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General introduction

Biomaterials are a class of materials that have been designed to be in contact with the skin or any other living tissue [START_REF] Huebsch | Inspiration and application in the evolution of biomaterials[END_REF]. Ceramics and metals have been widely used for this purpose but are now being replaced by polymers, which exhibit more flexibility and easier processing in many biomedical applications [START_REF] Griffith | Polymeric biomaterials[END_REF]. However, most of these macromolecules are petroleum-based and present environmental concerns. For this reason, bio-based materials have gained interest since they can provide both sustainability and biocompatibility. For examples, cellulose, chitin and collagen have widely been reported as biopolymers for biomedical applications (Bedian et al. 2017;Sahana and Rekha 2018;Gaspar-Pintiliescu et al. 2019). Among these, cellulose play a special role due to its abundance (it is often referred to as the most abundant biopolymer on Earth) and renewability, in addition to its availability in various nanometer-sized forms.

The so-called nanocelluloses indeed comprise both the short and rigid cellulose nanocrystals (CNCs) and the long and flexible cellulose nanofibrils (CNFs). They are extremely versatile and exhibit outstanding properties such as high specific surface area, light weight, high mechanical properties and low cytotoxicity.

First studies were focusing on their production, and research is now switching towards their applications.

They are now commercially available at large scale, which opens up the way for a diversity of applications as varied as the automotive, electronics or the biomedical field [START_REF] Dufresne | Nanocellulose: a new ageless bionanomaterial[END_REF]Abitbol et al. 2016;Klemm et al. 2018). However, their cost remains relatively high and calls for the development of high added value materials. Their tunable surface chemistry and high specific surface area open up the way for functionalization, which enables to considerably widen their applicative potential. In order not to lose the benefits of their non-toxicity and biocompatibility green methods of functionalization have to be preferentially chosen.

In the biomedical field, research has focused on the use of nanocellulose for tissue engineering, medical implants, drug delivery and wound healing (Lin and Dufresne 2014;Jorfi and Foster 2015;Bacakova et al. 2019). In order to add new functionalities to the nanocellulose materials, active molecules (antimicrobial, anti-inflammatory, antitumor drugs, analgesics, anesthetics, etc.) have been loaded or immobilized onto nanocellulose by impregnation or covalent grafting (Kolakovic et al. 2012;Xiao et al. 2018;Ngwabebhoh et al. 2018). In order to limit the use of toxic organic solvents and because there are easily processable in water, aqueous media been widely investigated for the functionalization of nanocellulose. However, the range of chemical reaction and reagents is limited and there is a need for modification strategies with apolar molecules in green solvents. Indeed, drugs with poor solubility in aqueous media represent 40 % of the drugs in the market and up to 70 % of those under development [START_REF] Löbmann | Cellulose nanofibers as excipient for the delivery of poorly soluble drugs[END_REF].

In order to investigate an alternative for the design of bioactive materials, supercritical carbon dioxide (scCO2) was selected as a green substitute to organic solvents. This solvent reaches the supercritical state at relatively low parameters (7,4 MPa,31 °C) and presents unique properties of no surface tension, high and tunable density and low viscosity. These properties allow for complete wetting of porous materials (Shin et al. 2000;Weibel and Ober 2003). In addition to solubilizing hydrophobic molecules, it presents the advantages of easy solvent recovery and substrate purification. Supercritical solvent impregnation has been applied for the development of antibacterial materials [START_REF] Bouledjouidja | Effect of operational conditions on the supercritical carbon dioxide impregnation of anti-inflammatory and antibiotic drugs in rigid commercial intraocular lenses[END_REF][START_REF] Terzić | A novel chitosan gels: Supercritical CO2 drying and impregnation with thymol[END_REF][START_REF] Zizovic | Utilization of supercritical carbon dioxide in fabrication of cellulose acetate films with anti-biofilm effects against Pseudomonas aeruginosa and Staphylococcus aureus[END_REF]Milovanovic et al. 2019) and for the loading of bioactive agents on bacterial cellulose. by means of supercritical antisolvent precipitation (Haimer et al. 2010). However, there is little literature on the functionalization of pure nanocellulose structure with antimicrobial agents in scCO2.

The present Ph.D. research work entitled "nanocellulose-based materials functionalized in supercritical carbon dioxide for antimicrobial wound dressing applications" is a collaborative project between three laboratories: laboratory of pulp and paper science (LGP2), centre de recherches sur les macromolécules végétales (CERMAV) and CEA-Leti: a technology research institute, all based in Grenoble. Funding for this research was provided by the Labex Arcane (grant agreement n°ANR-17-EURE-0003).

The main goal is to provide with a new "all-green" strategy for the preparation of bioactive wound dressings through the functionalization of nanocellulose-based structures with active molecules. The project therefore aims at:

-preparing structures with controlled architecture starting with various types of nanocellulose, -functionalizing the nanocellulose-based structures with various bioactive molecules using a green chemistry process based on scCO2 by impregnation or covalent grafting, -assessing the antimicrobial properties to nanocellulose-based structure for potential use as bioactive wound-dressings.

In order to achieve these goals, this thesis manuscript is divided into four chapters (Figure 1). surface area on the supercritical impregnation efficiency of an essential oil molecule: thymol. The antimicrobial activity is compared for CNF materials of increasing specific surface area.

Chapter 4 presents the covalent grafting of an antimicrobial aminosilane. The supercritical reaction is performed on a porous CNF cryogel and compared to a dense CNF nanopaper. Grafting efficiency is assessed by bulk and surface characterization methods. In a second part, the contact antibacterial activity is evaluated in solid and liquid conditions and the cytocompatibility of the newly designed materials is presented.

The main objective of this research is to offer a proof of concept of a process as green as possible for the production and functionalization of nanocellulose-based materials. The research presented in this manuscript covers the different aspects of bioactive material design, from the extraction of raw materials, the design of controlled structures and their functionalization in supercritical conditions to the assessment of their antimicrobial properties.

The reader should keep in mind that the sub-chapters are structured as independent scientific publications, which in some cases leads to some redundancies. Further comments for a more complete discussion are added.

Chapter I

Literature review 1. Introduction to chapter I

This literature review aims at settling the project and gives insight on cellulose nanomaterials and their potential use for wound dressing applications.

The objective of the project is to functionalize nanocellulose-based structures in supercritical carbon dioxide (scCO2) in order to confer antimicrobial properties for biomedical applications. To reach this goal, different challenges must be overcome: the design of nanocellulose-based structures of controlled architecture, the functionalization in supercritical carbon dioxide to confer bioactivity and the assessment of antibacterial and antifungal properties.

The first part of the literature review will focus on the nanocellulose particles and their assembly into highly organized materials. Cellulose nanocrystals and cellulose nanofibrils production and properties will be described in this part. The design of 2D structures (films and nanopapers) and 3D structures (cryogels and aerogels) will be also discussed and the application of nanocellulose-based materials in the biomedical field will be presented.

The benefits of using nanocellulose-based materials for wound-dressing applications will be considered and discussed in the second part. First, an introduction to microbiology and encountered microorganisms in wound infections will be presented. Then, bio-based wound dressings and their requirements will be assessed. Finally, the elaboration and characterization techniques of bioactive materials will be presented. Nanocellulose functionalization will be discussed in a third part. The range of nanocellulose modification in green and traditional solvents will be extended to newer and innovative solutions of "green" functionalization with apolar solvents, among which supercritical carbon dioxide. Scientific issues raised by the literature review will be discussed in following chapters.

2. Nanocellulose materials 2.1. From cellulose to nanocellulose 2. 1.1. Cellulose Cellulose is a homopolysaccharide constituted of β(1,4)-anhydro-D-glucose units and its structure is illustrated in Figure I. 1a. It is the main component of plant cell walls and one of the basic structural units of algae, tunicates, and certain bacteria. The chemical formula of cellulose, C 6 H 10 O 5 , was established by Willstätter in 1913 (Willstätter andZechmeister 1913), 75 years after its isolation from plant cell walls by Anselme Payen in 1838 [START_REF] Payen | Mémoire sur la composition du tissu propre des plantes et du ligneux. (Memoir on the composition of the tissue of plants and of woody [material])[END_REF]. The degree of polymerization is commonly expressed as the number of anhydroglucose units (AGU). This number varies from 1000 to 50000 with the source of cellulose (e.g. 1500 for wood pulp cellulose, 20000 for secondary wall cotton cellulose and 50000 for Valonia algae). A rotation of 180° is observed from one monomer to the other along the polymer chain. Each anhydroglucose unit has three hydroxyl groups: one primary alcohol on carbon 6 and two secondary alcohols on carbons 2 and 3. The end groups of the cellulose chains are composed of a pendant hydroxyl non-reducing group on one end and a reducing group with an equilibrium between a free hemiacetal and an aldehyde group on the other end. Such a chemical asymmetry arises from the biosynthesis process.

Cellulose is largely biosynthesized in plants. Its synthesis and regulation has been widely studied and reported in the literature [START_REF] Saxena | Cellulose Biosynthesis: Current Views and Evolving Concepts[END_REF][START_REF] Li | Cellulose Synthesis and Its Regulation[END_REF]. The glycan chains are assembled into microfibrils by van der Waals forces and both intra-and inter-molecular hydrogen bonds (Figure I. 1b).

These numerous interactions, together with an amphiphilic behavior, are considered to prevent the dissolution of cellulose in most solvents, as discussed by [START_REF] Lindman | On the mechanism of dissolution of cellulose[END_REF].

Cellulose fibers play a major role of rigidity and strength of plant cell walls. They are interacting with other biopolymers such as hemicellulose, pectins, and lignins. The amount of cellulose, its degree of polymerization, crystallinity, orientation and its organization in the cell wall polymers complex is regulated during cellulose synthesis. Other organisms synthesize cellulose among which tunicate, bacteria and algae [START_REF] Kimura | New cellulose synthesizing complexes (terminal complexes) involved in animal cellulose biosynthesis in the tunicateMetandrocarpa uedai[END_REF][START_REF] Okuda | Cellulose-synthesizing complexes in some chromophyte algae[END_REF]Esa et al. 2014). Plant cellulose crystalline form is mainly the Iα form, while the Iβ is predominant in primitive organisms [START_REF] O'sullivan | Cellulose: the structure slowly unravels[END_REF].

organisms are shown in Figure I. 3(left). In Figure I.3 (right) a table from Habibi et al. (2010) reports the lengths and widths of CNCs of different sources and determined by different techniques including TEM, atomic force microscopy (AFM), field emission gun scanning electron microscopy (SEM-FEG), small angle neutron scattering (SANS) and depolarized dynamic light scattering (DDLS). As a consequence of the difference in dimensions, the aspect ratio of these nanoparticles, defined as the length-to-width ratio, which plays a major role in phenomena like the self-organization of CNCs into chiral nematic crystal-liquid phases or the percolation threshold that is a key parameter governing mechanical properties in nanocomposites, extends over a wide range, namely from 10 to 100.

When extracted from cotton, CNCs are short, highly crystalline rod-like particles. They consist of the assembly of laterally aggregated elementary crystallites (3-4 on average) and their average dimensions are 150 × 22 × 6 nm 3 . Tunicates are marine invertebrate organisms that produce cellulose in their external mantle. CNCs extracted from tunicate are needle-like particles with a much higher aspect ratio and nearperfect crystallinity. Acid hydrolysis of tunicates generally yields isolated CNCs. Localized defects are often observed and result from the sonication treatment (Figure I. 3,f). The size of CNCs extracted from tunicate is between 1 and 3 m in length and 10-30 nm in width.

Sulfuric acid is commonly used as the hydrolyzing agent. The basic idea behind the extraction process is that the starting cellulose microfibrils are made up of highly crystalline regions connected to loosely packed amorphous regions that are much more susceptible to be hydrolyzed during a chemical acid attack.

Therefore, after diffusion of the acid within the substrate, the glycosidic linkages in amorphous regions are preferentially broken, releasing rod-like cellulose crystallites in the medium. The use of sulfuric acid imparts a negative surface charge in the form of sulfate half esters, which ensures colloidal stability in aqueous media thanks to repulsive electrostatic interactions (Revol et al. 1992). The surface charge content is typically in the range 100-350 mmol.kg -1 , which corresponds to a charge density in the range 0.2-0.6 e.nm -2 , or about 0.3-1 charge per anhydroglucose unit (Foster et al. 2018). the cellulose chains. The ionic repulsion promoted between the chains helps the defibrillation process during the mechanical treatment. The resulting oxidized cellulose nanofibrils possess carboxylate groups.

The carboxylate content depends on the quantity of NaOCl used and Isogai et al. reported maximum values of 1.7 mol.kg -1 [START_REF] Isogai | TEMPO-oxidized cellulose nanofibers[END_REF]). An alternative process at pH 6.8 instead of pH 10 was developed to limit the inevitable significant depolymerization that occurs at pH 10 [START_REF] Saito | Individualization of Nano-Sized Plant Cellulose Fibrils by Direct Surface Carboxylation Using TEMPO Catalyst under Neutral Conditions[END_REF].

CNFs share common properties with CNCs such as lightweight character, abundant and renewable origin, high specific surface area or broad chemical modification ability but also exhibit specific characteristics such as high viscosity due to the very high aspect ratio and entanglements and ability to form homogeneous flexible films (while short aspect ratio CNCs rather form brittle films). They also exhibit high modulus and tensile strength. They show interesting optical properties (liquid crystalline behavior of CNCs and the ability to form transparent films with both CNCs and CNFs) and present potential compatibility with other materials and living cells. Toxicology risks had been assessed for various cellulose nanocrystals and cellulose nanofibrils. Lin and Dufresne reviewed toxicology evolution of CNCs, CNFs and bacterial cellulose (Lin and Dufresne 2014). In vitro and in vivo experiments have been performed and no or low cytotoxicity was observed and no serious environmental concerns were raised. In the two worst case scenarios, inflammatory cytokines and pulmonary inflammation was reported. The options of nanocellulose modification and processing are extremely versatile and open up a wide range of functions and structures (Abitbol et al. 2016).

Applications of nanocellulose

The various and interesting properties of both CNCs and CNFs open up groundbreaking application areas (Abitbol et al. 2016). Over the last decade, the production of both types of nanocellulose at the industrial scale has increased their interest in both research and industry (Figure I. 5) . The number of patents with nanocellulose expanded when their production was no longer restricted to pilot scale. Studies from [START_REF] Reid | Benchmarking Cellulose Nanocrystals: From the Laboratory to Industrial Production[END_REF] and Desmaisons et al. (2017) compared the properties of different CNCs and CNFs obtained from industrial and lab-scale productions. These works emphasize the existence of different grades of CNCs and CNFs and the importance of a thorough investigation of the properties of the commercial product beforehand.

Table I. 1 Various fields of application of cellulose nanocrystals and cellulose nanofibrils and corresponding reviews and examples

from the literature.

Applications Specification Reference

Composites

Polymer matrices reinforcement [START_REF] Lee | On the use of nanocellulose as reinforcement in polymer matrix composites[END_REF]) Nanocellulose composites processing [START_REF] Oksman | Review of the recent developments in cellulose nanocomposite processing[END_REF] process, also mentioned as the "papermaking process", the nanocellulose are collected over a mesh or sieves, under vacuum solvent removal. A wet cake is obtained and subsequently dried under vacuum to avoid wrinkling. This process has been used to yield nanopapers of cellulose nanofibrils and nanocrystals [START_REF] Tingaut | Highly efficient and straightforward functionalization of cellulose films with thiol-ene click chemistry[END_REF][START_REF] Sun | Comparison of highly transparent all-cellulose nanopaper prepared using sulfuric acid and TEMPO-mediated oxidation methods[END_REF]Cheng et al. 2017b). (Benítez and Walther 2017).

The later process yields nanopapers with higher Young's moduli, influenced by the water content, the porosity, the alignment of CNFs and the presence of counter-ions as review by Benítez and Walther (2017).

It has sometimes been stated that vacuum filtration also leads to higher orientation in the direction parallel to the filter membrane (Benítez and Walther 2017). Syverud and Stenius reported increased orientation for CNF nanopapers prepared with a sheet former [START_REF] Syverud | Strength and barrier properties of MFC films[END_REF]. The sheet former (Rapid-Köthen) used by Sehaqui et al. (2010a) led to increased orientation and was considered as the reason for increased mechanical properties. However other studies reported random in-plane orientation of cellulose nanofibrils in nanopapers of high toughness (Henriksson et al. 2008) or the necessity to cold-draw (stretch)

the wet network to induce orientation.

The drying temperature and time have an effect on the morphology and properties of the resulting films.

The effect of the drying temperature on the properties of TO-CNF films has been investigated by Torstensen et al. (Torstensen et al. 2018). No defects are observed for films dried at ambient temperature, while an increasing amount of bubbles was observed in the film when the temperature increases. This behavior is illustrated in Figure I. 8 left. Overdrying also has an impact on the mechanical properties: films dried rapidly were more fragile. The impact of the drying time in CNCs films resulted in a color shift to the studied for their optical properties. On the other hand, the excellent mechanical properties of CNFs have favored for the development of mechanical high performance 2D structures.

3D porous structures of nanocellulose

There is an increasing wish for scaffolds in the biomedical, energy and thermal insulation fields.

Nanocellulose 3D porous structures have been prepared to meet this need. In a recent review by De France et al. (2017), the preparation processes and material properties of CNC and CNF aerogels are described. A thorough review of the literature is presented in tables and helps to identify the type of nanocellulose and the drying process to choose according to the targeted properties and applications. The review also emphasizes the lack of systematic studies on the effect of the properties of nanocellulose (aspect ratio, size, surface chemistry) on the resulting properties of the materials and present the variability of the nanocellulose starting materials as the main drawback for the commercialization of nanocellulose porous structures, as differences emerge from one batch to another, especially with the increasing number of nanocellulose producers.

Processes to generate nanocellulosic solid foams are selected in order to produce structures with controlled porosity, good mechanical properties, high specific surface area. Solvent removal from a nanocellulose suspension can be carried out through different drying pathways to obtain a porous structure. Two main techniques have been described for the production of nanocellulose porous structures: freeze-drying and supercritical drying. Because of the great impact of the process on the porous structure morphology generated, it is necessary to use different and adequate terminology. The term cryogels refers to freeze-dried structures. This process involves the sublimation of a suspension of nanocellulose in water or in tert-butyl alcohol previously freezed. The term aerogel will be restricted to porous structures that have been dried under supercritical conditions, although in literature it is commonly used to describe both types of structures. Before aerogel production, a first step of solvent exchange to a solvent miscible with both water and carbon dioxide is necessary and ethanol is commonly reported as the solvent used. The different production pathways of cryogels and aerogels are illustrated in Figure I. 9.

Freeze-drying of cryogels: challenges and solutions

Freeze-drying is a simple and efficient method to produce nanocellulose porous structures. The pore size and morphology can be tuned by playing on the processing parameters. Freeze-drying of a nanocellulose suspension can be performed with or without prior solvent exchange. A recent review by Gupta et al. (2018) discussed the progress and understanding of nanocellulose freeze-drying and described the influence of the processing parameters and the suspension formulation on the final properties of the materials.

Cryogels prepared from aqueous nanocellulose suspensions exhibit a typical sheet-like morphology. The dense walls observed result from the growth of ice crystals pushing the objects away and together therefore forming dense regions of nanocellulose particles. The ice crystals nucleation is therefore an important parameter to monitor in order to control and tune the cryogel morphology.

Two freezing procedures are distinguished: homogeneous freezing and unidirectional freezing. A schematic representation of a typical setup used for homogeneous and unidirectional freezing, the induced orientation of the cellulose nanoparticles and the crystal growth during freezing and the resulting pore morphology are depicted in Figure I. 11. Homogeneous freeze-drying, freeze-crashing or regular freeze-drying are the terms used to describe a freezing step with uniform temperature throughout the sample which is considered to produce tunable and homogeneous pore sizes. On the other hand, unidirectional freezing can be performed in order to orientate the pores in a specific direction and achieve lamellar structures. Instead of introducing the nanocellulose suspension in a liquid bath at low temperature, the freezing is induced from the bottom of the aqueous suspension. A temperature gradient is established by different methods. Ice-templating or freeze-casting are terms used to describe this method. The most common strategy is to deposit the mold filled with the suspension on a cold surface.

This "coldfinger" setup has been widely used [START_REF] Donius | Superior mechanical performance of highly porous, anisotropic nanocellulose-montmorillonite aerogels prepared by freeze casting[END_REF]Wicklein et al. 2015;Munier et al. 2016;[START_REF] Chu | Ice-Assisted Assembly of Liquid Crystalline Cellulose Nanocrystals for Preparing Anisotropic Aerogels with Ordered Structures[END_REF] and is illustrated in Figure I. 11b. Pre-cooling of the suspension is often performed before freezing (Sehaqui et al. 2010b;[START_REF] Zhang | Ultralightweight and Flexible Silylated Nanocellulose Sponges for the Selective Removal of Oil from Water[END_REF]. Molds with different thermal conductivities were also designed for this purpose (Jiménez-Saelices et al. 2017b). Anisotropic pores are produced parallel to the freezing direction and the resulting cryogel present a cellular organization. The establishment of the temperature gradient can also lead to the presence of a pore size distribution fluctuating along the direction of freezing. Buchtová and Budtova analyzed the pore sizes of cryogels prepared from dissolved microcrystalline cellulose (Buchtová and Budtova 2016). From SEM images of the cryogels parts, close to the bottom, in the center and close to the top, an increase of the mean pore size from 4.3 to 7.5 µm was observed after fast solidification while interconnected or dendritic pore structures are observed with slow solidification (Li et al. 2012b).

The effect of the freezing time on the resulting cryogel morphologies was investigate by Martoïa et al. (2016). Different liquids were used to prepare cooling baths at temperatures from -13°C to -114°C and the CNF suspensions solidification times varied from 20 to 3 minutes. As well as the cooling rate, they investigated the effect of the CNFs types (enzymatic or TEMPO-oxidized) and the CNFs concentration.

Higher mechanical properties and more regular anisotropic pores were achieved with TEMPO-oxidized

CNFs. Although the cooling rate could be used to control the pore size, this method was not efficient to modulate the shape and orientation of the pores generated. Mechanical stirring during solidification had to be used to enhance the mechanical properties of the cryogels.

In addition to the freezing conditions, the solvent plays a major role in the resulting properties and morphologies of the cryogel. Instead of observing large pores and flat walls, cryogels obtained after solvent exchange to tert-butyl alcohol (tBuOH) exhibit smaller pores (below 1 µm) and a finer network (Sehaqui et al. 2011b;[START_REF] Nemoto | Simple Freeze-Drying Procedure for Producing Nanocellulose Aerogel-Containing, High-Performance Air Filters[END_REF]. Because the fibrillary network is better preserved, solvent exchange to tert-butyl alcohol generates cryogels with much higher specific surface areas. Introduction of tert-butyl alcohol limited the growth of ice-crystals, hence the increased specific surface area. Additionally, it was mentioned that tert-butyl alcohol could bind to the surface of cellulose, limiting the hydrogen bonding between the nanocellulose objects by creating steric hindrance and therefore limiting aggregation (Jiang and Hsieh 2014). Nemoto et al. prepared cryogel of TEMPO-oxidized CNFs with increasing amount of tertbutyl alcohol from 0 to 20 % and the specific surface area increased from 94 m².g -1 to 319 m².g -1 for a 20 % tert-butyl alcohol concentration [START_REF] Nemoto | Simple Freeze-Drying Procedure for Producing Nanocellulose Aerogel-Containing, High-Performance Air Filters[END_REF]. Sehaqui et al. prepared cryogels after solvent exchange with specific surface area of 153 m².g -1 with CNFs and 284 m².g-1 with TO-CNFs (Sehaqui et al. 2011a). Fumagalli et al. prepared cryogels of cotton CNCs with increasing amount of tert-butyl alcohol from 0 % to 80 % and observed an increase of SSA from 17 to 167 m².g -1 (Fumagalli et al. 2013). These results are explained by analyzing the phase diagram of the binary mixture of tBuOH and water. It was reported that mixtures of 20 % and 90 % in tBuOH behaved as eutectic solvent and yielded the smallest crystal sizes [START_REF] Kasraian | Thermal Analysis of the Tertiary Butyl Alcohol-Water System and Its Implications on Freeze-Drying[END_REF]. The crystal morphology is greatly influenced by the formation of various tBuOH hydrates at different concentrations [START_REF] Tang | Freeze cast fabrication of porous ceramics using tert-butyl alcohol-water crystals as template[END_REF]).

Supercritical drying of aerogels

Supercritical drying, also known as critical point drying, is used for the preparation of nanocellulose porous materials. Supercritical carbon dioxide presents the advantage of having mild supercritical pressure and temperature (7.39 MPa and 31.1°C, respectively). The great interest of the process lies in the very high specific surface areas achieved. The absence of surface tension of carbon dioxide in the supercritical state reduces the risks of pore collapse. This process maintains the nanoscale dimensions of the nanocellulose and preserves well the porous structure. However, the procedure often requires time-consuming solvent exchange steps, expensive high-pressure equipment and scale-up is complicated.

Kistler published the first study on cellulose aerogels in 1932 [START_REF] Kistler | Coherent Expanded-Aerogels[END_REF]). However, it is not until 2001 that Tan et al. studied the production of cellulose aerogels from cross-linked and de-esterified cellulose acetate [START_REF] Tan | Organic Aerogels with Very High Impact Strength[END_REF]. They obtained aerogels with high specific surface areas up to 389 m².g -1 . As a comparison, silica aerogels exhibit specific surface areas around 800-1000 m².g -1 and higher values are sometimes reported. Many studies reported the formation of aerogels with dissolved cellulose, while only a few work considered nanocellulose particles. Hoepfner et al. prepared aerogel from cellulose dissolved in hydrated calcium thiocyanate melts (Hoepfner et al. 2008). The resulting aerogels were homogeneous and presented a specific surface area of 250 m².g -1 . When compared to conventional freeze-dried cryogels, aerogels exhibited high surface areas, and were less brittle than cryogels, which often exhibited cracks.

Cellulose aerogels obtained from the supercritical drying of a solution of cellulose in LiOH/urea were compared to freeze-dried cryogels [START_REF] Cai | Cellulose Aerogels from Aqueous Alkali Hydroxide-Urea Solution[END_REF]. The aerogels presented a much higher specific surface area (392 compared to 332 and 142 m².g -1 for cryogels with or without prior solvent exchange). Moreover, aerogels were stronger and maintained their original shape. Microcrystalline cellulose aerogels were produced by [START_REF] Wang | Fabrication and characterization of nano-cellulose aerogels via supercritical CO2 drying technology[END_REF] with good preservation of the original network and high specific surface area of 353 m².g -1 . The impact of several cellulose solvents on the pore and solid structure of aerogels has been investigated by [START_REF] Pircher | Impact of selected solvent systems on the pore and solid structure of cellulose aerogels[END_REF]). An increase in cellulose II crystallinity was achieved by using solvents that yield to the formation ordered domains before cellulose coagulation, including Ca(SCN)28H2O/ LiCl (46-50 %) or NMMO.H2O (24-27 %). Aerogels obtained from tetrabutylammonium fluoride exhibited a specific surface area of 328 m².g -1 and the highest compressive stres rigidity, due to a more uniform morphology, smaller fibrils diameter, and small pore sizes. Transparent and ordered cellulose II aerogels were produced by Plappert et al. [START_REF] Plappert | Self-Assembly of Cellulose in Super-Cooled Ionic Liquid under the Impact of Decelerated Antisolvent Infusion: An Approach toward Anisotropic Gels and Aerogels[END_REF]) in a approach where the regeneration of cellulose is achieved by decelerated coagulation. Cellulose solutions in [TMGH][OAc],

supercooled ionic liquid, was used in this purpose. The formation of aerogels with dissolved cellulose and cellulose II are discussed in a recent review by Budtova (2019).

Heath and Thielemans prepared cellulose nanocrystals aerogels with very high surface areas up to CNC concentration and the specific surface area (Heath and Thielemans 2010). Similarly, Buesch et al.

reported specific surface area up to 429 m².g -1 for TEMPO-oxidized CNC aerogels and performed TEM tomography on coated samples revealing randomly oriented CNCs (Buesch et al. 2016). Cellulose nanofibril aerogels were prepared by Korhonen et al. (2011) and Ciftci et al. (2017) and compared to cryogels. Once again, higher specific surface areas were reached with scCO2 drying. Images of the discussed aerogels are presented in Figure I. 12.

Because water and CO2 are immiscible, the first step of aerogel preparation involves solvent exchange to an organic solvent miscible with supercritical CO2. Usually, dehydration of the suspension is performed with ethanol bathes of increasing concentration until water is removed. The suspension is then placed in the pressurized chamber and ethanol is replaced by liquid CO2. The pressure is set above the liquid state of CO2 and temperature is kept low (below 31°C). Finally, the temperature is increased to reach the supercritical state and when the pressure is decreased, the aerogel is formed.

In the literature, nanocellulose aerogels preparation was performed under mild conditions, commonly at a temperature of 40 °C and a pressure from 10 to 12 MPa. The preparation time varies from 30 minutes to over 1 day [START_REF] Cai | Cellulose Aerogels from Aqueous Alkali Hydroxide-Urea Solution[END_REF]Heath and Thielemans 2010;Buesch et al. 2016;Ciftci et al. 2017). A flow of carbon dioxide during the preparation process has sometimes been reported, for example a flow of 0.5 L.min -1 was used by Ciftci et al. (2017). In order to reduce the cost of the process, it is essential to optimize the drying conditions.

removal kinetics by operating at low temperatures and therefore in the sub-critical region (the lower regions near the supercritical state).

Although the value of depressurization rate is very rarely mentioned in cellulose aerogel production protocols, this step plays a major role in the porosity and morphology of the aerogel (Sanz-Moral et al. 2014). During this last step of the process, the pores are filled with supercritical carbon dioxide and when pressure is dropped, scCO2 flows out of the pores and enters its gaseous state. If pressure drops too rapidly, the pressure outside the pores will be higher than inside, since the pore filling CO2 will not be able to flow out of the complex pore network with the same rate. As a result, when the depressurization rate is set too high, shrinkage and cracking can occur (Şahin et al. 2017). The depressurization step significantly affect the aerogel shape and porosity (A. Kenar et al. 2014;[START_REF] Scherer | Stress and strain during supercritical drying[END_REF]) and therefore must not be arbitrarily set. In order to reproduce aerogels within different laboratories, the rates of pressurization/depressurization and the CO2 flushing amounts inside the chamber must be controlled and reported.

Characterization of nanocellulose porous structures

Nanocellulose cryogels and aerogels have been produced from cellulose nanocrystals and cellulose nanofibrils and with two main types of processes: freeze-drying and critical point drying. Various characterizations techniques have been employed in order to assess the different properties and morphology of the nanocellulose porous structures as well as the quality and efficiency of the solvent removal process.

Density

The density depends on the suspension initial concentration and gives information on the drying process and potential expansion or shrinkage phenomenon. It is determined gravimetrically by weighing the material and measuring its volume with a digital caliper. The porosity of the material is deduced from the density of the nanocellulose cryogel or aerogel (dm) and the density of the crystalline cellulose (dc) as described in Equation 1.

𝑃(%) = 1 - 𝑑 𝑚 𝑑 𝑐 × 10 Equation 1

Pore morphology

The pore morphology is greatly influenced by the processing method (freeze-drying, supercritical drying)

and its conditions (cooling rate, solvent exchange, pressurization, depressurization rate etc.), as well as the type of nanocellulose and their interactions. The shape of the porous organization is most commonly studied by scanning electron microscopy after coating of a conductive layer of metal. X-ray microtomography or 3D tomography is another powerful tool for pore shape assessment. The mercury porosimetry technique involves a sample being immersed in mercury. In order to mercury to penetrate the pores of the material, pressure must be applied. The porous cryogel or aerogel are being compressed and therefore the pores are deformed. Moreover, with pressure increase and aerogel compression, there is a risk that the non-wetting liquid, mercury, is not entering the pore network and that pore volume is underestimated. Rudaz et al. observed that around 60 % of the pore volume was considered with mercury porosimetry (Rudaz et al. 2014). The BJH (Barrett et al. 1951) theory has been used to deduce pore size distribution and pore volume, from the nitrogen desorption isotherm. It is a Kelvin-based model (describing the change in vapor pressure due to a curved liquid-vapor interface) and a bulk condensation behavior is assumed in the calculation. New models, such as density functional theory (DFT) and nonlocal density functional theory (NLDFT), take into account factors of adsorbate-adsorbent interaction as well as pore geometry. They are therefore considered more precise and reliable. However, the adsorption methods are available for a very narrow pore size range (usually from 2 nm to about 100 nm) and consider only a small part of the porosity. Thermoporosimetry and cryoporosimetry methods are used to measure porosity and pore sizes. They are based on the Gibbs-Thomson effect that describes crystals of liquids confined in pores melt at lower temperatures than the normal melting temperature of the liquid. The shift of melting temperature is inversely proportional to the pore size in which the liquid is entrapped. The melting point is detected either by differential scanning calorimetry (DSC) for thermoporosimetry measurements or by neutron scattering for cryoporometry measurements. Thermoporosimetry was proven efficient and a good alternative to nitrogen adsorption or mercury porosimetry methods to characterize the porosity of cellulose aerogels and a good correlation with pore sizes observed by microscopy images was reported by [START_REF] Pircher | Preparation and Reinforcement of Dual-Porous Biocompatible Cellulose Scaffolds for Tissue Engineering[END_REF][START_REF] Pircher | Impact of selected solvent systems on the pore and solid structure of cellulose aerogels[END_REF].

In this project, the pore sizes and morphologies will be investigated with scanning electron microscopy. This technique is widely used for nanocellulose porous structure and presents the lower risk of distorting the results.

Specific surface area

The specific surface area is an essential property to study and is defined as the total surface area of a material per unit of mass. High specific surface areas are generally desired and observed when cryogel and aerogel are produced. Several techniques have been developed for specific surface area measurement such as gas permeability, methylene blue staining or protein retention method. The most commonly used is the adsorption-based BET method. Brunauer, Emmett and Teller described the multilayer adsorption of nitrogen on surfaces in 1938 (Brunauer et al. 1938), which is an extension of the Langmuir's theory. The adsorption of gas (traditionally nitrogen) at cryogenic temperatures is measured as a function of relative pressure. For BET measurement, the amount of adsorbate corresponding to a monolayer of gas is calculated in order to deduce the accessible surface area of the material.

Mechanical properties

The mechanical properties and Young's modulus are assessed by compression testing experiments. Gibson and Ashby described the typical stress-strain curve of cellular material (Gibson and Ashby 1999). Also called "lattice", cellular materials present an organization such that strong and stiff materials can be prepared with little amount of material and lightweight. The compression curve presents an initial linear part at strain lower than 10 %. From this elastic region the Young's modulus can be calculated from the

following formula: E = σ ε
where E is the Young's modulus in Pa, σ is the stress in Pa and ε is the strain. The linear part is followed by a plateau corresponding to pore collapse or buckling and a final densification region.

Applications of nanocellulose 3D-materials: Specificity of the biomedical field

Porous nanocellulose materials have been prepared with various properties in order to meet the requirements for a wide range of applications including in the biomedical field.

In the energy field, cryogels are used as support for electrolytes in solar cells as efficient and inert electrolyte deposition systems [START_REF] Miettunen | Nanocellulose aerogel membranes for optimal electrolyte filling in dye solar cells[END_REF]) and aerogels are used in the design of energy storage devices [START_REF] Zu | Chapter III -Supercritical impregnation of bioactive molecules Chapter III Supercritical impregnation of bioactive molecules 208 2.1.3. Tunicate cellulose nanocrystals (tuCNCs) Mantles of tunicate (Halocynthia roretzi) were purified with 1N NaOH and 0.3 % NaClO2 treatments. Before hydrolysis, they were rinsed thoroughly, cut in small pieces and mixed with a blender. They were then partially dried over a Büchner membrane. Acid hydrolysis was carried out in 50 wt. % sulfuric acid at 50°C during 20 hours under stirring. After hydrolysis, the acid was removed via centrifugation-dispersion cycles (centrifugation at 5000 to 7000 rpm during 30 min to 1 hour at 25°C) followed by dialysis at room[END_REF]) exhibiting good charge-discharge rates. The low thermal conductivity of cellulose also makes it a good candidate for the design of thermal insulating cryogels (Jiménez-Saelices et al. 2017a). The ultralight properties of nanocellulose foams combined to good combustion resistance were used to design cryogels with good thermal insulation and fire-retardant properties [START_REF] Nguyen | Advanced thermal insulation and absorption properties of recycled cellulose aerogels[END_REF]Han et al. 2015). Modified cryogels have been developed for oil/water separation and selective absorption capacities that can be used for depollution [START_REF] Zhang | Ultralightweight and Flexible Silylated Nanocellulose Sponges for the Selective Removal of Oil from Water[END_REF]. Highly porous hydrophobized CNF cryogels have demonstrated good efficiency in the absorption of non-polar liquid from polar media, with a capacity of up to 45 times their own weight (Cervin et al. 2012). Such cryogels have also proven to be reusable, with high absorption capacities up to 30 absorption/desorption cycles (Zhou et al. 2016).

thereafter presented. Biocompatibility of CNF films and foams with fibroblast cells (implicated in tissue regeneration and wound healing) was investigated by Alexandrescu et al. [START_REF] Alexandrescu | Cytotoxicity tests of cellulose nanofibrilbased structures[END_REF].

