 220 nm at room temperature, which is the signature of α-helices present in the NT and CT tags. At increasing temperatures, the spectra displayed an upwards shift in the 205-230 nm range, and a smoothening of the two minima at 208 and 220 nm into a broader minimum at 215 nm. These features are characteristic of an α-helix to β-sheet transition of the tag domains upon heating.

We next investigated the behaviour of the suckerin fusion protein in aqueous 20 mM

Tris buffer solution at pH 7.4 at a concentration of 3.5 mg/ml by DLS to confirm that NT-SUP-CT proteins are theoretically amenable to the construction of precisely defined nanocapsules by nanoprecipitation. DLS analysis of the aqueous protein solutions is given in Figure 2d and shows two peaks at 9 nm and 50 nm corresponding to free unimers and tiny micellar assemblies of NT-SUP-CT with hydrophilic N-and C-termini domains as outer shell, respectively. Importantly, the intensity ratio between the two peaks indicates that under such conditions, most of the proteins present themselves as unimers in the solution, making it ideal to obtain nanocapsules by solvent shifting. As a comparison, to achieve a transparent solution with wild type suckerins, an aqueous buffer containing 5% (v/v) acetic acid (pH 3) is required and DLS analysis of the buffer containing 1 mg/ml of SRT19 shows two peaks at 30 and 220 nm. The next step consisted in positioning the best nanoprecipitation compositions in phase diagrams. Previously, our group derived the acetone/water/miglyol phase diagram and identified the Ouzo domain. [9] To find the conditions needed for nanocapsule fabrication, the cloud point boundary of NT-SUP-CT in acetone/aqueous buffer was added here. This limit corresponds to the solubility limit of the protein in the mixture and its determination method consists in titrating with the organic solvent various aqueous solutions of suckerin-silk proteins until the mixtures turn turbid (see experimental part for details). Overlapping the two phase diagrams (see Figure 3a)

allows the potential identification of a solvent shifting domain where, ideally, protein chains and the oil co-precipitate to generate nanocapsules. [9] The fact that NT-SUP-CT is initially dissolved in Tris buffer (of rather low ionic strength) is not expected to drastically change the boundaries determined here. Close inspection of the diagram reveals that the acetone content must be between 50 and 30 wt% for an oil mass fraction of 10 -4 in order to prepare nanocapsules inside the ouzo domain. To crosslink the nanocapsules shell, isophorone diisocyanate (IPDI) with a final mass fraction of a 6.5 x 10 -6 is also added to the organic phase. The diisocyanate is reactive towards the -NH2 and -OH groups available in the protein forming urea and urethane linkages respectively, capable of crosslinking the nanocapsule shells.

At an acetone content ~ 30 wt%, clean samples of nanocapsules (Figure 3b) with an average diameter 𝐷 ̅ 𝑍 𝐷𝐿𝑆 around 200 nm (𝐷 ̅ 𝑍 𝑇𝐸𝑀 ~190 nm), a dispersity (𝐷 ̅ w/𝐷 ̅ n) of 1.35 measured by TEM, and a PDI of 0.10 measured by DLS were obtained. Proteinaceous nanocapsules are in the same size range as some polysaccharide-based nanocapsules but slightly bigger than those typically obtained from glycopolymer chains and miglyol in the Ouzo domain (dimensions below 150 nm). This probably stems from a less favourable stabilization of the oil droplets by the proteins, as suggested by the concomitant observation of few nanoparticles in TEM photos. It is also worth mentioning that contrary to polysaccharide-based nanocapsules, for which 𝐷 ̅ 𝑍 𝐷𝐿𝑆 and 𝐷 ̅ 𝑍 𝑇𝐸𝑀 are usually quite different, [9] these values are very close for NT-SUP-CT-based NCs (200 vs 190 nm), indicating a poor swelling of the suckerin-silk membrane in solution.

Note that the conditions to prepare nanocapsules are narrow. At an acetone content of 50 wt%, large dark domains were spotted revealing inefficient encapsulation of the oil (see Figure S4a), and the sample could not be analysed by DLS due to the presence of large protein aggregates (not seen with the naked eye). Decreasing the acetone weight fraction to 40% (Figure S4b) resulted in protein nanoparticles together with nanocapsules. The observed nanocapsules possess a mean diameter of 110 nm as measured by TEM, but DLS analysis did not provide insights into the size distribution due to the presence of large aggregates. Higher acetone content than 30% thus seems to promote a harsh competition between self-aggregation of protein chains and precipitation at the surface of oil droplets.

Protein concentration also plays an essential role on the control of nanocapsule formation. Figure 3 shows three samples prepared at an acetone content of 30 wt%, a miglyol mass fraction of 10 -4 and a protein mass fraction of 10 -5 (Figure 3b), 5 x 10 -5

(Figure 3c) and 10 -4 (Figure 3d). At lower protein concentration the NT-SUP-CT chains seem to preferentially precipitate at the oil droplets surface. Increasing the content of protein five times (Figure 3c) resulted in the formation of protein aggregates together with nanocapsules with a 𝐷 ̅ 𝑍 𝑇𝐸𝑀 around 185 (STD of 1.35) nm and 𝐷 ̅ 𝑍 𝐷𝐿𝑆 around 250 nm (PDI of 0.20) (Table 3). At this critical concentration, all oil droplets are encapsulated and some protein leftovers aggregate together forming the observed darks spots on the TEM image. Further doubling the protein content (Figure 3d) induced the formation of essentially large aggregates.

The previously reported nanocapsules were cross-linked using a 6.5 x 10 -6 mass fraction of IPDI. A lower content of IPDI was tested in a trial to optimize the amount of crosslinker used. Figure 3 compares two samples prepared at an acetone content of 30 wt%, a protein mass fraction of 10 -5 and an oil mass fraction of 10 -4 cross-linked with 6.5 x 10 -6 (Figure 3b) and 1.6 x 10 -6 (Figure 3e). Even though the size and dispersity measured from the dried nanocapsules (TEM) did not change, a higher average diameter size measured by DLS (300 nm) indicates that a lower content of IPDI results in swollen objects and therefore a lower crosslinking density (Table 3). The background of the TEM image of the sample containing less IPDI appears contaminated, which indicates that incomplete crosslinking of the proteins shells leaves free protein chains in solution that precipitate when the sample is dried.

Tests were also performed to investigate the possibility of stabilizing the NT-SUP-CT membranes by triggering the temperature sensitive α coil -β-sheet transition. A sample prepared with an acetone content of 30 wt%, an oil mass fraction of 10 -4 and a protein mass fraction of 10 -5 was heated in a closed vial to 50 °C for 30 min. Unfortunately, this strategy did not seem to successfully freeze the nanocapsules structure, since large protein aggregates were observed by TEM (Figure S5). 4a). [7] Based on our previous investigations with miglyol, we proceeded to the solvent shifting targeting a final acetone content of 30 wt%, 10 -5 mass fraction of suckerin-silk, 10 -4 mass fraction of hexadecane and 6.5 x 10 -6 mass fraction of IPDI.

Similar to the nanoprecipitation system involving miglyol as hydrophobic solute, welldefined oil-filled proteinaceous nanocapsules with an average diameter around 230 nm were conceived in one step (Figures 4b andc). Suckerin-silk-shelled nanocapsules with a mean diameter around 200 nm were fabricated using miglyol or hexadecane as oils. These results validating that NT-SUP-CT fusion proteins can be used in combination with a variety of hydrophobic therapeutics to design proteinaceous nanocapsules by nanoprecipitation form a strong basis for a broad area of applications relying on encapsulation technologies.

Experimental part

Materials: Hexadecane (99%) and isophorone diisocyanate (IPDI, ≥98%) were purchased from Sigma-Aldrich. Miglyol 812 was acquired from SASOL (Germany). Acetone (99.5%) was obtained from Carlo Erba. For bacteria media used in expression, lysogeny broth (LB) was obtained from Difco using Miller's formulation. All other chemicals were obtained from Sigma-Aldrich unless otherwise stated.

Protein Constructs: The gene encoding the suckerin-silk fusion protein construct was synthesized by GenScript (NJ, USA) and sub-cloned into pET-22b(+) expression vector.

The amino acid sequence of the construct contained a N-terminal 6× His tag used for affinity chromatography purification, followed by the NT domain of the MaSp1 of E.

australis, then the suckerin-derived peptides in a modular fashion, and ending with the CT region of the MiSp of A. ventricocus. The modular representation of the construct is shown in Figure 1 and Table 1, and the full amino sequences of each module are provided in Table 2.

Protein Expression: The plasmids containing the genes encoding for the suckerin-silk fusion protein (NT-SUP-CT) was transformed into BL21(DE3) E. coli using the heat-shock method. On the following day, precultures (vol = 50 mL of LB media) containing ampicillin (100 µg/mL) were inoculated with a single bacterial colony from the agar plates and incubated overnight at 37°C while shaking (225rpm). 10 mL of the precultures were used to inoculate the main cultures (LB media with 100 µg/mL ampicillin, vol = 1 L). The main cultures were incubated at 37°C while shaking (225 rpm) until OD600 reached 0.8, at which point the temperature was lowered to 20°C, and 0.3 mM isopropylthiogalactoside (IPTG) was added to induce protein expression. The main culture was incubated at 20°C while shaking (225 rpm) overnight. The cells were then harvested by centrifugation (5000 g, 20 min, 4°C). The bacterial pellets were resuspended in the lysis buffer (50 mM Tris-HCl pH 8.4) or frozen at -20°C for future use.

Lysis was performed using a sonicator (Sonics VibraCell VCX130, 127 mm diameter sized tip, cycles of 1s pulse and 1s pause for 10 minutes at 60% amplitude). The lysate was then centrifuged (12,000 rpm, 40 min, 4°C), and the supernatant containing the soluble target protein was collected.

Protein Purification: Successfully expressed fusion proteins were purified by immobilized metal affinity chromatography (IMAC) using fast protein liquid chromatography system (FPLC, GE Healthcare Life Sciences). The soluble fraction (containing 10 mM imidazole) was injected into Ni2+ column (GE Healthcare Life Sciences, HisTrap, 5mL). Proteins were eluted from the column with 300 mM imidazole.

The imidazole was subsequently removed by dialysis overnight against 20 mM Tris HCl was used as matrix. 1 µL of 1 mg/mL protein was mixed with the matrix, then applied to the MALDI plate and left for 30min to dry prior to analysis. Measurements were performed on a MALDI-ToF Kratos Axima ToF2 instrument (Kratos-Shimadzu Biotech) equipped with a N2 laser (set at 337n m bandwidth and 4 ns pulse width). The spectra were acquired in the linear mode by averaging at least 100 laser shots at a power of 120 system units.

Circular Dichroism (CD): CD was carried out using a CD spectrometer (Aviv Model 420 CD Spectrometer) to gain insights into the secondary structure of NT-SUP-CT protein. CD measurements were carried out ay 25 mg/mL in 20 mM Tris-HCl buffer (pH 8.0) using a 0.01 mm pathlength cuvette to record the changes in secondary structure at temperatures ranging from 20 -60°C. Each measurement was carried out in triplicate at wavelengths ranging from 190 to 260 nm, with a 1 nm step size and 1 nm bandwidth.

