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Cellulose nanocrystals (CNs), produced by acid hydrolysis from wood, cotton or other cellulose-rich sources, constitute a renewable nanoscaled raw material with a broad range of envisaged uses: for example, in composites, coatings, adhesives, construction, pulp and paper, filtration, cosmetics and biomedical devices. Hundreds of scientific articles or patents have been published on the research on cellulose nanocrystals during the last twenty years, even if most of the studies focus on their mechanical properties as reinforcing phase and liquid crystalline self-ordering property. In general, the research topics on cellulose nanocrystals can be divided in four aspects, viz. the preparation, properties, surface modification, and applications. The studies on the preparation of cellulose nanocrystals include the extraction at lab scale and large scale production.

Diverse property investigations of cellulose nanocrystals also attract the attentions of researchers, such as dimension and distribution control, elastic modulus measurement, rheological behavior analysis, surface charge conversion, and eco-toxicology evaluation. In order to regulate the surface properties, various surface modifications (physical and chemical approaches) have been performed on cellulose nanocrystals, which promote the applications of cellulose nanocrystals in traditional composites and novel functional materials. This chapter reviews recent studies on cellulose nanocrystals, and gives the introduction and instances on the topics of cellulose nanocrystals with respect to their preparation, properties, modification, and applications.
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General Introduction

Cellulose nanocrystal is the primary structural building block of plant, and can be extracted from wood and plant fibers, or tunicin and bacterial cellulose. The hydrolysis of amorphous regions of native cellulose results in cellulose nanocrystalsrigid, rod-shaped crystalline cellulose domains with 5-20 nm in diameter and tens to hundreds of nanometers in length. The development of scalable technologies for the isolation and application of cellulose nanocrystals has been actively pursued by various groups, notably in USA, Canada, and Europe. 1 As an abundant and renewable nanomaterial, cellulose nanocrystal is expected to be used to manufacture and develop a wide range of high-value products, such as (i) biomedical materials for pharmaceuticals and drug delivery, bone replacement and tooth repair etc.; (ii) advanced reinforced composite materials (high-strength spun fibers and textiles; reinforced polymers and innovative bioplastics; 'smart' packaging etc.); (iii) additives for food, cosmetics, coatings, paints, adhesives, pigments and inks; (iv) structural components for papermaking, building, aerospace and transportation; (v) iridescent and optical switchable materials. 2 Since the first study on the use of cellulose nanocrystal as a reinforcing phase in nanocomposites about 20 years ago, a huge amount of literature has been devoted

to the research on cellulose nanocrystals. Different descriptors of these highly crystalline cellulosic nanoparticles are often referred to in the literature, commonly including 'cellulose nanocrystals', 'nanocrystalline cellulose', 'cellulose nanowhiskers' (or just 'whiskers'), 'rod-like cellulose microcrystals', 'cellulose crystallites' and 'cellulose micelles' (in early literature). In 2011, some international standards on nanocellulose were proposed by TAPPI's International Nanotechnology Division, and the nomenclature of "cellulose nanocrystals" was recommended to be used for a general designation. 3 Especially during recent ten years, the study on cellulose nanocrystals has become a hot and topical subject all over the world. More and more researchers are dedicated to the study of this wonderful nanomaterial, and every From the viewpoint of nanotechnology and materials science, the research topics on cellulose nanocrystals can be divided into four areas, viz. preparation, properties, modification, and applications (including composites and functional materials), as shown in Figure 1. For the preparation of cellulose nanocrystals, different approaches to extract cellulose nanocrystals at lab scale are frequently reported. However, perfect technique with 'green', 'simple' and 'low-cost' procedure for large-scale production of cellulose nanocrystals is still in progress. The investigation of cellulose nanocrystal properties includes its physical, surface chemistry and biological properties. The purpose of surface modification on cellulose nanocrystal is the regulation of surface properties or contribution of novel functional molecules for diverse applications. Regarding traditional nano-reinforcing application of cellulose nanocrystals, four processing approaches are mainly applied to prepare cellulose nanocrystal-based composites, viz. casting-evaporation, melting-compounding, electrospinning, and layer-by-layer assembly. The emergence of functional materials derived from some unique properties of cellulose nanocrystals attracts increasing attentions of researchers especially during recent five years, such as optical-tunable materials, mechanically-adaptive materials, and diverse biomedical materials from cellulose nanocrystals. Analysis of the research topics in 2013 is more interesting, which indicates the most focused points on the studies of cellulose nanocrystals. As shown in Figure 2 (B), in 2013, applications of cellulose nanocrystals (including both composite and functional materials) is undoubtedly the main research interest, which accounts for about 60% publications. It is found that there is less study on single extraction of cellulose nanocrystals, but more studies on the development of different methods to obtain cellulose nanocrystals with controlled surface properties, such as isolation of thermally stable cellulose nanocrystals by phosphoric acid hydrolysis, 4 synthesis of ammonium carboxylated cellulose nanocrystals guided by Raman spectroscopy with ammonium persulfate, 5 shape-controlled cellulose nanocrystals via compositional acid hydrolysis 6 etc. There is also a decrease in the number of studies on single surface modification of cellulose nanocrystals. In the reports of novel surface modifications, specific purpose for the modification is always involved, especially functional modification for the contribution of additional role or effect to cellulose nanocrystals. This change reflects the rational return of the studies on this topic, which demands more reasonable and useful modifications on cellulose nanocrystals, such as gold/magnetite nanoparticles embedded on cellulose nanocrystal surface for efficient immobilization, 7 amino-trisulfonate tetraphenylporphyrin conjugated on cellulose nanocrystals for special binding properties and singlet-oxygen production 8 etc. Interestingly, during the past year, plenty of publications focused on the investigation or discussion of cellulose nanocrystal properties, such as orientational distribution of cellulose nanocrystals by diamagnetic anisotropy, 9 effects of sulfate groups on the adsorption of cellulase enzymes, 10 prediction of stiffness of cellulose nanocrystals with quantum mechanics model, 11 self-assembly behaviors of bacterial and tunicate cellulose nanocrystals 12 etc. Although the mechanisms in some studies should be further verified, fundamental exploration of the properties of cellulose nanocrystal is so important that it significantly promotes its application. Regarding applications of cellulose nanocrystals, investigation on cellulose nanocrystals as nano-reinforcing phase to prepare various composites is still one of the common research topic. However, to meet the requirements of industrial products, many studies process cellulose nanocrystal-based composites with melt-compounding approach. Functional materials from cellulose nanocrystals were an attractive topic in 2013 (40% in the application studies), because of the innovation of diverse high added-value materials with new or improved properties, such as mechanical gradient nanocomposite from crosslinked cellulose nanocrystals, 13 recyclable organic solar cells on cellulose nanocrystal substrates, 14 responsive photonic hydrogels based on cellulose nanocrystals, 15 cultivation of skeletal muscle myogenesis on cellulose nanocrystals 16 etc. Despite only initial investigation for some studies or ideas, there is a great potential for this topic in the application of cellulose nanocrystals. Cellulose nanocrystal is both an old and new material. It is a material so ancient since its first extraction in 1947, and it is also so new because of its prominence only during recent 20 years. This dissertation is the summarization of my research during last three years on this ageless bionanomaterial, and the structure of dissertation is shown in Figure 3. Chapter 1 is the literature review on cellulose nanocrystals. In this chapter, four areas of the research on cellulose nanocrystals (preparation, properties, modification, and applications) are introduced in detail through the analysis and comparison of selected publications. Chapter 2 is a research work on the properties of cellulose nanocrystals. In this chapter, the effect of gradient degrees of sulfate groups on cellulose nanocrystals to surface chemistry, morphology and physical properties are investigated and discussed. Chapters 3, 4 and 5 are research works on some applications of cellulose nanocrystals, which are the preparation of extruded nanocomposites, biocomposite sponges, and supramolecular hydrogels. In chapter 3, a novel strategy involving a double-polymer-layer protection and physical and/or chemical compatibilization of cellulose nanocrystals is proposed to both improve the thermal stability and promote the compatibility of cellulose nanocrystals with non-polar polymeric matrices during the extrusion process. In chapter 4, with the idea of TEMPO-oxidized nanocellulose participating as crosslinking aid for the construction of materials (two types of nanocellulose are used, cellulose nanocrystals and microfibrillated cellulose), alginate-based sponges are developed with improved mechanical stability or structural stability. Supramolecular hydrogels from in situ host-guest inclusion between chemically modified cellulose nanocrystals and cyclodextrin are investigated in chapter 5. In this study, the combination of cellulose nanocrystals and cyclodextrin in hydrogels is realized via a smart design, and the application of prepared hydrogels as drug delivery is further analyzed and discussed.