Cationic cross-linked cellulose films were used as scaffold for assessment of cell attachment and spreading [START_REF] Courtenay | Modulating cell response on cellulose surfaces; tunable attachment and scaffold mechanics[END_REF]. Scaffold stiffness is modulated to tune cell response. The dermal, oral and ocular toxicity as well as environmental effect of lignin-coated CNF and CNC materials was evaluated [START_REF] Ong | Establishing the safety of novel bio-based cellulose nanomaterials for commercialization[END_REF]. No toxicity was reported.

The influence of the functional groups of nanocelluloses has been investigated by Rashad et al. (Rashad et al. (2017). They studied direct and indirect toxicity of TO-CNF and carboxymethylated CNF (CM-CNF) hydrogels. In direct contact with mouse fibroblasts, TO-CNF hydrogels appeared non-toxic, however, direct contact with CM-CNF hydrogels influenced the spreading of cells and their morphology. The same team evaluated the production of inflammatory cytokines by human macrophages in the presence of TO-CNF and CM-CNF scaffolds (Rashad et al. 2019). Both scaffold demonstrated early mild responses compared to the control group. At day 4, the production of inflammatory cytokines was profiled in subcutaneous tissues of rats, and was observed to be lower with CNF scaffolds than with gelatin scaffolds. However, no degradation of the CNF scaffold was observed even after 180 days, resulting in late body reaction response.

A wide range of nanocellulose-based structures can be obtained with controlled and varied properties.

Their bio-based and renewable character, non-toxicity and cytocompatibility make them promising materials for biomedical applications. In the next section, their potential use as wound care dressing will be investigated.

Internal composition

The cytoplasmic membrane limits the cytoplasm of the bacterium. It is very thin and made essentially of proteins (70 %) and lipids (30 %). The membrane is impermeable to various molecules (amino acids, sugars, proteins, nucleic acids) due to its lipophilic behavior. The cellular respiration takes place in the cytoplasmic membrane. The membrane proteins allow active and passive transport of substances. The cytoplasm is a gel in which different elements can be found. RNA and ribosomes play a role in proteins synthesis. Reserve substances including glycogen, polyphosphates, iron, pigments are also found in the cytoplasm. The genetic material is composed of plasmids and chromosomes.

Membrane

In 1884, Christian Gram developed the differential Gram staining method, which involves two staining steps, separated by ethanol washing [START_REF] Gram | The differential staining of Schizomycetes in tissue sections and in dried preparations[END_REF]. Bacteria are separated into two major groups according to their response to the Gram-stain protocol: Gram-positive (G+) and Gram-negative (G-). Crystal violet is used to stain the cytoplasm of both types of bacteria. An iodine solution is added and a large iodine-crystal violet complex is formed. The stain is washed with ethanol: Gram-positive bacteria remain violet while Gram-negative bacteria lose their color. Finally, a counterstain is added and stains the decolorized Gbacteria in pink. This difference is due to the presence of a large peptidoglycan in G+ bacteria that acts as an impermeable barrier to ethanol, preventing color loss in the presence of ethanol. G-bacteria have a thin layer of peptidoglycan that is degraded by the decolorizer agent and the cell is unable to retain 2017). Appropriate handling must be respected and biological laboratories are classified into four corresponding safety levels with increasing amount of precautions. In order to establish pathogenicity, factors such as host susceptibility and resistance, virulence factors or intracellular growth are taken into account [START_REF] Peterson | Bacterial Pathogenesis[END_REF].

In risk group 1 are found microorganisms that are unlikely to cause illness in human (or plants and animals)

and that are already present in the environment. Bacillus subtilis is an example of group 1 bacteria.

Handling can be performed on standard open benches, also it is commonly performed under laminar flow hoods.

Risks group 2 microorganisms are susceptible to cause disease in human (or plants and animals). However, the propagation in the environment of these microorganisms is unlikely and efficient treatments exist. In this project, we will target only group risk 1 and 2 microorganisms.

Microorganisms vary from one to another in term of morphology, growth environment or cellular organization. Only few of them can cause human infection or illness. However, due to the seriousness of the disease they lead to, pathogenic species attract microbiologists focus to find solutions to avoid spreading and treat infections.

Antimicrobial agents

Different terminologies are used to describe various antimicrobial activities. Sterilization is the term used to describe the process in which every microorganisms is eliminated from the surface or an object.

Bacteria, viruses, fungi and spores are killed. Chemical, physical or mechanical agents can be used for

In order to prevent food and water contamination, treat infectious diseases, destroy pathogens and prevent spreading, the use of antimicrobial agents is essential. Antimicrobial performance is based on physical, mechanical or chemical action, described in this section.

Emphasis is given to chemical agents, as they will be selected and employed in this project.

Physical agents

Heat is the most commonly used method to control microorganism development. Microorganisms have an optimum temperature and are very sensitive to high temperatures. Their sensitivity varies from a species to another and is expressed as a function of time and temperature. Temperature has been used

as an antimicrobial agent in processes of cooking, pasteurization, incineration, autoclave … Dry or wet heat can be applied depending on the substrate to be treated. Radiation is a second type of physical agent.

Microwave and infra-red radiations have antimicrobial activity due to thermic effect. Ionization (X-ray and gamma rays) leads to oxidative stress and irreversible damages to protein, deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and lipids. Ultraviolet light produces enough energy to modify RNA and DNA.

Dehydration and/or osmotic pressure are used in food perseveration (salting) to prevent contamination.

Low temperatures (refrigeration and freezing) are also used to retard contamination by reducing the growth rate of microorganisms [START_REF] Pommerville | Alcamo's fundamentals of microbiology[END_REF] .

Recently, supercritical carbon dioxide, which is used in this project, has been used for its bactericidal effect [START_REF] Perrut | Sterilization and virus inactivation by supercritical fluids (a review)[END_REF]. Different parameters seem to have an effect on the microorganisms and the mechanisms include cell wall rupture, enzyme inactivation, intracellular electrolyte balance perturbation. A rapid depressurization or several pressurization/depressurization cycles improve the sterilization under supercritical conditions. The presence of water in scCO2 leads to a decrease of pH, has a strong antibacterial effect [START_REF] Kumagai | CO2 sorption by microbial cells and sterilization by high-pressure CO2[END_REF]. Mild conditions of temperature and pressure, from 30 to 80°C and from 55 bars, are sufficient for bactericidal activity [START_REF] Perrut | Sterilization and virus inactivation by supercritical fluids (a review)[END_REF]. For spore inactivation, more drastic conditions of pressure and temperature or the addition of hydrogen peroxide or trifluoroacetic acid are necessary. Thanks to the low toxicity of carbon dioxide, easy removal as well as its inert behavior, supercritical sterilization has been recently used for fragile and sensitive biomaterials and medical devices [START_REF] Herdegen | Sterilization of Medical Products from Collagen by Means of Supercritical CO 2[END_REF][START_REF] Bernhardt | Improved Sterilization of Sensitive Biomaterials with Supercritical Carbon Dioxide at Low Temperature[END_REF][START_REF] Scognamiglio | Effects of supercritical carbon dioxide sterilization on polysaccharidic membranes for surgical applications[END_REF][START_REF] Soares | Supercritical CO2 technology: The next standard sterilization technique?[END_REF]).

Mechanical agents

Filtration is used to eliminate microbes from a liquid media. Filters with appropriate pore sizes (0. Oxidizing agents include hydrogen peroxide, iodine, chlorine and its derivatives (ex: sodium hypochlorite).

When the production of oxygen reactive species is higher than the antioxidant power of the cell, damage to DNA, proteins and lipids are caused.

Metals ions, such as silver, gold and copper, present antimicrobial efficiency with high toxicity at low concentration [START_REF] Turner | Metal-based antimicrobial strategies[END_REF]. However, spread of resistance is observed and the widespread use of metal ions as antimicrobial agents present environmental toxicity issues.

Quaternary ammonium compounds, such as benzalkonium chloride, have antimicrobial activity and are used as disinfectants. Their action targets the cell membrane stability and they exhibit activity against bacteria, fungi and some viruses.

Antibiotics: antimicrobial agents are being used in vivo to treat infections. Antibiotics, discovered in the beginning of the 20 th century, were derived from natural compounds and are now synthesized. They have a specific action against bacteria by altering an essential step of their development. Five main types of action are reported: inhibition of the cell wall synthesis , inhibition of cell wall function, protein synthesis inhibition, inhibition of nucleic acid synthesis, inhibition of other processes [START_REF] Kapoor | Action and resistance mechanisms of antibiotics: A guide for clinicians[END_REF]. Antibiotics have a narrow spectrum of activity against certain types of bacteria or a large activity, they are bactericidal or bacteriostatic and are active at low concentrations. However, they present toxicity and side-effects for the patient and their use must be controlled and adapted to the pathogen. Bacteria have developed natural resistance to antibiotics [START_REF] Blair | Molecular mechanisms of antibiotic resistance[END_REF][START_REF] Kapoor | Action and resistance mechanisms of antibiotics: A guide for clinicians[END_REF]. Increase of bacterial resistance is partly due to excessive and inadequate prescription of antibiotics. For these reasons, natural resources constitute a large supply of antimicrobial molecules to circumvent antibiotic resistance. There is historic evidence of the use of herbs, honey and other natural treatment to cure infections and prevent contamination. Natural molecules have proven to have antimicrobial activity.

Antimicrobial peptides are biosynthesized by unicellular and pluricellular organisms (animal, plants, bacteria, fungi) as a defense against pathogens invasions. They target the pathogen microorganism or boost the immune cells of the host.

Essential oils: Plants synthesize thousands of small molecules of various constitution, most of which have antimicrobial properties [START_REF] Gibbons | Phytochemicals for Bacterial Resistance -Strengths, Weaknesses and Opportunities[END_REF]. Generally, their efficiency is lower than antibiotics. The minimum inhibitory concentration of an antibiotic is between 0.01 µg.mL -1 and 10 µg.mL -1 . Phytochemicals have higher MICs between 100 µg.mL -1 and 1000 µg.mL -1 . Essential oils are secondary metabolites. They do not play a role in plant growth mechanisms but offer antioxidant action, anti-inflammatory effect and natural protection against microbial invasion. Many studies report antibacterial action against Gram-positive and Gram-negative bacteria as well as the antifungal activity of essential oils molecules [START_REF] Singh | Antimicrobial activity of some promising plant oils, molecules and formulations[END_REF][START_REF] Marchese | Antibacterial and antifungal activities of thymol: A brief review of the literature[END_REF]Bassanetti et al. 2017;[START_REF] Dias | Antifungal activity of linalool in cases of Candida spp. isolated from individuals with oral candidiasis[END_REF]). Moreover, their activity is extended to antibiotic-resistant strains [START_REF] Magi | Antimicrobial activity of essential oils and carvacrol, and synergy of carvacrol and erythromycin, against clinical, erythromycin-resistant Group A Streptococci[END_REF]Yadav et al. 2015). Terpenoids and phenylpropanoids are the essential oils components that confer antimicrobial activity. Kalemba and Kunicka listed essential oils component depending on their activity intensity [START_REF] Kalemba | Antibacterial and Antifungal Properties of Essential Oils[END_REF]. Some active essential oils molecules are presented in Figure I. 20. Their activity is considered to be due to a hydrophilic/lipophilic balance that destabilize the cell walls of microorganism. The mode of action is specific to a molecule/microorganism pair and is not always fully understood [START_REF] Marchese | Antimicrobial activity of eugenol and essential oils containing eugenol: A mechanistic viewpoint[END_REF][START_REF] Vasconcelos | Antibacterial mechanisms of cinnamon and its constituents: A review[END_REF][START_REF] Cai | Antifungal activity and mechanism of citral, limonene and eugenol against Zygosaccharomyces rouxii[END_REF]. Phenolic and carbonyls compounds (thymol, eugenol, carvacrol, cinnemaldehyde) generally have high antimicrobial activity. [START_REF] Marchese | Antibacterial and antifungal activities of thymol: A brief review of the literature[END_REF].

In this project, antimicrobial amines, synthetic antibiotics and essential oils have been investigated.

Antimicrobial agents are used for various type of infections (fungal and bacterial), lung infections (respiratory tract), blood, gastrointestinal, nervous system, generalized infection, dental, and topical infection. Skin infection could be due to dermal diseases, or wound infections. The latter are reviewed in the following part.

Wound infections

Wounds and wound healing process

The skin is an organ protecting the human body from pathogens. A wound is a physical disruption of the skin and therefore its protective function against the environment and pathogen microorganisms is lost.

Wounds can be caused by abrasion, laceration, puncture, avulsion or burns. Chronic wounds in contrast are caused by a pathological process and include venous ulcers, diabetic and pressure ulcers. Depending on its severity, a wound will affect different depths of the skin: epidermis, superficial dermis, deep dermis and even reach the underlying muscle layer.

In the process of wound healing, four overlapping steps are observed. First, blood leaking is stopped in the hemostasis process. Blood clotting and coagulation is supported by the presence of platelets. The inflammatory phase begins at the same time. Characteristic swelling and redness of the wound is observed and is caused by the presence of white blood cells, growth factors, nutrients and enzymes. White blood cells form the substance called exudate. Damaged cells and bacteria are removed in the process of phagocytosis. The new tissues are rebuilt in the proliferation phase. Fibroblasts grow, collagen and the extracellular matrix is rebuilt as well as the blood vessels network. Finally, remodeling and closing of the wound occur. This is the maturation phase.

The amount of exudate is a parameter to monitor and control. Depending on the amount of exudate a wound can be dry, moist, wet (when the primary wound dressing is wet), saturated (when free fluid is visible, leakage on the secondary dressing), or leaking (when saturation of the secondary dressing occurs).

The primary dressing is in direct contact with the wound while the secondary dressing maintains the primary dressing in place. Some wounds such as burns, inflammatory ulcers and skin donor sites are more likely to present high rates of exudate production that must be controlled. Inflammation phase can be a concern if it lasts an excessive amount of time. In this case, microbial contamination can be suspected.

Moreover, dark granulation of tissues in the proliferation phase can be a sign of infection.

The wound is a suitable environment for bacteria establishment and infection development. It provides warm and moist conditions and the presence of nutrients. Burns tend to be the most exposed wounds towards infections as a large surface of skin integrity is lost.

Microbiology of a wound

Non-replicating microorganisms are found in wounds. This is known as wound contamination. When the microorganisms adherent to the wound are able to replicate, the process is known as wound colonization.

A major concern occurs when the replicating microorganisms cause injury to the host and wound infection is established. Wound infections can be caused by bacteria, fungi and viruses. In 1989, Gristina et al. came up with the expression "race for the surface", illustrating the process of attachment of microorganisms and biofilm development on implanted biomaterials [START_REF] Gristina | The Race for the Surface: Microbes, Tissue Cells, and Biomaterials[END_REF].

From a literature review of clinical papers recording the bacteria present in infected wounds, it clearly appears that seven bacteria are very often detected and make up around 80 % of the wound microbial Nylon derivatives have been used to develop flexible and conformable films dressings, however they do not remove exudate efficiently (Mölnlycke®, Mepitel®). Poly-urethane foams have been developed for lower limb wound and chronic dressings [START_REF] Shah | Efficacy and Mode of Action of a New PHMB Impregnated Polyurethane Foam Dressing[END_REF]Ajit Kumar Varma et al. 2006). A review from Gibas and Janik (2010) listed hydrogels prepared from synthetic polymers and used for biomedical applications.

Because of the constant and reproducible chemical and physical characteristics of synthetic polymers, the production of wound care materials is performed in a controlled and homogeneous process. However, the need for sustainable, renewable and biodegradable materials calls for the development of bio-based dressing materials.

Bio-based materials are produced from natural monomers and polymers extracted from a microbial, animal or vegetal source. Those polymers generally have good biocompatibility and hemocompatibility, degradability and renewability and their cost is relatively low. Additionally, their chemical structure and organization are similar to the extracellular matrix which make them excellent candidates for wound dressing development. (Sahana and Rekha 2018). This include fibroblasts proliferation and migration, keratinocytes proliferation, moisture absorb exudate while keeping a moist environment. Hydrogel films with high water absorption and swelling behavior were prepared from alginate solvent casting process [START_REF] Pereira | Development of novel alginate based hydrogel films for wound healing applications[END_REF]. They are usually available in the form of fibers, aerogels, hydrogels and hydrocolloids: Algisite®, Algosteril®, NuGel®, Tegagel®, Sorbsan®, Comfeel Plus Flexible®.

Cellulose: One of the advantages of cellulose in wound dressings is its ability to absorb water and therefore exudate while providing a moist environment at the wound site (Basu et al. 2017). There are some commercially available cellulose-based dressings, such as Dermafill®, Nanoderm® and Vermac®. Bacterial cellulose in particular is used in wound dressings and is considered a suitable material for wound dressings because of its high purity and favorable characteristics of non-toxicity, mechanical stability and high moisture content [START_REF] Sulaeva | Bacterial cellulose as a material for wound treatment: Properties and modifications. A review[END_REF]. Bacterial cellulose dressings ensure thermal and gaseous exchange while exhibiting permeability to microorganisms. Real-time monitoring of the wound was allowed when transparent bacterial cellulose dressings were produced [START_REF] Springer | Multiphotonic staging of chronic wounds and evaluation of sterile, optical transparent bacterial nanocellulose covering: A diagnostic window into human skin[END_REF]. The issue of using bacterial cellulose lies in the high production costs and difficulty of mass production, although becoming less difficult considering the recent develpemnts. On the other hand, large quantities of cellulose nanofibrils and to a lesser extent of cellulose nanocrystals can be produced.

Wound dressings materials from CNFs and CNCs (nanocellulose only or in composites) were also studied.

Faster recovery of surgical wounds was observed with CNF dressings in [START_REF] Sun | Mechanical characteristics of nanocellulose-PEG bionanocomposite wound dressings in wet conditions[END_REF] 

Bioactive wound dressings

As discussed in section 3.2, in case of wound infection, the healing step does not happen and the wound becomes chronic. A non-healing wound present risks of spread infection and sepsis. Antimicrobial agents dispensed at the site of infection would prevent microbial growth and allow for healing process to progress. As previously discussed, a wide range of antimicrobial agents are available. In order to select a suitable agent several parameters such as emergence of antibiotic resistance, cytotoxicity, antimicrobial efficiency, ease of delivery etc. should be taken into account.

The development of bioactive wound dressings is beneficial for infection control to prevent delayed healing. In the case of wound care, antimicrobial activity is one of the main properties required. The delivery, on the site of wound, of active substances susceptible to promote healing are also looked for.

Additional features such as hemostatic properties, fibroblasts proliferation enhancement or growth factors would encourage wound closure.

Biopolymers materials with bioactivity

Biopolymers have been functionalized in order to exhibit antimicrobial activity. Dressings of collagen, gelatin, chitosan etc. have been incorporated with various antimicrobial agents, from metal nanoparticles to synthetic antibiotics and natural molecules.

Silver nanoparticles has been extensively studied for its antibacterial, antifungal and antiviral properties and have also found diverse applications in the form of wound dressings or coatings for medical devices [START_REF] Rai | Silver nanoparticles as a new generation of antimicrobials[END_REF]). Kumar et al. reviewed the use of these nanoparticles loaded in biopolymers materials and they have been shown to promote healing and effectively control the growth of microorganisms [START_REF] Kumar | Recent advances on silver nanoparticle and biopolymer-based biomaterials for wound healing applications[END_REF]. The main drawback of their extensive use is due to the nanotoxicity that causes health problems and ecological concern [START_REF] Prabhu | Silver nanoparticles: mechanism of antimicrobial action, synthesis, medical applications, and toxicity effects[END_REF].

Examples of the incorporation of synthetic molecules, and more specifically antibiotics are found.

Chitosan-PEG-PVP blend was coated on the surface of cotton gauze and impregnated with tetracycline hydrochloride. The dressings exhibited antimicrobial activity against S. aureus and E. coli. The healing improvement was observed in rats wounds and reduced scaring was reported (Anjum et al. 2016).

Chitosan was functionalized in chitosan-sulfonamides derivatives in order to exhibit antimicrobial activity as well as re-epithelization enhancement [START_REF] Dragostin | New antimicrobial chitosan derivatives for wound dressing applications[END_REF]. Besides, their biocompatibility, biodegradability, swelling capacities were characterized and show non-toxicity in vitro and improved swelling. Improved healing rates were observed in vivo.

Naturally occurring molecules have also been introduced into bio-based materials. Dried chitosan microsphere with melatonin where produced by spray-drying by [START_REF] Romic | Melatonin-loaded chitosan/Pluronic (R) F127 microspheres as in situ forming hydrogel: An innovative antimicrobial wound dressing[END_REF]. In contact with exudate moisture the powder forms a hydrogel that offers protection and a suitable environment for healing. The dressing exhibit antibacterial activity against methicillin resistant S. aureus strains (MRSA).

Electrospun cellulose acetate-PVP containing curcumin were designed in order to produce antimicrobial materials [START_REF] Tsekova | Electrospun curcumin-loaded cellulose acetate/polyvinylpyrrolidone fibrous materials with complex architecture and antibacterial activity[END_REF]. Depending on the composition of the polymer matrix preparation process, various curcumin release profiles were observed. The incorporation of a water-soluble polymer resulted in hydrophilization of the mat and more rapid release of curcumin from the cellulose acetate mat.

Antibacterial activity was assessed and one formulation exhibited a log 5 reduction of bacteria after 4 hours. A review on electrospun fibers mat for wound dressing application summarizes the various incorporation of antimicrobial and therapeutic agents during electrospinning process [START_REF] Pilehvar-Soltanahmadi | An Overview on Application of Natural Substances Incorporated with Electrospun Nanofibrous Scaffolds to Development of Innovative Wound Dressings[END_REF].

Essential oils molecules with antimicrobial activity have also been studied for the design of bioactive wound dressings. Cross-linked gelatin films were impregnated with thymol for potential wound dressing applications. The antioxidant properties were assessed and antibacterial activity against B. subtilis, P.

aeruginosa, E. coli and S. aureus was observed [START_REF] Kavoosi | Mechanical, Physical, Antioxidant, and Antimicrobial Properties of Gelatin Films Incorporated with Thymol for Potential Use as Nano Wound Dressing[END_REF] They reviewed incorporation of essential oils in biopolymer matrices and their potential use for wound

dressings. An increased interest since 2010 was observed and the potential use of essential oil in biopolymer dressings is promising especially in the treatment of chronic wounds.

Nanocellulose materials with antimicrobial activity

More specifically, nanocellulose materials from CNCs, CNFs and bacterial cellulose have been used as dressing scaffolds for wound healing, with added antimicrobial properties.

Antimicrobial wound dressings composed of bacterial cellulose hydrogel impregnated with silver sulfadiazine (SSD) were produced. Activity against P. aeruginosa, E. coli and S. aureus was reported. The use of bacterial cellulose hydrogel counteracts the drawbacks in the use of SSD in topical applications by limiting inflammation and absorbing exudate [START_REF] Luan | Impregnation of silver sulfadiazine into bacterial cellulose for antimicrobial and biocompatible wound dressing[END_REF]. Copper and calcium cross-linked bacterial cellulose hydrogels exhibited bacteriostatic activity by retarding the growth of S. epidermidis and P. aeruginosa as well as inhibition of the bacterial biofilm formation [START_REF] Basu | Ion-crosslinked wood-derived nanocellulose hydrogels with tunable antibacterial properties: Candidate materials for advanced wound care applications[END_REF]. Films of CNCs were incorporated with silver nanoparticles [START_REF] Singla | In situ functionalized nanobiocomposites dressings of bamboo cellulose nanocrystals and silver nanoparticles for accelerated wound healing[END_REF]. In vivo studies demonstrated enhanced healing resulting from decreased inflammatory response and increased fibroblast production. The antibacterial activity was established from in vitro experiments and prevented wound infection.

Water-insoluble drugs were incorporated into CNF films with a filtration by Kolakovic et al. (Kolakovic et al. 2012b). Indomethacin, itraconazole, and beclomethasone dipropionate remained in the filtration mass.

Drug loading of 40 % of the total amount used was achieved, while 60 % were lost in the process and sustained drug release was observed.

The antimicrobial molecules have also been covalently grafted to provide long-term contact activity.

Antibacterial enzymes, lysozyme and nisin were attached on CNCs with amorphous hairy regions and functionalized with aldehyde groups [START_REF] Tavakolian | Developing Antibacterial Nanocrystalline Cellulose Using Natural Antibacterial Agents[END_REF]. Antimicrobial activity against Gram-positive bacteria was observed. A phenanthridinium silane with antibacterial activity was grafted on CNFs. The antibacterial activity of the resulting films was either bactericidal or bacteriostatic against E. coli and S.

aureus. Previously, an aminopropyl trimethoxysilane was grafted onto CNFs films and resulted in antibacterial activity against B. subtilis, S. aureus and E. coli (Saini et al. 2016).

Characterization of bioactive dressings

Different properties of a material must be assessed in order to evaluate its potential application as a wound care dressing. Evaluation of the cytocompatibility, wound healing rate, hemostatic effect and antimicrobial activity is performed following various protocols and standards. Examples of techniques used by various research groups are illustrating the methods available for the characterization of a wound dressing and the assessment of its antimicrobial properties.

Cytocompatibility evaluation

Medical devices must be tested for their biocompatibility when they are in contact with body tissues to meet the international standards for medical devices (ISO 10993). The cytotoxicity testing evaluates the growth, reproduction and morphology of tissues cells in vitro (Li et al. 2015) [START_REF] Skehan | New Colorimetric Cytotoxicity Assay for Anticancer-Drug Screening[END_REF]). The chemical binds to proteins under mild acidic conditions and is extracted under basic conditions. This method is based on absorbance measurements and estimates the cell density by measuring the cellular protein content. The Bromodeoxyuridine (BrdU) colorimetric assay evaluates DNA synthesis and is based on the incorporation of the reagent during DNA synthesis.

In vivo experiments and histological evaluation can also be performed. The formation of granulation tissue and angiogenesis is looked upon.

Wound healing rate

The wound healing experiments are performed in vivo. To replicate cutaneous injury, incisions are performed on mice or rats skin models. One group is treated with the dressing to be evaluated and the second with a traditional wound dressing. Singla et al. and Xie et al. (Singla et al. 2017;[START_REF] Wang | Functional nanomaterials through esterification of cellulose: a review of chemistry and application[END_REF] measured the wound diameter and calculated the wound closure or wound healing rate using the 

Hemostasis

Hemostasis is the stop of blood loss, permitted by blood coagulation and clotting and is the first step of wound healing. After an injury, the time needed for bleeding to stop and the amount of blood are recorded. Cheng et al. evaluated the hemostasis effect of traditional gauze and TO-CNF-alginate films and sponges dressings in the rabbit live injury and ear artery injury (Cheng et al. 2017a). A significant reduction of bleeding amount was observed with 1.735 g on a gauze, and 0.826 and 0.539 on film and sponges of TO-CNF-alginate composite materials. The hemostasis time was reduced from 179 to 76 seconds in liver injury and 130 to 69 seconds in ear artery injury in the best scenarios.

Antimicrobial activity

The antibacterial or antifungal activity of a material is assessed by diffusion method or direct contact, depending on whether the drug is incorporated by non-covalent bonding in an adsorption mechanism or grafted covalently.

The Kirby-Bauer test is a disk diffusion test, initially used to evaluate the sensitivity of a bacteria to an antibiotic. It can be used to estimate the efficiency of a material when the active agent is released and able to diffuse in the agar plate. Microorganisms are inoculated with a known inoculate (0.5 McF) on a

Mueller-Hinton agar plate and the tested material is placed on the plate. Incubation at suitable temperature is carried out for 24 hours. The plates are recovered and the growth of bacterial (or fungal) colonies forms a mat on the surface of the agar plate. A zone of bacterial inhibition is observed if the bacterial growth was stopped or bacteria were killed. This zone of inhibition allows to examine the material antibacterial properties. A concentration gradient is established around the material and the size of the inhibition zone will depend on the agent's concentration and diffusivity, as well as the bacteria sensitivity.

For example, Cao et al. and Aduba et al. measured zones of inhibition to evaluate the antimicrobial properties of chitosan-coated cellulose membranes and arabinoxylan foams incorporated with silver ions, respectively [START_REF] Cao | A facile and green strategy for the preparation of porous chitosancoated cellulose composite membranes for potential applications as wound dressing[END_REF][START_REF] Aduba | Fabrication, characterization, and in vitro evaluation of silvercontaining arabinoxylan foams as antimicrobial wound dressing[END_REF]).

For materials with leaching antimicrobial agent, other techniques can be used: microplate-laser nephelometry (MLN) and luminometric quantification of bacterial ATP (LQbATP). Wound dressing are soaked in caso-bouillon for 24 hours. The dressing extracts are recovered and inoculated with bacteria.

The adenosine triphosphate (ATP) content is quantified by luminometric analysis and results assessed the effect of the wound dressing extract (Finger et al. 2013). The release activity of a materials can be assessed in accordance to Saini et al. (2015) protocol, based on AFNOR EN 1104 procedure and later named dynamic shake flask. The material is placed in nutrient broth for 24 hours under shaking. The sample is eliminated from the broth and the broth is inoculated with bacteria and incubated. After serial dilution plating, the number of CFU is calculated to estimate the leaching of antimicrobial agents in the broth.

Contact activity of antimicrobial materials can be assessed using two standards: the Japanese JIS L 1902:2002, 'Testing method for antibacterial activity of textiles' and the AATCC 100-2004, ''Assessment of antibacterial finishes on textile materials'. In the JIS L method, the dressings are inoculated and incubated at 37°C during 24 hours. After incubation, the microorganisms are recovered with 0.9 % NaCl and Tween solution and serial dilutions are plated on Columbia Blood agar plate before counting the colony forming units (CFU). A logarithmic growth reduction is calculated from the logarithm of CFU for the sample subtracted to the logarithm of CFU for native control. A log reduction from 1 and 3 is considered as significant and when greater than 3 it traduces strong antimicrobial activity. The protocol is presented in Figure I. 24. The number of colonies observed reflects the number of microorganisms in the initial suspension and is expressed as CFU. On a Petri dish, the count is linear over the range 30-300 CFUs. The JIS L method was used by Wiegand et al. and Caldeira et al. (Wiegand et al. 2009;Caldeira et al. 2013) to assess the antimicrobial properties of silver-containing alginate and L-cysteine-containing cellulose fibers.

The AATCC test method 100 is based on a similar protocol. The material is inoculated with microorganisms and incubate for 24 hours. After which, microorganisms are recovered and serial dilutions are plated on Columbia Blood agar for CFU determination. The logarithmic growth reduction is calculated.

Microorganisms reduction is also calculated as follows:

𝑀𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 𝐶𝐹𝑈 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 24ℎ -𝐶𝐹𝑈 𝑠𝑎𝑚𝑝𝑙𝑒 24ℎ 𝐶𝐹𝑈 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 24ℎ
. This latter method was used for antimicrobial activity quantification of CNF films grafted with aminoalkyl chains (Saini et al. 2017) and silver-containing CNF nanocomposites [START_REF] Martins | Electrostatic assembly of Ag nanoparticles onto nanofibrillated cellulose for antibacterial paper products[END_REF].

Wiegand et al. used various methods, including AATCC 100 and JIS L for various commercially available wound dressing characterization (Wiegand et al. 2015a). They asserted the interest of using these tests for quantitative results for contact active dressings. These methods also take into account the morphological characteristics of the materials and their potential effect on microorganism immobilization.

Nanocellulose functionalization

As shown previously in section 2.1.4, nanocellulose present numerous interesting properties of renewability, non-toxicity, good mechanical properties, barrier properties, high specific surface areas etc.

Applications areas seem to be endless, from packaging and paper industry to electronics, or even healthcare. The latest is of particular interest in the framework of this project and research in this area has focused on several aspects: drug delivery, medical implants, tissue engineering and wound healing. With the objective to impart new functions, and more specifically antimicrobial properties, to nanocellulosebased materials, the surface of CNFs or CNCs is sometimes modified. Nanocellulose surface modifications have been widely studied for several applications in order to counteract the limitations of cellulose nanofibrils or nanocrystals use in certain conditions (due to its highly hydrophilic nature) and with the objective to foster new functions. The presence of hydroxyl groups makes cellulose a highly reactive polymer and various modifications are available. Many reviews outline the diversity of chemical modifications pathways to modify cellulose nanocrystals [START_REF] Lin | Preparation, properties and applications of polysaccharide nanocrystals in advanced functional nanomaterials: a review[END_REF][START_REF] Eyley | Surface modification of cellulose nanocrystals[END_REF][START_REF] Kedzior | Recent advances and an industrial perspective of cellulose nanocrystal functionalization through polymer grafting[END_REF]) and cellulose nanofibrils [START_REF] Gandini | 1 -Modifying cellulose fiber surfaces in the manufacture of natural fiber composites[END_REF]Rol et al. 2019) or both (Habibi 2014). Surface modification approaches are usually divided into two groups: grafting (of simple molecules or polymers) and adsorption. In Figure I. 25, the variety of CNF post-modification strategies is illustrated (Rol et al. 2019).

Physical adsorption is mainly promoted by hydrogen bonding, van der Waals interactions or electrostatic interactions. It is an easy, fast, and usually eco-friendly process. However, the compounds are noncovalently bound to the cellulose and there is risk of leaching. TEMPO-oxidation of nanocellulose introduces carboxyl groups on the surface and expand the ionic adsorption or even H-bond interactions.

Such adsorptions are sometimes irreversible due to strong interactions and even with low amounts adsorbed the impact on properties can be huge due to the high specific area of nanocellulose. For example, adsorption of a thermoresponsive polyelectrolyte can modify the suspension rheological properties as recently shown by [START_REF] Gicquel | Tailoring Rheological Properties of Thermoresponsive Hydrogels through Block Copolymer Adsorption to Cellulose Nanocrystals[END_REF]. Despite the increasing interest in physico-chemical interactions and adsorption, surface modification of nanocellulose has historically been achieved by chemical covalent grafting of molecules or polymers (by "grafting onto" or "grafting from" strategies). Indeed, the hydroxyl groups of the cellulose can react through esterification, acetylation, silylation or carbanylation reactions.

Multi-steps strategies were also proposed such as amidation on oxidized cellulose for example. The advantage is to have a covalent non-reversible bonding without any leaching of molecules. The drawback is the classic use of toxic solvents. In the following literature review section, the distinction between the modification strategies in organic solvents and in green solvents will be made. Indeed, in order to be consistent with the importance of using renewable materials, their modifications should be done accordingly by respecting the green chemistry concepts. The use of non-hazardous solvents, reduced energy consumption, the reduction of by-products or auxiliary substances and waste management are essential to reduce the environmental impact of the functionalization of nanocellulose materials. For these reasons, new solutions with apolar or hydrophobic reagents, in a green and sustainable approach, will be reported.

Nanocellulose functionalization in traditional organic solvents

Classically, the functionalization of nanocellulose needs apolar organic solvents. Indeed, any reagent which will react with the hydroxyl groups of cellulose can also react with polar solvents like alcohol or water. The traditional organic solvents are usually toxic but allow the use of very reactive reagents like anhydride chlorides or isocyanates, but also the use of strong catalysts for esterification with carboxylic acids for example. Some examples of possible functionalization reactions are given in the following sections.