Fabrication of oil filled nanocapsules with suckerin-silk shells: In a typical experiment, 0.1 mg of suckerin-silk were dissolved in 7 g of an aqueous buffer containing 20 mM of tris at pH 7.4 (adjusted with HCl), while 1.0 mg of miglyol or hexadecane and 0.07 mg of IPDI were added to 3 g of acetone. 700 mg of the aqueous solution was then poured into 300 mg of the acetone solution all at once. The resulting solution turned milky immediately.

Dynamic light scattering: Particle size measurements were carried out by dynamic light scattering using a Malvern Instruments Zetasizer nano series equipment using the cumulant method. The samples were analyzed at the concentration they were prepared at and at least three measurements were made for each sample.

Transmission electron microscopy (TEM): TEM images were obtained using a Philips CM120 electronic microscope or a JEOL JEM-1400, by observations in transmission at an accelerating voltage of 80 kV. Samples were prepared by placing a droplet of sample onto a formvar-coated copper grid and letting the liquid phase evaporate for at least 30 min. 

Materials and protocols of chapter 2

Materials

Glycogen form bovine liver (≥85%), isophorone diisocyanate (IPDI, ≥98%), tamoxifen (≥99%) were both from Sigma-Aldrich and used as received. Miglyol 812 was purchased from SASOL (Germany). Acetone and THF were purchased from Carlo Erba. Paclitaxel (≥98%) was bought from Sequoia Research Products (United Kingdom). Eagle's minimum essential medium and fetal bovine serum were purchased from Dulbecco (Invitrogen, France).

The prodrugs gemcitabine-polyisoprene (Gem-PI) and the polyisoprene were fabricated by Julien Nicolas' team and the materials used and protocol can be consulted on their publications. 1,2

Phase diagrams determination

Cloud point boundary of glycogen: This limit corresponds to the solubility limit of the polymer in acetone/water mixtures or THF/water mixtures. The determination method consists on tritrating with the organic solvent aqueous solutions of glycogen unimers of different initial concentrations until the mixtures turns milky (generation of swollen micelles). The compositions at the cloud point limit are deduced from the mass of organic solvent added at the onset of turbidity and at a given concentration.

Binodal curve for prodrug and polyisoprene:

This boundary corresponds to the acetone/water compositions that separates the formation of thermodynamically stable emulsions from that of metastable emulsions. Since the thermodynamically stable emulsions are not macroscopically visible (solution does not turn milky), this limit can be determined by titrating with water organic solutions with miglyol, polyisoprene or prodrug until the mixtures becomes milky (signalling the formation of metastable emulsions).

Binodal curve for paclitaxel and tamoxifen:

The binodal for the two drugs was determined using the same protocol. The difference is that it separates the domain of composition where the drug precipitates from the one where it is fully soluble.

Preparation of glycogen-miglyol nanocapsules

In a typical experiment, 0.10 mg of glycogen were dissolved in 410 mg of water, while 0.50 mg of miglyol and 0.05 mg of IPDI were poured in 590 mg of acetone. The aqueous solution was then poured into the acetone solution all at once. The resulting solution turned milky immediately. After two hours, 100 mg of acetone containing an additional 0.05 mg of IPDI were poured into the mixture to extend the crosslinking reaction.

Preparation of glycogen-miglyol nanocapsules in the presence of paclitaxel

In a typical experiment, 0.40 mg of glycogen were dissolved in 450 mg of water, while 0.36 mg of miglyol, 0.04 mg of paclitaxel and 0.1 mg of IPDI were poured in 590 mg of acetone. The aqueous solution was then poured into the acetone solution all at once. The resulting solution turned milky immediately.

Preparation of glycogen-coated Gem-PI nanoparticles

In a typical experiment, 0.4 mg of glycogen were dissolved in 500 mg of water, while 0.4 mg of prodrug, and 0.2 mg of IPDI were poured in 500 mg of THF. The aqueous solution was then poured into the THF solution all at once. The resulting solution turned milky immediately. The samples used in the cytotoxic tests were crosslinked using only 0.1 mg of IPDI. 

Suckerin proteins expression and purification

Expression of suckerin-19, suckerin-12 and de novo construct trimer recombinant proteins

To express the suckerin-19, suckerin-12 and de novo construct trimer recombinant protein, E. Coli BL21(DE3) bacteria containing the recombinant vector PET-24a with the necessary coding were used. These bacteria were stocked at -80 o C in glycerol.

The E.coli BL21(DE3) containing pET24a were allowed to grow in LB broth medium in the presence of Ampicillin to attain an OD600 of 0.6 and the target proteins were induced with 1mL of 1 mM IPTG and allowed the expression for 7 h. The cells were harvested by centrifugation at 4 x 10 3 rpm for 30 minutes and stored at -70°C until further use.

Suckerin-19, suckerin-12 and de novo construct trimer extraction and purification

The cell pellet collected was suspended in 40 mL of lysis buffer (50 mM of Tris at pH7.4, 200 mM of NaCl and 1 mM of PMSF, followed by cell disruption with a Microfluidizer (Microfluidics M110-P) high-pressure homogenizer (25 kpsi) for six times. PMSF is used to prevent the proteins from being degraded by enzymes. The cell-disrupted samples were subjected to centrifugation at 19 krpm at 4 o C for 30 min. The supernatant was discarded and the cell pellet was washed twice with 40 mL of wash buffer I (2% Triton X-100, 100 mM of Tris pH7.4, 5 mM EDTA, 2 mM urea and 5 mM of DTT). Urea was used to solubilize the impurities; triton X-100 was used to wash the disrupted membranes and the DDT to inhibit protein degradation by the enzymes. After each washing, the solution was centrifuged at 6.45 krpm for 10 min and the supernatant was discarded.

After this step, the Triton and urea were removed by washing the cell pellet twice with 40 mL of wash buffer II (100 mM Tris pH 7.4, 5 mM EDTA and 5 mM DDT). After each washing, the solution was centrifuged at 6.45 krpm for 10 min and the supernatant was discarded. The resultant cell pellet was re-solubilized in 40 mL of 5% acetic acid and centrifuged at 19 krpm at 4 °C for 30 mins. The supernatant was collected, and the pellet discarded. The solution was dialyzed against 5% acetic acid for 48 hours and then freezed at -80 o C overnight before being lyophilized for 48 hours.

Nanoprecipitation of suckerin proteins by solvent shifting

In a typical experiment, 0.4 mg of suckerin-19 were dissolved in 600 mg of a 5% (v/v) acetic acid aqueous buffer and 0.06 mg of IPDI was dissolved in 400 mg of acetone. The two phases were then mixed, followed by soft agitation. The ratio of water and acetone were varied, keeping constant the mass of protein and IPDI used.

Nanoprecipitation of suckerin proteins by salting-out

Suckerin-19, Suckerin-12 and de novo construct nanoparticles with controllable sizes were prepared by salting-out the proteins from a 5%(v/v) acetic acid aqueous buffer. In a typical experiment, 0.1 mg of protein was dissolved in 200 µL of buffer followed by the addition of different amounts of ammonium persulfate ranging from 0.05 mg to 0.6 mg dissolved in 20 µL of distilled water to precipitate the protein and 0.2 mg of Tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate also in 20 µL of water to crosslink the particles when exposed 3 minutes to a 60 W halogen lamp.

Nanoparticle PEGylation

Nanoparticles of suckerin-19 were prepared as previously reported (adding 0.1 mg of APS and 0.2 mg of Ru II and exposing the sample 3 min to a source of visible light)

followed by the addition of 0.14 mg of isophorone diisocyanate in 20 µL of acetone and different amounts of methoxypolyethylene glycol amine 2,000 ranging from 0.1 to 0.4 mg dissolved in 20 µL of water. The samples were then dialysed against distilled water.

Riboflavin-based crosslinking system

To replace Ru II , 0.2 mg or 0.4 mg of riboflavin 5′-monophosphate (Rib5) dissolved in 20 µL of distilled water were added to the protein solution right after adding 0.3 mg of APS. Samples were then exposed to light 30 or 60 min. The light source was changed to UTARGET TM UV lamp positioned at 3 cm from the samples and operating at maximum irradiance (1400 mW/cm 2 ) and a wavelength of 365 nm. The resulting nanoparticles were dialyzed for 48 h against the buffer solution they are prepared in to remove the salts.

Characterization techniques

Dynamic light scattering (DLS)

Particle size measurements were carried out by dynamic light scattering using a Malvern Instruments Zetasizer nano series equipment using the cumulant method. The samples were analysed at the concentration they were prepared at and at least five measurements were made for each sample. Values of viscosity and refractive index of the water/acetone and water/THF mixtures taken from the literature. [3][4][5][6] 

Zeta-Potential

Surface charge measurements were carried out also using a Malvern Instruments Zetasizer nano series equipment. The samples were analysed at the concentration they were prepared at and at least three measurements were made for each sample.

Transmission Electron Microscopy (TEM)

TEM images were obtained using a Philips CM120 electronic microscope or a JEOL JEM-1400, by observations in transmission at an accelerating voltage of 80 kV. Samples were prepared by placing a droplet of sample onto a formvar-coated copper grid and letting the liquid phase evaporate for at least 30 min.

Average sizes 𝐷 ̅ z, and size dispersity 𝐷 ̅ w/𝐷 ̅ n were calculated following Durrieu et al.

protocol. 7

Cryo-TEM

The cryo-TEM characterization was performed by Pierre Alcouffe, engineer of CNRS from the IMP laboratory, using a Philips CM120 electronic microscope. Using an Eppendorf, 5 µl of sample were deposited on a formvar-coated copper grid. The excess fluid was absorbed using filter paper for 0.5 s just before plunging the grid in liquid ethane for 30 s. During the rest of the experiment, the sample was kept frozen using liquid nitrogen.

Cytotoxic tests

Cytotoxic tests were performed by Stephanie Denis, engineer at Institut Galien.

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay was used to evaluate the cytotoxicity of the different glycogen-coated prodrug nanoparticles. MCF7 cells (5 × 10 3 per well) were seeded in 96-well plates. After an overnight incubation, cells were then exposed to a series of increasing concentrations of glycogen-coated prodrug nanoparticles, prodrug nanoparticles, glycogen-coated polyisoprene nanoparticles or free drug for 72 h. The following step consisted in adding 192 20 μL of MTT solution (5 mg/mL in PBS) to each well. Plates were incubated for 1 h at 37 °C followed by removal of the medium and addition of 200 μL of DMSO to each well to dissolve the formazan crystals. Absorbance was measured at 570 nm using a plate reader (Metertech Σ960, Fisher Bioblock, Illkirch, France). The percentage of surviving cells was calculated as the absorbance ratio of treated to untreated cells. The inhibitory concentration 50% (IC50) of the treatments was determined from the dose-response curve. All experiments were repeated at least three times to determine means and SDs and the Student's t-test was used to determine statistical differences.

MALDI-TOF

The molecular weight of the suckerin proteins expressed previously was determined by MALDI-TOF. Each sample was prepared by mixing a 2 μL solution of 1 mg/mL of protein in 5% acetic acid with a matrix (10 mg/ml of sinapic acid dissolved in 50% acetonitrile aqueous solution with 1% trifluoroacetic acid). The spectra were recorded in a MALDI Shimatsu AXIMA in linear mode with 100 shots per sample and a power level of 120.

Circular Dichroism

The secondary structure of the suckerin-12, suckerin-19 and de novo trimer construct proteins and nanoparticles was characterized by circular dichroism (CD) using a Chriascan spectropolarimeter (Model 420, AVIV Biomedical Inc.) following a previous documented protocol. 8 After the samples were prepared they were measured in wavelengths ranging from 190 to 250 nm, with 1 nm step size and 1 nm bandwidth. The spectra were smoothed by the Savitzky-Golay method.

For the SRT-silk, CD measurements were carried out ay 25 mg/mL in 20 mM Tris-HCl buffer (pH 8.0) using a 0.01 mm path length cuvette to record the changes in secondary structure at temperatures ranging from 20 -60°C. Each measurement was carried out in triplicate at wavelengths ranging from 190 to 260 nm, with a 1 nm step size and 1 nm bandwidth.

Chapter 2 which was carried out in close collaboration with the group of Julien Nicolas and Simona Mura (Galien Paris-Sud Institute, UMR CNRS 8612) described the fabrication of glycogen coated prodrug nanoparticles using the nanoprecipitation technique. A drug-polymer conjugate (gemcitabine-polyisoprene) fabricated by our partner was used as prodrug. Some difficulties were faced to generate the colloids, namely the low affinity between glycogen and the polyisoprene chains that resulted in very thin glycogen shells difficult to characterize. Zeta potential and Cryo-TEM characterization of the samples indicated that glycogen was covering the prodrug nanoparticle surface. Cytotoxic tests performed on prodrug nanoparticles, glycogen coated prodrug nanoparticles, glycogen coated polyisoprene nanoparticles and free gemcitabine showed that the glycogencoated prodrug nanoparticles present a cytotoxicity between the free gemcitabine (highest cytotoxicity) and the glycogen-coated polyisoprene nanoparticles (lowest cytotoxicity). The glycogen coating did not affect the prodrug nanoparticles cytotoxicity.

To pursue this work dealing with the preparation of glycogen-coated prodrug nanoparticles a strategy needs to be found to characterize the glycogen coating.

Grafting amine functionalized gold nanoparticles to the glycogen using the IPDI crosslinker and observe if the particles are attached to the capsules surface through cryo-TEM might solve the problem.

It would be also of interest to use cationic polysaccharides to coat the nanoparticles exploring the strongly negatively charged PI nanoparticles or to include co-monomers in the PI polymerization that would enhance glycogen adsorption. Post-functionalization of the shell with polyethylene glycol chains and/or moieties that confer targeting properties towards specific tissues are long-term pertinent goals for the project.

The chapter 3 reported the formulation of 100 nm suckerin-based nanoparticles through a salt-shifting technique. Due to low solubility of the suckerin proteins in aqueous solution, close to neutral pH, the nanoprecipitation process cannot be used to produce oil filled nanocapsules. However, at acidic pH, suitable solubility was achieved to allow the precipitation of the proteins into nanoparticles upon addition of ammonium persulfate. A simple one-pot procedure was developed using a coacervation agent that can simultaneously induce protein salt-out and promote a crosslinking reaction that stabilizes the nanoparticles. Since the nanoparticles lose colloid stability when the pH is shifted to neutrality, a PEgylation protocol using an amine-fuctionalized PEG was developed that prevented nanoparticle aggregation in water at pH 7 and that at the same time confer stealth properties to the nanoparticles for drug delivery applications.

Nanoparticles fabricated with the suckerin-19 protein presented β-sheet structures characterized through circular dichroism and peak force quantitative nanomechanical mapping using and AFM.

Even though it is not reported in this manuscript, preliminary experiments on nanoparticle fabrication by pH shifting are promising and could represent an interesting alternative to generate the protein nanoparticles.

Since the suckerin proteins are not soluble in aqueous solutions at pHs close to neutrality, efforts (described in Chapter 4) were made to synthesize a new fusion protein La technique de nanoprécipitation est une méthode simple et reproductible pour la synthèse de nanocapsules à coeur huileux recouvertes d'une enveloppe de polymères hydrophiles réticulés (polysaccharides, glycopolymères vinyliques…) en une seule étape.

Grâce à leur biocompatibilité, leur biodégradabilité et leur activité biologique adaptables, les protéines constituent une autre grande famille de biopolymères d'intérêt pour des applications dans le domaine de l'encapsulation. Cependant, la production de nanocapsules protéiques par nanoprécipitation n'a jamais été décrite. Dans ce contexte, l'objectif principal de ce travail de thèse a été l'évaluation du potentiel d'une famille de protéines, les Suckerines, pour le procédé de nanoprécipitation. Les Suckerines sont une famille de protéines issues des dents décorant les ventouses du calamar géant Humboldt avec de prometteuses applications dans le domaine biomédical. Ces protéines possèdent une structure modulaire de type copolymère à bloc capable de former des feuillets bêta conférant de bonnes propriétés mécaniques.

Les suckerines étant solubles dans une solution tampon composée d'acide acétique (pH 3) mais fortement agrégées dans les conditions de pH (valeurs comprises entre 5 et 10) classiquement utilisées pour la préparation de nanocapsules à coeur huileux par basculement de solvant, nous avons finalement choisi d'explorer la nanoprécipitation des protéines par salt shifting et donc la préparation de nanoparticules protéiques. L'utilisation du persulfate d'ammonium comme agent de coacervation et précurseur de radicaux et du tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate a permis de produire des nanoparticules de suckerine de tailles modulables (100-185 nm de diamètre). Ces nanoparticules présentent des structures secondaires type feuillets bêta qui sont à l'origine du module de Young très élevé observé pour ces nano-objets (de l'ordre de grandeur du GPa).

Une protéine de fusion, soluble en milieu aqueux à pH 7 a spécialement été conçue par voie de recombinaison dans le but de générer des nanocapsules protéiques par nanoprécipitation. Cette protéine (suckerine-soie) est formée d'un bloc central de peptide dérivé de suckerine de calamar promouvant une stabilité structurelle et deux blocs terminaux issus de fibroïnes de soie qui permettent à la protéine de fusion d'être soluble à un pH physiologique. Ce design moléculaire a permis la fabrication de nanocapsules remplies respectivement de hexadécane ou de miglyol avec une enveloppe de suckerine-soie et de tailles de l'ordre de grandeur de 190 à 250 nm.

Finalement, aspirant à encapsuler un principe actif anti-cancéreux dans les nanocapsules à base de glycogène, nous avons développé un protocole où la méthode de nanoprécipitation est utilisée pour produire des nanoparticules de prodrogue entourés de glycogène. 
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 1 Preparation of micro-and nanocapsules with proteinaceous shell Introduction ...................................................................................
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Figure 1 :

 1 Figure 1: Different capsular structures: gas core on the left, liquid core in the middle and solid core on the right.

Figure 2 :

 2 Figure 2: Scheme of the different levels of protein structuration.

Figure 3

 3 schematizes the different steps of RDT.[START_REF] Griffiths | Introduction to Genetic Analysis[END_REF] 

Figure 3 :

 3 Figure 3: Five steps of recombinant DNA technology: (1) cutting DNA and vector by restriction sites, (2) inserting the gene into the vector, (3) transferring the recombinant vector into the host cell, (4) cloning the recombinant vector and (5) expressing the protein.

  diography, a technique that uses ultrasound reflection to image heart tissue in vivo. The microcapsules change the acoustic impedance of the blood flow, resulting in dramatically improved echo contrast in the surrounding tissues. Albunex ® and Optison ® are examples of commercially available sonographic contrast agents where air and octafluoropropane, respectively, are encapsulated in human serum albumin (HSA) membranes.[START_REF] Colmenares | Sonochemistry: From Basic Principles to Innovative Applications[END_REF] 

Figure 4 ,

 4 to produce air-filled microcapsules by the sonochemical technique. They were able to synthesize 4 µm microcapsules of BSA and HSA by irradiating aqueous solutions of the proteins for 3 min at an acoustic power of 200 W/cm 2 (20 KHz), at pH 7 and an initial temperature of 50 o C. The shells were crosslinked by disulphide bonds.[START_REF] Grinstaff | Air-Filled Proteinaceous Microbubbles: Synthesis of an Echo-Contrast Agent[END_REF] 

Figure 4 :

 4 Figure 4: Fabrication of gas filled protein nanocapsules by sonochemical technique.

Figure 5 :

 5 Figure 5: Scanning electron microscopy image of streptavidin based nanocapsules.[START_REF] Avivi | Are Not Required for the Sonochemical Formation of Proteinaceous Microspheres: The Case of Streptavidin[END_REF] 
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 2 dipalmitoyl-sn-glycero-3-phosphocholine and N-(carbonyl-methoxy-polyethyleneglycol-5000)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine. The device, illustrated in Figure 6, contained 3 channels that intersected into one. In the middle channel circulated the C4F10, whereas the two side channels pumped an aqueous solution containing the protein, the phospholipids, glycerol and propylene glycol at pH 11.5, at which the lysozyme is barely negatively charged. At the intersection of the channels, the aqueous phase surrounds the gas, shortly stopping its flow in a periodic manner generating lysozyme shell microcapsules stabilized by the phospholipids. Microcapsules with diameters between 4 and 8 µm were synthesized by the team. The authors of this work took advantage of the isoelectric point of lysozyme (pH where a protein has no net charge, pH 11 for lysozyme) to promote hydrophobic interactions between the protein and the hydrophobic perfluorobutane. Posteriorly, the pH was changed to 7.4, causing the lysozyme to become positively charged and promoting the attachment of gold nanorods, CdSe/ZnS quantum dots and Fe3O4 nanoparticles, all coated with a layer of negatively charged silica. This work intended to generate flexible gas filled microcapsulesfor imaging purposes.[START_REF] Seo | Microfluidic Assembly of Monodisperse, Nanoparticle-Incorporated Perfluorocarbon Microbubbles for Medical Imaging and Therapy[END_REF] 

Figure 6 :

 6 Figure 6: Microfluidic chip used to generate the C4F10 filled hybrid lysozyme/phospholipids microcapsules and strategy used to electrostatically deposit the silica gold nanorods on the microcapsule surface. Fluorescence microscopy image of microcapsules loaded with silica coated quantum dots on the bottom right corner (scale bar represents 10 µm).[START_REF] Seo | Microfluidic Assembly of Monodisperse, Nanoparticle-Incorporated Perfluorocarbon Microbubbles for Medical Imaging and Therapy[END_REF] 

Figure 7 :

 7 Figure 7: Microfluidic device used for fabrication of armoured microcapsules (a), fluorescence microscopy image of the microcapsules (b). Scale bar represents 100 µm.[START_REF] Park | A Microfluidic Approach to Chemically Driven Assembly of Colloidal Particles at Gas-Liquid Interfaces. Angew[END_REF] 

Figure 8 :

 8 Figure 8: Microfluidic device used to generate lysozyme/alginate-covered microbubbles and scheme of the mechanism involved.[START_REF] Park | Microbubbles Loaded with Nanoparticles: A Route to Multiple Imaging Modalities[END_REF] 

Figure 9 : 44 Figure 10

 94410 Figure 9: Microfluidic device used to produce recombinant oleosin shell microcapsules loaded with N2 or C4F8 gases together with optical microscopy image of the capsules inside the channel of the device. (adapted from ref [42])

Figure 10 :

 10 Figure 10: Different types of emulsions used to generate microcapsules. Water represented in blue and oil in yellow.

Figure 11 :