Acetylation/esterification

CNCs have been esterified with various carboxylic acids and special catalysts like tosylchloride. As an example, valeric acid was grafted to enhance the compatibility of CNCs with poly(lactic acid) by decreasing their hydrophilicity [START_REF] Shojaeiarani | Esterified cellulose nanocrystals as reinforcement in poly(lactic acid) nanocomposites[END_REF]. Cellulose nanofibrils were also esterified with various types of acyl chloride like octadecanoyl and dodecanoyl chloride, in the presence of pyridine, under reflux in toluene [START_REF] Pasquini | Surface esterification of cellulose fibres: Processing and characterisation of low-density polyethylene/cellulose fibres composites[END_REF]. Previously, CNFs were acetylated with acetic acid in N,N-Dimethylformamide (DMF) and in the presence of pyridine before being incorporated into poly(lactic acid) (PLA) composites [START_REF] Tingaut | Synthesis and Characterization of Bionanocomposites with Tunable Properties from Poly(lactic acid) and Acetylated Microfibrillated Cellulose[END_REF]. The different esterification procedures of nanocellulose have been recently reviewed by [START_REF] Wang | Functional nanomaterials through esterification of cellulose: a review of chemistry and application[END_REF]. Aqueous CNC and CNF suspensions were solvent exchanged to toluene and were esterified with lauroyl chloride in the presence of pyridine [START_REF] Cunha | Preparation of Double Pickering Emulsions Stabilized by Chemically Tailored Nanocelluloses[END_REF]). After thorough washing steps using different organic solvents, esterified nanocellulose were used as stabilizer for Pickering emulsions. Indeed, most of the time, an excess of reagents is used and cautious washing steps are necessary usually using other classic solvents. Acetylation of CNFs with acetic anhydride was performed after successive solvent exchange of the nanocellulose to acetone and toluene by [START_REF] Mashkour | Moderate surface acetylation of nanofibrillated cellulose for the improvement of paper strength and barrier properties[END_REF] to improve the barrier and mechanical properties of nanopapers. Propionic anhydride was used to replace acetic anhydride in similar reaction conditions [START_REF] Singh | Surface functionalization of nanofibrillated cellulose extracted from wheat straw: Effect of process parameters[END_REF]. Toluene has been widely reported for the esterification of nanocellulose [START_REF] Rodionova | Surface chemical modification of microfibrillated cellulose: improvement of barrier properties for packaging applications[END_REF][START_REF] Mashkour | Moderate surface acetylation of nanofibrillated cellulose for the improvement of paper strength and barrier properties[END_REF][START_REF] Singh | Surface functionalization of nanofibrillated cellulose extracted from wheat straw: Effect of process parameters[END_REF].

Silylation

Silylation of CNFs with isopropyl dimethylchlorosilane has also been performed in toluene, for example by [START_REF] Goussé | Surface silylation of cellulose microfibrils: preparation and rheological properties[END_REF] for up to 16 hours at room temperature. Imidazole was used to trap the HCl released.

Hexamethyl disilazane has also been used to graft trimethylsilyl groups onto the surface of CNFs in toluene of DMA at 80°C overnight [START_REF] Johansson | Experimental evidence on medium driven cellulose surface adaptation demonstrated using nanofibrillated cellulose[END_REF]. In a fundamental approach, they controlled the reactivity of the hydroxyl groups depending on the solvent.

Isocyanate grafting / carbanylation

CNFs and CNCs were grafted with n-octadecyl isocyanate following two different methods, both involving toluene by Siqueira et al. (2010a). In situ solvent exchange led to the formation of homogeneous grafting compared to solvent exchanged prior to the reaction. This modification technique was also used to enhance the dispersibility of CNCs into PLA composite (Espino-Pérez et al. 2013). Similarly, Missoum et al.

grafted an octadecyl isocyanate onto CNFs using an in situ solvent exchange from acetone to toluene procedure. Isocyanate grafting was also performed for fluorescence labelling (Missoum et al. 2014a, b) .

Amine modified CNFs were prepared by grafting of 4-(Boc-aminomethyl)phenyl isothiocyanate in dimethylsulfoxide (DMSO) [START_REF] Navarro | Labelling of N-hydroxysuccinimide-modified rhodamine B on cellulose nanofibrils by the amidation reaction[END_REF]. The CNFs were able to react with carboxylic acid containing molecules and were labeled with a rhodamine B dye for luminescent CNF images acquisition.

Polymer grafting

Nanocellulose can also be modified by polymer grafting and two strategies are reported: "grafting from"

and "grafting onto". Most of these reactions require at least one step with the use of organic solvents. In the "grafting from" strategy, nanocellulose are first reacted with initiator molecules to yield initiator surface grafted nanocellulose, which are then mixed mixed with monomers to induce polymerization from the surface of nanocellulose. to achieve polycaprolactone grafted CNFs [START_REF] Lönnberg | Synthesis of Polycaprolactone-Grafted Microfibrillated Cellulose for Use in Novel Bionanocomposites-Influence of the Graft Length on the Mechanical Properties[END_REF][START_REF] Tian | New insights into the material chemistry of polycaprolactonegrafted cellulose nanofibrils/polyurethane nanocomposites[END_REF]. Polymers were also grafted from CNCs with free radical and controlled radical polymerizationa and ring-opening polymerization. The various studies on polymer grafting from CNCs can be found in [START_REF] Kedzior | Recent advances and an industrial perspective of cellulose nanocrystal functionalization through polymer grafting[END_REF] recent review.

Nanocellulose can also be mixed with a polymer and a coupling agent to promote "grafting onto". Mulyadi and Deng grafted maleated styrene block copolymers on the surface of cellulose nanofibrils [START_REF] Mulyadi | Surface modification of cellulose nanofibrils by maleated styrene block copolymer and their composite reinforcement application[END_REF]. Esterification (Benkaddour et al. 2013), silylation (Yeo andHwang 2015) or amidation (Barazzouk and Daneault 2012) reactions were also used to graft polymers onto CNF surfaces. Polymers were also grafted onto CNCs by esterification [START_REF] Ljungberg | New Nanocomposite Materials Reinforced with Cellulose Whiskers in Atactic Polypropylene: Effect of Surface and Dispersion Characteristics[END_REF], isocyanate coupling (Habibi and[START_REF] Dufresne | The Shape and Size Distribution of Crystalline Nanoparticles Prepared by Acid Hydrolysis of Native Cellulose[END_REF][START_REF] Mano | P(CL-b-LLA) diblock copolymers grafting onto cellulosic nanocrystals[END_REF] or carbodiimide coupling [START_REF] Harrisson | Hybrid Rigid/Soft and Biologic/Synthetic Materials: Polymers Grafted onto Cellulose Microcrystals[END_REF] in organic solvents such as toluene of DMF.

Green chemistry and modification in green solvents

In The solvents used for chemical modification often account for up to 80 % of the total mass. They are usually over processed (heated, distilled, cooled, filtered etc.) and result in high-energy consumption. They present risks of toxicity, volatility, inflammability. Because of their great impact on the overall environmental burden, they should be chosen in agreement with a green chemistry approach.

Green functionalization of nanocellulose

Click chemistry

Click chemistry meets the requirements of green reactions, by joining two molecules in a fast and efficient way, yielding no or inoffensive by-products and in which the product is easily isolated. The use of multisteps approach is possible in a one-pot approach with click chemistry. There is emerging interest of click chemistry for the functionalization of cellulose substrates. TO-CNFs were functionalized with a metronidazole drug by amidation followed by thiol-ene click reaction for antibacterial applications in Durand (2019) thesis manuscript. A thiol-ene reaction was also performed onto trichlorivinylsilanes modified CNF films with perfluoroalkyl thiols by [START_REF] Guo | Superhydrophobic and Slippery Lubricant-Infused Flexible Transparent Nanocellulose Films by Photoinduced Thiol-Ene Functionalization[END_REF] to yield superhydrophobicity and by [START_REF] Huang | Functionalization of cellulose nanocrystal films via "thiol-ene" click reaction[END_REF] onto CNC films. Azide-alkyne cycloadditions are also widely used click chemistry reaction with nanocellulose substrates. CNCs were previously modified with azide derivatives for one batch and alkyne derivative for the other and click chemistry cycloaddition brought them together to form a regularly packed CNC material (Filpponen and Argyropoulos 2010). CNCs previously functionalized with an propargyl group were functionalized with reduced graphene oxide by clicking [START_REF] Kabiri | Surface grafting of reduced graphene oxide using nanocrystalline cellulose via click reaction[END_REF].

Azide-modified cellulose nanofibrils were modified by propargyl amine in a azide-alkyne cycloaddition.

Although click reactions are preferably performed in benign solvents, the use of organic solvent such as DMF, THF, acetone etc. are sometimes necessary.

Ionic liquid

Ionic liquids are salts in their liquid state, with a melting point below 100 °C. Because they do not produce organic volatile compounds and because they can be recycled, ionic liquids are considered as green solvents. For example, cellulose nanofibrils were solvent exchanged to acetone and then transferred to an ionic liquid containing acetic, butyric, iso-butyric and hexanoic anhydride reagents [START_REF] Missoum | Nanofibrillated cellulose surface grafting in ionic liquid[END_REF].

Efficient grafting of CNFs was achieved without affecting their morphological properties.

Deep eutectic solvents

Deep eutectics solvents (DES) are composed of a mixture of compounds with a melting point lower than each compound on its own. There is recent but growing interest in DES for the production and modification of cellulose nanocrystals and cellulose nanofibrils. In a review by [START_REF] Zdanowicz | Deep eutectic solvents for polysaccharides processing. A review[END_REF], their use as a solvent for polysaccharides treatments is illustrated. Cationic functionalization in DES was first reported by [START_REF] Abbott | Cationic functionalisation of cellulose using a choline based ionic liquid analogue[END_REF]. Ammonium-thiocyanate-urea and guanidine hydrochloride-urea DES were used for cellulose fibers desintegration by Li et al. (2017). Anionic nanofibers were obtained by adding succinic anhydride to a DES composed of trimethylammonium chloride and imidazole [START_REF] Sirviö | Anionic wood nanofibers produced from unbleached mechanical pulp by highly efficient chemical modification[END_REF].

Deep eutectic solvents are also used for the dissolution of cellulose and the preparation of CNFs and CNCs.

Emulsions

Acylation of cellulose is usually performed in organic solvents. Acylation was performed by freeze-drying and heating of an aqueous system [START_REF] Yuan | Surface Acylation of Cellulose Whiskers by Drying Aqueous Emulsion[END_REF]. Iso-octadecenylsuccinic anhydride (iso-ODSA) and ntetradecenyl succinic anhydride emulsions were added to the suspension of CNCs. After a filtration step they were freeze-dried and subsequently heated at 105°C for various amount of time up to 4 hours.

Additionally, the presence of alkenyl succinic anhydride prevented hydrogen bonding during the drying and heating processes. Hydrophobicity was imparted to the modified CNCs and improved their dispersibility in organic solvents and compatibility with polystyrene. A nano emulsion process was developed by InoFib [START_REF] Missoum | Method for forming a hydrophobic layer Missoum K, Sadocco P, Causio J, et al (2014a) Antibacterial activity and biodegradability assessment of chemically grafted nanofibrillated cellulose[END_REF]) in order to modify CNFs with alkyl ketene dimer (AKD). This procedure resulted in hydrophobized CNFs used in coatings formulations and improved air permeance and mechanical strength.

Nanocellulose functionalization in water

Nanocellulose functionalization in water presents the interest to avoid any additional solvent exchange step and to provide a safe and environmentally friendly reaction medium.

Physical adsorption

The main drawback of water-based reaction is that it strongly limits the type of reagent used. For example, isocyanate or acyl chloride will be "deactivated" and strongly react with the hydroxyl groups of water before reacting with the hydroxyl groups of cellulose. This is why physico-chemical adsorption is usually preferred in this case. A cationic surfactant (cetyltrimethyl ammonium bromide) was adsorbed on the surface of negatively charged CNCs [START_REF] Qing | The modified nanocrystalline cellulose for hydrophobic drug delivery[END_REF]. Surface modification was proved to improve the drug loading of luteolin and luteoloside, compounds with anti-inflammatory and anti-cancer activity.

Adsorption of quaternary ammonium salts was performed in aqueous solution at basic pH [START_REF] Salajková | Hydrophobic cellulose nanocrystals modified with quaternary ammonium salts[END_REF]. The hydrophobicity of the modified CNC surfaces increased and they could be redispersed in organic solvents and dispersibility in polymer matrices is expected. Other polysaccharides have also been adsorbed on the surface of cellulose nanofibrils. Galactoglumanan have been used to functionalize CNFs in water, to impart hydrophobic behavior [START_REF] Lozhechnikova | Modification of nanofibrillated cellulose using amphiphilic block-structured galactoglucomannans[END_REF] or zwitterionic-xyloglucan block copolymers to produce super-absorbing films (L. [START_REF] Hatton | Biomimetic adsorption of zwitterionic-xyloglucan block copolymers to CNF: towards tailored super-absorbing cellulose materials[END_REF]. Polyelectrolytes were adsorbed on the surface of CNFs and used as linkers to introduce antimicrobial silver nanoparticles [START_REF] Martins | Electrostatic assembly of Ag nanoparticles onto nanofibrillated cellulose for antibacterial paper products[END_REF].

Nanocellulose-silver nanocomposites were obtained by electrostatic assembly in aqueous solutions.

Polyacrylamide was used to modify the surface of cellulose fibers in a layer-by-layer assembly process in order to improve their hydrophobicity (Li et al. 2012a). Cationic polyacrylamide (CPAM) and sodium lignosulfate (LS) multilayers were formed on the surface of originally negatively charged cellulose fibers, after successive immersion in aqueous solution of oppositely charged CPAM and LS. Electrostatic interactions were also harnessed for polyelectrolyte adsorption on nanocellulose by [START_REF] Larsson | Thermo-responsive nanofibrillated cellulose by polyelectrolyte adsorption[END_REF]; [START_REF] Sankar | Preparation of nanospheres from oxidised cellulose nanofibrils via polyelectrolyte complexation[END_REF]; [START_REF] Brockman | Charge reversal system with cationized cellulose nanocrystals to promote dewatering of a cellulosic fiber suspension[END_REF] and [START_REF] Pötzinger | Polyelectrolyte layer assembly of bacterial nanocellulose whiskers with plasmid DNA as biocompatible non-viral gene delivery system[END_REF].

Silylation

The silylation with alkoxysilanes and their mechanisms of hydrolysis and condensation have been extensively studied for cellulose fibers [START_REF] Salon | Silane adsorption onto cellulose fibers: Hydrolysis and condensation reactions[END_REF]. Indeed, aqueous silanols favor the adsorption on cellulose and then the grafting occurs with dehydration during drying. Saini et al. grafted three different amino silanes in aqueous solutions on CNF films for antibacterial applications (Saini et al. 2017). Aminopropyl trimethoxy silane (APMS) was grafted onto a CNF suspension in water by Reverdy et al. (2018) and the hydrophobized CNFs were used in coatings formulation. Flame-retardant cellulose nanocrystals were obtained after silylation with methyltrimethoxysilane (Kim et al. 2018a). The reaction was performed in aqueous acidic solution for 2 hours and followed by water elimination with freezedrying. Similarly, aminopropyl trimethoxysilane was grafted onto CNCs [START_REF] Khanjanzadeh | Surface chemical functionalization of cellulose nanocrystals by 3-aminopropyltriethoxysilane[END_REF]). Good thermal stability was observed and the hydrophobized CNCs can be used in composite applications.

Triethoxy(3-glycidyloxypropyl)silane was grafted on the surface of cellulose nanofibrils in water under acidic conditions (Yeo et al. 2017). The modified CNFs were used to reinforce epoxy composites. In order to remove metal ions from water, 3-aminopropyl-triethoxysilane was grafted on CNFs in an ethanol-water solution after a 2 hour reaction time.

Etherification

Etherification is another method to modify the surface of nanocellulose and it has usually been performed in aqueous alkaline solution. Trimethyl ammonium groups were introduced on the surface of cellulose nanofibrils through a nucleophilic addition of the cellulose hydroxyl groups to the epoxy group of the glycidyl trimethylammonium chloride [START_REF] Najib | Removal of arsenic using functionalized cellulose nanofibrils from aqueous solutions[END_REF]. The modified CNFs were able to adsorb arsenic from contaminated water. Etherification has also been used to graft epoxypropyl trimethylammonium chloride onto CNCs [START_REF] Hasani | Cationic surface functionalization of cellulose nanocrystals[END_REF]).

Amidation

Another way to modify cellulose in water is to graft on other moieties than hydroxyl groups. This multisteps approach is used onto the cellulose that has been oxidized into aldehydes then carboxylic acids.

Oxidized nanocellulose were grafted with primary amine-containing compounds. In a mild procedure, peptidic coupling can be performed in water in the presence of coupling agents, such as hydrochloride 1ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or N,N'-dicyclohexylcarbodiimide (DCC). The amide coupling reaction involves EDAC as a catalyst and NHS as an agent to prevent formation of stable Nacylurea that would reduce the reaction yield. Amidation with thermoresponsive Jeffamines copolymers was used to improve the steric stabilization of CNCs at high ionic strength to generate thermoreversible aggregation (Azzam et al. 2010). Cysteine was grafted on TO-CNFs to develop microfiltration filters of thiol-CNFs embedded in polyacrylonitrile, in order to adsorb metals [START_REF] Yang | Chemically Cross-Linked Cellulose Nanocrystal Aerogels with Shape Recovery and Superabsorbent Properties[END_REF].

Water presents great advantages of non-toxicity and ease of use. However, the use of water as a solvent limits the range of chemical reactions and reagents available and washing steps in organic solvent are sometimes required.

New solutions for nanocellulose functionalization

In order to expand the modification strategies with apolar molecules in a sustainable approach, by avoiding the use of organic and toxic solvents, new strategies have been investigated.

Solvent-free

The first strategy to avoid the use of organic solvents is to develop solvent-free methods of cellulose modification. The molecule to be grafted is in direct contact with the nanocellulose and can even play the role of the solvent.

For example, Espino-Pérez et al. developed an esterification method called SolReact, in which the grafted molecule plays the role of the solvent and reactive agent (Espino-Pérez et al. 2014). A series of aromatic carboxylic acids (benzoic acid, phenylacetic acid, benzylacetic acid) was grafted on the surface of cellulose nanocrystals. The first step of water evaporation from the CNC suspension and carboxylic acid mixture is performed in a closed distillation process. The reaction was carried out during 20 hours at 130 °C, a temperature higher than the boiling point of water and the melting point of the carboxylic acids. Excess reactant were purified by distillation. A degree of substitution of 50 and 30 molecules of carboxylic acid per 100 AGU was reported for benzylacetic acid and phenylacetic acid, respectively. Benzoic acid grafting was ineffective due to the carboxyl double bond delocalization, limiting the reactivity of the carboxylic acid. In their approach, the esterification was considered as carried out in 'one pot' as the solvent is the reactant. Additionally, the drying step, that has been previously used in other solvent-free techniques to create the covalent bond, is here avoided. A variant of the SolReact protocol was proposed for the silylation of CNCs with trimethoxy(phenyl)silane (Espino-Pérez et al. 2016). This method was also used by [START_REF] Smyth | Characterization and mechanical properties of ultraviolet stimuli-responsive functionalized cellulose nanocrystal alginate composites[END_REF] to functionalize CNCs with 4-pentenoic acid in an environmental-friendly esterification process, and the unreacted acid was removed by washing with ethanol. In a similar approach, CNCs were acetylated with acetic anhydride as the reagent and reaction medium in the presence of citric acid catalyst 

(

Gas phase and chemical vapor deposition

Gas-phase modification of cellulose avoids the use of solvents and limits the cleaning steps for recovery of the functionalized material. The reagents are brought in contact with the surface to be modified by means of vaporization.

Gas-phase esterification was first performed by [START_REF] Yuan | Surface Esterification of Cellulose by Vapor-Phase Treatment With Trifluoroacetic Anhydride[END_REF] on filter paper and tunicate CNC films.

Dried samples were placed in a glass vessel in the presence of trifluoroacetic anhydride (TFAA) and acetic acid (AcOH) or TFAA and acetic anhydride (Ac2OH), at room temperature and during 15 to 120 minutes.

After esterification, the structures exhibited a significant increase of hydrophobicity. Gas-phase esterification of CNFs films with vapor mixture of TFAA/AcOH or TFAA/Ac2OH was also used to increase process was extended to fatty acids with various aliphatic tail lengths, various reactive groups (acyl chloride and anhydride) and bi-functional fatty acids [START_REF] Fumagalli | Surface-restricted modification of nanocellulose aerogels in gas-phase esterification by di-functional fatty acid reagents[END_REF].

Chemical vapor deposition (CVD) is a process in which the reagent in the vapor phase is deposited on the surface of the material to be treated. The process is performed at atmospheric pressure, low-pressure of ultrahigh vacuum, with or without plasma-enhancement and has been developed mainly for the textile industry [START_REF] Malkov | Pulsed Plasma Enhanced Chemical Vapor Deposition of Poly(allyl alcohol) onto Natural Fibers[END_REF]Aminayi and Abidi 2015). Trichloro(1H,1H,2H,2HtridecafluoroN-octyl) silane (FOTS) was deposited onto nanocellulose-coated paper in a chemical deposition process [START_REF] Phanthong | Amphiphobic nanocellulose-modified paper: fabrication and evaluation[END_REF]). The resulting paper exhibited both superhydrophobic and oleophobic properties with contact angle of 156° and 144° for water and n-hexadecane.

The techniques of gas-phase functionalization have been used for porous materials, with complete wetting of the structure. However, the process requires high temperatures, where many compounds suffer thermal degradation and considerable amounts of energy and reagents are needed. It presents the disadvantage of requiring high vapor pressure chemicals but also to have highly porous and dried materials. This last point limits the use of this strategy with nanocellulose, especially if we want to redisperse the dried and functionalized nanocellulose materials.

Supercritical solvents

Another option for the replacement of organic solvents is the use of environmentally benign solvents such as supercritical solvents. The supercritical state of a fluid is reached when compressed above its critical pressure and heated at temperatures higher than its critical temperature. The critical values vary from a fluid to another and some of them are reported in Table I. 3.

The use of supercritical fluids remains limited because of the necessity of a suitable equipment and the high costs implemented. A major exception is observed for supercritical carbon dioxide (scCO2). Its nontoxicity and low critical parameters have increased its interest and applicability at industrial scale.

Examples of the use of supercritical carbon dioxide include the food industry (caffeine extraction), pharmaceuticals (extraction of active principles, nanoscale particles production), dry cleaning, dyeing etc.

For these reasons, more details of the properties and applications of scCO2 will be discussed in part 4.4.

Supercritical carbon dioxide is often discussed as a green alternative to organic solvents. It is a good solvent for low molecular weight, nonpolar molecules. Because of its non-toxicity it is approved by the food and drug administration (FDA) and generally regarded as safe. It is considered as an environmental-benign solvent and is a by-product of some industrial processes. It is available in large amounts and in high purity at low cost. A great advantage of the use of scCO2 is the easy solvent recovery and product isolation and purification during depressurization. Another interesting property of scCO2 is its non-protic behavior and its chemical inertness which could allow the use of reactive reagents. Additionally, it can be used for sterilization as discussed in 3.1.4.

Supercritical equipment

A supercritical carbon dioxide equipment is generally composed of the following parts:

-Liquid CO2 bottle at a pressure of around 5 MPa and low temperature -A high pressure pump, pumping the liquid CO2 into the chamber -A heating system, inside the vessel or an electrical heating jacket around it.

-A pressurized chamber or pressure vessel of the suitable form, able to resist high pressures. In some cases, the chamber is divided into two separate parts by a grid.

Supercritical equipments are adapted to the requirements of the process they are used for (extraction, impregnation, sterilization, drying, cleaning, polymerization etc.). The SFD-200 supercritical equipment used in this project has been developed by Separex and 31degrees (France). A detailed description is given in chapter III.1.

A classical supercritical cycle can be divided into three essential steps, with or without facultative steps.

The temperature of the chamber is usually set prior to the experiment. A first pressurization step (i) involves the increase of pressure at a given rate controlled by the CO2 flushing speed and opening or closing of the valves upstream. The static step or reaction step (ii) is the step in which the system is left for a certain amount of time at a given temperature and pressure. At this point the reagents are dissolving inside the chamber, they diffuse and the impregnation, adsorption or reaction is carried out. Finally, pressure is decreased (iii) at given rate during the depressurization step. Steps are considered dynamic when the valves are open (depressurization, pressurization) and there is a flow of CO2. Additional equilibration time is often given at the end of the pressurization step in order to stabilize the pressure and to purge the chamber. During this step, injection of reactants can be performed and brought into the chamber by the flow of CO2. Washing of the chamber and the materials can be carried out before varying from 10 to 25 MPa. Samples above 30 % AKD grafted showed increase humidity uptake capacities.

The process resulted in around 15 % of the impregnated AKD covalently grafted on the cellulose indicated in this case that the scCO2 is not inert [START_REF] Russler | AKD-Modification of bacterial cellulose aerogels in supercritical CO2[END_REF]. AKD was recently impregnated onto cellulose fibers to confer hydrophobicity [START_REF] Adenekan | Sticky hydrophobic behavior of cellulose substrates impregnated with alkyl ketene dimer (AKD) via sub-and supercritical carbon dioxide[END_REF]. The development of hydrophobic paper was done in sub-and super critical carbon dioxide. Impregnation during 15 minutes at pressures from 5 to 25 MPa was investigated. No covalent grafting was observed and the AKD seem to be hydrogenbonded to cellulose. Near-superhydrophobic properties were established 3 days after supercritical impregnation.

Dyeing of textiles in supercritical carbon dioxide overcomes the ecological problems of conventional dyeing and has been studied since the 90's [START_REF] Hendrix | Progress in Supercritical Co2Dyeing[END_REF]. Reactive disperse dye with fluorotriazine reactive groups were synthesized and their reactivity towards hydroxyl groups in scCO2 was investigated (Fernandez Cid et al. 2007). Cotton fabrics were pretreated in methanol prior to impregnation at 30 MPa, 120°C during 2 to 7 hours. Efficient dye fixation and deep shades were achieved and no toxic by-products were produced, in contrast to the use of chlorotriazine dyes. Wool fabrics were dyed in supercritical carbon dioxide with azo, thiazole, anthraquinone/amide, and fluorescence dyes [START_REF] Zheng | An ecofriendly dyeing of wool with supercritical carbon dioxide fluid[END_REF]. Adaptation of the temperature, pressure, time and CO2 flow led to high color strength. Supercritical impregnation has also been used for wood dyeing by [START_REF] Jaxel | Bio-inspired conformational lipophilization of wood for scCO2assisted colouring with disperse dyes[END_REF]. Prior AKD impregnation was shown to improve dyeing efficiency. Processes of supercritical dyeing are available at industrial scale and the technology is used today by leading brands such as Ikea and Nike.

Supercritical CO2 also allows for loading of drugs into already structured materials, with resulting impregnated materials free of any solvent residue, hence the great interest for biomedical applications.

In the biomedical field, impregnation of drug with supercritical carbon dioxide has been studied for the development of:

-ophthalmic devises (lenses and implants) incorporated with ophthalmic drugs (Braga et al. 2008;Costa et al. 2010;Bouledjouidja et al. 2016) -tissue engineering and scaffolds with antibacterial and anti-inflammatory agents [START_REF] Fanovich | Functionalization of polycaprolactone/hydroxyapatite scaffolds with Usnea lethariiformis extract by using supercritical CO 2[END_REF][START_REF] Araújo | Bioactivity, mechanical properties and drug delivery ability of bioactive glass-ceramic scaffolds coated with a natural-derived polymer[END_REF]García-González et al. 2018) -catheter and stents with antimicrobial drugs to prevent infections and biofilm formation [START_REF] Barros | Ketoprofen-eluting biodegradable ureteral stents by CO2 impregnation: In vitro study[END_REF] -prosthesis with antimicrobial agents and antioxidants to increase the shelf-life of the material (Furno et al. 2004;[START_REF] Wolf | Stabilisation of crosslinked ultra-high molecular weight polyethylene (UHMW-PE)-acetabular components with α-tocopherol[END_REF]Steffensen et al. 2015) -oral drug delivery systems and encapsulation of poorly soluble nanoparticles (Sun 2014)

Champeau et al. reviewed the influence of the processing parameters (temperature, pressure, time) on the drug loading efficiency into polymer implants [START_REF] Champeau | Drug loading of polymer implants by supercritical CO 2 assisted impregnation: A review[END_REF]. Addition of co-solvents to improve the solubility of the drug and the polymer swelling effect were also investigated. Generally ethanol is selected as a co-solvent since it as a good miscibility with scCO2 and can increase the polarity of CO2.

Active molecules of dexpanthenol and L-ascorbic acid were impregnated into bacterial cellulose aerogel by antisolvent precipitation (Haimer et al. 2010). Supercritical carbon dioxide was used to precipitate the molecule and dry the bacterial cellulose to yield bacterial cellulose aerogel loaded with bioactive compounds in one batch. The loading and release were controlled by the aerogel thickness and the amount of drug mixed to the bacterial cellulose prior drying.

Supercritical carbon dioxide has also been used as the impregnation medium to confer antimicrobial activity to cellulose samples.

Silicone with quaternary ammonium salts (QAS) was coated on cellulose substrates to confer antimicrobial properties [START_REF] Chen | Durable antimicrobial finishing of cellulose with QSA silicone by supercritical adsorption[END_REF]. QAS silicone are highly hydrophobic and their adsorption of on cotton swatches was performed in supercritical carbon dioxide at 25 MPa, 50°C during 3 hours. Activity against E. coli and S. aureus was observed in liquid growth conditions after 120 and 90 min contact with the coated cotton samples washed 50 times. In a similar approach, a surface-oriented fluorinated pyridinium silicone was impregnated in cotton yarns in scCO2 at 24 MPa, 50°C [START_REF] Chen | Surface-oriented fluorinated pyridinium silicone with enhanced antibacterial activity on cotton via supercritical impregnation[END_REF]). The pyridinium silicon was highly CO2-philic and exhibited antibacterial properties. The stability of the coating and antibacterial activity of the coated cellulose was confirmed. Cotton fabrics were silver-coated in supercritical carbon dioxide to produce antifungal dressings [START_REF] Gittard | Antifungal Textiles Formed Using Silver Deposition in Supercritical Carbon Dioxide[END_REF]. Two types of silver complexes, (Ag(hepta) and to provide antimicrobial activity (Milovanovic et al. 2013). Mild conditions of temperature (35°C to 50°C) and pressure (7.8 to 250 MP) were used in static conditions of impregnation. Impregnation yields from 11

Cellulose oxidation

A method for the oxidation of cellulose has been developed in supercritical carbon dioxide. Regenerated cellulose was oxidized with nitrogen oxide in supercritical conditions [START_REF] Camy | Oxidation of cellulose in pressurized carbon dioxide[END_REF]). The degree of oxidation increased with decreasing pressures and the NO2 concentration does not have a significant effect on the degree of oxidation. Carbon dioxide seemed to have an inhibiting effect on the reaction when its concentration increases. This may be due to a loss of water content that is needed to allow the oxidant to reach the amorphous zones. The NO2 mass fraction in the system had a positive impact on the reaction.

The crystallinity of cellulose was maintained during the oxidation reaction in supercritical carbon dioxide.

More cellulose degradation and loss of crystallinity was observed when the reaction was performed in N2.

The pressure, temperature and initial water content were adjusted in order to control the degree of oxidation of cellulose. The process was patented and industrialized for the oxidation of cellulose and other polysaccharides [START_REF] Vignon | Surface modification of oxidized cellulose haemostat by argon plasma treatment[END_REF]). However, NO2 is highly toxic, moreover, the autors concluded that CO2 reacts with NO2 which makes this approach even less attractive.

Cellulose carbamates

Cellulose carbamates were synthesized in supercritical conditions by [START_REF] Yin | Synthesis of cellulose carbamate by supercritical CO2-assisted impregnation: Structure and rheological properties[END_REF]. The silanization reaction occured in three steps. First, the alkoxy groups were hydrolyzed into silanols (Si-OH) in the presence of water or in catalytic acidic or basic conditions. Then, the hydroxyl groups of the silanols formed hydrogen bonds with the hydroxyls of the substrate. Finally, covalent links were created during a curing step and concomitant loss of water molecules. Thus, the first step of silanization was the hydrolysis of the silane, in the presence of water.

In conventional solvent, silanes are also often hydrolyzed in bulk solution. Moreover, an acid or base is commonly added to catalyze the hydrolysis reaction. This is not necessary in the case of aminosilanes, for which the amino group catalyzes the reaction and neither for chlorosilanes that are highly reactive. In anhydrous organic solvents, the hydrolysis takes place only on the surface of the material. However, these anhydrous solvents are toxic (benzene, toluene) and/or carcinogenic (trichloroethylene, or choloroform).

Other solvents like ethanol, methanol or acetone are rarely used in anhydrous conditions which leads to uncontrolled hydrolysis and silane polymerization. The aminopropyltrimethoxysilane or aminopropyltriethoxysilane is well known for forming polycondensation and obtaining a uniform monolayer with the amine group oriented away from the substrate can be a very sensitive and tricky task [START_REF] White | Reaction of (3-Aminopropyl)dimethylethoxysilane with Amine Catalysts on Silica Surfaces[END_REF]Pasternack et al. 2008, p. 3).

As illustrated from this literature review, there are very few publications dealing with the functionalization on nanocellulose in supercritical carbon dioxide. This technology can extend the range of modification of nanocellulose, including foams, with apolar molecules. It also presents the advantage being processed at mild conditions of temperature and pressure, being non-toxic and compatible with biomedical applications and yielding materials with no solvent residue. For these reasons, such innovative strategy has been studied in details in this PhD project.

Conclusions and scientific challenges

As described in this chapter, nanocellulose materials exhibit a wide range of morphologies and properties and can be assembled into biocompatible material with a highly controlled architecture. These films, nanopapers, cryogels and aerogels are of great interest for biomedical applications as a result of their natural availability, biocompatibility and versatility and stand out as promising materials for bio-based wound care dressings. In order to enhance wound healing and produce bioactive dressings, new In this context, the objective of the project is to develop bioactive, bio-based and biocompatible wound dressings from the preparation of nanocellulose-based structures with controlled morphologies and properties to their green functionalization in supercritical carbon dioxide with bioactive molecules.

Different challenges arise in the three topics of the project.

-For the design of structured materials, many studies are available, however, systematic comparisons with different types of nanocellulose are not often available. The singular properties of these materials, influenced by the preparation process and the source of nanocellulose will be investigated and compared with model CNC materials.

-The functionalization of nanocellulose in supercritical carbon dioxide is poorly documented and the aim of the project is to move forward on this topic and offer new solutions of nanocellulosebased materials functionalization. Impregnation and diffusion mechanisms in supercritical carbon dioxide, mechanical and structural holding of porous nanocellulose structures and their wettability in scCO2 as well as the penetration of molecules, brought by scCO2, inside the porous structures will be investigated. Effect of the chemistry, porosity and surface area of the nanocellulose-based structures on the grafting and impregnation efficiencies must be taken into account.

-Finally, release and contact antimicrobial activity will be studied. The global challenge is to achieve antimicrobial dressing materials in a "all green" process, from the beginning to the end and reduce as much as possible the number of steps involved.

Next chapters will try to propose new solutions to overcome all these scientific challenges. Chapter II

Nanocellulose-based structures

Introduction to chapter II

The combination of the chemical versatility of nanocelluloses (e.g. CNCs exhibit sulfate half-ester and hydroxyl groups while TEMPO-oxidized CNFs present hydroxyls and carboxylates on their surface) with the wide diversity of structures that can be prepared from these nanoparticles gives rise to a number of possible nanocellulose-based materials that could be used as substrates for the preparation of antibacterial wound dressings following a functionalization step. It is expected that the morphological features of the prepared materials (density, specific surface area, pore size distribution etc), as well as their mechanical properties (swelling, resistance to an applied stress) will affect their ability to be functionalized (e.g. due to accessibility constraints) and the final biological activity (antimicrobial efficiency, release capacity, etc). It is therefore important to understand and possibly control these properties.

Consequently, chapter II will be devoted to the design and characterization of nanocellulose materials with controlled architectures as detailed in Figure II. 1. Firstly, the production of 3D porous structures was investigated. Freeze-dried cryogels were prepared from different sources of nanocellulose: wood cellulose nanofibrils and cotton and tunicate cellulose nanocrystals. The influence of the nanocellulose type on the morphology, specific surface area and mechanical properties of the prepared cryogels is presented in part II.1. The impact of the preparation process of porous structures is then examined. To this end, cellulose nanofibril cryogels and aerogels were prepared via freeze-drying and supercritical drying. The influence of the drying technique on the macro-and microstructure, the specific surface area and water uptake properties are reported in part II.2. Finally, nanocellulose 2D structures were prepared from various CNFs and CNCs and characterized. This corresponds to part II.3.

Introduction

During the last decade, there has been increasing interest for nanoscale celluloses which can be extracted from plants, bacteria, fungi, algae and one marine animal, tunicate (Sacui et al. 2014), for which cellulose is present in the epidermal layer (Klemm et al. 2018). Two main types of nanocelluloses are classically described (Klemm et al. 2011;[START_REF] Dufresne | The Shape and Size Distribution of Crystalline Nanoparticles Prepared by Acid Hydrolysis of Native Cellulose[END_REF]): cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs). CNFs are a few micrometers long and 5 to 60 nm in diameter fibrils (Klemm et al. 2011;Lavoine et al. 2012;Nechyporchuk et al. 2016) comprising amorphous and crystalline regions leading to flexibility and possible entanglements. They are most commonly produced from a combination of a chemical or enzymatic pre-treatments followed by mechanical disintegration. CNCs are rigid rod-shaped particles usually produced from the acid hydrolysis of any cellulose source. They have dimensions of 100 nm to a few µm in length, and 4 to 70 nm in cross-section (Habibi et al. 2010;Klemm et al. 2011;Trache et al. 2017), which depend on the cellulose source and, to a lesser extent, on the hydrolysis conditions (Chauve et al. 2014). Owing to an extended range of properties (lightweight, natural abundance and renewable origin, biocompatibility, mechanical strength, tailorable surface chemistry), nanocelluloses are ideal building blocks for a wide range of applications (Abitbol et al. 2016) such as photonics (CNCs chiral nematic properties for the production of iridescent films), nanocomposites [START_REF] Wei | Environmental science and engineering applications of nanocellulose-based nanocomposites[END_REF], paper and packaging (Bardet and Bras 2013), electronics (Hoeng et al. 2016), biomedical applications (Jorfi and Foster 2015), or as rheology modifiers for cosmetics, paintings, etc.

Specifically, among the different nanocellulose-based materials and as discussed in recent reviews (Lavoine and Bergström 2017;De France et al. 2017), foams represent a very interesting category, which allows targeting a wide range of applications. Low-density materials with very high specific surface areas and a tunable architecture can be produced and these biosourced solid foams are able to compete with fragile inorganic aerogels.

These porous structures can be obtained from different processes. Solvent removal and formation of pores can be achieved by freeze-drying of the nanocellulose suspension with or without prior solvent exchange.

Alternatively, supercritical conditions can be used, leading to a more fibrillary structure. Although both resulting structures are sometimes called "aerogels", for a better understanding of the process accomplished and because the final structures are very different, the materials produced here via a freezedrying process will be called "cryogels". Solvent exchange of the nanocellulose suspensions from water to another solvent (commonly tert-butyl alcohol, tBuOH) has been used to increase the specific surface area of the prepared porous materials. For example, Sehaqui et al. obtained CNF-cryogels with a surface area of 153 m².g -1 that increased to 249 m².g -1 after solvent exchange with tBuOH (Sehaqui et al. 2011). Similar results have also been reported by Fumagalli et al. (2013)b who discussed the influence of the water/tBuOH ratio on the CNF cryogels morphology. Alternatively, a spray freeze-drying technique (Jiménez-Saelices et al. 2017) has been developed to prepare nanocellulose cryogels with reduced pore size and specific surface area of 100 m².g -1 for insulating applications.

Despite the potential benefits that could be expected from these near-perfect high aspect ratio nanocrystals, the preparation of tunicate CNC (tuCNC) cryogels is poorly documented. Indeed, only Ishida et al. very briefly reported on the use of tuCNCs to prepare solid foams by freeze-drying with or without prior solvent exchange with tBuOH [START_REF] Ishida | Microfibrillar carbon from native cellulose[END_REF]), while other authors reported the use of tuCNCs in the design of composite cryogels in combination with clay, polyvinylalcohol or polyimide [START_REF] Gawryla | Clay aerogel/cellulose whisker nanocomposites: a nanoscale wattle and daub[END_REF][START_REF] Mueller | Influence of the nanofiber dimensions on the properties of nanocellulose/poly(vinyl alcohol) aerogels[END_REF][START_REF] Nguyen | Polyimide Cellulose Nanocrystal Composite Aerogels[END_REF]). In the present work, we aim to investigate the potential specificities of pure tuCNC-based cryogels. Therefore, porous structures were produced from the initial aqueous suspensions by an ice-templating freeze-drying procedure and the structural and physical properties of the resulting tuCNC-based materials were measured. Additionally, cryogels were also prepared with a similar process from commercial wood CNFs and CNCs derived from cotton (cCNCs) to investigate the influence of the starting nanocellulose type on the morphology and physical properties of the produced cryogels. This strategy aims at establishing the nanocellulose type-cryogels properties relationship to better adapt the nanocellulose source to a specific application. When of interest, properties of cryogels prepared from a suspension in water were compared to cryogels prepared from a suspension in tert-butyl alcohol. 7664-93-9) were supplied by Sigma Aldrich and directly used as received and tert-butyl alcohol (≥99.0 %, CAS number: 75-65-0) was purchased from Fisher Scientific and used without any further purification.

Tunicate CNCs

Mantles of tunicate (Halocynthia roretzi) were purified with 1N NaOH and 0.3 % NaClO2 treatments. Before hydrolysis, they were rinsed thoroughly, cut in small pieces and mixed with a blender. They were then partially dried over a Büchner membrane. Acid hydrolysis was carried out in 50 wt. % sulfuric acid at 50°C during 20 hours under stirring. After hydrolysis, the acid was removed via centrifugation-dispersion cycles (centrifugation at 5000 to 7000 rpm during 30 min to 1 hour at 25°C) followed by dialysis at room temperature during 1 week. A suspension at 1.2 wt. % was obtained.

Commercial CNFs

Cellulose nanofibrils from wood called Exilva® (type P) were provided by Borregaard at 2 wt. % or 10 wt. % solid content and were redispersed at 1 wt. % solid content in distilled water using an Ultra Turrax IKA T25 stirrer at room temperature at 8 000 rpm during 5 minutes before use. The hemicellulose content was measured through alditol acetates preparation for monosaccharide analysis according to the procedure described by Blakeney et al (Blakeney et al., 1983) followed by analysis by GC-MS (Agilent GC6850-MS5975) using injection on a SP 2380 column (Supelco) with helium as carrier gas (1.1 ml.min -1 ). A hemicellulose content of 2.8 % was obtained.

Cotton CNCs

Cotton linters from Buckeye Cellulose Corporation were cut in small pieces and mixed with a blender. Acid hydrolysis was carried out in 65 wt. % sulfuric acid at 60°C during 30 min under mechanical stirring according to the method described by Revol et al. (1992). The acid was removed via centrifugationdispersion cycles (centrifugation at 20000g for 30 minutes) followed by dialysis against distilled water until the conductivity reached the value of deionized water. The suspension was then ultra-sonicated using a

Branson sonifier during 4 min in an ice-bath to prevent any temperature increase. The suspension was then filtered through a 1 µm Whatman membrane with a Sartorius filtration equipment to remove large aggregates. A suspension at 2.2 wt. % was finally obtained.

Sample preparation 2.2.1. Solvent exchange

Nanocellulose particles were solvent exchange via centrifugation-dispersion cycles. A suspension of nanocellulose was centrifuged at 11200 rpm during 30 minutes at room temperature. The supernatant was discarded and the pellet was redispersed in tert-butyl alcohol at 30°C with Ultra Turrax IKA T25 stirrer at 8 000 rpm. Following centrifugations took place at 30°C to avoid freezing of tert-butyl alcohol. Four cycles of centrifugation-dispersion were necessary and the last pellet was dispersed in tBuOH/H2O 80:20 (vol./vol.). For cotton CNCs, the addition of salt was necessary to increase the first centrifugation efficiency.

Freeze-drying

Nanocellulose cryogels were prepared from freeze-drying in a Cryotec® shelves freeze-drier. The nanocellulose suspension at specific solid content was poured in polystyrene cylindrical molds where the suspension was in direct contact with the freeze-drier shelves at -50°C. Directional freezing occurred at -50°C and the temperature was maintained during 2 hours. The average freezing rate was of -10°C.min - 1 , determined using temperature probes during freezing, and differences between the bottom and top part of the cryogel were observed, with a faster freezing rate occurring at the bottom than at the top. The primary freeze-drying step took place at 0.1 mbar with increasing temperature from -50°C to 20°C in 24 hours. It was followed by a secondary freeze-drying step at 20°C and 0.01 mbar for 30 minutes, after which cryogels were recovered. They were stored in a nitrogen cabinet to avoid humidity uptake. 

Dynamic light scattering

A suspension of nanocellulose at 0.1 %, was analyzed in a temperature-controlled chamber at 20 °C with a Malvern NanoZS instrument equipped with a 2 mW HeNe laser at a wavelength of 632.8 nm and detection was performed at an angle of 173°. Data analysis was performed with the multiple narrow mode algorithm from Malvern DTS software and the reported hydrodynamic diameter was averaged from 3 measurements of 15 runs each.

Titration

CNCs were prepared from sulfuric acid hydrolysis and their surface chemistry present sulfate half-ester groups. A suspension of CNCs containing about 0.1 g dry CNCs was titrated at least twice with 0.01 M NaOH in order to evaluate the content of sulfate half-ester groups which is then used to determine the sulfur content. The degree of substitution and sulfur amount were calculated from the following formulae: Where 𝑉 𝑒𝑞 is the volume in mL of NaOH necessary for the titration of the CNC suspension, 𝐶 𝑁𝑎𝑂𝐻 the concentration of NaOH for the titration is of 0.01M, 𝑀 𝑚𝑒𝑎𝑛 is the mean molecular weight, 𝑚 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 is the mass of titrated CNCs in g.

NMR analysis

Solid-state 13 C NMR spectra were recorded with a Bruker Avance DSX 400 MHz spectrometer, in a crosspolarization and magic angle spinning conditions (CP-MAS). The 13 C radio frequency field strength was obtained by matching the Hartman-Hahn conditions at 60 kHz. The spinning speed was 12000 Hz, the operating condition was set at 100.6 MHz and a minimum number of 10 000 scans were acquired with a contact time and recycle delay, respectively, of 2 ms and 2 s. The acquisition time was set at 35 ms and the sweep width at 29 400 Hz. Spectra were corrected with the scaling factor obtained from a reference spectrum of glycine. The spectra were normalized with cellulose C1 peak at 100 to 110 ppm. Crystallinity was calculated from the integration of the crystalline (87 to 93 ppm) and amorphous (80 to 87 ppm) form of carbon C4.

Electron microscopy

The cellulose nanocrystal and nanofibril suspensions diluted 100 to 1000 times were observed with a Philips CM200 CRYO transmission electron microscope (TEM) operating at 80 kV. One drop of suspension was deposited on a carbon grid and excess liquid was removed. A 2% uranyl acetate stain was deposited on top of the samples, excess liquid was removed after 2 minutes and the sample was allowed to dry before observation.

Nanocellulose cryogels images were recorded with a FEI Quanta 250 scanning electron micro-scope (SEM) equipped with a field emission gun and operating at 2 kV, after sample coating with gold/palladium. At least ten images were recorded and the most representative were selected for discussion.

Atomic force microscopy (AFM)

Cellulose nanocrystal suspensions were diluted to 10 -4 wt. % and a drop was deposited on cleaved mica plate. The plate was left to dry overnight at room temperature. Analysis of the nanoparticles was carried out using a Dimension icon ® atomic force microscope (Bruker, USA) in tapping mode with a silicon cantilever (OTESPA, Bruker, USA). At least 10 images were recorded and used for image treatment.

2.3.7. Optical microscopy CNF suspension was observed using a Zeiss Axioplan 2 optical microscope and images were recorded with an Olympus SC50 digital camera operated by the Olympus Stream software.

Image treatment

Particles sizes were measured from electron, optical and atomic force microscopy images using the ImageJ software. Reported average values of length and width correspond to at least 150 measurements.

Pore sizes of large pores (> 1µm) were measured from SEM images at magnifications from 200 to 1000 times. At least 100 replicates were recorded and pore size distribution was analyzed.

Cellulose nanofibrils nanoscale and microscale properties

The nanoscale and microscale particles fractions were evaluated by determining the homogeneity and the nano-sized fraction as explained in a quality index specifically developed for cellulose nanofibrils (Desmaisons et al. 2017). The microscopic part of the suspension was characterized from optical images obtained from 0.1 % diluted suspensions. CNFs were sorted into three classes of dimensions: lower than 5 µm, from 5 to 10 µm and larger than 10 µm. Homogeneity was defined as the highest percentage of CNFs in any of the three dimension classes.

The nanoscale particles were also isolated from the CNF suspension after centrifugation of a 0.02 % suspension at 1000 rpm during 15 minutes [START_REF] Naderi | Repeated homogenization, a route for decreasing the energy consumption in the manufacturing process of carboxymethylated nanofibrillated cellulose?[END_REF]. The supernatant was recovered and considered to be composed of nanoscale particles only. At least triplicates were performed.

The nanoscale fraction (%) is defined as 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑡𝑖𝑜𝑛 (𝑤𝑡.%) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑡𝑖𝑜𝑛 (𝑤𝑡.%) 𝑥 100 140

Density and porosity

The volume of the produced cryogels was determined from height and diameter measurements using a digital caliper. The density is given as the mass of cryogel for a given volume and an average value of ten measurements was taken. The porosity, P, was calculated from the following equation:

𝑃 (%) = (1 - 𝜌 𝜌 𝑐
) × 100, where ρ the density of the cryogel and 𝜌 𝑐 the density of cellulose (1.60 g.cm -3 ) 2.3.11. Nitrogen adsorption Specific surface area and pore size distribution were obtained using a Micromeritics ASAP 2420 Surface Area and Porosity Analyzer. Cryogel samples (around 100 mg) were degassed at 105°C during at least 12 hours. Analysis was performed with nitrogen adsorption and desorption at -196°C, at relative pressures from 0.01 to 0.03 for BET specific surface area and from 0.01 to 0.995 for pore size distribution. The specific surface area measurement was performed three times for each sample and for a given set of parameters two different batches were characterized. The specific surface area was calculated by assuming that nitrogen is adsorbed at the surface of the sample as a monolayer.

A nonlocal density functional theory (NLDFT) method was applied to obtain the pore size distribution of cryogels after pore geometry adjustment [START_REF] Ravikovitch | Characterization of Micro-and Mesoporosity in SBA-15 Materials from Adsorption Data by the NLDFT Method[END_REF]. The MicroActive software was used for the calculations.

Compression test

Compression tests were performed on a Shimadzu (autograph) AGS-X with load cell capacities of 20 N and 500 N (depending on the cryogel resistance) at 24°C and 50 ± 3 % relative humidity after at least 24 hours stabilization storage of cryogel in same conditions. Cryogels of cylindrical shape of 15 mm in diameter and 20 to 30 mm in height were compressed at 1 mm.min -1 . Triplicates were performed. The compression moduli were calculated in the elastic region at strains (± 2.5 %) corresponding to half the strain of the beginning of the plateau region. cCNCs and tuCNCs, respectively. It has here to be recalled that these values do not correspond to the length nor to the cross-section of the particles but to the size of the sphere with the same diffusion coefficient as the considered particle. CNFs are much longer and entangled flexible fibers, as the defibrillation process mainly separates the fibrils and reduce their length to a much lesser extent than the acid hydrolysis used to prepare CNCs. Disordered regions along the fibrils provide flexibility to the CNFs. The cellulose nanofibrils suspension is heterogeneous in size with nano, micro, and macroscale dimensions and were evaluated with the recently defined quality index (Desmaisons et al. 2017). The homogeneity of the suspension was determined from optical microscopy images. The various measured dimensions are sorted into three classes of different sizes. The homogeneity was defined as the highest percentage of CNF sizes in a same class and was of 37 %, expressing a great heterogeneity. The micron-sized class dimensions were measured from optical microscopy images and are of 9 µm in length and 0.9 µm in diameter, on average. The nanoscale components were analyzed after centrifugation of a highly diluted suspension without entangled particles.

Results and Discussion

Nanocellulose morphology and properties

The quantity of nanofibrils is defined from the nano-sized fraction, and was equal to 34 % of the total suspension. The nano-sized fraction defines the part of nanoparticles in a suspension composed of nanofibrils and also CNF aggregates and large objects. Their dimensions are estimated from electron microscopy images and objects with an average diameter of 25 nm and length higher than 1.7 µm are observed. It should be noted that the full length of individual nanofibrils can usually not be observed as they do not fit in the image size, therefore the aspect ratio of the cellulose nanofibrils is higher than 68.

The crystallinity was assessed by 13 C NMR analysis. It is commonly calculated from the signals related to carbon C4, which appears at 83 ppm in its amorphous form and at 86 ppm in its crystalline form. induced by unidirectional freezing, that leads to the formation of cellular structures, as observed here for tuCNC cryogels (Munier et al. 2016). They quantified the degree of orientation with X-ray diffraction and confirmed the highest orientation for freeze-casted cryogels compared to the freeze-crashing ones. The lower orientation of CNF than CNC cryogels is even more pronounced due to CNF flexibility and aggregates, the presence of which explains why very little orientation is observed for the ice-templated heterogeneous CNF suspensions.

Various properties, namely specific surface area, density and pore size of the prepared cryogels, are summarized in Table II. 2. The value of density for tuCNC cryogels and CNF cryogels are close to 10 mg.cm -3 , close to the initial concentration (1 wt. %). This indicates that there is little shrinkage and pore collapse. However, the density measurement was not accurate for cCNC cryogels because of their very brittle behavior and an estimated value was reported here for this sample. The samples exhibit very high porosity, with calculated values of 99.3 ± 0.1 % for tuCNC cryogels and 99.4 % for CNF cryogels. For cotton CNC cryogels, a value of 99.3 ± 0.1 % of porosity was estimated, assuming that the cryogels exhibit between 0 and 33 % shrinkage.

The specific surface areas of each cryogel were determined from nitrogen adsorption and application of the Brunauer-Emmett-Teller (BET) theory, estimating the amount of nitrogen molecules adsorbed as a monolayer at the surface of the cryogels. Full adsorption and desorption isotherms were acquired and type IV isotherms, corresponding to mesoporous samples, were obtained according to IUPAC classification.

Cryogels prepared from cotton CNCs exhibit a very low specific surface area of 4 ± 2 m².g -1 , which is in the lower range compared to what has been published, with values of 17 m².g -1 observed for cotton CNC cryogels (Fumagalli et al. 2013a), although few cryogels have been produced with sulfate half-ester CNCs using the freeze-drying process. CNF cryogels exhibit a specific surface area of 25 ± 2 m².g -1 , in fair agreement with results reported by Cervin et al. (2012) for CNF porous cryogels prepared under similar conditions. Such low specific surface area values are usually attributed to the growth of large ice crystals during the freezing step of the freeze-drying process, which pushes the nanocellulose elements towards the outer limits of the crystals, inducing their aggregation as sheets located between neighboring ice crystals. However, for tuCNC-based samples and despite the use of water-based suspensions, an unexpectedly high surface area of 122 ± 10 m².g -1 was measured. Such a high value would in fact have been expected for cryogels prepared from suspensions in tert-butyl alcohol. It has indeed been shown in literature that solvent exchange from water to tert-butyl alcohol is highly beneficial to a strong increase of the specific surface area of CNF or CNC-based cryogels up to 249 m².g -1 (Sehaqui et al. 2011a). While we could verify that such a solvent exchange results in a very significant increase of the specific surface area from 25 ± 2 to 97 ± 4 m².g -1 for CNF-based cryogels and from 4 ± 2 to 106 ± 18 m².g -1 for cCNC-based cryogels, in agreement with literature data (with reported surface areas after solvent exchange and freezedrying twice higher than for regular cryogels (Jin et al. 2004)), only a slight increase to 150 ± 21 m².g -1 could be obtained for tuCNC-based cryogels prepared from suspensions in tert-butyl alcohol. This result emphasizes the very peculiar behavior of tuCNCs, which enable the preparation of cryogels with high specific surface area directly from water-based suspensions. Surprisingly, using tunicate CNCs, Ishida et al.

reported specific surface area values of 25 and 130 m².g -1 for cryogels prepared by freeze-drying without solvent exchange and after solvent exchange with tBuOH, respectively, but no details on the freeze-drying process or further characterizations were provided to allow for a deeper comparison [START_REF] Ishida | Microfibrillar carbon from native cellulose[END_REF]).

The theoretical value of the specific surface area of isolated tuCNCs is of 165 m².g -1 , considering average dimensions of 1120 x 21 x 12 nm 3 and a density of 1.6 g.cm -3 . This value is very close to the specific surface area obtained for tuCNC cryogels using the experimental nitrogen adsorption BET method. This suggests that almost every nanocrystal is individualized and contributes to the specific surface area. Such an hypothesis is supported by SEM observations (Figure II. 4a and c), which show that the tunicate nanocrystals forming the solid foam remain well separated and not aggregated as in the case of cCNC and CNF cryogels. This high degree of individualization of the particles in the final cryogel material enables to preserve the accessibility of the tuCNC surface. It has also to be noted that, even if not easily detected by TEM, thin particles with widths lower than 20 nm were not taken into account in the theoretical surface area calculation but would strongly contribute to it. The high specific surface area of tunicate CNC cryogels therefore arises from a distinct morphology resulting from the high rigidity and crystallinity of the tuCNCs, in addition to their high aspect ratio. This characteristic morphology limits the random growth of ice crystals. This behavior can tentatively be explained by the formation upon drying of a rigid yet sparse tuCNC network that was formed through the creation of a limited number of hydrogen bonds along the particle's long axis. This situation is reminiscent of the use of tuCNCs in nanocellulose/polymer layer-bylayer films, where the long and stiff tuCNCs allowed the formation of a "porous matchsticks pile", which led to strong antireflective properties, while the use of cCNCs rather resulted in very dense layers, preventing antireflection [START_REF] Podsiadlo | Layer-by-Layer Assembled Films of Cellulose Nanowires with Antireflective Properties[END_REF][START_REF] Jean | Structural Details of Cellulose Nanocrystals/Polyelectrolytes Multilayers Probed by Neutron Reflectivity and AFM[END_REF][START_REF] Martin | Nanocellulose/polymer multilayered thin films: tunable architectures towards tailored physical properties[END_REF].

The sulfur content was determined by conductometric titration and a value of 0.73 % was obtained for cCNCs. This method was not accurate for tuCNC sulfur amount determination as the amount is too low.

Elemental analysis complements the titration results, with 0.61 at. % of sulfur for cotton CNCs and 0.2 at. % for tunicate CNCs. The charge density being lower for tuCNCs compared to cCNCs, tuCNCs would be expected to be more aggregated. Therefore, the great individualization of the tuCNCs is not due to the surface charge present on the surface of the CNCs and must be explained with the intrinsic organization of cellulose inside the tunicate mantles and their high rigidity and crystallinity.

The pore sizes were determined from the treatment of SEM images and the resulting pore size distribution histograms are plotted in Figure II. 5. Because of their singular organization, the pore size of tunicate CNC cryogels were measured for both longitudinal and cross-section directions. They have an average diameter of 66 µm in the longitudinal section and 18 µm in cross-section. Cotton CNC cryogels have 9 µm pores.

CNF cryogels have a mean pores diameter of 18 µm.

freezing only due to the difficulty to cut cryogels with suitable and defined shape for compression testing in the perpendicular direction. A striking difference is observed for the parallel compression curves of tuCNC and CNF cryogels. While the compression modulus of CNFs cryogels was of 28 kPa, a much higher value of 138 kPa was measured for tuCNC cryogels. For the latter, a very clear region of pore collapse characterized by a decrease of stress with increasing strain is observed from 15 to 25 % of compression strain, followed by a plateau and finally a steep rise after 55 % strain reflecting a densification of the material. The cryogel morphology, with directional and elongated pores, can explain the high resistance of the material until a certain degree of compression after which the pores collapse. This compressive behavior is specific to lattice materials, for which the plateau region is due to elastic buckling [START_REF] Ashby | The properties of foams and lattices[END_REF]). These materials are also said to present a "cellular" organization and are designed to prepare stiff and resistant materials for applications that require a light material or when as little material as possible is to be used. The observed mechanical behavior is qualitatively in close agreement with results recently reported by [START_REF] Chen | Anisotropic nanocellulose aerogels with ordered structures fabricated by directional freeze-drying for fast liquid transport[END_REF] on TEMPOoxidized CNF aerogels exhibiting the same type of structural anisotropy.

The tunicate CNC morphology and properties, i.e. their high aspect ratio, high crystallinity and rigidity, are also responsible for the stiffness of the cryogels. When tuCNC cryogels are compressed in the perpendicular direction, the compression modulus drops to 36 kPa, and the curve profile and modulus are similar to those of parallel CNF cryogels. Martoïa et al. observed that the compression modulus of TEMPOoxidized CNFs with high aspect ratio was higher than for enzymatic heterogeneous CNFs (Martoïa et al. 2016). They studied the effect of the CNF type and morphology on the stuctural organization and observed that TEMPO-oxidized CNFs lead to more regular anisotropic pore stuctures with unimodal size. However, CNF suspensions that are more heterogeneous lead to reduced anisotropy. By comparing classical freezing to sorbet freezing, the role of a cellular organisation on the increase of mechanical properties was emphasized. The effect of the nanocellulose morphology on the mechanical properties was also investigated by [START_REF] Kriechbaum | Analysis of the Porous Architecture and Properties of Anisotropic Nanocellulose Foams: A Novel Approach to Assess the Quality of Cellulose Nanofibrils (CNFs)[END_REF]. They especially studied the effect of the energy consumption during CNF production on the CNF diameters and on the compression modulus of the prepared cryogels.

A decrease in the diameter of the CNFs resulted in an increase of compression modulus (26-fold), until a plateau is reached. The authors suggested that when the amount of CNFs of small diameters increases, more bonds and entanglements are formed which increases the mechanical properties. Such a mechanism could account for the higher moduli measured for tuCNCs than for CNFs since tuCNCs only comprise thin rods while CNFs also contain thicker objects, which were not defibrillated.

Compression moduli have been normalized with the cryogel density. Mechanical behavior reported for CNF materials are similar to what is observed in this paper, with normalized moduli of 2.5 kPa.mg -1 .cm 3 (Sehaqui et al. 2011a), 3.8 and 6.3 kPa.mg -1 .cm 3 (Gupta et al. 2018). For TEMPO-oxidized CNF cryogels moduli of 6.7 and 5.9 kPa.mg -1 .cm 3 were reported by Jiang and Hsieh (2014) modulus with values up to 21.5 kPa.mg -1 .cm 3 for CNC aerogels [START_REF] Tripathi | Expanding the upper limits of robustness of cellulose nanocrystal aerogels: outstanding mechanical performance and associated pore compression response of chiral-nematic architectures[END_REF]). However, the materials differ from the tuCNC cryogels presented in this study because they are prepared from supercritical drying and have 10-fold higher densities (171 mg.cm -3 ).

A power-law relationship has been described by Gibson and Ashby (1999) for cellular materials. The compression modulus plotted as a function of the relative cryogel density gives a curve of the type E ∝ (ρ/ρcellulose) m . The scaling exponent, m, was described to be dependent on the type of foam (Budtova 2019). Cryogels at various densities were prepared and the moduli calculated from the compression stressstrain curves. Figure II. 7 illustates the power-law relationship between the modulus and the density for tuCNC and CNF cryogels.

Conclusion

In this work, different types of nanocelluloses obtained from different sources and different extraction processes were compared. Cellulose nanocrystals from cotton and tunicate both have high crystallinities and tuCNCs present an aspect ratio 5 times higher than cCNCs. Semi-crystalline cellulose nanofibrils are derived from wood sources. From these different cellulose nanoparticles, cryogels were prepared by an ice-templating freeze-drying process, and morphological observations were made on the lightweight and highly porous materials. While CNF and cotton CNC cryogels displayed a classical sheet-like structure and a random organization, tunicate CNC cryogels revealed an eminently organized honeycomb structure.

The nitrogen adsorption analysis demonstrates the very high specific surface area of 122 m².g -1 for the tunicate CNC cryogel prepared directly from a water suspension. This result is particularly interesting as such high values of specific surface area are usually obtained after time-consuming solvent exchange steps.

In a second step, the mechanical properties of the cryogels were assessed by compression experiments.

Cotton CNC cryogels were too weak to produce cryogels of the desired shape for compression tests. CNF cryogels displayed a weak resistance and a low modulus of 28 kPa. Tunicate CNC cryogels displayed a different behavior depending on the direction of compression. This anisotropic behavior had not been observed before. Indeed, while tuCNC cryogels present a similar compressive behavior to CNF cryogel for perpendicular compression, when the compression direction was out of plane, they displayed a high mechanical resistance to compression and a modulus of 138 kPa. This result is remarkable for a 1 % solid content material. Such unexpected and outstanding properties of high specific surface area and mechanical properties are explained by the specific honeycomb configuration of the tuCNC cryogel, itself explained by the directional freezing process and the near-perfect crystallinity and high aspect ratio of the tunicate cellulose nanocrystals. This work illustrates how the tuCNCs can be used to yield materials with enhanced and new properties.

Introduction

Cellulose nanofibrils (CNFs) also called nanofibrillated cellulose are a class of bio-based and versatile materials extensively studied (Nechyporchuk et al. 2016;Klemm et al. 2018). They are commonly extracted from plants after mechanical treatments. Chemical (TEMPO oxidation) (Saito et al. 2006) or enzymatic (Pääkkö et al. 2007) pre-treatments are used as supplementary extraction procedure to ease the defibrillation. The long and entangled nanofibrils obtained present a versatile range of applications, from the food industry to cosmetics as rheology modifiers, in paper and packaging, nanocomposites and their biocompatibility makes them attractive materials for biomedical applications (Jorfi and Foster 2015). Their bioavailability, renewable characters, added to their commercial availability and reactivity owing to the presence of hydroxyl groups contribute to increase their great interest.

Cryogels and aerogels of nanocellulose are studied for their low density, high specific surface area and porosity, with applications in energy storage, heat insulation, selective filtration, biomedical field, etc. (Han et al. 2015;[START_REF] Nyström | Self-assembled three-dimensional and compressible interdigitated thin-film supercapacitors and batteries[END_REF]Stergar and Maver 2016;Zhou et al. 2016). In the biomedical field, nanocellulose porous materials are investigated for drug delivery, wound care dressing or tissue engineering, often after functionalization. The main challenge of the preparation of porous materials is to preserve the high porosity and low density. Nanocellulose porous foams are classically prepared by means of two distinct drying processes namely freeze-drying and supercritical drying. Because of the difference of morphology generated by the different processes, it is necessary to use adequate terminology, as demonstrated by Buchtová and Budtova (2016). Porous foams obtained from freeze-drying will be called cryogels and those obtained from supercritical drying, aerogels. In both cases, the liquid-vapor interface is avoided, therefore diminishing the capillary pressure during solvent removal. Freeze-drying involves a first step of freezing, followed by the removal of the solid solvent by sublimation. The freezing step is of particular importance and the different processes and speeds of freezing the nanocellulose suspension result in varied morphologies [START_REF] Zhang | The effect of freezing speed and hydrogel concentration on the microstructure and compressive performance of bamboo-based cellulose aerogel[END_REF]Martoïa et al. 2016). Solvent exchange to tert-butyl alcohol (tBuOH) prior to freeze-drying has been used to better preserve the porous organization. The use of tBuOH reduces the capillary pressure during the freeze-drying process, giving rise to porous materials with higher specific surface areas and more fibrillary networks (Jin et al. 2004;Sehaqui et al. 2011a;Fumagalli et al. 2013b). Another method to reach high specific surface areas is supercritical drying. It implies a systematic solvent exchange step to a solvent miscible with carbon dioxide, commonly ethanol or acetone. Solvent exchange with liquid CO2 takes place at low temperature and high pressure before reaching the supercritical state. Mild supercritical parameters of temperature and pressure can be used with carbon dioxide, that need to be heated higher than 31°C and compressed higher than 74 bars to reach the supercritical state. The liquid to gas phase interphase is bypassed by reaching the supercritical state and therefore allowing a better architecture control. This technique is used to prepare bacterial cellulose [START_REF] Liebner | Aerogels from Unaltered Bacterial Cellulose: Application of scCO2 Drying for the Preparation of Shaped, Ultra-Lightweight Cellulosic Aerogels[END_REF], CNCs (Heath and Thielemans 2010;Buesch et al. 2016) and CNF aerogels (Plappert et al. 2017). Korhonen et al. prepared cryogels and aerogels of CNFs to be further used as template for the design of inorganic hollow nanotubes (Korhonen et al. 2011). By comparing the two processes, the microscopic observation revealed less interfibrillary aggregation in CNF aerogels contrary to CNF cryogels.

Ciftci et al. prepared cryogels and aerogels from lupin hull CNFs and they compared aerogel to cryogels prepared from a suspension in water. Differences of morphology, porosity and specific surface area were observed, with aerogel resulting in higher porosity, open porous network and higher specific surface areas (Ciftci et al. 2017). The thermal diffusivity of cryogels and aerogels of oxidized CNFs was investigated by Sakai et al. (2016). Differences in morphology and specific surface area were reported as well.

In this study, we compare cellulose nanofibrils and tempo-oxidized CNF porous structures obtained from freeze-drying of suspensions in water and in tert-butyl alcohol and aerogels obtained from an optimized supercritical drying process. The macro-and microscale morphologies are investigated and we show the effect of the process and the nature of the nanocellulose particles on the pore size distributions. The effect of three variables, namely the process, the concentration and the type of nanocellulose, on the specific surface area is investigated. In order to assess the potential use of these materials for biomedical and wound dressings applications, the water uptake capacities after immersion in water or phosphatebuffered saline (PBS). Skin phantoms layers were then developed and a more accurate and realistic investigation of the capillary water uptake of the various structures was performed on skin mimicking layers. 9002-18-0, microbiology grade) used to prepare skin mimicking layers and were purchased from Sigma-Aldrich.

Materials and methods

Cellulose nanofibrils (CNFs)

Cellulose nanofibrils were provided by Borregaard at 2 wt. % or 10 wt. % solid content. Redispersion at required concentration was performed before use during 5 minutes with an Ultra Turrax IKA T25 stirrer at 8000 rpm. Prior to supercritical drying, CNFs were solvent exchange to ethanol after successive soaking in water/ethanol mixtures inside a PTFE mold of 1 cm in height and 1 cm in diameter, perforated with 1 mm wide holes and supplemented with a nylon sieve of 1 µm. Successive soakings of 1 hour with increasing ratios of ethanol/water (25 %, 50 %, 75 %, 100 %) were performed. The last soaking in absolute ethanol was repeated twice during 24 hours.

Freeze-drying

Cryotec® shelves lyophilizer were used for the freeze-drying of the CNF or TO-CNF suspensions. The suspension was poured in cylindrical molds where the suspension was in direct contact with the freezedrier shelves at -50°C. Directional freezing occurred at -50°C for 2 hours. The primary freeze-drying step took place at 0.1 mbar with increasing temperature from -50°C to 20°C in 24 hours. The secondary freezedrying step was performed at 20°C and 0.01 mbar for 30 minutes, after which cryogels were recovered and stored in a nitrogen cabinet.

Supercritical drying

The supercritical drying was performed using the SFD-200 equipment built by SEPAREX (Nancy, France) and 31Degrees (Montauban, France). After solvent exchange to ethanol, the molds containing the nanocellulose suspension were placed in a 450 mL pressurized chamber. The chamber was thermoregulated at 18°C and pressurized liquid CO2 was introduced to reach a pressure of 100 bars, at a speed of 20 bars.min -1 . Ethanol was replaced with liquid CO2 after successive static baths of 1 hour, in between which liquid CO2 was flushed and replaced. After three baths, the temperature was increased to 45°C, so that carbon dioxide reaches the supercritical state. After 1 hour, the pressure was decreased at a pace of 8 bars.min -1 . A total amount of 0.75 kg of L-CO2 was necessary.