 11 Figure 11: (a) Fabrication of FA-BSA@Fe3O4 functionalized microcapsules through ultrasonic technique; (b) bright field and (c) dark field confocal laser scanning microscopy images; (d) magnetic properties of the microcapsules.[START_REF] Li | Synthesis of Multifunctional Bovine Serum Albumin Microcapsules by the Sonochemical Method for Targeted Drug Delivery and Controlled Drug Release[END_REF] 

Figure 12

 12 summarizes microcapsule fabrication by acacia/gelatin complex coacervation emulsion technique. Microscopy images shown in the study demonstrate the presence of microcapsules but the average size was not investigated by dynamic light scattering.[START_REF] Luzzi | Effects of Selected Variables on the Extractability of Oils from Coacervate Capsules[END_REF] 

Figure 12 :

 12 Figure 12: Scheme of the complex coacervation-driven synthesis of acacia/gelatin microcapsules with liquid core.

  started by adjusting the pH to 4 (by addition of an aqueous solution of diluted acetic acid). The final step consisted in cooling down the sample to 10 o C and filtrate the mixture. This process resulted in spherical microcapsules (shown in Figure13) with sizes between 130 and 200 µm with a drug content of 78.1 mg/g of microcapsule.[START_REF] Jizomoto | Gelatin-Acacia Microcapsules for Trapping Micro Oil Droplets Containing Lipophilic Drugs and Ready Disintegration in the Gastrointestinal Tract[END_REF] 

Figure 13 :

 13 Figure 13: Optical microscopy image of the gelatin/acacia gum microcapsules containing probucol.[START_REF] Jizomoto | Gelatin-Acacia Microcapsules for Trapping Micro Oil Droplets Containing Lipophilic Drugs and Ready Disintegration in the Gastrointestinal Tract[END_REF] 

Figure 14 :

 14 Figure 14: Schematic of the (a) BSlA structure in ribbon and cartoon form, (b) microfluidic device used to fabricate the microcapsules and cross-section of a microcapsule and (c) optical microscopy image of the BslA microcapsules (scale bar represents 100 µm).[START_REF] Schloss | Fabrication of Modularly Functionalizable Microcapsules Using Protein-Based Technologies[END_REF] 
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Figure 15 :

 15 Figure 15: (a) Microfluidic device used to fabricate oil-filled microcapsules. (b) Schematic of packing assembly of BSlA at water-oil interfaces. (c) Schematic of packing assembly of BSlA at oil-water interfaces. (d) TEM image of oil-in-water microcapsules (scale bar represents 200 µm). (e) TEM image of water-in-oil microcapsules presenting arrested coalescence (scale bar represents 100 µm). (f) Representation of microcapsule deformation due to adsorption of free BSlA onto the excess interface exposed by droplet elongation.[START_REF] Kaufman | Flat Drops, Elastic Sheets, and Microcapsules by Interfacial Assembly of a Bacterial Biofilm Protein, BslA[END_REF] 

Figure 16 :

 16 Figure 16: (a) Microfluidic device used to fabricate silk fibroin micrococoons (scale bar represents 20 µm). Optical microscopy images of (b) spherical and (c) cylindrical micrococoons (scale bars represents 10 µm).[START_REF] Shimanovich | Silk Micrococoons for Protein Stabilisation and Molecular Encapsulation[END_REF] 

Figure 17 :

 17 Figure 17: Steps of spray drying: 1) Atomization of the liquid into droplets; 2) Mixing of the droplets with a heated gas stream; 3) Separation of the powder from the gas stream and its recollection.[START_REF] Anandharamakrishnan | Spray Drying Techniques for Food Ingredient Encapsulation: Anandharamakrishnan/Spray Drying Techniques for Food Ingredient Encapsulation[END_REF] 

Figure 18 :

 18 Figure 18: Scanning electron microscopy images of microcapsules with a shell made of (a) hordein, (b) a 1:1 ratio of glutelin and hordein and (c) glutelin.[START_REF] Wang | A Novel Process for Microencapsulation of Fish Oil with Barley Protein[END_REF] 

Figure 19 :

 19 Figure 19: Scanning electron microscopy images of microcapsules with a shell made of (a) arabic gum and (b) whey protein prepared at different sample concentrations. The subscripts 1, 2 and 3 represent the concentrations at which the samples were prepared before feeding them to the spray drying equipment: respectively 0.1, 1 and 10 wt.%. Scale bar represents 10 μ m.[START_REF] Li | Nanoparticles by Spray Drying Using Innovative New Technology: The Büchi Nano Spray Dryer B-90[END_REF] 

  The pH was later changed to 4.5 by addition of diluted HCl while stirring to positively charge the gelatin and start the coacervation process. To crosslink the resulting microcapsules, 10 mL of formaldehyde was added, and the temperature reduced to 10 o C. The final step was a pH shift to 9.0 by adding NaOH, to aggregate excess formaldehyde and the soluble part of the core material and to remove them by filtration.

Figure 20

 20 shows the process to generate acacia/gelatin microcapsules with solid core by complex coacervation. The microcapsules obtained did not show a spherical morphology, as can be seen in the following figure.[START_REF] Gerraughty | Effects of Selected Variables on the Microencapsulation of Solids[END_REF] 

Figure 20 :

 20 Figure 20: Scheme of the complex coacervation-driven synthesis of acacia/gelatin microcapsules with solid core and optical microscopy the resulting objects.[START_REF] Gerraughty | Effects of Selected Variables on the Microencapsulation of Solids[END_REF] 

Figure 21 :

 21 Figure 21: (a) General scheme about the layer-by-layer deposition of a polyanion (blue) and polycation (red) in a positively charge substrate; (b) simplified molecular mechanism of adsorption steps.[START_REF] Decher | Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites[END_REF] 

Figure 22 :

 22 Figure 22: Steps of Layer-by-layer deposition of two different macromolecules on a removable template. (a) deposition of the first layer over the core; (b) deposition of the second layer over the first layer; (c) double layer structure; (d) several layers can be built using this method; (e) template core removal; (f) final hollow structure.[START_REF] Tong | Layer-by-Layer Assembly of Microcapsules and Their Biomedical Applications[END_REF] 
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Figure 23 :

 23 Figure 23: (a) Schematic representation of Hb/GA microcapsules fabricated by covalent-layerby-layer deposition and (b) transmission electron microscopy image of the resulting microcapsules.[START_REF] Duan | Hemoglobin Protein Hollow Shells Fabricated through Covalent Layer-by-Layer Technique[END_REF] 

Figure 24 :

 24 Figure 24: Schematic representation of the lipid-coated GOD capsules functionalized with CFoF1-ATPase.[START_REF] Duan | Proton Gradients Produced by Glucose Oxidase Microcapsules Containing Motor F 0 F 1 -ATPase for Continuous ATP Biosynthesis[END_REF] 

Figure 25 :

 25 Figure 25: (a) Schematic of the Hb/GOD capsular structure and of the mechanism of β-D-glucose detection by the production of fluorescent resorufin from Amplex red; (b) capsule membrane becomes more permeable in the presence of glucose; (c) confocal laser scanning microscopy image of the microcapsules; (d) Variation of fluorescence intensity with time indicating glucose consumption.[START_REF] Qi | Glucose-Sensitive Microcapsules from Glutaraldehyde Cross-Linked Hemoglobin and Glucose Oxidase[END_REF] 

  Figure 26a). The microcapsules size depended on the number of layers, namely 3.2 μm when 2 layers were deposited and 5 μm when 7 layers were deposited (Figure26band c respectively). Fewer number of layers than 7 resulted in distorted microcapsule shells. Specific sugars (glucose, mannose and fructose) are known to bind to concanavalin A through multiple hydrogen bonding with 3, 4, 6-OH of the carbohydrate molecules.
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Figure 26 :

 26 Figure 26: (a) Schematic of the structure of concanavalin A/glycogen smart microcapsule and its response to carbohydrates. Confocal laser scanning microscopy images of the microcapsules bearing (b) 2 layers and (c) 7 layers.[START_REF] Zhu | Molecular-Engineered Polymeric Microcapsules Assembled from Concanavalin A and Glycogen with Specific Responses to Carbohydrates[END_REF] 

Figure 27 :

 27 Figure 27: (a) Layer-by-layer silk fibroin microcapsule fabrication and stabilization. Microcapsules are stabilized by the formation of β-sheets that physically crosslink the silk fibroin around the silica microparticle template. (b) AFM image and (c) confocal laser scanning microscopy image of the microcapsules bearing 5 layers.[START_REF] Shchepelina | Silk-on-Silk Layer-by-Layer Microcapsules[END_REF] 

Figure 28 :

 28 Figure 28: Assembly of HSA onto silica microparticles based on sequential adsorption of HSA protein and subsequent functionalization with BrIBAM or IBAM moieties to facilitate further protein adsorption.[START_REF] Mertz | Protein Capsules Assembled via Isobutyramide Grafts: Sequential Growth, Biofunctionalization, and Cellular Uptake[END_REF] 

Figure 29 :

 29 Figure 29: (a) Different steps for the fabrication of ibuprofen core and DMPA/HSA shell microcapsules through layer-by-layer technique. Optical microscopy images of (b) ibuprofen crystals after adsorption of one layer of HSA (mixed with 20% of FITC-HSA) and (c) ibuprofen crystals after adsorption of five layers of HSA and DMPA pairs where the last layer was a mixed of DMPA and 5% nitrobenzoxadiazole dipalmitoyl phosphatidylcholine.[START_REF] An | Self-Assembly of Human Serum Albumin (HSA) and l-α-Dimyristoylphosphatidic Acid (DMPA) Microcapsules for Controlled Drug Release[END_REF] 

  PEI-coated silica microparticles were used as template and were destroyed using a solution of HF/NH4F after the sequential deposition of SF-PL and SF-PG layers. To increase microcapsule stability 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride was used to crosslink the silk fibroin's functionalized pendent groups before core removal. The extremely robust silk microcapsules, shown in Figure30, were stable in a wide range of pH (from 1 to 12). The permeability of the membrane varied with the number of layers deposited. Three SF-PL/SF-PG bilayer membranes were permeable to FITC-dextrans of up to 2000 kDa, while nine bilayer membranes only showed permeability to 4 kDa or less FITC-dextran.[START_REF] Ye | Robust and Responsive Silk Ionomer Microcapsules[END_REF] 

Figure 30 :

 30 Figure 30: (a) Scanning electron microscopy image of microcapsules possessing 5 SF-PL/SF-PG layers showing their morphology. (b) 3D confocal image showing their hollow structure.
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Figure 31 :

 31 Figure 31: Thickness (left), microroughness (middle) and elastic modulus (right) of microcapsules possessing 5 SF-PL/SF-PG layers microcapsules shells at different pHs.