Characterizations

Cellulose nanofibrils nanoscale fraction

The nano-sized fraction of the suspension was estimated as explained in a quality index specifically developed for cellulose nanofibrils (Desmaisons et al. 2017). The nanoscale particles were also isolated from the CNF suspension after centrifugation of a 0.02 % suspension at 1000 rpm during 15 minutes. The supernatant was recovered and considered to be composed of nanoscale particles only. At least triplicates were performed.

The nanoscale fraction (%) was defined as

Concentration after centrifugation (wt.%) Concentration before centrifugation (wt.%) × 100.

NMR analysis

Solid-state 13 C NMR were acquired with a Bruker Avance DSX 400 MHz spectrometer in cross-polarization and magic angle spinning conditions (CP-MAS), at a spinning speed of 12000 Hz. A minimum number of 10 000 scans were acquired, at 100.6 MHz with an acquisition time of 35 ms and a sweep width of 29 400 Hz.

Spectra were corrected with the scaling factor obtained from a reference spectrum of glycine. The spectra were normalized with cellulose C1 peak at 100 to 110 ppm.

Electron microscopy

The cellulose nanofibrils suspensions were observed with a Philips CM200 CRYO TEM transmission electron microscope (TEM) operating at 80 kV. One drop of diluted suspension was deposited on a carbon grid and excess liquid was removed. A 2% uranyl acetate stain was deposited on top of the samples, excess liquid was removed after 2 minutes and the sample was allowed to dry before negative staining observation. The macro-sized fraction of the CNF suspension was observed using a Zeiss Axioplan 2 optical microscope and images were recorded with an Olympus SC50 digital camera operated by the Olympus Stream software.

A FEI Quanta 250 scanning electron microscope (SEM) equipped with a field emission gun and operating at 2 kV was used to record CNF and TO-CNF cryogels and aerogels images, after sample coating with gold/palladium.

Image analysis

Particles sizes were measured from electron and optical microscopy images using the ImageJ software.

The average values of length and width correspond to measurements of at least 150 particles.

Pore sizes were measured from SEM images of central parts of cryogels and aerogels, at x250 magnification on a surface area of 65 000 µm² and at x800 magnification on a surface area of 20 000 µm².

Nitrogen adsorption

Specific surface area was studied using a Micromeritics ASAP 2420 Surface Area and Porosity Analyzer.

Around 100 mg of cryogel or aerogel were degassed at 105°C during at least 12 hours. Nitrogen adsorption and desorption was performed at -196°C and full isotherms were acquired. Specific surface area analysis was calculated with the Brunauer, Emmett, Teller (BET) method (Brunauer et al. 1938). Specific surface area measurements were performed in triplicate for each sample.

Shrinkage

The volume of the obtained cryogel or aerogel was measured using digital calipers. Volume shrinkage was measured as follows:

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) = (V initial -V final ) V initial
× 100, with Vinitial the suspension volume, corresponding to the volume of the mold and Vfinal the volume of the dry cryogel or aerogel.

Water uptake

Around 5 mg of cryogel or aerogel were placed in a recipient with 5 mL of water or phosphate buffered saline (PBS) at room temperature. After 48 hours of soaking, the structure was weighted. The water uptake, sometimes defined as the swelling ratio, was defined as follows:

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑤𝑡./𝑤𝑡. ) = 𝑚 𝑤𝑒𝑡 -𝑚 𝑑𝑟𝑦 𝑚 𝑑𝑟𝑦

, with mwet the mass of the wet structure and mdry the mass of the structure before immersion. At least duplicates were performed.

Capillary water uptake

The preparation of skin mimicking layers was adapted from Chen et al. (2016). They are composed of a dermis mimicking layer and an underneath hypodermis-mimicking layer to prevent drying effect. First, the hypodermis layer was prepared by mixing 2 % gelatin and 0.2 % agar in distilled water. Microwave heating was applied during 30s to obtain a homogeneous solution. The warm solution (around 40°C) was poured into a mold to reach 15 mm thickness and left to dry for 30 minutes. Then, the dermis layer was prepared similarly with 24 % gelatin and 1 % agar and was poured when hot over the hypodermis layer to reach a thickness of 5 mm. After cooling, cylindrical cryogels and aerogels were placed on the dermis-mimicking layer at room temperature, and around 50 % relative humidity. The mass of cryogel and aerogel was reported at previously determined times and the water uptake was calculated as previously described. At least triplicates were performed.

Results and Discussion

Two Analysis of TEM micrographs showed the nano-sized fibrils in the CNF suspension have an average length higher than 1700 nm and a width of 25 ± 14 nm. The TO-CNF suspension appears as a transparent gel.

From electron microscopy images, we note the greater homogeneity of the TO-CNFs which are 255 ± 104 nm long and 4 ± 1.4 nm wide, with a narrow width polydispersity. TO-CNFs have a carboxylic content of 1 mmol.g -1 (deduced from 13 C solid-state NMR spectra acquisition). Because of the electrostatic repulsion due to the negatively charged carboxyl groups, the suspension is colloidally stable.

Both types of nanofibrils are semi-crystalline, and their degree of crystallinity has been determined by 13 C NMR analysis. Commercial CNFs have a crystallinity of 49 % and TEMPO-oxidized CNFs have a crystallinity of 42 %. Such difference in crystallinity is due to the source of cellulose being different and not the process

Influence of preparation process on final porous structure for CNF materials

In order to understand the effect of the drying process on the final organization for both CNF and TO-CNF materials, the microscale morphology of cryogels and aerogels at 1 wt. % content was analyzed from SEM images presented in Figure II. 12.

Cryogels freeze-dried from a suspension of CNFs in water exhibit a clear sheet-like organization due to the growth of ice-crystals during freezing. When the initial suspension is solvent exchanged to tert-butyl alcohol, the resulting CGtBuOH cryogels exhibit a more fibrillary structure. Finally, aerogels present a highly fibrillary organization. Supercritical drying seems to preserve best the cellulose nanofibrils network and gives rise to the finest architectural structure. The difference between TO-CNF cryogels and aerogels is striking. Cryogels present large pores separated with dense sheets of TO-CNF and the formation of icecrystals is very obvious. On the other hand, TO-CNF aerogels appear to have a very smooth organization and when zoomed-in, the structure reveals a very fine and fibrillary arrangement. The supercritical drying has very well preserved the nanofibrils network.

From SEM images, micron-sized pores are analyzed and the pore size distributions are plotted in Figure II.

13. Large pores are observed for the three types of porous structures obtained with CNFs. Such macropores are expected for cryogels as the drying process involves a freezing step during which icecrystals can grow and form large pores. This is also true for CGtBuOH because of the presence of water in the mixture (20 wt./wt. %). However, the solvent exchange to tBuOH gives rise to cryogel with a reduced amount of pores. Average pore sizes for CNF-CGw and CNF-CGtBuOH are of 17.8 ± 13.9 and 18.0 ± 9.6 µm, respectively. Martoïa et al. showed that the freezing rate greatly influences the crystals sizes. In their study, large pore diameters between 300 and 50 µm were observed at freezing temperature of -13°C and smaller pores of 20 to 10 µm were formed at lower freezing temperature of -80°C (Martoïa et al. 2016). These observations are consistent with measured radial pore sizes predominantly between 3 and 35 µm for cryogels prepared at -50°C. Few very large pores (up to 400 µm) are nevertheless observed in CGw. In the case of aerogels, radial pore sizes are lower than for cryogels, ranging mainly between 1 and 15 µm with a mean pore diameter is of 8.8 ± 5.1 µm. For a same surface area studied, there are half the amount of pores observed for CGw.

First, the water uptake in gram of water per gram of material was studied for CNF cryogels at increasing concentrations, and the relationship is presented in Figure II. 15a. With increasing concentration, the amount of water retained decreases in a linear trend at first, which then appears to stabilize. The densest cryogels (10 wt. %) retain up to 11 g of water per gram of CNFs. As the density increases, more fibrilsfibrils interactions are created, CNFs form more hydrogen bonds with themselves than with water molecules, hence the decreased water uptake as the concentration increases.

In Figure II. 15b, the water uptake for the different porous materials is presented for both immersion in water and in PBS. The water uptake for CNF materials is slightly higher for CGw than for CGtBuOH and aerogels. Although no striking difference is observed, this variation could be due to the slightly higher density of the structures that undergo solvent exchange in their preparation process. Overall, the preparation process has little or no incidence on the water uptake of the resulting material.

However, when TO-CNF structures are compared to CNF structures, a meaningful increase of water uptake is observed for oxidized CNF materials. TO-CNF cryogels and aerogels exhibit water uptakes of 113 and 119 g/g, respectively. This behavior is linked to the large amount of carboxyl groups, making the nanofibrils more hydrophilic. The presence of carboxyl groups also improves the materials' wet mechanical holding and a real hydrogel is formed. The mechanical holding after water uptake is poor for CNF structures obtained from supercritical drying and freeze-drying of a suspension in tBuOH. Those structures underwent a solvent exchange step. The observation of thinner pore walls for the structures AG and CGtBuOH can explain why the structure is more prone to collapse when humid. During cryogels (CGw) preparation, there is formation of a thick layer, with little porosity, surrounding the materials. More fibrilsfibrils interactions (H-bonds) are created around the materials, leading to a better preserved structure in wet conditions.

The water uptake of CNF structures is similar in water and PBS. On the other hand, a decrease is observed for TO-CNF structures in PBS, especially important for the TO-CNF aerogel for which a drop from 119 to 19 is reported. The ions and salinity of the phosphate buffered saline solution are likely to screen the charged carboxyl groups. The presence of monovalent ions will induce attractive interactions between the fibrils, as explained by the DLVO theory. In the presence of multivalent ions, more complex mechanisms of attractive interaction between the fibrils apply [START_REF] Benselfelt | Explaining the Exceptional Wet Integrity of Transparent Cellulose Nanofibril Films in the Presence of Multivalent Ions-Suitable Substrates for Biointerfaces[END_REF]. The water molecules are less likely to bind with the TO-CNFs, hence a lower water uptake. The differences observed between TO-CNF CGw and AG are linked to the higher density of AG (due to higher shrinkage) which further limits the water uptake due to a greater amount of interactions. Finally, the water uptakes of the different structures were A faster and greater water uptake is observed for TO-CNF cryogels and aerogels. CNF structures present similar water uptake rate for both cryogels and aerogels, and the overall water uptake is lower and slower when compared to TO-CNF structures. The porous materials are good candidates for wound dressings applications to absorb large amounts of exudate. Depending on the type of nanocellulose and the drying conditions, the water uptake capacities are tunable.

II.3: Preparation of nanocellulose 2D structures from cellulose nanocrystals and cellulose nanofibrils

Abstract

The objective of this study is to prepare nanocellulose 2D structures with different types of nanocellulose, namely nanocrystals (CNCs) and cellulose nanofibrils (CNFs). Films were prepared by solvent casting of suspensions of tunicate (tu) or cotton (c) CNCs, CNFs and TEMPO-oxidized (TO) CNFs and nanopapers were obtained after vacuum filtration and vacuum drying of a CNF suspension. The influence of the nanocellulose type and of drying process on the resulting morphology, mechanical properties and water uptake of the 2D structures were investigated. While CNC and TO-CNF films exhibit high transparency and smooth surfaces, CNF structures are more opaque and exhibit more surface roughness as observed by scanning electron microscopy. Atomic force microscopy reveals the high degree of orientation of both types of CNC films opposite to randomly organized CNF structures. Young's modulus measurements reveal the strong behavior of the tuCNC and TO-CNF films with moduli of 7.2 GPa and 7.0 GPa, respectively, while CNF films modulus drops to 3.3 GPa. Cotton CNC films were too fragile to perform the measurement.

Finally, the water sorption behavior was investigated. The water uptake of tunicate and cotton CNC and CNF structures is between 3 and 6 g per gram of structure. TO-CNF structures exhibit very strong water uptake capacities up to 50 times their weight. Similar behaviors were observed for capillary water uptake on skin mimicking layers.

Introduction

For the design of flat 2D structures of nanocellulose, solvent casting and vacuum filtration, have been the most investigated methods. Both approaches are fundamentally different and have been discussed in a review by Benítez and Walther (2017). The properties of nanocellulose material strongly depend on the processing parameters and conditions.

Solvent casting is the most common method as it is the most economical process, requiring no special equipment. It can however be a time consuming method, depending on the drying temperature, relative humidity or the initial solvent. In water, the high surface tension created increases the interaction between the nanocellulose particles [START_REF] Scherer | Theory of Drying[END_REF]) and leads to irreversible hornification. The solvent evaporation process has been divided into three parts as described by [START_REF] Peng | Drying cellulose nanofibrils: in search of a suitable method[END_REF] and [START_REF] Wang | Processing nanocellulose to bulk materials: a review[END_REF] for

CNFs: a constant-rate drying in which the particle move together with the shrinkage of the suspension as a result of capillary forces, ii) the falling rate period that starts when the nanocellulose surface is exposed and evaporation takes place at the nanocellulose surface and iii) the second falling rate period when the water rate transfer is slower at the interior of the suspension than on the surface. In the case of CNCs, the formation of a cholesteric phase occurs when the concentration increases above a critical value. When solvent evaporation continues, the pitch of the helical twist decreases. Patterned CNC films can be obtained by controlling the evaporation rate and used for optical filters and sensors (Tran et al. 2018;[START_REF] Frka-Petesic | Angular optical response of cellulose nanocrystal films explained by the distortion of the arrested suspension upon drying[END_REF] The vacuum filtration process is used for the design of nanocellulose structures called nanopapers. The process is adapted from the handsheet papermaking process. A diluted suspension of nanocellulose is poured over a filtration set-up. A filtration mesh with pore size from 0.1 to 0.65 µm is commonly used.

Filtration induces aggregation and a wet cake is recovered, that is subsequently dried. Different parameters, such as the vacuum pressure applied, the filter mesh or the method of drying after filtration affect the properties of the resulting nanopapers. The various protocol adaptations found in the literature make it difficult to compare the results and Parit et al. have attempted to optimize and standardize the nanopaper production process (Parit et al. 2018).

In this study, we aim at producing 2D structures from different types of nanocellulose. The influence of the morphology and the chemistry of the starting nanocellulose suspension on the resulting structure properties will be established. Cellulose nanocrystals isolated from cotton and tunicate as well as enzymatic and TEMPO-oxidized cellulose nanofibrils will be used for the film preparation. Additionally, two different drying processes will be compared for the production of cellulose nanofibrils 2D structures.

Namely, freeze casting and vacuum filtration will be used to produce CNF films and nanopapers, respectively. The objective of this study is to provide a wide range of nanocellulose 2D structures with tunable and controlled properties. Their morphological properties will be studied by scanning electron morphology and atomic force microscopy. Tensile tests will be performed for mechanical properties assessment. The absorption capacity will be studied by capillary water uptake and immersion in water and in phosphate buffer saline (PBS) to mimic physiological fluid. 7664-93-9) were supplied by Sigma Aldrich and directly used as received. Gelatin powder (CAS: 9000-70-8, from porcine skin) and agar powder (CAS: 9002-18-0) were purchased from sigma-aldrich and were used to prepare skin phantoms.

Cellulose nanofibrils

Cellulose nanofibrils Exilva® (type P) from wood were provided by Borregaard at 2 wt. % or 10 wt. % solid content and were redispersed at 1 wt. % solid content in distilled water using an Ultra Turrax IKA T25 stirrer at room temperature at 25 000 rpm during 5 minutes before any use.

TEMPO-oxidized cellulose nanofibrils

TEMPO-oxidized CNFs from birch were provided by the Centre Technique du Papier (CTP, Grenoble, France) at 2 wt. % solid content and were redispersed at required concentrations using an Ultra Turrax IKA T25 stirrer at 8000 rpm during 5 minutes before use.

Cotton cellulose nanocrystals

Cotton linters from Buckeye Cellulose Corporation were cut in small pieces and mixed with a blender. Acid hydrolysis was carried out in 65 wt. % sulfuric acid at 60°C during 30 min under mechanical stirring according to the method described by Revol et al. (1992).The acid was removed via centrifugationdispersion cycles (centrifugation at 20000g for 30 minutes) followed by dialysis against distilled water until the conductivity the value of deionized water. The suspension was then ultra-sonicated using a Branson

Nanopaper preparation by filtration

This process was used for CNFs only. A suspension of 400 mL of CNFs at 0.5 wt. % (2 g dry) in deionized water was prepared. The suspension was filtered through a 1 µm nylon sieve at -600 mbar until complete water filtration (approximately 5 min). It was then dried in between two nylon sieves and two absorbent cardboards sheets to prevent adhesion, at 85°C, under vacuum, during 20 minutes and nanopapers (NP) are obtained.

The schematic representations of films and nanopapers production processes are illustrated in Figure II. 17.

Characterization

Transparency test

The transparency of the films and nanopapers was evaluated by measuring the transmittance at 550 nm, using a UV-spectrophotometer (Shimadzu Manufacturing Inc., USA) in photometric mode. At least three measures on three different samples were averaged.

Microscopy

The cellulose nanocrystal and nanofibril suspensions diluted 100 to 1000 times were observed with a Philips CM200 CRYO transmission electron microscope (TEM) operating at 80 kV. One drop of suspension was deposited on a carbon grid and excess liquid was removed. A 2 % uranyl acetate stain was deposited on top of the samples, excess liquid was removed after 2 minutes and the sample was allowed to dry before observation. The macro-sized fraction of the CNF suspension was observed using a Zeiss Axioplan 2 optical microscope and images were recorded with an Olympus SC50 digital camera operated by the Olympus Stream software.

Scanning electron microscopy (SEM) images of films and nanopapers surfaces and cross-sections were recorded with a Quanta 200 scanning electron microscope. The samples were immobilized on carbon tape and coated with a thin layer of carbon. Images were acquired at a voltage of 10 kV and at least ten images were recorded and the most representative were selected for discussion. A dimension icon ® atomic force microscope (Bruker, USA) in tapping mode and silicon cantilever (OTESPA, Bruker, USA) were used for atomic force microscopy (AFM) images acquisition of films and nanopapers.

Image contrast adjustment and particle sizes analysis was performed using ImageJ software.

electron microscopy images are reported in Table II. 5. For tunicate and cotton CNCs an important difference in aspect ratio is observed with values of 63 and 14, respectively. In both cases, the use of sulfuric acid generates negative sulfate half-ester charges (OSO3 -). The charge densities were calculated from the sulfur content obtained by elemental analysis. More surface charges are detected for cCNCs than for tuCNCs with charge densities of 0.60 and 0.16 e.nm -2 , respectively.

Commercial cellulose nanofibrils with different morphologies were used and are presented in Figure II. 18 c and d. The non-transparent, grey-white suspension of cellulose nanofibril suspension is more viscous than the CNC suspensions. CNFs are long and entangled fibrils with length higher than 1700 ± 633 nm.

From optical microscopy images (Figure A 2), a great heterogeneity of the suspension was noticed. Indeed, cellulose nanofibrils as well as microfibrils and bundles of CNFs were observed. Oppositely, the TEMPOoxidized CNF (TO-CNF) suspension is transparent with a gel-like behavior. The electron microscopy images revealed a great homogeneity of the nanofibrils and an average length of 255 ± 104 nm and a narrow width distribution of 4.5 ± 1.4 nm. TO-CNFs have a carboxylic content of 1 mmol.g -1 , that was deduced from 13 C NMR analysis. Both enzymatic and TEMPO-oxidized CNFs are semi-crystalline with values of 49 and 42 %, respectively. 

Nanocellulose 2D structures aspect

Nanocellulose structures were produced from two different processes as described in Figure II. 17. Films were obtained by simple solvent evaporation of the nanocellulose suspension while nanopaper production involved the vacuum filtration of a nanocellulose suspension followed by a vacuum drying step. The procedure requires the use of a nylon sieve membrane of adequate pore size to retain the nanocellulose.

Because of the fragility of the sieves with pore size lower than 1 µm, this procedure was suitable for cellulose nanofibrils only. Table II. 6 summarizes the various nanocellulose types, processes, macro-and micro-scale photographs and images of the different samples produced.
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The properties of the prepared films and nanopapers are reported in Table II. 7 and are discussed in subsections 3.2.1 and 3.2.2. Cellulose nanocrystals films are highly transparent with values of transmittance at 550 nm of 66 % and 83 % for tunicate and cotton CNCs, respectively. Tunicate CNC films exhibit flexibility while cotton CNCs are very brittle and iridescent. The difference in mechanical holding is correlated to the size of the nanocrystals. Cotton CNC films brittleness is attributed to the very short particles they are composed of.

Contrarily, tunicate CNCs have a high aspect ratio, hence the resulting flexibility of the films.

CNF films are grey-white and non-transparent as observed from the photographs and reflected by the low values of transmittance. This property is linked to the heterogeneous dimensions of the CNF suspension as well as low interactions. Indeed, strong interactions are expected to reduce the number of air/solid interfaces and therefore reduce the change in refractive index of the material (Desmaisons et al. 2017).

On the other hand, TO-CNF films exhibit high value of transmittance at 550 nm, up to 85 %, close to the value of 90 % transmittance reported by Fukuzumi et al. (2009) for softwood TO-CNF films. They are transparent and flexible, in agreement with the homogeneity and dimensions of the TO-CNFs.

SEM images show that the films are composed of densely packed nanoparticles and cross-section observations were used to extract the thickness. Films prepared with TO-CNFs appear the most compact and thinnest with a value of thickness of 24.9 µm. Films prepared from tuCNCs, cCNCs and CNFs have similar thickness of 29.2, 30.2 and 30.5 µm, respectively but they exhibit different surface roughness.

Cotton and tunicate CNC films appear very smooth. TO-CNF films are less smooth and roughness is appearing. CNF films exhibit the higest surface roughnesswhich arises from the higher heterogeneity of the CNF suspensions and the presence of large fibers. Cotton CNC and TO-CNF films have the lowest porosities. The higher rigidity of the tuCNCs and their higher aspect ratio when compared to cCNCs leads to a more porous and less compact structure, while small cotton CNCs pack up more easily. This is in agreement with the packing of CNCs in layer-by-layer films, which is characterized by a high density when cCNCs are used and a low one when tuCNCs are used [START_REF] Martin | Nanocellulose/polymer multilayered thin films: tunable architectures towards tailored physical properties[END_REF]. The large size of CNFs leads to more entanglements and higher porosity, while the smaller size of the TO-CNFs is the reason for higher density. The small size of the TO-CNF and cCNC particles, well dispersed in high density films is correlated with the observed high transparency of the films.

A surprisingly high specific surface area of 15 m².g -1 was measured for tuCNCs films. This was attributed to the fact that some tuCNCs remain isolated during the evaporation process due to their high length and rigidity. This result is consistent with the high specific surface area measured for tuCNC cryogels (chapter II.1). Measurement of the specific surface area for the films prepared from cCNCs, TO-CNFs or CNFs were impossible. The BET plot was not linear even when high amounts of material were used. These results attest for the very low specific surface areas of these films. This is not surprising for material with high density.

Comparison of the properties depending on the process

At macroscale, CNF films exhibit wrinkling, while the vacuum filtration and vacuum drying process generates flat, non-wrinkled 2D structures. A constant surface roughness at the air interface, irrespective Cotton CNC films were too brittle to perform a tensile test as they exhibit many defects when cut to the desired dimensions. Tunicate CNC films presented a Young's modulus value of 7.2 GPa. This high mechanical resistance of the tuCNC films is attributed to the morphology and rigidity of the tunicate CNCs.

Zhao et al. reported a value of Young's modulus of 3.87 GPa for tuCNC films. Moreover, they observed using tuCNCs obtained by different processes, that the mechanical properties increased with the increase in specific surface area that rigidifies the network [START_REF] Zhao | Tunicate cellulose nanocrystals: Preparation, neat films and nanocomposite films with glucomannans[END_REF].

TO-CNF films exhibit a Young's modulus of 7.0 GPa, higher than CNF films with a modulus of 3.3 GPa. The smaller size of the TO-CNFs and reduced porosity of the films lead to stronger films. CNF films exhibit the lowest Young's modulus as a result of the CNF entanglement and high heterogeneity of the suspension. It can be assumed that there are more interactions between particles with tuCNCs and TO-CNFs than CNFs.

This is also consistent with the higher transmittance observed for tuCNCs and TO-CNFs films.

Influence of the process for CNF 2D structures

Cellulose nanofibrils films and nanopapers are different in term of mechanical properties. The Young's modulus of the films is 3.3 GPa and more than twice higher for the nanopapers (7.8 GPa). As previously observed, nanopapers exhibit a decreased porosity (Table II. 7) and this is often linked to an increase in Young's modulus (Benítez and Walther 2017). The amount of interactions between the CNF particles is increased and results in higher mechanical properties. This difference is also influenced by the better drying of the nanopapers that undergo additional vacuum dying as described by [START_REF] Kan | Mechanical testing of thin film nanocellulose composites using buckling mechanics[END_REF].

Water uptake behavior

Because cellulose materials are highly hygroscopic, the water uptake mechanisms imply both adsorption and absorption (Torstensen et al. 2018). It was demonstrated that the sorption of water by fibers is performed under both slow and fast mechanisms and a model, known as the parallel exponential kinetics monitored for over 5 days. Data are reported in Table II. 9. Similar behaviors to the water adsorption capacities appeared. Tunicate CNC and CNF films exhibit low water uptakes, with rates in the same order of magnitude. TO-CNF films exhibit a very high water uptake up to 5.9 grams of water per gram of film after 5 days, with a water uptake rate one degree of magnitude higher than for tuCNC and CNF structures.

A slightly faster capillary water uptake was observed for CNF nanopapers at the beginning. Then this trend was reversed and the water uptake rate was higher for CNF films. This behavior leads to very similar capillary water uptake capacities after 5 days.

Table II. 9 Water uptake rates for the different nanocellulose structures.

Structure

Water uptake speed (min -1 ) < 20 min -1 Water uptake speed (min -1 ) 20 min < time < 480 min Water uptake speed (min In the biomedical field, a moist environment is required for wound dressings materials. The assessment of water uptake capacity of materials is used to estimate their ability to remove excess exudate while maintaining wound moisture (Jones et al. 2006). Moreover, the water uptake of a scaffold ensures a moist environment, critical for efficient wound healing [START_REF] Holback | 1 -Hydrogel swelling behavior and its biomedical applications[END_REF]. Morgado et al. stated that in order to ensure efficient exudate drainage and maintain a moist environment, water uptake between 100 and 900 % are required, which corresponds to 1 to 9 g of water uptake per gram of material [START_REF] Morgado | Asymmetric membranes as ideal wound dressings: An overview on production methods, structure, properties and performance relationship[END_REF]. This range is achieved for TO-CNF films. In contact with a wound, TO-CNF films would change state and form a gel. It would both remove excess exudate while providing a wet environment required for wound healing. They could be used as primary dressings. The other films or nanopaper from tuCNCs, cCNCs and CNFs have lower water uptake capacities, therefore lower exudate removal potential and could be used for dry injury sites only. Alternatives, such as foams are suitable for a wider range of wounds, from moderate to heavily exuding wounds and are complementary to dense, non-porous 2D structures.

General conclusions of chapter 2

In this chapter, 3D porous structures and 2D surfaces have been prepared and characterized from nanocelluloses of different sources and exhibiting various surface chemistries and by playing on the dying processes. These structures will be used for the functionalization in supercritical conditions to provide antimicrobial properties.

The influence of the nanocellulose type on the specific surface area, porosity and mechanical behavior was established. The differences between freeze-drying and supercritical drying of the cellulose nanofibrils structures were demonstrated. As a rule, cotton cellulose nanocrystals structures appeared weak and brittle and will not be used for functionalization. In opposition, tunicate CNCs exhibited outstanding values of specific surface area and mechanical properties.

This wide range of structures with varied properties will be used to study the structure-functionalization relationship. The influence of the pore size, surface area and chemistry will be investigated. Moreover, the structural impact on the antimicrobial activity and the active principle ingredient will be considered.

These materials could be considered for the delivery of active principles at the wound site. Such procedure prevents the intake of large amounts of antimicrobial drugs and exposition of the body to an excess dose but rather allows for high concentrations at the site of infections only.

Introduction

As discussed in previous chapters, nanocellulose are a class of bio-based and biocompatible materials, and many several reviews discuss the properties and applications of cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs), among which Habibi et al. (2010), Abitbol et al. (2016) and Klemm et al. (2018). Solvent casting, vacuum filtration, freeze-drying and supercritical drying are techniques that have been used for the preparation of structures with controlled architecture. Among the different drying processes studied, freeze-drying is simple, versatile and leads to a large variety of structures named cryogels (Gupta et al. 2018).

Nanocellulose structures have been impregnated with molecules of interest in order to yield materials with desired properties. In order to introduce molecules inside the nanocellulose structure, studies have investigated the prior mixing of the drug with the nanocellulose suspension before drying. Several waterinsoluble drugs (indomethacin, itraconazole, and beclomethasone dipropionate) were incorporated into CNF nanopapers during the filtration step (Kolakovic et al. 2012b). Similarly, drugs were incorporated into nanocellulose films by casting of drug-containing suspensions, as described by [START_REF] Poonguzhali | Synthesis of alginate/nanocellulose bionanocomposite for in vitro delivery of ampicillin[END_REF] for the incorporation of ampicillin into alginate-nanocellulose films. The entrapment of drugs in a spray drying process, producing microparticles which exhibit sustained drug release was performed by Kolakovic et al. (2012a). Beclomethasone dipropionate and bendamustine hydrochloride were incorporated into CNF matrix by mixing of the drug and the suspension prior to freeze-drying (Valo et al. 2013;[START_REF] Bhandari | Cellulose nanofiber aerogel as a promising biomaterial for customized oral drug delivery[END_REF]. The second strategy is to perform the drug loading once the nanocellulose structures is designed.

The method usually employed is the immersion of the structure in a solution containing the drug [START_REF] Khalid | Bacterial cellulose-zinc oxide nanocomposites as a novel dressing system for burn wounds[END_REF][START_REF] Ataide | Bacterial Nanocellulose Loaded with Bromelain: Assessment of Antimicrobial, Antioxidant and Physical-Chemical Properties[END_REF][START_REF] De Lima Fontes | Effect of in situ modification of bacterial cellulose with carboxymethylcellulose on its nano/microstructure and methotrexate release properties[END_REF]). However, this method is not suitable to maintain the structural holding of highly porous structures.

A solution for the post-loading of nanocellulose-based structures could be the use of supercritical technology. Supercritical carbon dioxide (scCO2) is a green solvent with several advantages in the biomedical field. Its low critical parameters, easy solvent recovery and non-toxicity are key properties for the development of materials loaded with high value compounds. It is a good solvent of many polar and non-polar small molecules, and does not dissolve high molecular weight polymers. Impregnation of drugs in scCO2 has been used for the development of ophthalmic devices (Braga et al. 2008;Costa et al. 2010;Bouledjouidja et al. 2016), tissue scaffolds [START_REF] Fanovich | Functionalization of polycaprolactone/hydroxyapatite scaffolds with Usnea lethariiformis extract by using supercritical CO 2[END_REF][START_REF] Araújo | Bioactivity, mechanical properties and drug delivery ability of bioactive glass-ceramic scaffolds coated with a natural-derived polymer[END_REF]García-González et al. 2018), prosthesis (Furno et al. 2004;[START_REF] Wolf | Stabilisation of crosslinked ultra-high molecular weight polyethylene (UHMW-PE)-acetabular components with α-tocopherol[END_REF]Steffensen et al. 2015) or catheters [START_REF] Barros | Ketoprofen-eluting biodegradable ureteral stents by CO2 impregnation: In vitro study[END_REF]. Moreover, the supercritical fluid technology allows the use of very small amounts of drug and the impregnation inside porous materials is allowed thanks to the high diffusivity of CO2 in its supercritical state without deteriorating the porous structure. The features of scCO2 and its compatibility with fragile structures make it worthy of investigation for the impregnation of small pharmaceutical drugs into nanocellulose porous structures.

In this study, we aim at impregnating nanocellulose-based cryogels with an antibiotic in order to confer antibacterial properties. Ciprofloxacin is an antibiotic of the fluoroquinolone group that targets enzymes and prevents DNA replication. It exhibits activity against both Gram-positive and Gram-negative bacteria and must enter inside the bacteria cell in order to be active. A major issue in the treatment of infections is the developing risk of bacterial resistance to antibiotics, due to an extensive use and release of antibiotics in the environment. For this reason, the aim of the project is to develop antibacterial structures for the local delivery of antibacterial agents to the site of infection to avoid the intake of large amounts of drugs required with oral delivery.

Nanocellulose-based materials are developed from different types of nanocellulose particles by freeze-drying to yield porous cryogels with varied properties. These porous cryogels will then be functionalized in supercritical carbon dioxide to impregnate the amount of ciprofloxacin required for antibacterial activity. The bioactivity and cytocompatibility of these newly functionalized materials will then be investigated in vitro.

Materials and methods

2.1. Materials

Cellulose nanofibrils (CNFs)

Cellulose nanofibrils from wood Exilva® (type P) were provided by Borregaard at 2 wt. % and 10 wt. % solid content and were redispersed at necessary concentration in distilled water using an Ultra Turrax IKA T25 stirrer at room temperature at 8 000 rpm during 5 minutes before any use.

TEMPO-oxidised cellulose nanofibrils (TO-CNFs)

TEMPO-oxidized CNFs from birch were provided by the Centre Technique du Papier (CTP, Grenoble, France) at 2 wt. % solid content and were redispersed at required concentrations using an Ultra Turrax IKA T25 stirrer at 8 000 during 5 minutes before any use.

The cryogels were placed inside the high-pressure chamber at 50°C. A solution of 20 mL of ciprofloxacin in ethanol at 2 mg.mL -1 was introduced inside the chamber in an aluminum container. The pressure was increased to 120 bars at a rate of 20 bars.min -1 to reach the supercritical state. Dissolution and impregnation were carried out during 1 hour. A washing step of 5 min at 50 g.min -1 of CO2 flow was then performed. Finally, the pressure was decreased at a rate of 8 bars.min -1 till atmospheric pressure.

2.4. Nanocellulose materials characterization

Microscopy

The CNF and CNC suspensions diluted 100 to 1000 times were observed with a Philips CM200 CRYO TEM transmission electron microscope (TEM) operating at 80 kV. One drop of suspension was deposited on a carbon grid and excess liquid was removed. A 2 % uranyl acetate stain was deposited on top of the samples, excess liquid was removed after 2 minutes and the sample was allowed to dry before observation.

Cryogel images were recorded with a FEI Quanta 250 scanning electron microscope (SEM) equipped with a field emission gun and operating at 2 kV, after sample coating with gold/palladium under vacuum (2 nm layer). CNF nanopapers were immobilized on carbon tape and images were recorded with a Quanta 200 scanning electron microscope. At least ten images were recorded and the most representative ones were selected for discussion. Energy dispersive X-ray (EDX) analysis was performed on a Quanta200 SEM equiped with a Jeol JSM 6400 equipment.

Image contrast adjustment and particle and pore sizes analysis were performed using the ImageJ software.

A minimum of 100 measurements were performed.

Nitrogen adsorption

The specific surface area was obtained using a Micromeritics ASAP 2420 Surface Area and Porosity

Analyzer. About 100 mg of cryogel was degassed at 105°C during at least 12 hours. BET specific surface area analysis was performed with nitrogen adsorption and desorption at -196°C, at relative pressures from 0.01 to 0.03. The specific surface area measurement was performed three times for each sample of two different batches. The MicroActive software was used for the calculations.

Surface zeta potential

The zeta surface potential was measured on 2 cm x 1 cm nanocellulose thin films using a SurPASS equipment from Anton Paar GmbH (Graz, Autria). A flow of KCl solution (10 -3 M), in between the samples attached to a cell, was set to 100 mL.min -1 at a pressure of 300 mbars. The electrical potential was volume of solvent 10 times greater than the volume present in the saturated solution of ciprofloxacin. The system was placed at 37°C under orbital shaking at 75 rpm. At predetermined times, 1 mL of the release solution was collected and analyzed using a UV-visible Cary 300 (Agilent) spectrophotometer and the absorption was recorded at wavelength from 200 to 400 nm. The calibration of ciprofloxacin was performed with absorbance values at 271 nm. The absorbance of the release solution of neat cryogels was subtracted. The drug release was performed for three batches of impregnated and duplicates were performed at each release time.