Figure 32 :Figure 33 )

 3233 Figure 32: Transmission microscopy images of mesoporous silica nanoparticles (A) and nanocapsules with one layer (B), two layers (C) 3 layers (D) of Hb/GOD. 100

Figure 33 :

 33 Figure 33: (a) DLS spectra and (b) TEM image of the nanocapsules with shells made of gelatin/gum arabica and a core of jasmine oil. 101

Figure 35 :

 35 Figure 35: Reaction mechanism involved in the preparation of protein nanocarriers by crosslinking of protein-TET conjugates with dinorbornene in an inverse emulsion and TEM image of the obtained nanocapsules. 103

Figure 36 :

 36 Figure 36: (a) Transmission electron microscopy and (b) scanning electron microscopy images of NS5A nanocapsules.

Figure 37 :

 37 Figure 37: (a) Schematic of the process used to prepare SPI, WPI and β-lg crosslinked nanocapsules. (b) Formation of complexes between protein chains at the o/w interface. First, protein-Ca-protein bridges are formed that lead to the formation of protein complexes, by interaction between carboxyl and amino groups, thanks to protein chains proximity. (c) Transmission electron microscopy images of SPI (left), WPI (middle) and β-lg (right) nanocapsules.104 

Figure 38

 38 presents the steps for nanocapsule fabrication.105 

Figure 38 :

 38 Figure 38: Schematic representation of the fabrication of drug-loaded bone targeting nanocapsules (up) and transmission electron microscopy image of the nanocapsules (down).105 

Figure 39 :Figure 40 :

 3940 Figure 39: (a) DLS size distribution of Aln functionalized SIM filled GelC nanocapsules after 14 days of storage; (b) in vitro release profile of Sim from Aln functionalized and non Aln functionalized nanocapsules; (c) cytotoxicity profile of the two formulations in C2C12 cells at 24h; (d) adsorption kinetics of the two formulations to hydroxyapatite and of Aln functionalized nanocapsules to Aln-HA; (e) confocal fluorescence images of C2C12 cells after incubation with coumarin-6 encapsulated Aln functionalized GelC nanocapsules; (f) fluorescence image of femur/tibia bone after i.v. injection of (I) GelC nanocapsules and (II) Aln functionalized GelC nanocapsules containing IR780.105 

Figure 41 :

 41 Figure 41: Protein cages structures: (a) Small heat-shock protein; (b) Apoferritin; (c) Pyruvate dehydrogenase multienzyme complex; (d) Thermosome; (e) Cowpea mosaic virus; (f) Brome mosaic virus (g) Cowpea chlorotic mottle virus; (h) Qβ bacteriophage; (i) Bacteriophage MS2; (j) Human adenovirus; (k) Vault particle; (l) Bacteriophage P22.[START_REF] Rother | Protein Cages and Synthetic Polymers: A Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials Science[END_REF] 

Figure 42 :

 42 Figure 42: (a) Scheme of the addition point of the polyarginine peptide to the Hsp16.5. (b) DLS and transmission electron microscopy characterizations of Hsp16.5 and Hsp16.5-R9. (c) confocal laser scanning microscopy images to quantify the fluorescence emission of GFP expressed in the presence of free siRNA and siRNA complexed to Hsp16.5-R9 cages.

Figure 43 :

 43 Figure 43: Disassembly/reassembly mechanism of human ferritin used to encapsulate substances of interest. 124

Figure 44 :

 44 Figure 44: DLS spectra of empty human apoferritin (HFn) at pH 8 (a) and pH 2 (b). (c) DLS spectrum of apoferritin containing siRNA and calcium phosphate (HFn@Ca/siRNA) at pH 8. Transmission microscopy image of HFn (d) and HFn@Ca/siRNA (f). Scale bar represents 50 nm.125 

Figure 45 :

 45 Figure 45: (a) scheme of the encapsulation mechanism of paclitaxel into apoferritin cages. (b) TEM images of empty (HFtn) and filled (HFtn-PTX) apoferritin cages.(c) DLS of the HFtn and HFtn-PTX samples.126 

(

  CP) polymer by adding SB dissolved in DMSO to an aqueous solution of CP at a CP/SB ratio of 1:10. Dialysing the sample against deionized water allowed the removal of DMSO and free SB leaving the complex CP-SB in solution. Around 48% of SB was incorporated in the complex CP-SB. The resulting positively charged complex was then attached to the negatively charged adenovirus encoding mIL-12 (Ad-mIL-12) through electrostatic interactions (final structure CP-SB/Ad represented in Figure46a, zeta potential measurement in Figure46band TEM images shown in Figure46d). DLS experiments revealed that Ad had a mean diameter around 100 nm, CP-SB complex around 40 nm and the CP-SB/Ad carrier around 180 nm (Figure46b). The group studied the release profile of Sb from the carrier (Figure46c) showing an accelerated release of drug in the first 2h and a total of Sb released around 70% over 24h.127 

Figure 46 :

 46 Figure 46: (a) Scheme of the CP-SB/Ad-mIL-12 nanocarrier. (b) size and zeta potential measurements of Ad, CP-Sb complex and Cp-SB/Ad. (c) SB release profiles from CP-SB/Ad and CP-SB. (d) Transmission microscopy images of Ad (left), CP-SB (middle and CP-SB/Ad (right).127 

Figure 47 :

 47 Figure47: MS2 bacteriophage carrier system to deliver cargo to the brain.128 
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Figure 1 : 2 A

 12 Figure 1: Schematic of the liquid-liquid nucleation process of the Ouzo effect. 2

Figure 2 : 3 2. 1 . 2

 2312 Figure 2: Phase diagram of the ternary solute/solvent/water system.3 

Figure 3

 3 summarizes the work done in the laboratory on carbohydrate shell nanocapsules.1 

Figure 3 :

 3 Figure 3: Scheme of carbohydrate-based nanocapsules obtained through nanoprecipitation.1 

Figure 4 :

 4 Figure 4: (a) Paclitaxel nanoparticles encapsulated in hypromellose acetate succinate shells and (b) squalene-paclitaxel nanoparticles. In (a) a core/shell structure can be observed while in (b) the objects have a nanoparticle structure. 6,13
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Figure 5 :

 5 Figure 5: Simplified illustration of the prodrug strategy.15 

  Figure 6d).16 Nanoparticle size ranged from 130 to 160 nm with the lowest molecular weight PI (840 Da) generating the biggest nanoparticles. DLS and zeta potential analysis showed a low polydispersity (around 0.1) and zeta potential measurements indicate that these nanoparticles possess a negative charged surface around -70 mV. The group also reported nanoparticle stability of up to one month.16 

Figure 6 :

 6 Figure 6: Design of gemcitabine-polyisoprene conjugate nanoparticles. (a) Functionalization of gemcitabine with AMA-SG1 alkoxyamine initiator; (b) isoprene nitroxide-mediated polymerization; (c) nanoprecipitation in THF/water mixtures; (d) cryo-TEM image of Gem-PI nanoparticles with a PI of 2510 g/mol (scale bar represents 200 nm).16 

Figure 7 :

 7 Figure 7: Phase diagram of glycogen (Mw 20 kDa) in acetone/water mixtures. The content of water is deduced from the two other weight fractions.

  of water to emulsify the oil, an extra load of water was rapidly poured to dilute the samples and avoid Ostwald ripening. The ouzo domain was determined by measuring the number of counts in DLS, before and after filtrating the mixture with 1.20 µm polyethersulfone filters. Identical number of counts corresponded to homogenous emulsions of miglyol (Ouzo conditions), whereas a decrease indicates a loss of large miglyol droplets (out of Ouzo domain conditions) (Figure8).

Figure 8 :

 8 Figure 8: Phase diagram of miglyol in acetone water/mixtures, showing the solubility limit (dashed yellow), the binodal curve (in red) and the Ouzo limit (in orange).

9 )

 9 allows the identification of the conditions where nanocapsules with a narrow size distribution can be built. It is necessary to work in a domain of composition where miglyol generates only nanodroplets (Ouzo domain, regions c and e or SMFE domain, region a) and at the same time where the polymer chains preferentially stick at the surface of the nanodroplets (regions c and a). Crosslinking the nanocapsule shell is also required to avoid desorption of the polymer chains in aqueous medium. With that aim, Yan et al. explored the use of isophorone diiocyanate (IPDI) to "freeze" the capsules structure. This low molecular weight water-sensitive crosslinker is added to the organic phase and reacts with the hydroxyl groups of the carbohydrate forming urethane linkages.

1

 1 IPDIwas added twice to the capsule sample (half the final amount at sample preparation and the other half two hours after sample preparation), to increase the crosslinking density, limit swelling on the capsules shell in water and favour retention of actives within the core. The objects exhibited a hydrodynamic diameter around 165 nm (PDI = 0.01) as measured by DLS (dispersed in the water/acetone mixture) and 150 nm after drying the sample for TEM, confirming the formation of a dense cross-linked shell.1 

Figure 9 :

 9 Figure 9: Overlapped phase diagrams of glycogen and miglyol in acetone/water mixtures. Glycogen is soluble in e and d, and micellizes in a, b, c and f. Miglyol is fully soluble in f, generates metastable emulsions in e and c, generates thermodynamically stable microemulsions in a and demixes in d and b. Well-defined nanocapsules with narrow size distribution are built in domains c and a.

Figure 10 :

 10 Figure 10: Glycogen shell and miglyol core nanocapsules prepared inside the ouzo domain (acetone mass fraction of 0.59, 5 x 10 -4 mass fraction of miglyol, 10 -4 mass fraction of glycogen and 5 x 10 -5 mass fraction of IPDI. (a)TEM picture of the capsules; (b) Capsule's size measurement by DLS (intensity mode) and histogram for size calculation through TEM images.1 

Figure 11 :

 11 Figure 11: Overlapped phase diagrams of Gem-PI prodrugs/THF/water and glycogen/THF/water. Glycogen cloud point boundary limiting the domains where glycogen stays soluble and precipitates is coloured in black. Regions where coprecipitation is likely are coloured (below the Ouzo domain).

Figure 12 :

 12 Figure 12: Overlapped phase diagrams of Gem-PI 1570/THF/water and glycogen/THF/water. Domain favourable to capsule formation is coloured in grey.

Table 2 :Figure 13 :

 213 Figure 13: DLS and TEM analyses of samples (a) to (d) from Table 2. Scale bar represents 1 µm. DLS performed in THF/water mixtures.

Sample d was prepared

  in the domain above the binodal of the Gem-PI at a THF mass fraction of 0.7 (SFME domain). In this domain, formation of Gem-PI nanoparticles and co-precipitation of glycogen are expected. In the TEM image two different types of objects can be observed, dark grey spherical objects corresponding to glycogen microparticles and spots from collapsed Gem-PI nanoparticles in light grey. DLS characterization indicated the presence of large aggregates with diameters around 660 nm. No capsular structures are observed on TEM photo. This behaviour might indicate a lack of compatibility between the prodrug and glycogen. Between the binodal curve and the cloud boundary curve at a THF mass fraction of 0.6, sample c clearly shows that glycogen do not precipitate preferentially at the interface of the Gem-PI nanoparticles and the solvent. Dark glycogen particles can be observed together with less dark spots of collapsed Gem-PI nanoparticles. The glycogen chains preferentially aggregate together into nanoparticles instead of at the surface of the Gem-PI nanoparticles. Sample b prepared at 0.5 THF mass fraction (still between the binodal of the prodrug and the cloud point boundary of glycogen) contained swollen and deformed capsule like structures. The objects present an average size of 310 nm measured by DLS and 765 nm by TEM. As with the previous sample, in this domain of composition, glycogen is expected to precipitate while Gem-PI forms nanoparticles, ideal to the formation of glycogen-coated nanoparticles. The presence of objects presenting a core-shell morphology (contrary to the other samples), even if they are swollen and deformed,

Figure 14 :

 14 Figure 14: TEM images and DLS data in intensity mode of samples prepared at: (a) mass fraction of THF of 0.5 (total mass of 1 g), with 0.4 mg Gem-PI and 0.2 mg of IPDI dissolved in the THF phase and 0.4 mg of glycogen dissolved in water; (b) mass fraction of THF of 0.5 (total mass of 1 g), with 0.4 mg Gem-PI dissolved in the THF phase. Scale bar represents 500 nm.

Figure 15 :

 15 Figure 15: TEM image and DLS spectrum of a sample prepared at a mass fraction of THF of 0.5 (total mass of 1 g), with 0.4 mg of Gem-PI dissolved in THF and 0.4 mg of glycogen dissolved in water. To crosslink the nanocapsules 0.2 mg IPDI were added to the THF phase and the reaction was allowed to happen for 2h before evaporating the organic solvent.

Figure 16 :

 16 Figure 16: DLS (intensity mode) and TEM characterization of samples prepared at a mass fraction of THF of 0.5 (total mass of 1 g), with 0.4 mg Gem-PI dissolved in THF and 0.4 mg of glycogen dissolved in water. To crosslink the nanocapsules, 0.2 mg IPDI were added to the THF phase and the reaction was allowed to happen for 2h followed by evaporating the organic solvent. (a) Gem-PI 700 Da; (b) Gem-PI 3690; (c) Gem-PI 4750 Da; (d) PI 2800 Da.

Figure 17 :

 17 Figure 17: Zeta potential of Gem-PI 1570 Da nanoparticles (red) and of glycogen-coated Gem-PI 1570 Da nanoparticles (black). Zeta analysis performed in water at sample concentration of 0.8 mg/ml.

Figure 18 :

 18 Figure 18: Sample prepared at a mass fraction of THF of 0.5 (total mass of 1 g), with 0.4 mg of Gem-PI dissolved in THF and 0.4 mg of glycogen dissolved in water. To crosslink the nanocapsules, 0.1 mg of IPDI were added to the THF phase and the reaction was allowed to happen for 2h before evaporating the organic solvent. (a) cryoTEM image; (b) DLS in intensity mode using water as solvent at a sample concentration of 0.8 mg/ml.

  nanoparticles. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay was chosen to evaluate the cytotoxicity of the nanocarriers on the human breast cancer cell line MCF7. To get the most information out of the test, free gemcitabine, Gem-PI 1570 Da nanoparticles and glycogen-coated PI 2800 Da nanoparticles were also tested in the same cell line. The idea was to compare the free drug with the glycogencoated nanoparticles containing gemcitabine and the differences between the presence of a glycogen shell and its absence. The glycogen-coated PI 2800 Da nanoparticles were used to check the cytotoxicity of the PI core and glycogen layer.

Figure 19

 19 Figure19shows the size distributions measured by DLS of the three samples used in the MTT tests. Averages sizes are similar to one another, which is great to exclude toxicity effects due to different sizes.

Figure 19 :

 19 Figure 19: DLS of the samples used in the cytotoxicity tests: mass fraction of THF of 0.4 (total mass of 1 g), 0.4 mg of PI 2800 Da and 0.1 mg of IPDI dissolved in THF, 0.4 mg of glycogen dissolved in water (yellow); mass fraction of THF of 0.4 (total mass of 1 g), 0.4 mg of Gem-PI dissolved in THF (orange); mass fraction of THF of 0.4 (total mass of 1 g), 0.4 mg of Gem-PI 1570 Da and 0.1 mg of IPDI dissolved in THF, 0.4 mg of glycogen dissolved in water (red). Nanoparticle concentration is 0.8 mg/ml.

Figure 20 :

 20 Figure 20: Stability tests performed on (a) glycogen-coated Gem-PI 1570 Da nanoparticles and (b) glycogen-coated PI 2800 Da nanoparticles in water and cell medium at three different temperatures. Sizes were measured with a DLS equipment in intensity mode. DLS performed in samples at a concentration of 0.04 mg/ml.

Figure 21 :

 21 Figure 21: Comparison of cell viability of MCF7 treated with free gemcitabine, glycogen coated PI 2800 Da (no gemcitabine) nanoparticles, Gem-PI 1570 Da nanoparticles and glycogen coated Gem-PI 1570 Da nanoparticles, for 72 h.

  Miserez from the BBML lab in Singapore. His group studies proteins from marine animals' origin and fabricates them through recombinant technology. One of the animal models studied by Miserez' team is the Humboltd squid, which beak and sucker ring teeth have been extracted and their protein components identified. The suckerin proteins used in this chapter originated from the sucker ring teeth and were recombinantly expressed in Miserez' group.Initially the goal of this partnership, launched in the frame of a collaborative international ANR project (PRCI PREPROPOSAL), was to generate colloids (nanoparticles, nanocapsules …) made of biopolymers (suckerin proteins, polysaccharides…) by various nanoprecipitation techniques. Nanocapsules are of increased interest since very few studies on the generation of these bearing protein-based shell exist in the current scientific literature and those found (described in chapter 1) do not make use of the nanoprecipitation technique.

Figure 1 :

 1 Figure 1: Located along the arms of the Humboltd squid (a), inside each sucker (b) are the sucker ring teeth (c).1 

Figure 2 :

 2 Figure 2: Observed microstructure and measured micromechanical properties on cross-sections of the SRT. (a) Cross section revealing the channel organization extending from tooth tip down to the ring; (b) elastic modulus and hardness measured by nanoindentation on a cross section of a single tooth parallel to the basal ring.1 

Figure 3 :

 3 Figure 3: Ashby plot of synthetic materials classified in three categories: polymers, metals and ceramics, for comparison with the dried native SRT (in blue). The H 3 /E 2 ratio is a parameter used to estimate the material's ability to dissipate energy at plastic deformation during loading.1 

Figure 4 :

 4 Figure 4: Hardness against modulus (H versus E) Ashby plot of biological materials. (D) representing dry conditions and (H) representing hydrated conditions. 2
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 523121 Figure 5: Modular structure of the 21 suckerin proteins.2 

Figure 6

 6 Figure 6 shows the sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and matrix assisted laser ionization -time of flight (MALDI-TOF) characterization of the recombinant proteins after purification. The protein samples seem to be quite pure with some low molecular weight impurities being observed in small quantities (low peak intensity).

Figure 6 :

 6 Figure 6: Recombinant protein characterization after purification. SDS-PAGE and MALDI-TOF of (a) suckerin-12 and (b) suckerin-19.

  kDa) and suckerin-19 (39 kDa) possess a modular structure Pro-M1-Pro-M2. The M1 and M2 modules (see Figure7, where M1 is represented in red and M2 in blue) are often bordered by proline residues that separate them. The M1 modules, of 11 or 12 residues, are rich in alanine and valine; they resemble the silk protein modules responsible for the formation of β-sheets or the peptide sequence that contributes to cross-β structures in beta amyloids. M2 modules, made of 15 to 35 residues, are rich in glycine and tyrosine and resemble the amorphous-forming sequences of dragline silk proteins.2 

Figure 7 :

 7 Figure 7: Primary structures of suckerin-12 and suckerin-19 proteins with M1 coloured in red, M2 coloured in blue, and proline residues coloured in green. The signal peptide (a small peptide present at the N-terminus of newly synthesized proteins associated to the secretory pathway of cells) is shown underline at the top of the sequences.

Figure 8 :

 8 Figure 8: CD spectra of the (a) suckerin-12 and (b) suckerin-19 proteins dissolved in a 5% (v/v) acetic acid aqueous solution at 1 (black) and 6 (red) mg/ml.

Figure 9 :

 9 Figure 9: SDS-PAGE and MALDI-TOF of the de novo construct trimer protein after purification.

Figure 10 )

 10 connected by a sequence of three glycine residues. It contains the same M1 and M2 modules flanked by proline residues found in the other suckerin proteins. This polypeptide was engineered to introduce at the end of the sequence a histidine tag commonly used for purification purposes.

Figure 10 :

 10 Figure 10: Primary structure of the de novo construct trimer. M1 (red) and M2 (blue) domains are inspired by the M1 and M2 domains of the suckerin-10, suckerin-12, suckerin-18, suckerin-19, suckerin-20 and suckerin-21 proteins. The flanking proline residues are coloured in green. Histidine tags are coloured in yellow. The additional sequence used to form the fulllength protein is coloured in grey. The linkers that connect the three repeating sequences that form the trimer are coloured in sky blue. Signalling peptide not coloured.

)

  at a concentration of 6 mg/ml shows two minimums around 208 and 220 nm that indicate the presence of a random coil but the maximum around 200 nm suggests the presence of β-sheets. It is possible that the de novo construct trimer forms the two secondary structures. Diluting the sample to a concentration of 1 mg/ml seems to transform the secondary structure of the polypeptide into a random coil conformation.

Figure 11 :

 11 Figure 11: CD spectra of de novo construct trimer dissolved in a 5% (v/v) acetic acid aqueous solution at 1 (black) and 6 (red) mg/ml.

Figure 12 :

 12 Figure 12: DLS curves of 1 mg/ml suckerin-12 and suckerin-19 aqueous solutions of (a) 5% (v/v) acetic acid (pH 3) and (b) 100 mM of NaOH (pH 13).

Figure 13 :

 13 Figure 13: TEM images, from different location of the same sample, of a 1 mg/ml suckerin-19 aqueous solutions at pH 3, 5% (v/v) acetic acid casted into a TEM grid.

Figure 14 :

 14 Figure 14: Size distribution measured by DLS, in intensity mode, of acetone/5 % (v/v) acetic acid aqueous solution (pH = 3.5) containing 0.4 mg/ml suckerin-19 and 0.06 mg/ml of IPDI.

Figure 15 :

 15 Figure 15: TEM images of: (a) 60/40 and (b) 70/30 acetone/pH 3, 5% (v/v) acetic acid aqueous solutions, containing 0.4 mg/ml suckerin 19 and 0.06 mg/ml of IPDI.

Figure 16 :

 16 Figure 16: Hofmeister scale.

Figure 17 :

 17 Figure 17: Proposed mechanisms involved in the photo-initiated protein cross-linking reaction. The top left square represents schematically the electron flow when Ru(II)bpy3 2+ (structure shown at the top right of the figure) is photolyzed in the presence of a persulphate, generating Ru(III) bpy3 3+ and a sulphate radical. The created Ru radical proceeds to form cross-linked products between two associated proteins in two possible ways: by arene coupling if another tyrosine residue is nearby, or a nearby nucleophilic lysine or cysteine group could attack the radical to eventually provide a heteroatom-arene linkage.17 The persulphate anion radical finally abstracts the residual radical to stabilize the crosslink and generate an hydrogenosulphate anion.

Figure 18 :

 18 Figure 18: TEM images and size distributions measured by DLS in intensity mode of suckerin-19, Suckerin-12 and de novo construct trimer nanoparticles: (a) S-19.3; (b) S-12.1; (c) de novo construct.1. Preparation conditions of the samples are presented in Table 2. Scale bar represents 200 nm. Protein concentration of 0.42 mg/ml.

Figure 19 :

 19 Figure 19: Tuning particle size by adding different amounts of ammonium persulfate: samples (a) S-19.1 (peaks at 45 and 245 nm); (b) S-19.2 (peaks at 60 and 140 nm); (c) S-19.3 and (d) S-19.6 from Table 2. Scale bar represents 200 nm. Protein concentration of 0.42 mg/ml.