2.6. In vitro properties assessment 

Diffusion disk test

The antimicrobial activity of the materials was evaluated using a method adapted from the Kirby-Bauer test [START_REF] Bauer | Antibiotic Susceptibility Testing by a Standardized Single Disk Method[END_REF]). E. coli and S. epidermidis were cultured overnight at 37°C, until they reached the exponential growth phase. From at least three isolated colonies, a bacterial suspension at a concentration of 0.5 McF was prepared and 100 µL were inoculated with a swab onto a Mueller-Hinton ager gel. The cryogels of 10 mm in diameter and ca. 5 mm in height were deposited on top of the swabbed bacterial suspension and the petri dish was flipped. They were incubated for 24 hours at 37°C, after which a bacterial lawn has developed. The zones of bacterial inhibition were photographed and the diameter was measured using the ImageJ software. In the case of successive zones of inhibition, after 24 hours onto the inoculated agar gel the cryogels were collected and placed on a new inoculated agar gel straightaway. Triplicates were performed and positive and negative controls were performed to evaluate the bacteria growth and the sterility conditions.

Cytotoxicity

To assess the cytocompatibility of the materials, fibroblasts were selected as they play an important role in wound repair. NIH3T3 fibroblasts were seeded in culture wells during 24 hours. The growth medium was removed and replaced with 200 µL growth medium added with ciprofloxacin at increasing concentrations. A positive control (live) and a negative control with 10 mM of H2O 2 (dead) were performed. After 24 hours, the growth medium was removed and replaced with 100 µL of fresh growth medium and 10 µL of WST-1 reagent. In the presence of mitochondrial succinate dehydrogenase, the reagent was reduced and formed a yellow compound: formazan, proportional to the amount of living cells.

After 2 hours of incubation at 37°C the viability was deduced by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Sextuplicates were performed.

Two different protocols were used to evaluate the cytotoxicity of the materials and they were first sterilized under UV light during 15 min.

Direct protocol: NIH-3T3 fibroblasts were cultured in 24-wells plate with a density of 9.10 4 cells per well in 1 mL of growth medium in the presence of the sample to be tested. The cryogels were presoaked in the culture medium. The plates were incubated at 37°C during 24 hours, after which 100 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Negative (10 mM of H2O2) and positive (growth medium) controls were performed. Triplicates were performed.

Indirect protocol: extracts were obtained by placing the samples in a separate growth medium for 24 hours at 37°C. The cells were cultured at a density of 4.5.10 4 cells per well in 500 µL of culture medium during 24 hours. Negative (10 mM of H2O2) and positive (growth medium) controls were performed. After 24 hours, the cells culture media was replaced with the extracts solution. 50 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Triplicates were performed.

Results and discussion

Nanocellulose materials

Nanocellulose cryogels were prepared from the freeze-drying of various suspensions of nanocellulose.

Three types of nanocellulose with different morphologies, sizes, crystallinities and surface chemistries were compared as illustrated in Table III. 1. The cellulose nanofibrils were composed of long and entangled fibrils in the nanosize range as well as some large microfibrils. The CNFs are semi-crystalline (49 % crystallinity) and are obtained from wood pulp. The commercial TEMPO-oxidized cellulose nanofibrils exhibited smaller and highly homogeneous particle sizes and similar crystallinity (42 %) as the CNF suspension. The TEMPO-oxidation treatment yielded carboxylic acid groups with a charge content of 1 mmol.g -1 . The cellulose nanocrystals were obtained after the acid hydrolysis of tunicate mantles. This process produces needle-like and rigid nanocrystals with near-perfect crystallinity (94 %) and the use of sulfuric acid generates sulfate half ester groups. From these three types of nanocellulose, cryogels were produced by freeze-drying of the suspensions and their morphology is reported in Table III. 1. The growth of ice-crystals during freezing generates flat and dense pore walls in the cryogels that are randomly oriented for CNF and TO-CNF cryogels, with low specific surface areas of 25 and 5 m².g -1 , respectively. However, for tuCNC cryogels, a highly organized and honeycomb architecture is observed. A specific surface area of 122 m².g -1 is obtained due to the combination of the peculiar organization and the presence of remaining individualized nanocrystals after freeze-drying. More details on the characterization of this structure are available in chapter II.1.

Impregnation of nanocellulose cryogels in supercritical carbon dioxide

The impregnation was performed using a supercritical fluid deposition equipment . This This chamber allows maximum working pressure of 120 bars and temperature of 80°C. Those parameters are relatively low compared to other equipments, with reported values of pressure and temperature up to 480 bars and 150°C [START_REF] Imsanguan | Extraction of α-tocopherol and γ-oryzanol from rice bran[END_REF][START_REF] Ashu-Arrah | Synthesis and characterisation of bonded mercaptopropyl silica intermediate stationary phases prepared using multifunctional alkoxysilanes in supercritical carbon dioxide as a reaction solvent[END_REF][START_REF] Ayu | Electrochemically active dispersed tungsten oxides obtained from tungsten hexacarbonyl in supercritical carbon dioxide[END_REF]. Additionally, to the essential characteristics of a scCO2 equipment, there are two injections systems and the possibility to add co-solvents. A software controls the temperature and pressure, the CO2 flushing amounts, the rate of pressurization and depressurization, the type of cycles (static or dynamic) and their time.

Conclusion

In this study, nanocellulose cryogels obtained by freeze-drying were prepared from three types of nanocellulose with different morphologies and surface chemistries, resulting in cryogels with specific surface area from 5 to 122 m².g -1 . These nanocellulose cryogels were subsequently functionalized with an antibiotic: ciprofloxacin, in a fast and easy approach. The impregnation was performed in supercritical carbon dioxide at relatively low conditions of pressure and temperature of 120 bars and 50°C. After the process, the cryogels maintained their structural integrity. Characterization methods such as solid-state NMR, FT-IR, and elemental analysis did not allow for the drug visualization and quantification, suggesting that the amount of impregnated drug is below the detection limit of these techniques. The drug release profiles in water were obtained by UV spectroscopy and revealed different profiles depending on the cryogel, with ciprofloxacin released amounts varying from 15.1, 4.5 and 0.9 mg.g -1 for TO-CNF, CNF and tuCNC cryogels, respectively, at extended release time. The antimicrobial activity was investigated and the three types of material exhibit antibacterial activity against E. coli and S. epidermidis. Successive disk diffusion tests were performed and zones of bacterial inhibition were observed with cryogels after 4 runs of incubation during 24 hours with E. coli, revealing a sustained release of the antibiotic. The preliminary cytotoxicity evaluation of ciprofloxacin-impregnated cryogels gives promising results for the biocompatibility of the antibacterial materials. This study confirms the success of supercritical impregnation of antibiotic into nanocellulose-based cryogels to yield antibacterial materials. The generation of active materials with a low amount of antibiotic is a positive feature to prevent the unnecessary release of antibiotic into the environment and limit antibiotic resistance as well as to maintain the biocompatibility of the material.

In order to understand better the influence of the structure, the next section will focus on one type of nanocellulose, namely CNFs. The impregnation on different 2D and 3D CNF structures will be studied.

Introduction

Wound dressings have been developed in order to protect injured skin from the environment and minimize the loss of the skin functions (Jones et al. 2006). Active principles have been incorporated into wound dressings in order to enhance healing, promote the distribution of growth factors and prevent microbial infection. In order to reduce the microbial burden of a wound, various antibacterial agents have been incorporated in wound dressings [START_REF] Simões | Recent advances on antimicrobial wound dressing: A review[END_REF]. Recently, Pérez-Recalde et al. reviewed the use of essential oils for wound dressing applications. The positive capabilities of essential oils in terms of antimicrobial and anti-inflammatory activities, non-cytotoxicity and wound healing in animal models are pointed out (Pérez-Recalde et al. 2018). Among the various essential oil molecules involved in wound healing, thymol is often mentioned [START_REF] Costa | Effects of Carvacrol, Thymol and essential oils containing such monoterpenes on wound healing: a systematic review[END_REF]. It is a monoterpene phenol found in essential oils and abundant in Thymus vulgaris (thyme), generally recognized as safe (GRAS). This natural molecule has significant antibacterial and antifungal activity [START_REF] Lambert R J. W | A study of the minimum inhibitory concentration and mode of action of oregano essential oil, thymol and carvacrol[END_REF][START_REF] Nagoor Meeran | Pharmacological Properties and Molecular Mechanisms of Thymol: Prospects for Its Therapeutic Potential and Pharmaceutical Development[END_REF]) and this molecule exhibits other interesting properties such as anti-inflammatory, antioxidant, scar healing and even anticancer functions [START_REF] Aeschbach | Antioxidant actions of thymol, carvacrol, 6-gingerol, zingerone and hydroxytyrosol[END_REF][START_REF] Riella | Anti-inflammatory and cicatrizing activities of thymol, a monoterpene of the essential oil from Lippia gracilis, in rodents[END_REF].

Bio-based and biocompatible polymers are gaining interest in the development of wound dressings (Jorfi and Foster 2015;[START_REF] Naseri-Nosar | Wound dressings from naturally-occurring polymers: A review on homopolysaccharide-based composites[END_REF]Sahana and Rekha 2018). In this framework, nanocellulose are a class of bio-based, biocompatible and bio-degradable particles that are widely investigated for biomedical and wound healing applications [START_REF] Basu | Ion-crosslinked wood-derived nanocellulose hydrogels with tunable antibacterial properties: Candidate materials for advanced wound care applications[END_REF]Bacakova et al. 2019). Nanocellulose-based 3D materials with different architectures can be obtained by playing on the drying process. For example, foam-like materials of high porosity and high specific surface area have been prepared by freeze-drying or supercritical drying of nanocellulose suspensions (Lavoine and Bergström 2017;De France et al. 2017;Gupta et al. 2018). Alternatively, dense films and nanopapers can be prepared by solvent casting or vacuum filtration (Benítez and Walther 2017;Parit et al. 2018).

The promising combination of essential oil with biopolymers in the wound healing process was discussed in a review by Pérez-Recalde et al. (2018). Chitosan films incorporated with thyme essential oil exhibited antibacterial activity against four bacteria strains and antioxidant activity [START_REF] Altiok | Physical, antibacterial and antioxidant properties of chitosan films incorporated with thyme oil for potential wound healing applications[END_REF]. Bacterial cellulose hydrogels loaded with thymol exhibited antimicrobial activity and promoted rapid wound closure of third degree burn wounds [START_REF] Jiji | Thymol enriched bacterial cellulose hydrogel as effective material for third degree burn wound repair[END_REF]. Essential oil molecules are often volatile with a very low solubility in aqueous media. While their extraction can be performed in toxic organic solvents, supercritical carbon dioxide extraction of essential oils is now widely used and studied as environmentally-friendly extraction technology for high-quality oils [START_REF] Kerrola | Literature review: Isolation of essential oils and flavor compounds by dense carbon dioxide[END_REF][START_REF] Xu | Recent advances on supercritical fluid extraction of essential oils[END_REF]. Beside being a good and suitable where the suspension was in direct contact with the freeze-drier shelves at -50°C. Directional freezing occurred at -50°C for 2 hours. The primary freeze-drying step took place at 0.1 mbar with increasing temperature from -50°C to 20°C in 24 hours. It was followed by a secondary freeze-drying step at 20°C and 0.01 mbar for 30 minutes, after which cryogels were recovered. They were stored in a clean room environment at relative humidity varying from 45 to 55 %.

Aerogel preparation

The supercritical SFD-200 equipment used was built by SEPAREX (Nancy, France) and 31Degrees

(Montauban, France). After solvent exchange to ethanol, the molds containing the CNF suspension were placed in a 450 mL pressurized chamber. The chamber was thermo-regulated at 18°C and pressurized liquid CO2 was introduced to reach a pressure of 100 bars, at a rate of 20 bars.min -1 . Ethanol was replaced with liquid CO2 after successive static baths of 1 hour, in between which liquid CO2 was flushed and replaced. After three successive baths, the temperature was increased to 45°C to reach the supercritical state. After 1 hour, pressure was decreased at a pace of 8 bars.min -1 till atmospheric pressure. Aerogels (AG) were then recovered and stored in a clean room environment at relative humidity varying from 45 to 55 %.

Porosity

The volume of the produced cryogels and aerogels was determined from height and diameter measurements using a digital caliper. The density is given as the mass of cryogel for a given volume and an average value of ten measurements was taken. The porosity, P, was calculated from the following equation:

𝑃 (%) = (1 - 𝜌 𝜌 𝑐
) × 100, where ρ the density of the cryogel and 𝜌 𝑐 the density of cellulose (1.60 g.cm -3 )

Nitrogen adsorption

Specific surface area was measured using a Micromeritics ASAP 2420 Surface Area and Porosity Analyzer.

Around 100 mg of cryogel or aerogel were degassed at 105°C during at least 12 hours. Nitrogen adsorption and desorption were performed at -196°C and full isotherms were acquired. Specific surface area analysis was calculated with the Brunauer, Emmett, Teller (BET) method (Brunauer et al. 1938). Specific surface area measurements were performed in triplicate for each sample.

Fluorescence

Preliminary fluorescence analysis of thymol in solution was performed with a luminescence spectrometer LS50B from PerkinElmer. The excitation spectrum of thymol was acquired for an emission wavelength of 600 nm and maximum excitation wavelength were found in the 495 -535 nm range. Then the emission spectrum for an excitation wavelength of 532 nm was acquired and a peak between 570 -660 nm was obtained. Spectra are presented in Figure A 7.

The impregnated materials were analyzed using a Tecan fluorescence scanner at 532 nm excitation wavelength and the emission was read using a 575 nm filter. The cryogels and aerogels were cut in thin and homogeneous slices of 3 mm at the center of the porous structure. The slice was placed inside the scanner and the fluorescence was read throughout the slice. The sensitivity of the photomultiplier tube, called pmt gain, was set to 110 for each scan. At least three fluorescence intensity profiles were recorded.

2.4.5. Solid-state nuclear magnetic resonance Solid-state 13 C NMR was performed with a Bruker Avance DSX 400 MHz spectrometer, using cross-polarization and magic angle spinning conditions (CP-MAS). The 13 C radio frequency field strength was obtained by matching the Hartman-Hahn conditions at 60 kHz. The spinning speed was 12 000 Hz, the operating condition was set at 100.6 MHz and a minimum number of 10 000 scans were acquired with a contact time and recycle delay, respectively, of 2 ms and 2 s. The acquisition time was set at 35 ms and the sweep width at 29 400 Hz. Spectra were corrected with the scaling factor obtained from a reference spectrum of glycine. The spectra were normalized with cellulose C1 peak at 100 to 110 ppm. Crystallinity was measured from the integration of the crystalline (87 to 93 ppm) and amorphous (80 to 87 ppm) forms of carbon C4 (Foster et al. 2018).

2.4.6. Thermo-desorption gas chromatography

Around 10 to 15 mg of materials were placed inside a glass tube. Thermo-desorption (TD) was performed at 180°C during 5 min. Gas chromatography (GC) analysis was performed after 1/330 dilution in a 15 meters S2B-5ms Supelco column at 100°C. A mass spectrometer was placed at the end of the column. The amount of thymol was deduced from the calibration of known thymol concentrations in methanol performed in the same conditions. Duplicates were performed from two different impregnation runs.

Drug release

Around 5 to 10 mg of impregnated sample were placed in 15 mL of phosphate buffer saline (PBS) to reach sink conditions and incubated at 30°C under orbital shaking (75 rpm). At pre-determined times, 1 mL of the releasing solution was removed and analyzed using a UV-visible spectrophotometer (Cary-300, Varian)

and the absorption was recorded at wavelengths from 200 to 400 nm, before being returned to the medium. The calibration of thymol was performed with absorbance values at 274 nm. Duplicates were performed.

2.5. In vitro properties assessment Indirect protocol: extracts were obtained by placing the samples in a separate growth medium for 24 hours at 37°C. The cells were cultured at a density of 4.5.10 4 cells per well in 500 µL of culture medium during 24 hours. Negative (10 mM of H2O2) and positive (growth medium) controls were performed. After 24 hours, the cells culture media was replaced with the extracts solution. 50 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Triplicates were performed. In Table III. 2, the preparation processes of the different structures are summarized along with their densities and specific surface areas. Nanopapers have a very high density arising from the vacuum filtration process. The two cryogels and the aerogel exhibit low densities between 10 and 24 mg.cm -3 . The variations between CGw and AG can be explained by the differences in shrinkage induced by the different processes as discussed in chapter II.2. The specific surface area of NP was too low to be measured using nitrogen adsorption method. A value of 25 m².g -1 is reported for CGw. Freeze-drying after solvent exchange to tBuOH results in an increase of the specific surface area to 97 m².g -1 . Supercritical drying yields the highest specific surface area of 160 m².g -1 . These results are discussed in more details in chapter II.2.

Porous CNF structures with increasing specific surface areas were therefore obtained from the same CNF raw materials. Their high porosity and tunable specific surface areas properties are attractive for the supercritical impregnation of thymol and to understand the influence of the structure. 

Quantification of supercritical impregnation of thymol

The cellulose nanofibril materials discussed in the previous section were impregnated with thymol in supercritical conditions at relatively low pressure and temperature conditions of 100 bars and 40°C, respectively. The supercritical conditions were maintained during 1 hour. During this period, thymol dissolves in scCO2 and comes in contact with the dense (nanopapers) and porous (cryogels, aerogels) CNF structures. At the end of the process, the recovered materials are free of any solvent and remained structurally intact. A previous investigation of the effect of scCO2 under these specific conditions revealed that the degree of crystallinity remains unchanged. When the impregnated structures were manipulated, a pleasant odor was noticed revealing the presence of thymol. To avoid evaporation of thymol from the structures, the samples were kept in sealed containers and stored at low temperatures. It is worth noting that a final dynamic step and a depressurization step act as a washing step that removes the thymol that is not strongly adsorbed onto the CNF structures.

In order to investigate whether the scCO2 had reached inside the CNF structures and whether thymol had been adsorbed inside the porous structures, fluorescence analysis of the section of cryogels and aerogels was performed. The fluorescence intensity is given in arbitrary units and is tuned by the gain but comparisons are possible since the same pmt gain was applied for each sample. when the specific surface area increases. This result confirms that thymol impregnation is dependent on the CNF structures and specific surface area. Moreover, the strong correlation between the amount of thymol and the specific surface area indicates that thymol is adsorbed onto the CNF surfaces and not only trapped inside the porous structure.

Thymol release and antimicrobial properties assessment

In vitro drug release was performed in phosphate buffer sulfate (PBS) and the results are presented in CGtBuOH structures, release appeared to be sustained for slightly longer and the plateau was reached after 60 and 100 min, respectively. This is associated with the impregnation profiles observed by fluorescence scanning: more thymol was detected on the outer layer of the aerogel, explaining the more pronounced burst release effect observed for this structure.

The highest amount of thymol was released from AG with a value of 56.0 ± 3.8 mg.g -1 . Lower amounts of 43.7 ± 1.6 and 21.5 ± 0.6 mg.g -1 were released from CGtBuOH and CGw, respectively. These values are higher than observed for the impregnation of ciprofloxacin in CNF CGw, for which only 4.5 mg of ciprofloxacin was release per gram of cryogel. This is due to the highest solubility of thymol in scCO2 that allows for higher concentrations in the supercritical impregnation process. Nanopapers have also been impregnated for comparison and almost no thymol was detected in the releasing media, with a value as low as 0.3 ± 0.03 mg.g -1 . The amount of thymol is underestimated compared to TD-GC results, but remains in the same order of magnitude, proving that a fraction of thymol is strongly adsorbed. This indicates that not all thymol is released in PBS due to strong adsorption interactions, even though the sink conditions are reached at all time. This is additional evidence that the thymol is adsorbed onto the CNF structures and not only trapped inside the pores of the structure.

The same trend of increasing amount of thymol with increasing specific surface area is observed (Figure III. 18b). The amount of thymol released from the CNF nanopapers is much lower than the linear regression profile. This behavior observed for a low density material reveals that not only the specific surface area plays a role in the impregnation efficiency but also the porous organization contributes to improve supercritical impregnation. By controlling the specific surface area and the porosity, the amount of thymol impregnated and released from the CNF structures is controlled.

reduced toxicity of AG-thymol compared to CGtBuOH-thymol. However, the difference is small and could be attributed to the variations of sample's mass and experimental errors.

In the presence of CNF structures with high amounts of thymol impregnated there is a competition between the enhanced viability due to nanocellulose-materials and the decreased viability due to thymol in large amounts. This increase of cell viability observed in the indirect conditions compared to the direct protocol is due to the fact that the cells are introduced into a media were nanocellulose materials have released factors that enhance the growth (glucose). This mechanism is presumably a slow mechanism. In the direct conditions, cells are introduced into a medium where thymol is rapidly released, while the nanocellulose are more slowly releasing factors that enhance the growth, hence the lower viability observed.

Impregnated CGtBuOH and AG exhibited antimicrobial activity, while NP and CGw exhibited no or low antibacterial activity. In vitro experiments show that in order to yield antimicrobial activity, high amounts of thymol must be impregnated, leading to direct cytotoxicity in the case of CGtBuOH and AG. These results are consistent with [START_REF] Pivetta | Development of nanoparticles from natural lipids for topical delivery of thymol: Investigation of its anti-inflammatory properties[END_REF] study, where they have shown enhanced cell viability of keratinocytes at low concentrations of thymol and a reduced cell viability at high concentrations (200 µm).

In addition, these experiments were performed in vitro and give an indication on the toxicity of the material, and different results could be obtained in vivo.

Conclusion

Four types of cellulose nanofibril (CNF) structures were impregnated with a natural active molecule, thymol, in supercritical carbon dioxide to investigate the effect of the morphology and the specific surface area on the impregnation efficiency. Fluorescence analysis, 13 C solid-state NMR, gas-chromatography confirmed the successful impregnation of thymol inside cryogels and aerogels. The different characterizations led to the conclusion that higher amounts of thymol are impregnated when the specific surface area of the porous materials increases.

The antimicrobial activity of the impregnated CNF structures was investigated in vitro. Functionalized

CGtBuOH and AG, which incorporated the highest amount of thymol, exhibit good antimicrobial activity against two bacteria and one yeast as shown by the large zones of microbial growth inhibition around these materials. On the other hand, NP and CGw exhibited no or low antimicrobial activity but low impregnation yields resulted in structures that enhanced the cell viability. These results are very promising to design antimicrobial bio-based and biocompatible medical devices using supercritical conditions. A onestep procedure combining in situ aerogel formation and impregnation could be envisioned and would be a highly innovative solution. Moreover, this strategy has proved that it was possible to tune the amount of thymol loaded and the bioactivity by controlling the specific surface area of the material. [START_REF] Fernandes | Bioinspired Antimicrobial and Biocompatible Bacterial Cellulose Membranes Obtained by Surface Functionalization with Aminoalkyl Groups[END_REF]Saini et al. 2016a). When protonized, the amine group is thought to have antibacterial activity because of the ionic interactions with the bacterial cell wall, which loses its balance.

These interactions cause a disruption in the cell wall and lead to leakage of the intracellular electrolytes and eventually bacterial death [START_REF] Kabara | Relationship of Chemical Structure and Antimicrobial Activity of Alkyl Amides and Amines[END_REF][START_REF] Fernandes | Bioinspired Antimicrobial and Biocompatible Bacterial Cellulose Membranes Obtained by Surface Functionalization with Aminoalkyl Groups[END_REF][START_REF] Goy | Evaluation of the antimicrobial activity of chitosan and its quaternized derivative on E. coli and S. aureus growth[END_REF][START_REF] He | A Novel Surface Structure Consisting of Contact-active Antibacterial Upperlayer and Antifouling Sub-layer Derived from Gemini Quaternary Ammonium Salt Polyurethanes[END_REF].

The availability of the amino groups is a requirement for antibacterial activity. Kim et al. have shown that long alkyl chains of N-alkyl substituents enhance the antimicrobial activity by increasing the hydrophobicity [START_REF] Kim | Synthesis of chitosan derivatives with quaternary ammonium salt and their antibacterial activity[END_REF]. A recent study points out the importance of the number of amino groups and chain length on stability of the silane and grafting efficiency (Saini et al. 2017). Very recently, Chantereau et al.

performed silanization of bacterial cellulose with two aminosilanes, the 3-aminopropyl trimethoxysilane and the (2-aminoethyl)-3-aminopropyl-trimethoxysilane, in acetone and in water followed by a curing or a freeze-drying step, respectively. Grafting stability and limited homocondensation were achieved and attributed to the low initial concentrations of silane and the structure of the (2-aminoethyl)-3aminopropyl-trimethoxysilane which prevents the amine-catalyzed hydrolysis generally observed with aminosilanes such as (3-aminopropyl)-trimethoxysilane (Chantereau et al. 2019).

In order to prepare sustainable active materials, functionalization reactions must be preferably performed in environmentally benign solvents. Supercritical carbon dioxide (scCO2) is a green solvent considered as a good alternative to organic solvents and its use presents additional advantage of easy solvent elimination, non-flammability, non-toxicity and cheapness. The low working temperature and pressure of carbon dioxide in its supercritical state, allow structural preservation of fragile structures and heat-sensitive compounds. For these reasons, the supercritical technology is compatible with biomedical devices design.

Moreover, its remarkable properties of zero surface tension, low viscosity and high and tunable density provide high diffusivity and high diffusion coefficients [START_REF] Zhou | Molecular dynamics investigation on the infinite dilute diffusion coefficients of organic compounds in supercritical carbon dioxide[END_REF][START_REF] Fu | Diffusion coefficients of model contaminants in dense CO2[END_REF][START_REF] Mccool | Inaccessible Hydroxyl Groups on Silica Are Accessible in Supercritical CO 2[END_REF]. Evidence of silanization in supercritical carbon dioxide on various inorganic substrates can be found in the literature (Rull et al. 2015;Sanli and Erkey 2015;[START_REF] Duan | Hydrophobic silica aerogels by silylation[END_REF]). However, silanization of biobased nanocellulose structures has never been performed in supercritical fluids.

To our knowledge, the N-(6-aminohexyl)aminopropyltrimethoxysilane (AHA-P-TMS), illustrated in Figure IV. 2, has never been used in supercritical fluid technology and has never been investigated for its antibacterial properties. This silane was chosen for several reasons. First, contrary to aminopropyltrimethoxysilane, the AHA-P-TMS cannot form five membered cyclic intermediates. Those intermediates are known to catalyze the hydrolysis of the Si-O-C bonds leading to a polycondensation reaction. Indeed, the use of an aminosilane with longer alkyl chain is expected to reduce the formation of cryogels deduced from BET specific surface area measurements. The hypothesis that one molecule of silane has a volume of 1 nm 3 is made.

For the nanopapers, an excess of silane was introduced, while for the cryogels not all the surface could be covered by the silane molecules. However, even though cryogels exhibit a large specific surface, not all the surface is accessible for functionalization as shown in chapter III.2.

Characterizations

Microscopy

The macro-sized fraction of the CNF suspension was observed using a Zeiss Axioplan 2 optical microscope and images were recorded with an Olympus SC50 digital camera operated by the Olympus Stream software.

The diluted CNF suspension was deposited on a mica plate and dried overnight for analysis with a Dimension icon ® atomic force microscope (Bruker, USA) in tapping mode. A silicon cantilever (OTESPA, Bruker, USA) was used for image acquisition.

CNF cryogels images were recorded with a FEI Quanta 250 scanning electron microscope (SEM) equipped with a field emission gun and operating at 2 kV, after immobilization and gold/palladium coating. CNF nanopapers were immobilized on carbon tape and images were recorded with a Quanta 200 scanning electron microscope after 10 nm carbon layer coating. At least ten images were recorded and the most representative were selected for discussion. Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) analysis was performed with a Jeol JSM 6400 equipment.

Image contrast adjustment and particles sizes analysis were performed using the ImageJ software.

Specific surface area measurement

Specific surface area and pore size distribution were obtained using a Micromeritics ASAP 2420 Surface Area and Porosity Analyzer. Cryogel samples (around 100 mg) were degassed at 105°C during at least 12 hours. Analysis was performed with nitrogen adsorption and desorption at -196°C, at relative pressures from 0.01 to 0.03 for BET specific surface area and from 0.01 to 0.995 for pore size distribution. The specific surface area measurement was performed three times for each sample and for a given set of parameters two different batches were characterized. The specific surface area was calculated by assuming that nitrogen is adsorbed at the surface of the sample as a monolayer.

Minimum inhibitory concentration determination

E. coli and S. epidermidis were cultured overnight at 37°C until they reached the exponential growth phase.

From at least three isolated colonies, 200 µL of bacterial suspension at a concentration of 0.5 McFwas prepared in a non-selective Mueller-Hinton broth and increasing concentrations of AHA-P-TMS were added. They were incubated into 96-wells microplate at 37°C during 16 hours. The optical density at 600 nm of the bacterial suspension was recorded every 15 minutes with an Infinite-1000 Tecan microplate reader. After incubation, the minimum inhibitory concentration was established as the lowest concentration of agent that prevents visible bacterial growth. Negative (sterile) and positive (no antibacterial agent) controls were performed. Tetraplicates were measured.

Quantitative assessment of antibacterial activity of cryogels

This protocol was adapted from the AATCC test method 100-2004 described by [START_REF] Pinho | Antimicrobial activity assessment of textiles: standard methods comparison[END_REF].

S. epidermidis and E. coli were cultured overnight. A suspension in nutrient broth was prepared with a bacterial count was adjusted to approximately 10 6 CFU.mL -1 . Around 5 mg of cryogels were inoculated with 10 µL of bacterial solution. The inoculated materials were placed in a 35 mm petri plate inside a larger 90 mm plate filled with water in order to prevent dehydration. Incubation was carried out for 2, 6 and 24 h at 37°C. After the previously determined amount of time, the materials were transferred to 10 mL of neutralizing solution and vortexed during 1 min to extract the bacteria. The neutralizing agents stop the antibacterial activity of the AHA-P-TMS after a given time of contact. A serial 10-fold dilution in pharmacopeia diluent was done for each sample and plated on Mueller-Hinton agar. The plates were incubated at 37 °C for 24 h, and the bacterial colonies were counted from the plate in which between 30 and 300 colonies grew. The numbers of colony forming units (CFUs) in the elution solution was calculated as follows: 𝐶𝐹𝑈 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ×𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

The bacterial log reduction is defined as follows:

𝐿𝑜𝑔 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐿𝑜𝑔 𝐶𝐹𝑈 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 -𝐿𝑜𝑔 𝐶𝐹𝑈 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒.

The bacterial reduction was calculated as follows:

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 𝐶𝐹𝑈 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒-𝐶𝐹𝑈 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝐶𝐹𝑈 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 × 100.

Experiments were repeated twice and a control at 1 min contact time was performed.

Quantitative assessment of antibacterial activity of nanopapers

A CNF nanopaper sample of 20 mm diameter was inoculated with 50 µL (5 x 10 µL droplets) of bacterial suspension in exponential growth phase at a concentration of 0.5 McF. The inoculated materials were placed in a 35 mm petri plate inside a larger 90 mm plate filled with water in order to prevent dehydration.

Incubation was carried out for 6 and 24 h at 37°C. After incubation, the bacteria were recovered using contact plates of neutralizer-containing nutritive agar. The contact plate was placed on top of the material with a weight of 162 g during 1 min, after which the nanopaper was eliminated and the contact plate incubated for 24 h at 37°C for colonies observation and photographs were taken after incubation.

Assessment of antibacterial activity in liquid

CNF nanopapers were placed in cell culture wells and 1 mL of bacterial solution at 0.5 McF in nutrient broth was added. The wells were incubated at 37°C under shaking in an Infinite-1000 Tecan microplate reader and the optical density was recorded at 600 nm every 5 min. Growth and sterility controls were performed and experiments were repeated twice.

Non leaching assay

Neat and grafted materials were incubated in a pharmaceutical solution added with nutrient broth (1 mL of nutrient broth in 500 mL of pharmaceutical solution) for 24 hours at 37°C under shaking at 70 rpm. The CNF materials were removed and 900 µL of leaching solution was inoculated with 200 µL of bacterial solution at a concentration of 0.5 McF. After incubation during 24 h at 37°C under 70 rpm shaking, bacterial growth was evaluated from optical density measurements at 600 nm. This test was used to determine if the AHA-P-TMS was grafted or leached out of the materials. In the latter configuration, bacterial growth inhibition or bacterial concentration reduction would be observed.

Cytotoxicity assay

To assess the cytocompatibility of the materials, fibroblasts were selected as they play an important role in wound repair. NIH3T3 fibroblasts were seeded in culture wells during 24 hours. The growth medium was removed and replaced with 200 µL growth medium added with AHA-P-TMS at increasing concentrations. A positive control (live) and a negative control with 10 mM of H2O 2 (dead) were performed. After 24 hours, the growth medium was removed and replaced with 100 µL of growth medium and 10 µL of WST-1 reagent. In the presence of mitochondrial succinate dehydrogenase, the reagent was reduced and formed a yellow compound: formazan, proportional to the amount of living cells. After 2 (oven,or scCO2,Sc). For example, sample refers to the grafting of a cryogel with AHA-P-TMS in scCO2 for 1 hour followed by a curing step in the oven.

Grafting parameters

Silane The 29 Si NMR analysis could provide information on the nature of the silicon atom and its conformation (self-assembled, covalent or polycondensed) as described by Loste et al. (2004). Innovative DNP-enhanced NMR analysis was performed, however, very poor repeatability was observed and the results are not further discussed.

Based on the bulk analysis, supercritical carbon dioxide grafting of AHA-P-TMS on CNF cryogels only yielded low grafting amounts. The solubility and diffusivity of the AHA-P-TMS was confirmed by the efficient grafting onto silicon wafers, yet low concentrations of the aminosilane are reached. However, a low wetting of the CNF cryogels with scCO2 and a low reactivity between the aminosilane and CNFs could lead to low amounts of grafting. Aminosilane grafting on CNF nanopapers opens up the way for a wider range of characterization techniques that are discussed in the following section.

Surface analysis of aminosilane grafting onto CNF nanopapers

Infrared spectra of grafted CNF nanopapers were acquired and are presented in An increase in nitrogen and silicon amount was observed and this technique was suitable for the detection of high grafting amounts. The very low grafting amounts of the AHA-P-TMS in scCO2 shown by FT-IR spectroscopy or SEM-EDX analysis suggest that either no silane was grafted or that limited amounts, corresponding for example to a monolayer of silane, were grafted. Therefore, more sensitive characterization methods were used in order to obtain information on the grafting efficiency depending on the process parameters applied during supercritical grafting of the aminosilane.

Nanopaper surface functionalization was evaluated from contact X-ray photoelectron spectroscopy (XPS).

This technique has a sensitivity up to 0.1 at. % and analyzes the first 10 nm of the surface. XPS analysis was performed in order to obtain information concerning the chemical composition of the surface of neat and

From these observations, it can be hypothesized on the one hand that the curing step under scCO2 at least partially induces the conformation (iv) where the silane covalently bound to the surface with the alkyl chain facing outwards. Indeed, this condition leads to increased contact angle obtained in NP-1hSc samples with low amount of silane grafted. On the other hand, the low contact angles obtained for oven-cured samples is likely to result from the NH2 groups facing outwards. This corresponds to conformations (i) and

(ii), however, since low amounts are grafted, the conformation (ii) is more likely to happen.

These results are of particular interest. Indeed, in previous works, when aminosilanes were grafted on nanocellulose in water, the NH2 groups were not in the expected conformation (the NH2 group was never facing outwards) and polycondensation occurred. Indeed, after grafting of aminosilane on CNF materials, the surfaces became hydrophobic and contact angles increased to 121° (Reverdy et al. 2018) and 114° (Saini et al. 2017). Similarly, an increase of the initial contact angle from 44° to 62° was observed by [START_REF] Yin | Cellulose nanocrystals functionalized with amino-silane and epoxypoly(ethylene glycol) for reinforcement and flexibilization of poly(lactic acid): material preparation and compatibility mechanism[END_REF] after grafting of an aminopropyltriethoxysilane on cellulose nanocrystals (CNCs). In such a case the grafting had led to a hydrophobic 3D network of polycondensed silanes onto the CNCs surfaces, hence the increased contact angle.