Figure 20 :

 20 Figure 20: Comparison between DLS spectrum of suckerin-19 dissolved in the acidic aqueous buffer without adding APS and Ru II complex and the DLS spectra of the crosslinked nanoparticles prepared with different concentrations of APS.

Figure 21 :

 21 Figure 21: Suckerin-19 nanoparticles stability prepared in S-19.3 conditions: (a) presence of APS and Ru II complex analysed 24h after sample preparation (peak at 138 nm); (b) dialysed against an aqueous solution of 5% (v/v) acetic acid and analysed 24 h after sample preparation (peak at 137 nm); (c) dialysed against an aqueous solution of 5% (v/v) acetic acid and analysed 8 days after sample preparation (peak at 142 nm); (d) dialysed against distilled water analysed 24h after sample preparation (DLS spectrum not shown due to aggregates having a bigger size than the limit of the apparatus). Scale bar represents 200 nm.

  4 mg of PEG-NH2 together with 0.07 or 0.014 mg of IPDI were used. Any lower amount of PEG-NH2 resulted in aggregation, no matter the amount of IPDI used. The TEM pictures of the PEGylated samples presented in Figure 22, clearly demonstrate that with 0.2 mg of PEG-NH2, sample b, the nanoparticles were aggregated and that by increasing the amount of PEG to 0.4 mg (samples c and d) the aggregation was significantly reduced. The aggregation 147 (flocculation) observed in Figure 22c and d by TEM microscopy is indebted to the drying process, since the size dispersion obtained from DLS in intensity mode (Figure 22 e) indicates that the majority of the objects have a size around 100 nm. It is important to mention that the PEGylated nanoparticles present a similar size (100 nm) when dispersed in the acidic buffer as the non-PEGylated ones (105 nm). However, when dried the size decreases significantly (75 nm for non-PEGylated vs 45 nm for PEGylated particles). Zeta potential measurements were further performed to confirm these results. The non-PEGylated nanoparticles dispersed in acetic acid presented a surface charge of 25 mV (sample S-19.2 from Table 3). This positive charge is enough to keep the colloids away from each other preventing aggregation. When the acid was removed and the pH increased, this charge was reduced to almost 0 mV (samples S-19.2PEG0.4 and S-19.2PEG0.4.2 from Table

Figure 22 :

 22 Figure 22: PEGylation of suckerin-19 nanoparticles prepared in the conditions of S19.2: (a) non PEGylated nanoparticles in 5% (v/v) acetic acid after dialysis to remove APS and Ru II complex, sample S-19.2; (b) PEGylated nanoparticles dialysed against distilled water: sample S-19.1PEG0.2; (c) sample S-19.1PEG0.4; (d) sample S-19.1PEG0.4.2; (e) particle size measured by DLS in intensity mode. Scale bar represents 200 nm. Protein concentration of 0.38 mg/ml.

Figure 24 :

 24 Figure 24: Suckerin-19 nanoparticles crosslinked with riboflavin 5′-monophosphate: (a) 0.1 mg of suckerin-19, 0.3 mg of APS and 0.2 mg of riboflavin 5′-monophosphate exposed to UV light for 30 min; (b) 0.1 mg of suckerin-19, 0.3 mg of APS and 0.4 mg of riboflavin 5′-monophosphate exposed to UV light for 30 min; (c) 0.1 mg of suckerin-19, 0.3 mg of APS and 0.2 mg of riboflavin 5′-monophosphate exposed to UV light for 60 min and (d) 0.1 mg of suckerin-19, 0.3 mg of APS and 0.4 mg of riboflavin 5′-monophosphate exposed to UV light for 60 min. Scale bar represents 500 nm.

Figure 25 ,

 25 Figure 25, presents a maximum around 195 nm and a minimum around 220 nm which indicates the existence of the β-sheets similar to what was obtained by Ding et al. for a 6 mg/ml suckerin-19 solution (5% wt acetic acid aqueous solution).4 However, supplementary characterization, such as X-ray diffraction, should be used to verify its

Figure 25 : 3 . 4 . 8

 25348 Figure 25: CD spectra of suckerin-19 nanoparticles prepared in the conditions of S-19.3 presented in Table 2.

Figure 26 :

 26 Figure 26: (a) AFM image of suckerin nanoparticles prepared in the conditions of S19.3 presented in Table 2 and (b) DMT modulus of the sample.

Following the work on Chapter 3 ,

 3 detected in one of the one of the suckerin-19 based NPs. A more detailed studied should be performed to check if APS content and crosslinking density might modify the proteins secondary structure. Finding conditions to strongly induce the formation of β-sheet domains capable of physically crosslink the nanoparticles, which was not explored, is also of great interest.Future experiments also pertinent are the study of encapsulation of an active substance and respective release profile, as shown in the next chapter. the lack of solubility of the suckerin proteins and constructs in aqueous solutions at pH close to neutrality lead to the synthesis of a new fusion protein that could be solubilize in the desired conditions. To achieve this goal, Miserez team fused a suckerin-derived peptide (SUP) capable of forming β-sheets, with the non-repetitive N-terminus (NT) and C-terminus (CT) responsible for the high solubility of spidroins inside the spider's silk-forming gland. The resulting fusion protein, named suckerin-silk, can be solubilized in aqueous conditions at pH 7.4 in the presence of a small concentration of salt which makes it possible to fabricate oil-filled nanocapsules with shells made of suckerin-silk through nanoprecipitation.

  Figure 1. (a). Modular representation of suckerin silk fusion protein (NT-SUP-CT). NT, suckerin peptides, and CT sequences definitions and sequences are given in Tables 1 and 2. (b). Schematic representation of micellar-like soluble structures generated in water thanks to the hydrophilicity of N-and C-termini domains (adapted after Ref. 30).

Figure 2 .

 2 Figure 2. (a) SDS-PAGE of NT-SUP-CT fusion protein. Bio-Rad Precision Plus Protein Standards Dual Color was used as a reference ladder. (b) Maldi-ToF spectrum of NT-SUP-CT fusion protein. The main m/z peak at 33.1 kDa corresponds to the expected MW of NT-SUP-CT fusion protein. Peaks at 16.5 kDa and 66.5 kDa correspond to the doubly charged (z = 2) and to the dimeric species, respectively. (c) CD spectra of NT-SUP-CT at varying temperatures. (d) DLS spectra of suckerin silk dissolved in a 20 mM aqueous buffer at pH 7.4 and a concentration of 3.5 mg/ml.

Figure 3 .

 3 Figure 3. Fabrication of nanocapsules with shells made of NT-SUP-CT. (a) Overlapped phase diagrams of the systems miglyol/acetone/water and suckerin silk/acetone/20 mM tris aqueous buffer. Domain of coprecipitation coloured in yellow. TEM images and DLS spectra showing the effect of protein and crosslinker contents on nanocapsule fabrication. All nanocapsules were prepared at 30/70 acetone/aqueous buffer ratio and 10 -4 mass fraction of miglyol. (b) 10 -5 mass fraction of NT-SUP-CT and 6.5 x 10 -6 mass fraction of IPDI. (c) 5 x 10 -5 mass fraction of NT-SUP-CT and 6.5 x 10 -6 mass fraction of IPDI. (d) 10 -4 mass fraction of suckerin-silk and 6.5 x 10 -6 mass fraction of IPDI. (e) 10 -5 mass fraction of NT-SUP-CT and 1.6 x 10 -6 mass fraction of IPDI.

Figure 4 .

 4 Figure 4. Hexadecane droplets encapsulated in NT-SUP-CT shells. (a) Phase diagram of the system acetone/water/hexadecane and cloud boundary of NT-SUP-CT. Domain of coprecipitation stained in green, (b) TEM image and (c) DLS spectrum of nanocapsules prepared at 30/70 acetone/aqueous buffer ratio, 10 -5 mass fraction of NT-SUP-CT, 10 -4 mass fraction of hexadecane and 6.5 x 10 -6 mass fraction of IPDI

pH 7 .

 7 5 buffer using Spectra/Por Pre-wetted RC tubing cellulose membranes with a 15 kDa molecular weight cut-off (MWCO). The protein concentration was measured using absorbance spectrometry at 280 nm (NanoDrop 2000c). Finally, proteins were concentrated with a Sartorius VivaSpin 30 kDa MWCO centrifugal concentrator to the desired concentrations for downstream experiments. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out at different stages during expression and purification, to verify the presence and purity of the fusion proteins.Mass Spectrometry: Matrix assisted laser desorption/ionization-time of flight (MALDI-ToF) mass spectroscopy was used to verify the molecular weight of purified fusion protein. A saturated solution of sinapinic acid (50% MiliQ-water, 50% ACN and 0.1% TFA)

Figure S2 :

 S2 Figure S2: DLS of suckerin-19 dissolved in pH 10 aqueous buffer (20mM CAPS) at a concentration of 1 mg/ml. Based on the number distribution, aggregates (238 nm) are observed for suckerin-19 protein at pH 10.

Figure

  Figure S4: (a) TEM images of nanocapsules prepared at 50/50 acetone/aqueous buffer ratio, 10 -5 mass fraction of suckerin-silk, 10-4 mass fraction of miglyol and 6.5×10-6 mass fraction of IPDI. (b) nanocapsules prepared at 40/60 acetone/aqueous buffer ratio, 10 5 mass fraction of suckerin-silk, 10 -4 mass fraction of miglyol and 6.5×10 -6 mass fraction of IPDI.

Figure S5 :

 S5 Figure S5: TEM image of nanocapsules prepared at an acetone content of 30 wt% where 10 -4 mass fraction of miglyol was dissolved in the acetone phase and 10 -5 mass fraction of protein was dissolved in an aqueous buffer. The sample was heated for 30 min at 50 o C in a trial to crosslink the shells.

Materials and protocols of chapter 3 5. 3 . 1

 331 Materials Protein expression, extraction and purificationTriton X-100, Tris salt, EDTA and DTT were acquired from Bio-rad. LB brith medium was bought from Fisher scientific. IPTG was bought from Gold Biotechnology. Ampicillin was acquired from Calbiochem. NaCl was bought from Merck. PSMF was acquired from Sigma Aldrich. Urea was bought from Affymetrix.Nanoparticle formation, crosslinking and PEGylationAmmonium persulfate 98% (APS), tris(2,2′ bipyridyl)dichlororuthenium(II) hexahydrate 98% (RuII), methoxypolyethylene glycol amine 2,000 with ≥ 0.4 mmol/g NH2 loading (PEG), isophorone diisocyanate 98% (IPDI), riboflavin 5′-monophosphate sodium salt hydrate (Rib5) and O-[(N-Succinimidyl)succinyl-aminoethyl]-O′-methylpolyethylene glycol 2000 were bought from Sigma Aldrich. L-tyrosine ethyl ester 98% was bought from ABCR GmbH.

(

  suckerin-silk) based on the original suckerin proteins. This new protein consisted in a central suckerin-derived peptide (SUP) domain capable of forming β-sheets, flanked by non-repetitive N-terminus (NT) and C-terminus (CT) globular domains responsible for the high solubility of spidroins inside the spider's silk-forming gland. This fusion protein can be solubilized in aqueous conditions at pH 7.4 in the presence of a small concentration of salt and therefore can be used to fabricate nanocapsules through nanoprecipitation. In addition, it presents a temperature dependent β-sheet formation.Miglyol and hexadecane filled nanocapsules with a suckerin-silk shells were produced using the nanoprecipitation technique in the Ouzo domain. A protein/oil ratio of 1:10 and an acetone content of 30% and were found vital parameters to assure nanocapsule formation and prevent aggregation.To extend the work on the suckerin-silk-based nanocapsules a complete study on β-sheet formation in the capsule's shell should be performed. The temperature dependent β-sheet formation might allow the physical crosslinking of the membranes by heating up the samples. Exploring tagant systems, such as the recent Spy Tag/Spy Cacther, as means to incorporate enzymes and peptides at the nanocapsules surface can provide them extra functionalities. Time should be also invested in encapsulating substances in the hydrophobic core, either by incorporating them with the oil or by replacing the oil by the substance to be encapsulated.
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Table 1 : Microcapsules produced by complex coacervation.

 1 

	Biopolymers	Ratio	pH	Core	Size (µm)	Ref.
	SPI	Gum arabica	1:1	4.4	Sweet orange oil	7.6	61
	SPI	Pectin	1:1	4.4	Soy oil and caseinhydro-sylate	16 -24	62
	chitosan Gum arabica	1:4	3.6	Miglyol	1 -2	63
	Whey Protein	Gum arabica	2:1	4.0	Orange oil flavour and sunflower oil	50 -150	64
	gelatin	Gum arabica	1:1	4.0	Sunflower oil andaspar-tame	84 -102	65

Table 2 : Active substances encapsulated in viral and non-viral protein cages and encapsulation strategy.

 2 

	Protein cage	Drug	Encapsulation Strategy	Ref.
		Non-viral protein cages	
			Hydrazone derivative of doxorubicin linked to	
	Heat shock protein	DOX	the interior surface of HspG41C via coupling of	109
			the maleimide and thiol functionalities.	
		Duanomycin	mechanism used to load the drug. pH sensitive disassembly and reassembly	110
	Ferritin/Apoferritin	Cisplatin 5-Fluorouracil	pH sensitive disassembly and reassembly mechanism was used to load the drug. cage's shell. Diffusion of the drug through the pores of the	111 112
		DOX	apoferritin binding sites. Copper-DOX complexes capable to bind to	113
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Table 1 : Gem-PI and PI samples available.

 1 

	Sample	PI Mw (Da)	Đ	Gem content (%)
	Gem-PI 700	700	1.59	27.3
	Gem-PI 1570	1570	1.29	14.3
	Gem-PI 3690	3690	1.32	6.7
	Gem-PI 4750	4750	1.30	5.3
	PI 2800	2800	1.19	0

Table 3 : Hansen solubility parameters of the solvents and polymers used to fabricate the gly- cogen-coated prodrug nanoparticles and of acetone. δt represents the total Hildebrand pa- rameter, δd represents the dispersion parameter, δp represents the polar component and δh represents the hydrogen bonding component.

 3 

Table 1 : Amino acid composition of the suckerin-19 protein and pKa of the R-groups.

 1 

	Amino acid			Amount (%)	pKa of R-group
		De novo trimer Suckerin-12	Suckerin-19	
	Glycine	24.7	30.5	31.4	-
	Tyrosine	13.2	14.4	15.3	10.07
	Histidine	10.2	11.1	10.9	5.93
	Leucine	10.4	11.1	10.9	-
	Alanine	8.5	9.5	10.7	-
	Threonine	7.4	7.4	7.5	-
	Proline	6.0	4.5	4.1	-
	Serine	7.4	3.7	3.4	-
	Valine	6.0	4.1	3.2	
	Arginine	1.9	0.8	0.7	13.2
	Others	4.3	3.9	2.9	-

Table 2 : Conditions of preparation and average sizes of S-19, S-12 and de novo construct na- noparticles crosslinked with different amounts of APS and Ru II complex. Samples where the DLS spectra presented 2 peaks the values of the peaks are presented instead of

 2 𝑫 ̅ 𝒛 𝑫𝑳𝑺 .

	Sample	Protein (mg)	APS (mg)	(Ru II complex) (mg)	𝑫 ̅ 𝒛 𝑻𝑬𝑴 (nm)	𝑫 ̅ 𝒘 ⁄ 𝑫 ̅ 𝒏	𝑫 ̅ 𝒛 𝑫𝑳𝑺 (nm)	PDI
	S-19.1	0.10	0.05	0.20	30 ± 5	1.15	50, 245	0.45
	S-19.2	0.10	0.10	0.20	50 ± 10	1.15	60, 140	0.35
	S-19.3	0.10	0.30	0.20	75 ± 15	1.15	105 ± 50 0.20
	S-19.4	0.10	0.30	0.10	75 ± 10	1.10	140 ± 25 0.20
	S-19.5	0.10	0.30	0.05	70 ± 15	1.15	185 ± 75 0.25
	S-19.6	0.10	0.60	0.20	95 ± 20	1.20	155 ± 70 0.35
	S-12.1	0.10	0.30	0.20	150 ± 20	1.30	145 ± 70 0.15
	S-12.2	0.10	0.30	0.10	185 ± 20	1.20	180 ± 70 0.15
	S-12.3	0.10	0.30	0.05	195 ± 30	1.65	190 ± 65 0.10
	de novo construct.1	0.10	0.30	0.20	130 ± 25	1.35	150 ± 50 0.10
	de novo construct.2	0.10	0.30	0.10	190 ± 35	1.85	190 ± 90 0.16
	de novo construct.3	0.10	0.30	0.05	165 ± 30	1.60	165 ± 50 0.05

Table 3 : Conditions of preparation, sizes and zeta potential of S-19 PEGylated nanoparticles in the presence of different amounts of PEG and IPDI in water at pH 7. The symbol "-" means that the sample presented aggregation.
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	Sample	Protein (mg)	APS (mg)	Ru II (mg)	PEG (mg)	IPDI (mg)	𝑫 ̅ 𝒛 𝑻𝑬𝑴 (nm)	𝑫 ̅ 𝒘 ⁄ 𝑫 ̅ 𝒏	𝑫 ̅ 𝒛 𝑫𝑳𝑺 (nm)	PdI	ζ (mV)
	S-19.2 (Dispersed in acidic buffer)	0.10	0.10	0.20	0	0	45 ± 5	1.15	100 ± 20	0.20	25 ± 10
	S-19.2.2 (Dispersed in permuted water)	0.10	0.10	0.20	0	0	-	-	-	-	-
	S-19.2										
	PEG0.05	0.10	0.10	0.20	0.05	0.14	-	-	-	-	-
	(Dispersed in permuted water)										
	S-19.2										
	PEG0.1	0.10	0.10	0.20	0.10	0.14	-	-	-	-	-
	(Dispersed in permuted water)										
	S-19.2										
	PEG0.2	0.10	0.10	0.20	0.20	0.14	-	-	-	-	-
	(Dispersed in permuted water)										
	S-19.2										
	PEG0.2.2	0.10	0.10	0.20	0.20	0.07	-	-	-	-	-
	(Dispersed in permuted water)										
	S-19.2										
	PEG0.4	0.10	0.10	0.20	0.40	0.14	40 ± 5	1.20	115 ± 70	0.45	0 ± 5
	(Dispersed in permuted water)										
	S-19.2										
	PEG0.4.2	0.10	0.10	0.20	0.40	0.07	40 ± 5	1.05	125 ± 45	0.35	-5 ± 5
	(Dispersed in permuted water)										

Table 4 : Preparation conditions of suckerin-19 nanoparticles crosslinked using Rib5.
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	Sample	Protein (mg)	APS (mg)	(Rib5) (mg)	Exposure time (min)	𝑫 ̅ 𝒛 𝑻𝑬𝑴 (nm)	𝑫 ̅ 𝒘 ⁄ 𝑫 ̅ 𝒏	𝑫 ̅ 𝒛 𝑫𝑳𝑺 (nm)	PdI
	S-19R0.2-30	0.10	0.30	0.20	30	175	1.30	180	0.20
	S-19R0.4-30	0.10	0.30	0.40	30	165	1.50	175	0.15
	S-19R0.2-60	0.10	0.30	0.20	60	305	1.30	240	0.15
	S-19R0.4-60	0.10	0.30	0.40	60	250	1.60	215	0.15
	3								

.4.7 Suckerin-19 secondary structure in crosslinked nanoparticles

  As stated in the introduction of this chapter, removing any chemical crosslinking from the equation when generating nanocapsules would be the most desirable outcome.Inducing the formation of β-sheets to physically crosslink the colloids presents a viable alternative. With this in mind, CD was used to determine the presence of β-sheets in the nanoparticles. Due to the lack of opportunity to use a CD equipment (experiments done in Singapore), only the sample S-19.3 (Table2) was tested. The spectrum, presented in

Table 1 .

 1 Protein construct, sequence design, and its source. Protein accession numbers are provided when available.

	Construct	Amino Acid Sequence
	Name	

Table 3 . Sizes and size distributions of the miglyol/NT-SUP-CT nanocapsules measured by DLS and TEM.
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	Sample Suckerin-silk mass	IPDI mass fraction	𝑫 ̅ 𝒛,𝑻𝑬𝑴	𝑫 ̅ 𝒘,𝑻𝑬𝑴 /𝑫 ̅ 𝒏,𝑻𝑬𝑴	𝑫 ̅ 𝒛,𝑫𝑳𝑺	PDI
		fraction		(nm)		(nm)	
	b	10 -5	6.5×10 -6	191	1.34	200	0.10
	c	5×10 -5	3.2×10 -6	187	1.35	250	0.20
	d	10 -4	6.5×10 -5	-	-	-	-
	e	10 -5	1.6×10 -6	220	1.35	300	0.20

Finally, to demonstrate that our approach is not limited to one specific oil and can be generalized to a range of hydrophobic solutes, we further intended to entrap hexadecane nanodroplets into suckerin-silk shells. The hexadecane/acetone/water phase diagram has been previously used by Yan et al. to synthesize glyconanocapsules (Figure
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In the first part (Chapter 1), we have described the different techniques to fabricate protein shell micro and nanocapsules, detailing specific properties that only proteins possess for different capsules applications. Due to their larger size, microcapsules are used for a large range of applications (bio-imaging, conservation of flavours and smells, enhancing the efficacy of agriculture related products, cosmetics and oral drug delivery) while nanocapsules are mainly used for biomedical applications such as intravenous drug-delivery and bio-imaging systems. Microcapsules with shells made of proteins can have a gaseous, liquid and solid core depending on the targeted application and the substance to be encapsulated. Several techniques are available to fabricate them (sonochemical, microfluidics, coacervation, spray drying and layer-by layer techniques).

In contrast, fewer techniques allow the fabrication of nanocapsules with protein shells and they can be divided into two groups. Template-driven fabrication techniques where the protein shell is deposited over a template, often an emulsion, similar to the microcapsules, are scarce and usually require complex protocols. Self-assembly of proteins with viral (e.g. adenovirus) and non-viral (e.g. apoferritin) origins into capsule like structures are limited to the use of specific proteins that can self-assemble into the desired structures. In this context, the nanoprecipitation technique offers the possibility to use different proteins while keeping the fabrication protocol straightforward.