The surface zeta potential was then evaluated for the neat and grafted nanopapers and the results are shown in Figure IV. 12. The neat CNF nanopapers exhibit a zeta potential decreasing from -20 to -31 mV when the pH increases from 4 to 9. This suggests that the CNFs are negatively charged, mainly due to occasional carboxyl groups on the fiber surface. The grafted nanopapers NP-1hOv and NP-1hSc exhibit similar behaviors but with higher, yet still negative, values of ca. -10 mV at pH 4 and ca. -17 mV to -21 mV, respectively, at pH 9. A positive zeta potential of +5 mV was observed for NP-3hOv at pH 4, which decreases to -21 mV at pH 9. The increase of zeta potential from negative for the neat CNF nanopapers to less negative (NP-1hOv and NP-1hSc) and positive (NP-3hOv) values in acidic conditions confirms the presence of the amino groups at the surface of the grafted nanopapers. A 3 hours grafting in scCO2 followed by curing (NP-3hOv) yields either a higher amount of grafted aminosilane or a higher number of NH2 groups facing outwards than the other conditions probed. The latter conformation is consistent with the low contact angles measured for the NP-3hOv sample. NP-1hOv has a lower zeta potential that NP-3hOv and exhibits similar contact angles. This could be the result of a lower amount of amino groups grafted compared to the longer reaction of 3h for NP-3hOv. Finally, the more negative zeta potential of NP-1hSc compared to NP-3hOV can be attributed to a lower amount of NH2 facing outwards, in agreement with the higher contact angle values measured.

density compared to the positive control. This is the result of a higher amount of nutrients provided by the nanocellulose substrate.

By looking at the evolution of the optical density with time for E. coli, after 15 hours of incubation, the final optical density decreased from 0.75 for the NP-neat to 0.24, 0.28 and 0.19, and for NP-3hOv, NP-1hOv and NP-1hSc, respectively. The nanopapers grafted with AHA-P-TMS under the three different conditions therefore exhibit antibacterial activity against E. coli. The slight differences observed for the different nanopapers are a result of differences observed at the beginning of incubation. At early stage of incubation, the optical density for every conditions follows the same increase. This increase stops after increasing amount of time for NP-1hSc, NP-3hOv and NP-1hOv in this order. The longer antibacterial growth observed in presence of NP-1hOv can be attributed to a lower amount of aminosilane grafted, which delays the antibacterial activity.

Against S. epidermidis, only NP-3hOv exhibits a low optical density attesting antibacterial activity. The optical density of the bacterial suspensions in contact with NP-1hSc and NP-1hOv are slightly lower than the one of the neat nanopapers, however, no bactericidal effect was observed. The antibacterial activity of NP-3hOv may result from a higher grafted amount of aminosilane, sufficient to kill bacteria, and a favorable organization, with more amino-groups available, as suggested by the lower contact angle than NP-1hSc and higher zeta potential observed in acidic conditions. A similar behavior was observed when the antibacterial activity was assessed from direct contact in solid conditions, where the results demonstrate a clear antibacterial activity against S. epidermidis after 24 hours of contact with NP-3hOv only.

These results attest the contact killing efficiency of the grafted nanopapers in both solid and liquid conditions. They corroborate the lower antibacterial activity observed for AHA-P-TMS-grafted cryogels towards S. epidermidis, which is explained by the mean of action of the grafted aminosilane that is prevented by the large peptidoglycan layer for Gram-positive bacteria.

Non-leaching assay

A leaching assay was performed to detect whether the aminosilane could be released in the system. This experiment should therefore give information on whether a fraction of AHA-P-TMS is not covalently grafted but only adsorbed. The neat and grafted materials were placed in a releasing solution for 24 hours at 37°C under shaking. This solution was inoculated with E. coli and used as a growth media. After 24 hours of incubation, the bacterial population was evaluated by measuring the optical density of the media. The

Conclusion

In this study, the AHA-P-TMS was grafted on the surface of cellulose nanofibril-based materials using an innovative and sustainable approach. The grafting was indeed performed in supercritical carbon dioxide onto two types of CNF materials, namely nanopapers of high density and cryogels of high porosity. The reaction time and the curing steps were varied and their influence on the grafting efficiency was evaluated.

On cryogels, the amount of aminosilane grafted was below the detection limits of FT-IR, elemental analysis and NMR analysis. Nevertheless, the contact killing properties of the newly design materials were tested against Escherichia coli and Staphylococcus epidermidis. Despite the low amounts of grafted AHA-P-TMS, strong antibacterial activity was observed against the Gram-negative E. coli bacteria for all the process conditions, while no activity was observed against S. epidermidis. XPS analysis confirmed the presence of AHA-P-TMS at the surface of nanopapers and an increase in nitrogen and silicon elemental composition was observed for NP-3hOv and NP-1hSc. Surface zeta potential measurements indicate and higher amount of -NH2 groups at the surface of NP-3hOv than for NP-1hOv and NP-1hSc. The low contact angles of NP-3hOv and NP-1hOv express the non-polycondensed conformation of the grafted silanes and the amino groups facing outwards. The curing step performed in scCO2 yielded CNF structures with a layer of aminosilane with less accessible amino groups (NP-1hSc) with probably their alkyl chain facing outwards as revealed by the increase in contact angle. This property did not hinder its antibacterial properties, and the NP-1hSc materials exhibited good antibacterial activity towards E. coli. Both Gram-negative and Grampositive bacteria were affected by NP-3hOv, however, low activity was observed for NP-1hOv. The nonleaching behavior of the nanopapers was assessed and confirmed that the aminosilane was grafted and could not be released in the medium. This was not true for grafted cryogels, for which aminosilane release or aminosilane-grafted CNFs were released in the medium. The cytotoxicity of nanopapers towards fibroblasts was studied by investigating the cell viability in contact with the neat and grafted materials and low toxicity was revealed.

These newly designed materials could be used for their antibacterial activity in the biomedical field.

Perspectives for topical administration and wound dressing design could be considered. This innovative and versatile grafting method could be applied to different oxide substrates and bio-based polysaccharides. The wide class of silanes reagents enables for a large range of functionalization and applications. New silane agents with enhanced CO2 solubility, conferred with the addition of pentafluorophenyl groups for example, could be designed and their grafting supercritical conditions investigated.

General conclusions and perspectives

General conclusions and perspectives

This Ph.D. project investigated a proof of concept of the functionalization of nanocellulose-based materials in supercritical carbon dioxide following a literature review (chapter I) that confirmed the innovative character of this strategy. The main objectives were to prepare nanocellulose-based materials with varied and controlled properties, investigate their potential functionalization in scCO2 by impregnation or covalent grafting and assess their antibacterial and antifungal properties. The main results of the project are highlighted in Table 1.

In chapter II, 2D films and nanopapers were prepared and characterized. A wide range of nanocellulose structures in term of morphology, mechanical and water holding properties was achieved by playing on the source and extraction process of nanocellulose and the drying protocol. Indeed, while cotton CNC films were too brittle to be handled, tunicate CNC and TO-CNF films and CNF nanopapers exhibited high Young's moduli. The water uptakes of the different films and nanopapers were reported and ranged from 3.6 to 51 g of water per gam of material.

Then, ice-templated freeze-dried cryogels were prepared from cotton and tunicate CNCs and CNFs.

Cryogels with a sheet-like structure and low specific surface areas of 4 and 25 m².g -1 were achieved with cCNCs and CNFs, respectively. A honeycomb architecture was achieved for tuCNCs cryogels with a specific surface area as high as 122 m².g -1 . This was correlated to the high aspect ratio of tuCNCs and their high crystallinity. Moreover, tuCNC cryogel presented interesting anisotropic and high compression modulus of 138 kPa. However, because tuCNCs are not commercially available at large scale, commercial CNFs were further investigated in the project. The freeze-dried cryogels were compared to aerogels prepared by supercritical drying. The process was adapted to yield aerogels in the shortest amount of time with the lower amount of carbon dioxide. A range of materials with controlled and increasing specific surface areas and varied porosities was achieved by freeze-drying with or without solvent exchange to tert-butyl alcohol and supercritical drying. The highest specific surface areas and the most fibrillary organization were achieved by supercritical drying. Porous structures with very small pores and a specific surface area as high as 482 m²/g were obtained for TEMPO-oxidized CNFs aerogels.

The wide range of controlled structures obtained in chapter II was then used to investigate the functionalization in supercritical carbon dioxide with bioactive molecules. Supercritical conditions of These results are a proof of the feasibility to produce bio-based, bioactive and biocompatible materials using a green process. Some fundamental as well as applicative issues still need to be addressed. Table 2 summarizes the possible perspectives for each scientific issue.

For the supercritical impregnation of ciprofloxacin, a quartz-crystal microbalance with dissipation monitoring (QCM-D) analysis in apolar solvents could help understand the interactions between ciprofloxacin and the different types of nanocellulose. The relationship between the impregnated amount and the impregnation process parameters (time, drug concentration) should be investigated by varying these parameters over a broad range. Moreover, longer times might affect the impregnation profiles of thymol in aerogels, and a homogeneous sides and core loading could enhance a more sustained release.

Several other silanes could be grafted onto nanocellulose structures in scCO2 to introduce a variety of functional groups. These functional groups could then react with a molecule of interest to produce modified nanocellulose structures in a two-steps reaction. The direct grafting of molecules of interest could also be considered for sustained release and contact activity, for applications as implants for example, where long-term activity is needed. However, further knowledge on long term cytotoxicity and biodegradability of the nanocellulose structures is required. Loading by anti-solvent precipitation can be achieved by mixing a non-scCO2 soluble drug with the nanocellulose suspension before supercritical drying. This could enhance a more sustained release of drugs entrapped in the porous network.

The preliminary results of antibacterial activity and cytocompatibility are very encouraging. To move forward, in vivo tests of the antimicrobial activity and enhanced skin wound healing compared to traditional dressings would confirm their potential as wound dressings.

An aspect to improve for potential application as bioactive dressing is the structural and mechanical holding of pure-nanocellulose structures. Further investigations are required to increase their dry and wet holding.

As highlighted in chapter I, supercritical carbon dioxide present advantages for various aspects of the development of bioactive materials. The final goal would be to produce functionalized aerogels in one single step in situ by injecting the antimicrobial agent inside the pressurized chamber. No extra-step of solvent recovery or purification are required with supercritical carbon dioxide. Moreover, the potential of scCO2 for sterilization has been discussed and one major point would be to investigate the performance of the functionalization conditions for the sterilization of the material.

Résumé étendu en français

Dans un contexte où la demande en matériaux médicaux innovants augmente et où la question environnementale devient une préoccupation majeure, il parait nécessaire de disposer de matériaux fonctionnels non pétro-sourcés. Les polymères naturels issus de la biomasses, tels que la chitine, le collagène ou la cellulose connaissent un fort engouement dans le domaine biomédical (Bedian et al. 2017;Sahana and Rekha 2018;Gaspar-Pintiliescu et al. 2019). De par son abondance naturelle hors du commun, la cellulose joue dans cette liste un rôle particulier.

C'est un polysaccharide linéaire compose d'unités β(1-4)D-anydro glucopyranose, biosynthétisé principalement par les plantes mais également par certaines bactéries et un animal, sous la forme de microfibrilles composées de régions amorphes et cristallines (Figure 2). Il est possible d'extraire à partir de fibres de cellulose des nanoparticules appelées nanocelluloses. Il existe deux types principaux de nanocelluloses :

les nanocristaux de cellulose (NCC), courts, rigides et très cristallins,

les nanofibrilles de cellulose (NFC), longues et enchevêtrées. Les nanocelluloses ont été identifiées comme des briques de base particulièrement attractives pour la conception de matériaux biosourcés innovants à fort potentiel applicatif dans des domaines comme la construction automobile et aéronautique, mais également le biomédical (Klemm et al. 2018). En effet, ces nanoparticules sont issues d'une biomasse abondante et renouvelable, les fibres de cellulose, et possèdent des propriétés exceptionnelles comme une très grande surface spécifique, une faible densité, et d'excellentes propriétés mécaniques (Abitbol et al. 2016). De plus, ces particules non toxiques et biocompatibles sont depuis peu produites à une échelle industrielle, ouvrant ainsi la voie à leur commercialisation et leur disponibilité en grandes quantités. Cependant, le coût encore élevé des Enfin, des structures 2D ont été préparées par évaporation de solvant pour former des films et par filtration sous vide pour former des nanopapiers (chapitre II.3). Le grammage, la transmittance, la porosité et l'épaisseur de ces différentes surfaces ont été étudiées et leurs propriétés mécaniques évaluées par des test de traction. L'influence du type de nanocellulose utilisé et en particulier de leur morphologie a été mise en évidence. Il en ressort une grande fragilité des films de NCCc. La prise en eau par immersion et par capillarité a également mis en évidence de grande différences, notamment des films de NFC-T qui présente une prise en eau très élevée, liées principalement aux différences de chimies de surface des nanocelluloses et en particulier à leurs différentes densités surfaciques de charge.

Les matériaux préparés dans le chapitre 2 sont variés en terme de chimie de surface, d'architecture, de porosité, de surface spécifique et de propriétés mécaniques. Ils seront fonctionnalisés en CO2 supercritique dans les chapitres suivants.

Chapitre III : imprégnation de molécules actives en CO2 supercritique

Imprégnation d'un antibiotique synthétique : la ciprofloxacine

Environ 40 % des drogues aujourd'hui sur le marché présentent une faible solubilité dans l'eau et ce pourcentage montera à 70 % pour les nouvelles drogues. L'imprégnation en CO2sc qui permet d'utiliser ce type de molécules tout en étant un solvant vert présente donc un intérêt certain. Dans cette étude, la ciprofloxacine, un antibiotique synthétique, a été sélectionnée pour l'imprégnation de trois cryogels à base de NFC, NFC-T et NCCtu. La solubilité de la ciprofloxacine dans le CO2sc a été améliorée en ajoutant de l'éthanol comme co-solvant. L'imprégnation a été effectuée pendant 1 heure à 120 bars et 50°C selon le protocole suivant : i) montée en pression, ii) équilibrage de la pression, iii) étape de réaction comprenant solubilisation, diffusion et imprégnation de la ciprofloxacine dans les cryogels, iv) rinçage et v) dépressurisation. Différentes analyses (spectroscopie infrarouge, la résonnance magnétique nucléaire du solide et analyse élémentaire) ont été entreprises mais n'ont pas permis de mettre en évidence la présence de la ciprofloxacine dans les cryogels, présente en quantité inférieure à la limite de détection de ces techniques. Le relargage de la molécule dans l'eau a été étudié par spectroscopie UV-visible. Les expériences révèlent bien que le relargage de ciprofloxacine a eu lieu, ce qui prouve leur présence au sein des cryogels (Figure 8a). Des différences entre les cryogels ont été observées. Le cryogels de NFC-T relarguent la plus grande quantité de drogue (15 mg/g). Ce relargage plus important peut-être attribué à la présence de charges négatives sur les NFC-T menant à un gonflement de la structure plus important en milieu aqueux et à la libération facilitée de la drogue. Afin de caractériser les propriétés antibactériennes, La RMN du carbone a permis de mettre en évidence la présence de l'aminosilane en faible quantité dans les cryogels. Des techniques d'analyse telles que la spectrométrie photoélectronique X (XPS), des mesures d'angles de contact et de potentiel zêta de surface ont permis de déterminer la conformation des silanes greffés à la surface des nanopapiers en fonction du temps de greffage et de l'étape d'élimination de l'eau.

En effet, les fonctions amines restent disponibles dans le cas d'un recuit au four (potentiel zêta élevé à pH acide, angle de contact faible) mais sont sous forme désordonnée avec les chaines alkyles vers l'extérieur dans le cas d'un recuit au scCO2 (angle de contact élevé). Les cryogels ont montré des propriétés antibactériennes contre E. coli. Les trois nanopapiers greffés montrent une activité en conditions solide et liquide contre E. coli et un temps de greffage de 3 heures est nécessaire pour obtenir également une activité contre S. epidermidis. La cytotoxicité a été étudiée dans le cas des nanopapiers et la viabilité des fibroblastes testés a été confirmée. Ces résultats montrent la possibilité de greffer des molécules actives à la surface de matériaux de nanocellulose et permettent de générer une activité antibactérienne par contact.

Résumé en français

Dans un contexte où la demande en matériaux médicaux innovants augmente et où la question environnementale devient une préoccupation majeure, l'objectif du projet a été de préparer des pansements antimicrobiens par la voie la plus verte possible. Pour cela, les nanocelluloses ont été retenues comme briques de base biosourcées et biocompatibles pour le design d'architectures poreuses et leur fonctionnalisation par des agents antimicrobiens a été ensuite entreprise en milieu CO2 supercritique (CO2sc) utilisé comme alternative aux solvants organiques en tirant profit de ses spécificités telles qu'une diffusivité élevée, une élimination aisée du solvant et des réactifs résiduels et une compatibilité avec les matériaux fragiles. Ainsi, des structures 2D et 3D, nanopapiers, cryogels et aérogels, ont été préparées à partir de nanofibrilles (NFC) et de nanocristaux (NCC) de cellulose et présentent des propriétés variées en termes de porosité, morphologie et surface spécifique. Dans le but d'introduire une fonction antibactérienne, les cryogels préparés à partir de nanocelluloses de chimie de surface variées ont été dans un premier temps imprégnés en CO2sc d'un antibiotique synthétique, la ciprofloxacine. Les cryogels imprégnés présentent une activité antibactérienne contre les bactéries Gram-positive et Gram-négative. Ensuite, quatre matériaux de surface spécifique croissante tous préparés à partir de NFC ont été imprégnés avec une molécule issue d'huiles essentielles, le thymol. Les résultats montrent un contrôle direct de la quantité imprégnée avec la surface spécifique qui conduit dans le cas des cryo-et aérogels à de bonnes propriétés antimicrobiennes contre deux types de bactéries et une levure. La seconde stratégie de fonctionnalisation a porté sur le greffage covalent d'un silane aminé antimicrobien en CO2sc. Des méthodes d'analyse de surface (spectrométrie photoélectronique X, angle de contact et potentiel zêta de surface) ont permis de confirmer le succès du greffage sur les nanopapiers. Les propriétés antibactériennes par contact des nanopapiers et cryogels greffés ont été confirmées. Ces résultats sont prometteurs pour l'élaboration en conditions supercritiques de dispositifs médicaux antimicrobiens bio-sourcés et biocompatibles.

English abstract

In a context where the need for innovative medical devices is increasing and the environmental issue is becoming a major concern, the objective of the project the aim of the project was to prepare antimicrobial wound dressings using the greenest possible way. For this purpose, nanocelluloses have been chosen as bio-based and biocompatible building blocks for the design of porous architectures and their functionalization with antimicrobial agents was then undertaken in supercritical CO2 medium (CO2sc) used as an alternative to organic solvents and by taking advantage of its specificities such as high diffusivity, easy removal of solvent and residual reagents and compatibility with fragile materials. Thus, 2D and 3D structures, nanopapers, cryogels and aerogels, were prepared from cellulose nanofibrils (CNFs) and nanocrystals (CNCs), and exhibited various properties in terms of morphology, porosity and specific surface area. In order to introduce antibacterial functionality, cryogels prepared from nanocellulose with varied surface chemistries were impregnated in scCO2 with a synthetic antibiotic, ciprofloxacin. Impregnated cryogels exhibited antibacterial activity against both Gram-negative and Gram-positive bacterial strains. Then, four materials of increasing specific surface area, all prepared from CNFs, were impregnated with an essential oil molecule, thymol. Results show a direct relationship between of the amount of impregnated molecules and the specific surface that leads in the case of cryo-and aerogels to good antimicrobial properties against two types of bacteria and yeast. In a second strategy, covalent grafting of CNFs structures in supercritical CO2 was investigated with a novel antibacterial aminosilane. Surface analysis characterizations methods (X-ray photoelectron spectroscopy, contact angle and surface zeta potential analysis) confirmed the successful grafting on nanopapers. The contact active properties of grafted nanopapers and cryogels were assessed. These results are very promising for the design of antimicrobial biobased and biocompatible medical devices using supercritical conditions.

  Benítez and Walther described the different mechanisms involved in the films and nanopapers production, respectively solvent casting and vacuum filtration and they are illustrated in Figure I. 7 (Benítez and Walther 2017).

Figure I. 7

 7 Figure I. 7 Schematic preparation of CNFs films by solvent casting (a) and CNFs nanopapers by vacuum filtration (b)(Benítez and Walther 2017).

  Figure I. 18. The cell wall is composed of chitin and provides rigidity. The mechanisms of fungal reproduction are described by Alcamo's fundamental of microbiology book (Pommerville 2007) .

Figure I. 18

 18 Figure I. 18 Representation of a fungi cell from[START_REF] Ryan | Sherris Medical Microbiology[END_REF]).3.1.2.3. GrowthYeast adsorb nutrient through the cell wall in a similar way bacterial cells do. Most fungi are aerobes except for some yeast that are facultative anaerobes. Fungi generally have life cycles involving two phases: a growth (vegetative) phase and a reproductive phase. Their growth depends strongly on temperature and pH conditions. Reproduction of fungi involve spore formation. Some of them are harmful (Candida species, dimorphic fungal pathogens (Van Dyke et al. 2019)) while others have been used in food and health industry (Saccharomyces boulardii helps to restore the natural gut flora, Saccharomyces cerevisiae for the production of beer and bread, comestible mushrooms such as Morchella species).

Figure I. 20

 20 Figure I. 20 Essential oils compounds with antibacterial activity[START_REF] Marchese | Antibacterial and antifungal activities of thymol: A brief review of the literature[END_REF]).

  Because of their biocompatibility and versatility, biopolymers are used in the development of a new generation of wound dressings. The most widely used biopolymers are collagen, chitosan, chitin, alginate, cellulose and hyaluronan. Their distribution in the development of bio-based wound dressings is presented in Figure I. 23. Sahana and Rekha discussed the roles of these biopolymers in the healing process

  -𝑛 𝑡ℎ 𝑑𝑎𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑤𝑜𝑢𝑛𝑑 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑤𝑜𝑢𝑛𝑑 × 100.Wound tissue samples are sectioned and histological samples are stained. The width of the sub-epithelial fibrosis, depth of wound, re-epithelization and granulation tissue formation are observed using optical microscopy. Skin biopsie specimen preparation and observation were performed on wounds treated with cellulose-collagen materials or gelatin-chondroitin sulfate-hyaluronic acid skin substitutes and chitosancollagen-alginate dressings by[START_REF] Jeschke | Effect of oxidized regenerated cellulose/collagen matrix on dermal and epidermal healing and growth factors in an acute wound[END_REF],[START_REF] Wang | The effect of gelatin-chondroitin sulfate-hyaluronic acid skin substitute on wound healing in SCID mice[END_REF][START_REF] Wang | Functional nanomaterials through esterification of cellulose: a review of chemistry and application[END_REF].

  the context of nanocellulose functionalization, the trend goes to greener processes to keep the interest of such sustainable materials. The development of safe and non-toxic modification strategies is essential to provide sustainable materials. The use of bio-based nanocellulose materials is by itself in accordance with the green chemistry principles. Green or sustainable chemistry implies the use of clean and nonhazardous chemical processes. It is based on 12 fundamentals principles by Anastas and Warner (1998): -Prevention of waste rather than cleaning or treating -Atom economy, also aiming at reducing waste products -Less hazardous chemical synthesis (or low toxicity) to humans and the environment -Safer chemicals design -Safe or reduced use of solvents and auxiliaries -Design for energy efficiency for minimization of energy consumption -Use of renewable feedstock -Reduction of derivatives and additional unnecessary steps -Use of catalytic reagents -Design for degradation -Real-time monitoring for pollution prevention -Safer chemistry for accident prevention

  Ávila Ramírez et al. 2017). CNC powder was mixed with acetic anhydride and citric acid. Single-step esterification takes place at 120°C during 3 hours and washed to remove unreacted reagents. Ester bond presence was confirmed by FTIR and 13 C NMR analysis. The hydrophobized CNCs dispersed well in chloroform.Solvent-free methods have also been developed for functionalization of nanocellulose by silylation. A mercapto silane was grafted on the surface of oxidized cellulose nanofibrils during a freeze-drying process[START_REF] Geng | Surface-Tailored Nanocellulose Aerogels with Thiol-Functional Moieties for Highly Efficient and Selective Removal of Hg(II) Ions from Water[END_REF]. The procedure involves direct freeze-drying of the TO-CNF suspension in the presence of hydrolyzed 3-mercaptopropyl-trimethoxysilane. The functionalized cryogels were used for the selective removal of mercury ions from water, enhanced by the high amount of thiol groups. The removal efficiency of mercury was up to 93 % even after several adsorption-desorption cycles. More recently, Chantereau et al. deposited a (3-Aminopropyl)-trimethoxysilane and a (2-aminoethyl)-3-aminopropyl-trimethoxysilane on top of bacterial cellulose membrane (previously dried or wet) and successful silylation was achieved in a freeze-drying procedure(Chantereau et al. 2019). The modified bacterial cellulose exhibited antibacterial activity against S. aureus. The condensation of silanols with the hydroxyl groups of nanocellulose was performed at low temperature during sublimation of water.

  Ag(cod)(hfac)), were dissolved in scCO2 at 210MPa, 40°C, in the presence of the cotton fabric and impregnation last for 10 to 15 hours. The process is illustrated in Figure I. 29a. Supercritical carbon dioxide has been used for the extraction of essential oils. The latter have low water solubility and high solubility in scCO2. For this reason and their numerous interesting properties (antibacterial, anti-oxidant, anti-inflammatory), their impregnation in polymer matrices under supercritical conditions has been widely studied. Cotton gauzes were impregnated with thymol in scCO2

  Cotton pulp was placed inside a vessel in the presence of ethanol as a co-solvent and urea. ScCO2 conditions in the range 40-50 °C and 12-22 MPa were applied during 2 hours for impregnation of urea. After depressurization, a final step of heating at 132.7°C during 3 hours was carried out on the samples. The carbonyl peak was observed in FT-IR experiment and confirmed the reaction between urea and cellulose. XRD patterns of cellulose carbamates differed from native cellulose and could result from esterification changes in the crystalline structure of cellulose. Evolution of the rheological behavior was also observed after esterification and depends on the nitrogen content. The same team prepared cellulose carbamate from lignocellulosic fibers[START_REF] Zhang | Synthesis and Characterization of Cellulose Carbamate from Wood Pulp, Assisted by Supercritical Carbon Dioxide[END_REF].4.4.3.3. AcetylationAcetylation of cellulose fibers has been performed in supercritical CO2 as the reaction medium by[START_REF] Nishino | Acetylation of plant cellulose fiber in supercritical carbon dioxide[END_REF]. Ramie fibers were pretreated with glacial acetic acid and placed in the vessel in the presence of acetic acid in supercritical CO2 at 70°C, 9.8 MPa during 0.5 to 5 hours. A final step of vacuum drying at 60°C for 12 hours was needed before recovery of acetylated cellulose fibers. A degree of substitution of 2.2 was achieved and acetylation reached the core fibers after 2-hour reaction time. When vapor phase treatment was performed, lower degrees of substitution and reaction rates were observed. No morphological changes were noticed from SEM images and the crystallinity changes depended on the reaction time.4.4.3.4. CopolymerizationGraft copolymers of cellulose and poly(2,2,2-trifluoroethylmethacrylate) (PTFEMA) were synthesized in supercritical carbon dioxide[START_REF] Liu | Grafting modification of ramie fibers with poly(2,2,2-trifluoroethyl methacrylate) via reversible addition-fragmentation chain transfer (RAFT) polymerization in supercritical carbon dioxide[END_REF]. Ramie fibers were first modified in traditional solvent to attach a chain transfer agent. The reversible addition-fragmentation chain transfer (RAFT) polymerization was carried out in supercritical carbon dioxide at 25 MPa, 70°C. The grafting ratios depended on the reaction time and resulted in highly hydrophobic surface materials. 4.4.3.5. Focus on the interest of supercritical carbon dioxide for silanization Beside providing a good alternative to organic solvent and producing solvent-free materials, scCO2 can be used to produce homogeneous graftings with controlled configurations. Silanization, as a surface modification strategy has been performed in scCO2 to yield homogeneous and uniformly functionalized surfaces(Sanli and Erkey 2015).Loste et al. (2004) compared silanization processes in conventional and supercritical solvents. The experimental set-ups and schematic representations of the reaction are illustrated in Figure I. 30.

  functionalities can be imparted to nanocellulose materials. Although not the only one, antimicrobial activity is an essential feature of a dressing aiming at preventing the growth of microorganisms. The different antimicrobial agents and bioactive dressings were introduced, as well as the means of evaluation of the antimicrobial properties. A wide number of techniques are available to functionalize nanocellulose materials. With the objective to expand the range of modification strategies, supercritical carbon dioxide as a green solution was investigated. Only very few publications report the use of supercritical fluids for the derivatization of cellulose or nanocellulose material. It is a promising medium for green functionalization of cellulose with apolar molecules.The use of supercritical fluid is present in various topics of the project: (i) the design of highly porous nanocellulose aerogels of high specific surface area, (ii) the sterilization of bio-based and sensitive materials, (iii) for green functionalization by chemical grafting of nanocellulose surfaces or impregnation.

  Cellulose nanocrystals and cellulose nanofibrils suspensions exhibit very different macroscopic features, as shown in the insets in Figure II. 2.

  alcohol (≥99.0 %, CAS number: 75-65-0) was purchased from Fisher Scientific and used without any further purification. Ethanol absolute anhydrous (64-17-5, RSE for electronic use) was purchased from Carlo Erba Reagents. Gelatin (CAS Number: 9000-70-8, from porcine skin) and agar powder (CAS Number:

2. 1

 1 .3. TEMPO-oxidized CNFs TEMPO-oxidized CNFs (TO-CNFs) from birch were provided by the Centre Technique du Papier (CTP, Grenoble, France) at 2 wt. % solid content. The TEMPO oxidation was performed on pre-refined pulp at pH 10 for 2h in the presence of NaBr, NaClO and the TEMPO reagent. The oxidized pulp was then subjected to the high pressure homogenizer (GEA Niro Soavi). Redispersion at required concentration was performed before use during 5 minutes with an Ultra Turrax IKA T25 stirrer at 8000 rpm.2.2. Sample preparation 2.2.1. Solvent exchangeSolvent exchange to tBuOH was performed by centrifugation-dispersion cycles. A suspension of CNFs was centrifuged at 11200 rpm during 30 minutes at room temperature. The supernatant was discarded and the pellet redispersed in tBuOH at 30°C. Following centrifugations took place at 30°C to avoid freezing of tert-butyl alcohol. Four cycles of centrifugation-dispersion were necessary and the last pellet was dispersed in tBuOH/H2O 80:20 (vol/vol).

  types of commercial CNFs were used in this study and the suspension photographs and TEM images are presented in Figure II. 8. The first type is a commercial source of CNFs obtained from an enzymatic pretreatment of wood pulp and will be referred to as CNFs. The second type consists of TEMPO-oxidized nanofibrils, which will be called TO-CNFs. Because of the different processes used to produce them and because of their different chemistries, CNFs and TO-CNFs exhibit very different morphologies. The suspension of CNFs appears as a non-transparent and grey-white viscous suspension. When looking at optical microscopy images (Figure A 2), we can observe individual fibers with an average length of 9 µm, and bundles of packed microfibrils. The nanoscale fraction was determined gravimetrically after centrifugation of a highly diluted suspension and revealed that 34 % of the particles are nano-sized.

From

  atomic force microscopy images, regions of high organization are observed for tuCNC films, where all the crystals are aligned in the same direction. Cotton CNCs also organize into well-defined structures as evidenced by the iridescence of the macroscopic sample and birefringence of the polarized light optical microscopy image(Figure II. 19). TO-CNF and CNF films do not exhibit any organization or orientation.

Figure

  Figure II. 19 Polarized light optical microscopy image of cCNC film.

2. 6 . 1 .

 61 Minimum inhibitory concentrationThe sensitivity of E. coli and S. epidermidis to ciprofloxacin was evaluated by determining the minimum inhibitory concentration (MIC). E. coli and S. epidermidis were cultured overnight at 37°C until they reached the exponential growth phase. From at least three isolated colonies, 200 µL of bacterial suspension at a concentration of 0.5 McF was prepared in a Mueller-Hinton broth and increasing concentrations of ciprofloxacin were added. They were then incubated into 96-wells microplate at 37°C during 16 hours. The optical density of the microbial suspension was recorded every 15 minutes with an Infinite-1000 Tecan microplate reader. After incubation, the MIC was established as the lowest concentration of agent that prevents visible bacterial growth. Negative (sterile) and positive (no antibacterial agent) controls were performed. Tetraplicates were performed.

  equipment, depicted in Figure III. 2, is located in a clean room. There are two liquid CO2 bottles to supply the system, a skid pump, that pumps the CO2 through a heat exchanger to reach the supercritical state.The chamber in which the scCO2 is brought to is of half a liter in volume and 210 mm in diameter. The chamber is heated with an electrical heating jacket, represented in red in FigureIII. 2. 

Figure III. 2

 2 Figure III. 2 Process schematic of the SFD-200 equipment fromRull et al. (2015) 

2. 5 . 1 .

 51 Minimum inhibitory concentrationThe sensitivity of three microorganisms to thymol, namely E. coli, S. epidermidis and C. albicans was evaluated by determining the minimum inhibitory concentration (MIC). E. coli, S. epidermidis were cultured overnight at 37°C and C. albicans at 30°C, until they reached the exponential growth phase. From at least three isolated colonies, 200 µL of microbial suspension at a concentration of 0.5 McF was prepared in a Mueller-Hinton broth and solutions of increasing concentrations of thymol were added. They were then incubated into a 96-wells microplate at 37°C or 30°C during 16 hours. The optical density of the microbial suspension was recorded every 15 minutes with an Infinite-1000 Tecan microplate reader. After incubation, the MIC was established as the lowest concentration of agent that prevents visible bacterial growth. Negative (sterile) and positive (no antibacterial agent) controls were performed. Tetraplicates were performed.

1 .

 1 Cellulose nanofibril 2D and 3D structures Depending on the drying process used to prepare the CNF materials, very different structures were obtained as illustrated in Figure III. 13. Vacuum filtration of the CNFs yielded dense and 2D structures classically called nanopapers (NP)(Parit et al. 2018). Freeze-drying of the CNF suspension produced highly porous cryogels. The main morphological difference observed in SEM images between cryogels obtained prior (CGw) and after solvent exchange (CGtBuOH) is the formation of dense walls in CGw due to the growth of ice crystals. Moreover, the photographs show that a flat, non-porous membrane is covering the structure of CGw, while this loss of porosity is not observed for CGtBuOH. Aerogels (AG) obtained by supercritical drying exhibit a highly fibrillary organization.

  Thin and homogeneous slices were cut in the center of the materials and the fluorescence intensity was read as illustrated in Figure III. 14a. The neat structures exhibit low intrinsic fluorescence that remains at least 5 times lower than the fluorescence intensity of impregnated structures. This first result confirms the loading of thymol inside the CNF structures.

Figure

  Figure III. 18a. The releasing profiles indicate a clear burst release of thymol when the impregnated samples were immersed in PBS. After 40 min of release, a plateau was observed for AG. For CGw and

  the reaction time was investigated by performing the grafting during 1 or 3 hours. Longer reaction times could not be probed due to slight to moderate depressurizations of the chamber. The five steps of the supercritical process include pressurization, equilibration, static step, washing and depressurization. The condensation of silanes onto CNFs involves the removal of water molecules which is induced during a curing step. This step was performed either in an oven at 105°C during 2 hours or in

  Figure A 10. Si-O-C and Si-O-Si vibration bands are usually observed around 1150 and 1135 cm -1 , however, they overlap with the C-O-C vibration band of cellulose. The presence of the aminosilane should be detected thanks to NH2 bending signals (around 1600 cm -1) or bands corresponding to the stretching of -CH2 between 2840 and 2950 cm -1 , but these bands were not visible for any of the three grafting conditions. This analysis does not allow us to confirm the grafting of the aminosilane onto the CNF NPs. Grafted nanopapers were analyzed using SEM-EDX, but again no signal of nitrogen nor silicon was observed due to low amounts of grafting. The grafted aminosilane bands were observed in FT-IR by[START_REF] Fernandes | Bioinspired Antimicrobial and Biocompatible Bacterial Cellulose Membranes Obtained by Surface Functionalization with Aminoalkyl Groups[END_REF],Saini et al. (2017) and[START_REF] Gordeyeva | Lightweight foams of amine-rich organosilica and cellulose nanofibrils by foaming and controlled condensation of aminosilane[END_REF] when they performed grafting onto bacterial cellulose, cellulose nanofibrils and TEMPO-oxidized CNFs. SEM-EDX spectrum acquisition had been used previously to detect an aminopropyltrimethoxisilane grafted on CNF membranes in water and in acetone bySaini et al. (2016a).

Figure 2 -

 2 Figure 2 -Structure hiérarchique de la cellulose dans les plantes(Lavoine et al. 2012).

  

  

  These microorganisms must be handled by trained personnel only, in a biosafety cabinet and the laboratory must provide a suitable mean of decontamination (autoclave) and have lockable doors. Strains of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Candida albicans, Yersinia pestis and Mycobacterium tuberculosis are examples of risk group 2 bacteria and fungi.

In risk group 3, microorganisms cause serious diseases and present a risk for laboratory workers. There is a possibility of spreading in the environment but preventive measures or treatment is available. Shigella dysenteria, Bacillus anthracis, SARS virus are group 3 pathogens. Registration with appropriate agencies is necessary in order to work with these agents.

Risk group 4 microorganisms are life-threatening and considered as a serious danger for human. There is a high risk of propagation and no efficient treatment. The highest level of biosafety precaution must be applied. The biosafety cabinet must not have sharp edges and be designed to facilitate decontamination and prevent glove damage. Research on Ebola virus, Lassa virus or poorly characterized dangerous pathogens is performed in class 4 laboratories. Until very recently no bacterial or fungal agents were found in risk group 4, but it now includes resistant Mycobacterium tuberculosis.

  Historically, linen strips, wool and clay have been used by Mesopotamian and ancient Greeks to protect the wound site. In the late 20 th century, cotton gauzes were used to keep the wounds dry. It is only in the

	mid 1980's that modern wound dressings would fit the requirements for wound healing by providing a
	moist environment while removing excess exudate. Today various groups of dressing exist and include
	hydrogels, hydrocolloids, films, foams, meshes etc. Dabiri et al. listed the recommended wound dressings
	adapted to specific wound types (Dabiri et al. 2016). The more traditional dressings (bandages, gauze) are
	used in the case of dry and superficial wounds or as secondary dressings. Two types of wound care
	products are distinguished: non-occlusive dressings (gauze) and semi-occlusive or occlusive dressings that
	act as a barrier against bacteria.
	3.3.2. Bio-based wound dressings
	Most of modern wound dressings are prepared from synthetic polymers. A literature analysis indicates
	that almost 90 % of wound dressings are non-biobased (Figure I. 23).
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Table II .

 II 1 Nanocellulose dimensions and crystallinity. a Extracted form TEM micrographs. b Obtained from AFM measurements.

c Calculated from the ratio of the length to the average cross-section dimension. d Obtained from DLS measurements. e Assessed from 13 C NMR measurements.

  CNFs cryogels by Chen et al. (2019) with honeycomb pores in the cross section and directional tunnels in the longitudinal section. Munier et al. have observed orientation of the particles

	TEMPO-oxidized			
		tuCNCs	cCNCs	CNFs (nanosize fraction)
	Length a (nm)	1120 ± 473	150 ± 56	> 1700
	Width a (nm)	21 ± 6	19 ± 8	25 ± 14
	Height b (nm)	12	8	n/a
	Aspect ratio c	63	14	> 68
	Hydrodynamic diameter d (nm)	381 ± 172	129 ± 76	n/a
	Crystallinity e (%)	94	75	49
				Cotton

Table II

 II 

		SSA (m².g -1 )	Density (mg.cm -3 )	Average pore size (µm)
	tuCNCs	122 ± 10	11.5 ± 1.0	17.6 ± 5.7 (cross-section) 66.2 ± 30.4 (longitudinal section)
	cCNCs	4 ± 2	10 (estimated)	8.7 ± 7.5
	CNFs	25 ± 2	10.2 ± 0.2	17.8 ± 13.8

. 2 Specific surface areas (SSA) calculated from BET method and average pore sizes measured from SEM images, for cryogels prepared from tunicate CNCs, cotton CNCs and CNFs from a suspension in water

  Table II. 3 Compression modulus, normalized modulus and maximum stress at 70 % deformation for tuCNC and CNF cryogels.

	Cryogel	Modulus (kPa)	Normalized modulus (kPa. mg -1 . cm 3 )	Maximum stress at 70 % deformation (kPa)
	tuCNCs ∥ tuCNCs ⊥	138 ± 44 36 ± 13	12 ± 3.8 3.1 ± 1.1	57 ± 9 17 ± 3
	cCNCs	Not suitable	Not suitable	Not suitable
	CNFs ∥	28 ± 4	2.7 ± 0.4	17 ± 2

  TableII. 4 Water uptake rates calculated from the slope of the curves in FigureII. 16. 

	AG TO-CNF CGw TO-CNF AG CNF CGBuOH CNF CGw CNF fibers	Rate in g.min -1 (x 10 From 5 to 390 min From 500 to 3 ) 3000 min 2.7 0.6 4.2 0.9 2 0.5 1.8 0.3 1.8 0.4 0.5 0.06

  TableII. 5 Average lengths and widths of tuCNCs, cCNCs, TO-CNFs and CNFs.

	Nanocellulose tuCNCs cCNCs TO-CNFs CNFs	Length (nm) 1120 ± 473 150 ± 19 255 ± 104 > 1700 ± 633	Width (nm) 21 ± 6 19 ± 8 4.5 ± 1.4 25 ± 14

  Table II. 7 Nanocellulose films and nanopapers characteristics of transmittance, basis weight, density, and porosity.

	Sample	Transmittance 550nm (%)	Basis weight (g.m -²)	Thickness (µm)	Porosity (%)
	tuCNC film cCNC film TO-CNF film CNF film CNF nanopaper	66.1 ± 2.3 83.0 ± 2.5 85.1 ± 1.2 1.9 ± 0.7 0.9 ± 0.3	36.0 ± 1.4 39.8 ± 2.7 32.2 ± 3.3 37.0 ± 11.5 62.8 ± 0.2	29.2 ± 0.7 30.2 ± 3.9 24.9 ± 1.0 30.5 ± 2.9 47.5 ± 3.5	22.9 17.6 19.2 24.2 17.4
	3.2.1. Comparison of films properties depending on the nanocellulose types

  Table II. 8 Nanocellulose films and nanopapers values of Young's modulus and strain at break.

	Nanocellulose type Young's modulus (GPa) Strain at break (%)
	tuCNC films	7.2 ± 0.7	2.8 ± 0.4
	cCNC films	n/a	n/a
	TO-CNF films	7.0 ± 2.6	0.6 ± 0.3
	CNF films	3.3 ± 0.3	2.3 ± 0.4
	CNF nanopapers	7.8 ± 1.0	3.1 ± 0.5
	3.3.1. Comparison of films properties depending on the nanocellulose types

Table III .

 III 1 Transmission electron microscopy images of the nanocellulose suspensions and their surface chemistries and charge. Scanning electron microscopy images of the corresponding cryogels and their pore sizes and specific surface areas.

	Nanocellulose	CNFs	TO-CNFs	tuCNCs
	TEM images of suspensiosn			
	Surface chemistry	-OH	-OH and -COOH	-OH and -OSO 3 -
	Charge (e.nm -²) Nomenclature	n/a CNF CGw	0.96 TO-CNF CGw	0.16 tuCNC CGw
	SEM images of cryogels			
	Pore sizes (µm) Specific surface area (m².g -1 )	17.8 ± 13.8 25 ± 2	24.7 ± 10.4 5 ± 2	17.6 ± 5.7 122 ± 10

  2.2.2. Solvent exchangeCNF solvent exchange to tert-butyl alcohol (tBuOH) was performed by centrifugation-dispersion cycles. A suspension of CNFs was centrifuged at 11200 rpm during 30 minutes at room temperature. The supernatant was discarded and the pellet redispersed in tBuOH at 30°C. Following centrifugations took place at 30°C to avoid freezing of tBuOH. Four cycles of centrifugation-dispersion were necessary and the last pellet was dispersed in tBuOH /H2O 80:20 (vol/vol). cryogels were prepared from freeze-drying in a Cryotec® shelves lyophilizer from a suspension in water to yield GCw or in tBuOH to yield CGtBuOH. The CNF suspension was poured in cylindrical molds

	Prior to supercritical drying, CNFs were solvent exchange to ethanol after successive soaking in
	water/ethanol mixtures inside a PTFE mold of 1 cm in height and 1 cm in diameter, perforated with 1 mm
	wide holes and supplemented with a nylon sieve of 1 µm. Successive soakings of 1 hour, with increasing
	ratios of ethanol/water (25 %, 50 %, 75 %, 100 %) were performed. The last soaking in absolute ethanol
	was repeated twice during 24 hours.
	2.2.3. Cryogels preparation

CNF

Table III .

 III 2 Properties of density, specific surface area and pore sizes of the various CNF structures depending on their preparation process.

	Process Density (mg.cm -3 ) Specific surface area (m².g -1 ) Pore size from SEM images (µm)	NP Vacuum filtration 1374 n/a n/a	CGw Freeze-drying 10.2 25 ± 2 17.8 ± 13.8	CGtBuOH Solvent exchange and freeze-drying 16.4 97 ±4 18.0 ± 9.6	AG Supercritical drying 24.3 160 ± 9 8.8 ± 5.1

  The values of the different parameters (concentration, temperature, pressure, time and curing) are reported in TableIV. 1.The names of the different material according to the reaction conditions are also reported in this table.

	3.2. Aminosilane grafting
	3.2.1. Grafting conditions
	A preliminary study of the grafting of N-(6-aminohexyl)aminopropyltrimethoxysilane in scCO2 was
	performed on model silicon oxide substrates since such materials make it possible to use analytical
	techniques like MIR-IR, which can not be used with cellulose-based materials. The successful grafting was
	confirmed by MIR-IR, XPS and surface zeta potential analysis and results are presented in supplementary
	material (Figure A 9). This study confirms the good solubilization of the AHA-P-TMS and its capacity to
	react with oxides surfaces in scCO2.
	The grafting of AHA-P-TMS in scCO2 was then performed on nanopapers (NP) and cryogels (CGtBuOH) at
	120 bars and 50°C.

Table IV

 IV 

. 1 Parameters of the different AHA-P-TMS grafting conditions Samples were named using the following notation: substrate used (CGtBuOH or NP) -reaction time-curing method

General conclusions of chapter 2 ____________________________________________________

Supplementary material of chapter 2 ________________________________________________

References _____________________________________________________________________

II.1 Ice-templated freeze-dried cryogels from tunicate cellulose nanocrystals with high specific surface area and anisotropic morphological and mechanical properties

This section is adapted from Clémentine Darpentigny, Sonia Boisseau, Guillaume Nonglaton, Julien Bras, and Bruno Jean -Ice-templated freeze-dried cryogels from tunicate cellulose nanocrystals with high specific surface area and anisotropic morphological and mechanical properties, accepted in Cellulose 2019

Abstract

High aspect ratio cellulose nanocrystals (CNCs) extracted from tunicate were used to create so-called cryogels from an ice-templating directional freeze-drying process. The structure of the resulting solid foam was investigated at the micro-and nanoscales by scanning electron microscopy and nitrogen adsorption measurements were used to extract the specific surface area. The mechanical properties were probed by compression tests. To highlight the specificities of tunicate CNC-based cryogels, results were compared with the one obtained from two other types of nanocellulose, namely cellulose nanofibrils (CNFs) from wood and cellulose nanocrystals (CNCs) from cotton, which exhibit different dimensions, aspect ratio, flexibility and crystallinity. While CNF-and cotton CNC-based cryogels exhibited a classical morphology characterized by a sheet-like structure, a particular honeycomb organization with individual particles was obtained in the case of tunicate CNC cryogels. The latter cryogels presented a very high specific surface area of about 122 m².g -1 , which is unexpected for cryogels prepared from a water-based process and much higher than what was obtained for CNF and cotton CNC cryogels (25 and 4 m².g -1 , respectively). High mechanical resistance and stiffness were also obtained with such tunicate CNC cryogels. These results are explained by the high crystallinity, aspect ratio and rigidity of the tunicate CNCs combined with the particular honeycomb architecture of the cryogel.

Conclusion

The formation of highly porous, low density and high specific surface area cellulose nanofibril structures was investigated. Different drying methods, namely freeze-drying and supercritical drying have been adopted and the resulting effect on the macro and micro-structure was investigated. The initial suspension concentration influences the final macroscopic morphology. Although volume shrinkage was significant for structures obtained from tert-butyl alcohol freeze-drying and supercritical drying, it decreased rapidly when the initial concentration was increased. The pore size distribution was affected by the process, as well as the specific surface areas which varied from 25 m².g -1 for cryogels to 160 m².g -1 for aerogels.

Oxidized cellulose nanofibrils structured were compared to non-oxidized CNF structures. Very high specific surface area aerogels where obtained, with values of 482 m².g -1 among the highest reported for CNF-only aerogels. The microscopic scale analysis exhibited aerogels with very fine and preserved fibrillary network and microporosity. The water uptake experiments demonstrated excellent water uptake capacities of TEMPO-oxidized CNF structures as well as excellent wet holding mechanical behavior. The different results depending on the nanocellulose chemistry and the porous material preparation process suggest a possible use of the produced aerogels for wound dressing applications where exudate removal is essential or for humidity control of a moist environment.

Porosity measurement

The porosity (P) of the films and nanopapers was measured as followed:

× 100 , with BW the basis weight in g.m -², e the thickness in m (measured by SEM cross-section analysis) and ρcellulose the density of cellulose (1.6 g.m -3 ). A least triplicates were performed.

Mechanical properties

Tensile tests were performed on films and nanopapers of 5 cm in length and 1 cm in width, using an Instron 5965, equipment. The speed of traction was set at 10 mm.min -1 . Tensile tests were performed at least three times on 3 different films or nanopapers, which have been stored in condition room at least 24 hours before testing.

Water uptake

Around 5 mg of cryogel or aerogel were placed in a recipient with 5 mL of water or phosphate buffered saline (PBS). After 48 hours of soaking, the structure was weighted. The water uptake was defined as follows:

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑤𝑡./𝑤𝑡. ) = 𝑚 𝑤𝑒𝑡 -𝑚 𝑑𝑟𝑦 𝑚 𝑑𝑟𝑦 , with mwet the mass of the wet structure and mdry the mass of the structure before immersion. At least duplicates were performed.

Capillary water uptake

Skin phantoms were prepared as described by Chen et al. (2016) and are composed of a dermis mimicking layer and a hypodermis-mimicking layer underneath to prevent drying effects. First, the hypodermis layer was prepared by mixing 2 % gelatin and 0.2 % agar in distilled water. Microwave heating was applied for 30 s to obtain a homogeneous solution. The warm solution (around 40°C) was poured into a mold to reach 15 mm thickness. The dermis layer was prepared similarly with 24 % gelatin and 1 % agar and was poured, when warm, over the hypodermis layer to reach a thickness of 2 mm. Films and nanopapers were placed on the dermis-mimicking layer. The mass of the structures was recorded at previously determined times and the water uptake was calculated as previously described.

Conclusion

In this study, different types of nanocellulose were obtained and compared for the production of 2D structures. Cellulose nanocrystals of different morphologies were isolated from cotton and tunicate. While cotton CNCs were short rod-like particles with high crystallinity, tunicate CNCs exhibit a very high aspect ratio of 63 and near-perfect crystallinity. Cellulose nanofibrils of different chemistries were compared. The long and entangled CNFs appeared as very heterogeneous suspension and TEMPO-oxidized CNFs were much homogeneous in size. From those four nanocellulose suspensions, structures were prepared from two distinctive processes: solvent casting and vacuum filtration. The resulting structures morphological properties of transparence, basis weight, porosity and hydrophilicity were reported.

Various mechanical properties were achieved. The brittleness of the cotton CNC films was due to their short length and the production of strong and flexible cellulose nanocrystals films was only possible with tunicate CNCs. The latest exhibited high Young's modulus of 7.2 GPa. CNF nanopapers exhibit Young's modulus more than twice higher than CNF films. This difference is due to the residual water content variation during the drying processes. Finally, TO-CNF films present high Young's modulus of 7.0 GPa and this is correlated to the strong interactions between the oxidized nanofibrils. The water uptakes measured by immersion and on skin phantoms of the diverse structures were evaluated. Similar results were achieved for tuCNC, cCNC and CNF structures, with water uptakes up to 5.3 g/g. Very high water adsorption capacity was obtained for TO-CNCs that are able to adsorb up to 50 times their own weight.

By playing on the source and production of nanocellulose, the drying process, a wide range of nanocellulose structures in term of morphology, mechanical and water holding properties was achieved.

The relationship between the type of nanocellulose and drying process and the resulting properties of the 2D structures was established. With a straightforward production methods and tunable properties, the 2D structures can be functionalized in order to introduce new properties of interest and compare them with 3D structured materials. measured as a function of the pressure difference and was used to determine the flow potential. The zeta potential determination was based on the streaming potential and streaming current measurements.

Swelling ratio

Around 10 mg of cryogels were placed in 25 mL of water during 4 hours. The volumes of the dry (Vdry) and wet (Vwet) cryogels were measured from photographs and the swelling ratio was calculated as follows:

Swelling ratio (%) = 𝑉 𝑤𝑒𝑡 -𝑉 𝑑𝑟𝑦 𝑉 𝑑𝑟𝑦 × 100.

2.5. Impregnation characterization 2.5.1. Nuclear magnetic resonance Solid-state 13 C NMR spectra were recorded with a Bruker Avance DSX 400 MHz spectrometer in crosspolarization and magic angle spinning conditions (CP-MAS). The 13 C radio frequency field strength was obtained by matching the Hartman-Hahn conditions at 60 kHz, at a spinning speed of 12 000 Hz. The operating condition was set at 100.6 MHz and a minimum number of 10 000 scans were acquired with a contact time and recycle delay of 2 ms and 2 s, respectively. The acquisition time was set at 35 ms and the sweep width at 29 400 Hz. Spectra were corrected with the scaling factor obtained from a reference spectrum of glycine. The spectra were normalized with cellulose C1 peak at 100 to 110 ppm.

Elemental analysis

Elemental analysis was performed on a vario Micro Cube device from Elementar. From 4 to 7 mg of sample were weighted on a micro-balance and carbon, hydrogen and nitrogen mass proportion were measured.

An average of four measurements was made for each sample.

Infra-red spectroscopy

Fourier-transformed infrared (FT-IR) spectra of the neat and ciprofloxacin-impregnated cryogels were recorded on a Perkin-Elmer spectrum 65 apparatus (PerkinElmer, USA), between 600 and 4000 cm -1 with a resolution of 1 cm -1 and using 16 acquisitions. Attenuated total reflectance (ATR) mode was used. At least 4 spectra were measured for reproducibility. Baseline correction was applied and spectra were normalized at 1105 cm -1 .

Drug release

The release of ciprofloxacin from the cryogels was evaluated in sink conditions. An impregnated cryogel of around 15 mg was immersed in 15 mL of water, in order to achieve the sink conditions, i.e. a sheer were not observed due to amount lower than the detection limits of these techniques (supplementary material, Figure A 4). In SEM-EDX analysis performed in the hope to detect nitrogen and fluor atoms only reveals the cellulose carbon and oxygen atoms (Figure A 5). In the bulk, elemental analysis revealed lower than 0.1 % nitrogen atoms (Table A 1). The solid-state 13 C NMR analysis did not allow for the detection of the ciprofloxacin carbons either (Figure A 6). These different characterizations techniques did not allow to reveal the presence of ciprofloxacin and suggest that very low amounts of ciprofloxacin were impregnated inside the cryogels. It is worth noting that in order to avoid bacterial resistance and prevent the spread of antimicrobial agents into the environment, there is an urge to restrict and limit the amount of antimicrobial agents to its minimum. This study aims at producing materials with antimicrobial activity and not necessarily impregnate too high amounts of drug.

Release of ciprofloxacin from the cryogels

During the impregnation, the solubility of the molecules in scCO2 and their interactions with the nanocellulose materials have to be taken into account. During release, the solubility of the molecules in water, their interaction with the nanocellulose material and the swelling of the material have to be taken into account too.

In order to investigate the amount of antibiotic impregnated inside the cryogels during the supercritical process and to understand the release kinetics, the cryogels were immersed in water. The release solution was then analyzed by UV spectroscopy as ciprofloxacin absorbs at 271 nm. The amount of ciprofloxacin released with time is presented in Figure III. 4. Three distinctive curves are obtained for the three different cryogels. TO-CNF cryogels release the highest amounts of ciprofloxacin with up to 15.1 mg per gram of cryogel. Then CNF and tuCNC cryogels release lower amounts with 4.5 and 0.9 mg release per gram of cryogel, respectively. If the amount of ciprofloxacin inside cryogels is assumed to be the maximum ciprofloxacin released, a maximum of 1.5 wt. % is obtained, hence a maximum of nitrogen atoms of 0.107 at. %. These low values corroborate the fact that nitrogen was not detected by SEM-EDX and elemental analysis for which the detection limits are of 0.5 at. % and 0.1 at. %, respectively. solvent for non-polar molecules this fluid reaches its supercritical state at low critical temperature and low pressure of 31.1°C and 73.8 bars. It allows efficient mass transport and high diffusivity in organic materials.

Thymol and other essential oil molecules have been impregnated into various matrices using supercritical carbon dioxide (scCO2) [START_REF] Terzić | A novel chitosan gels: Supercritical CO2 drying and impregnation with thymol[END_REF]da Silva et al. 2018). The solubility of thymol was investigated by Milovanovic et al. at different pressures and temperatures. Consequently, they performed the impregnation on cotton gauzes at 35°C and 155 bars that conferred antimicrobial properties (Milovanovic et al. 2013). The same team very recently performed the impregnation of thymol in PLA and PLGA foams and observed a controlled release of thymol over three weeks (Milovanovic et al. 2019). Homogeneous impregnations have been reported and the process is often reported as easy and does not require any additional processing step of solvent removal compared to conventional solvents. Cellulose acetate films [START_REF] Zizovic | Utilization of supercritical carbon dioxide in fabrication of cellulose acetate films with anti-biofilm effects against Pseudomonas aeruginosa and Staphylococcus aureus[END_REF]) and PVA-cellulose nanocrystals membranes [START_REF] Alvarado | Supercritical impregnation of thymol in poly(lactic acid) filled with electrospun poly(vinyl alcohol)-cellulose nanocrystals nanofibers: Development an active food packaging material[END_REF] were impregnated in supercritical carbon dioxide with thymol to prevent biofilm formation and develop active food packaging. Up to our knowledge, there is no literature on pure cellulose nanofibril (CNF) porous structures impregnated in supercritical carbon dioxide. In chapter III.1, we have proved the feasibility of supercritical CO2 impregnation in nanocellulose cryogels but proved difficult to explain the influence of structure or even the distribution of the drug inside the 3D structures.

In this context, CNF structures have been prepared and impregnated with thymol in supercritical carbon dioxide. In order to investigate the influence of the structure on the efficiency of supercritical impregnation of essential oils, CNF structures with different porosities and specific surface areas were impregnated and compared. Their potential as active materials for wound dressings applications was evaluated by investigating their antimicrobial activity and cytotoxicity.

Disk diffusion test

The antimicrobial activity of the materials towards E. coli, S. epidermidis and C. albicans was evaluated using a method adapted from the Kirby-Bauer test [START_REF] Bauer | Antibiotic Susceptibility Testing by a Standardized Single Disk Method[END_REF]). From at least three isolated colonies in exponential growth phase, a microbial suspension at a concentration of 0.5 McFwas prepared and inoculated with a swab onto a Mueller-Hinton ager gel. The nanopapers, cryogels and aerogels of ca. 10 mm in diameter and 5 mm high for the porous structures were deposited on top of the swabbed microbial suspension and the petri dish was flipped. They were incubated for 24 hours at required temperature of 37°C (E. coli and S. epidermidis), or 30°C (C. albicans) after which a microbial lawn has developed. The zones of bacterial inhibition were photographed and the zone of inhibition was measured using ImageJ software. Triplicates were performed and positive and negative controls were performed to evaluate the microorganisms growth and the sterility conditions.

Cytotoxicity experiments

To assess the cytocompatibility of the materials, fibroblasts were selected as they play an important role in wound repair. NIH3T3 fibroblasts were seeded in culture wells during 24 hours. The growth medium was removed and replaced with 200 µL growth medium added with thymol at increasing concentrations.

A positive control (live) and a negative control with 10 mM of H2O 2 (dead) were performed. After 24 hours, the growth medium was removed and replaced with 100 µL of growth medium and 10 µL of WST-1 reagent. In the presence of mitochondrial succinate dehydrogenase, the reagent was reduced and formed a yellow compound: formazan, proportional to the amount of living cells. After 2 hours of incubation at 37°C the viability was deduced by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Sextuplicates were performed.

Two different protocols were used to evaluate the cytotoxicity of the materials, which were first sterilized under UV light during 15 min. Direct protocol: NIH-3T3 fibroblasts were cultured in a 24-wells plate with a density of 9.10 4 cells per well in 1 mL of growth medium in the presence of the sample to be tested. The CNF materials were presoaked in the culture medium. Negative (10 mM of H2O2) and positive (growth medium) controls were performed.

The plates were incubated at 37°C during 24 hours, after which 100 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Triplicates were performed.

Chapter IV Supercritical grafting of an active molecule

Cryogels preparation

Cellulose nanofibril suspensions were solvent exchanged to tert-butyl alcohol (tBuOH) after centrifugation-dispersion cycles to obtain a CNF suspension in a tBuOH/H2O 80:20 (vol/vol)mixture. Cryogels (CGtBuOH) were prepared from freeze-drying in a Cryotec® shelves lyophilizer. The CNF suspension in tBuOH was poured in polystyrene cylindrical molds where the suspension was in direct contact with the freeze-drier shelves at -50°C. Directional freezing occurred at -50°C for 2 hours. The primary freeze-drying step took place at 0.1 mbar with increasing temperature from -50°C to 20°C in 24 hours. It was followed by a secondary freeze-drying step at 20°C and 0.01 mbar for 30 minutes, after which cryogels were recovered. Samples were stored in a clean room at relative humidity varying from 45 to 55 %.

Supercritical carbon dioxide grafting

The grafting reaction was performed in a supercritical SFD-200 equipment built by SEPAREX (Nancy, France) and 31Degrees (Montauban, France). The CNF materials were placed inside the pressurized chamber along with 5 mL of AHA-P-TMS at 10 vol. % in toluene placed in an aluminum container. The temperature was set to 50°C and the pressure was increased to 120 bars at a rate of 20 bars.min -1 . The reaction was performed during 60 min to 180 min, after which the chamber was washed during 5 min with 50g.min -1 CO2 flow. Depressurization steps was performed at 8 bars.min -1 . Covalent bonding was induced by the elimination of a water molecule during a curing step of 2 hours in an oven at 105 °C or in supercritical carbon dioxide at 50°C, 120 bars. After grafting, samples were stored in petri dishes containers in a clean room environment.

In order to assess the solubility of AHA-P-TMS and the feasibility of the supercritical grafting, first grafting experiments were performed on silicon substrates with 100 nm thickness of thermal silicon oxide. Prior to grafting, the sample were cleaned and activated with an O2 plasma (500 sccm O2 flow, 250 W, 35 °C) during 5 min.

The ratio between the amount of silane and the specific surface area of the materials was measured with the following formula:

, with Vsilane the volume of AHA-P-TMS solubilized in scCO2, dsilane the density of AHA-P-TMS, Msilane the molar mass of silane, Scellulose the surface available for grafting in nanopaper and

Multiple internal reflection (MIR) infra-red spectroscopy

This analysis was performed on clean and polished silicon substrates only. The MIR-IR set-up has been described by Rull et al. (2015). Two silicon prisms couplers were mounted. The distance Z between the two prisms could vary from 5 mm to the full diameter of the sample. The silicon wafer was putdown horizontally on the prism facets. Two fused silica pressure tips supported by a clamping device allow a tight contact between the prism and the wafer. An S polarized IR beam from a Bruker IFS 55 FTIR spectrometer was directed on the coupling area of the input prism that ensures optical tunneling inside the wafer. After being internally reflected W times (W = 280 for θ = 120°, substrate thickness e = 750 μm and propagation distance Z = 65 mm) the IR beam was coupled out of the wafer by the second prism and focused onto a liquid N2 cooled HgCdTe detector. The sensitivity of MIR measurement was increased by the multiple interaction of light with the sample surface. The number of internal reflection was controlled through the propagation distance Z between the prisms. A reference cleaned silicon substrate was used to eliminate the optical bench contribution to the MIR spectrum. Spectra were acquired using 150 mm propagation distance between 1500 and 4500 cm -1 .

Fourier transformed infrared spectroscopy (FT-IR)

FT-IR spectra of the CNF nanopapers and cryogels (neat and grafted) were recorded on a Perkin-Elmer spectrum 65 (PerkinElmer, USA), between 400 and 4000 cm -1 with a resolution of 1 cm -1 and 16 scans were acquired. Attenuated total reflectance (ATR) mode was used on both sides of the nanopapers and on cryogels and at least 4 spectra were acquired for reproducibility. Baseline correction was applied and spectra were normalized at 1105 cm -1 .

Elemental analysis

C, H, N and O elemental analyses were carried out by the Institut des Sciences Analytiques (UMR 5280, Villeurbanne) on freeze-dried samples. At least duplicates were performed.

Nuclear magnetic resonance

Solid-state 13 C NMR spectra were recorded with a Bruker Avance DSX 400 MHz spectrometer in crosspolarization and magic angle spinning conditions (CP-MAS). The 13 C radio frequency field strength was obtained by matching the Hartman-Hahn conditions at 60 kHz, at a spinning speed of 12 000 Hz. The operating condition was set at 100.6 MHz and a minimum number of 10 000 scans were acquired with a contact time and recycle delay, respectively, of 2 ms and 2 s. The acquisition time was set at 35 ms and the sweep width at 29 400 Hz. Spectra were corrected with the scaling factor obtained from a reference spectrum of glycine. The spectra were normalized to the cellulose C1 peak at 100 to 110 ppm.

Dynamic nuclear polymerization enhanced nuclear magnetic resonance (DNP NMR) was carried out with an Avance III Bruker equipment working at 263/400 MHz. Outputs of 5-10 W of CW microwaves were used.

A biradical polarizing agent (AMUPol) as discussed by [START_REF] Mentink-Vigier | Computationally Assisted Design of Polarizing Agents for Dynamic Nuclear Polarization Enhanced NMR: The AsymPol Family[END_REF] was used for DNP enhancement and Si spectrum were acquired.

Contact angle determination

Contact angle measurements were performed using a OCA 20 DataPhysics instrument. A 3 µL distilled water droplet was deposited on the surface of CNF nanopapers at room temperature. The contact angle and drop volume evolution was recorded for 90 s with a CCD camera. At least 4 measurements were performed and average values are reported.

Surface zeta potential

The surface zeta potential was measured for oxidized silicon substrates and nanocellulose thin films of 2 cm x 1 cm with a SurPASS equipment from Anton Paar GmbH (Graz, Autria). A flow of KCl (10 -3 M) solution, in between the samples attached to a cell, was set to 100 mL.min -1 at a pressure of 300 mbars.

The electrical potential was measured as a function of the pressure difference and was used to determine the flow potential. The zeta potential determination was based on the streaming potential and streaming current measurements.

2.3.9. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed with a VersaProbe II spectrometer equipped with a monochromatic X-ray source at 1486.6 eV and energy resolution of 0.5 eV. An angle of 45° between the surface and the analyzer was used for photoelectrons detections. The materials were scanned to a depth of 3.6 nm. Data were analyzed using the CasaXPS software.

Contact activity assessment

All solutions and materials used were sterile or sterilized in autoclave (121°C, 15 min) prior use for microbiology experiments. No further sterilization than a step in scCO2 was performed for CNF materials before assessment of the antibacterial properties.

hours of incubation at 37°C the viability was deduced by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Sextuplicates were performed.

To investigate the cytotoxicity of the nanocellulose materials, they were first sterilized under UV light during 15 min.

Direct protocol: NIH-3T3 fibroblasts were cultured in 24-wells plate with a density of 9.10 4 cells per well in 1 mL of growth medium in the presence of the sample to be tested. Negative (10 mM of H2O2) and positive (growth medium) controls were performed. The plates were incubated at 37°C during 24 hours, after which 100 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Triplicates were performed.

Indirect protocol: extracts were obtained by placing the samples in a separate growth medium for 24 hours at 37°C. The cells were cultured at a density of 4.5.10 4 cells per well in 500 µL of culture medium during 24 hours. Negative (10 mM of H2O2) and positive (growth medium) controls were performed. After 24 hours, the cells culture media was replaced with the extracts solution. 50 µL of WST-1 reagent was added and the viability was deduced after 2 hours of incubation by reading the absorbance at 450 nm with an Infinite-1000 TECAN microplate reader. Triplicates were performed.

Results and discussion

Nanocellulose materials characterization

The cellulose nanofibril suspension used in this study was observed by optical and atomic force microscopy (AFM) and images are presented in Figure IV. 3. From optical microscopy images, it appears that the suspension is highly heterogeneous, with remaining large fibers and bundles of microfibrils. A finer analysis of the "nanosize" fraction by AFM reveals long and entangled nanofibrils with average dimensions of 25 nm in diameter and more than 1700 nm in length, thus exhibiting a very high aspect ratio. Due to entanglement of the high aspect ratio CNFs, the grey-white suspension was gel-like and viscous. These nanofibrils are semi-crystalline with a crystallinity of 49 % measured by 13 C solid-state NMR. pressurization and depressurizations were first adapted to ensure a good structural holding of the structures.

In chapter III.1, ciprofloxacin was impregnated into three cryogels of various surface chemistry. The drug release was investigated and differences between the three cryogels were observed and attributed to the differences in ciprofloxacin-nanocellulose interactions to the differences in swelling ratios that depend on the surface chemisty. The antibacterial activity of the three impregnated cryogels was established against two strains of bacteria and a prolonged activity was observed after successive evaluation of the cryogels activity. Classical characterization tools (NMR, FT-IR, elemental analysis) have not made it possible to reveal the presence of ciprofloxacin due to low impregnation amounts. Despite this, this approach successfully yielded cryogels with sufficient amount of antibiotics to yield bioactivity without cytotoxicity.

The combination of antibacterial activity and low impregnation can be considered as an advantage, since it both meets economic and therapeutic requirements.

The impregnation of a thymol, highly soluble in scCO2, was performed on CNF-based materials of increasing specific surface area (chapter III.2). As the specific surface area increased an increasing amount of thymol was impregnated as shown by fluorescence intensity and gas-chromatography analysis.

Fluorescence profiles investigations revealed a low and homogeneous distribution of thymol inside cryogels, and a higher yet more heterogeneous distributions in aerogels. This was correlated with the faster drug release in PBS observed with cryogels than with aerogels. Antimicrobial activity against two bacterial strains and one yeast was confirmed for the two structures with the highest specific surface area.

These results are highly novel and are very promising to functionalize nanocellulose-based structures with poorly water-soluble drugs in environmentally benign solvents.

In chapter IV, the grafting on dense and porous CNF structures of a novel antibacterial aminosilane in supercritical carbon dioxide was investigated. Trace amounts of silane were grafted on cryogels, which yet revealed positive contact active properties in vitro. Surface grafting on nanopapers was confirmed by XPS analysis. Using a combination of contact angle and surface zeta potential measurements, the conformation (alkyl chains or amino groups facing outwards) of the silane was established and shown to depend on the reaction time and the curing step. The nanopapers grafted with three different conditions exhibited antibacterial activity by contact, investigated in both liquid and solid conditions. The non-leaching behavior of the grafted nanopapers was confirmed and good cytocompatibility was observed. des nanocristaux de cellulose extraits à partir de coton (NCCc), se présentant sous la forme de bâtonnets courts, rigides et cristallins des nanocristaux de cellulose extraits à partir du tunicier, un animal marin (NCCtu), se présentant sous la forme de longs bâtonnets rigides, avec une grande cristallinité et un facteur de forme plus élevé que les NCC de coton.
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Conclusions et perspectives

Ce travail de thèse a mis en évidence la possibilité de fonctionnaliser des structures de nanocellulose en CO2 supercritique pour le développement de matériaux innovants. Dans un premier temps, l'imprégnation de molécules actives dans des matériaux poreux de nanocellulose a été réalisée. Le lien entre la structure