The last chapter (chapter 6) is the conclusions on this dissertation and perspectives for future research on cellulose nanocrystals. 

Extraction and Production of Cellulose Nanocrystals

Cellulose microfibrils formed during biosynthesis are 2-20 nm in diameter, depending on the source, and can be several micrometers in length. Each microfibril consists of crystalline domains interspersed with disordered amorphous regions. The preparation of cellulose nanocrystals involves a chemical hydrolysis process to dissolve amorphous chains and release crystalline domains from cellulose fibers.

Extraction at Lab Scale

The extraction of cellulose nanocrystals by chemical hydrolysis is now an established laboratory process and has been applied to a wide variety of raw materials. With diverse hydrolyzing agents, cellulose nanocrystals possessing different surface groups and surface chemistry can be prepared, as shown in Figure 1.2 (A). Hydrolysis with hydrochloric acid preserves the hydroxyl groups of native cellulose but leads to less stable aqueous suspensions. 14 With the combination of TEMPO and hypochlorous sodium, surface hydroxyl groups of cellulose nanocrystals can be selectively transformed into carboxyl groups, which may be useful for subsequent modification. 15 It was reported that ammonium persulfate [(NH4)2S2O8] can also be used as a low-toxicity oxidant for the isolation of carboxylated cellulose nanocrystals. 16 Moreover, an acid mixture composed of hydrochloric and an organic acid (acetic acid) can be used to hydrolyze cellulose fibers inducing the hydrolysis and modification in one single-step process, 17 which offers the hydrophobic acetyl groups on the surface of cellulose nanocrystals. Recently, some novel systems have been developed for the isolation of cellulose nanocrystals, such as enzymatic hydrolysis, 18 ionic liquid hydrolysis, 19 and gaseous acid hydrolysis. 20 For most researches on cellulose nanocrystals, sulfuric acid hydrolysis has been more extensively used for their preparation because of its high efficiency. When sulfuric acid is used as the hydrolyzing agent, disordered or paracrystalline regions of cellulose fibers are preferentially hydrolyzed, whereas crystalline regions that have a higher resistance to acid attack remain intact. The general procedure for the preparation of During the extraction of cellulose nanocrystals with sulfuric acid hydrolysis, Thielemans et al. detected the presence of adsorbed low molecular weight organic compounds on the surface of nanocrystals, which can block the available reactive sites. 22 It was reported that a Soxhlet extraction treatment using ethanol was effective in removing adsorbed species, and promoting improved reproducibility of subsequent surface modification reactions.

Pilot and Commercial Production

Scale-up of cellulose nanocrystals for larger production is under way. Several manufacturing facilities (as shown in Table 1.1) have or are being built that will increase production to upwards of multiple tons per year. Alberta

Innovates-Technology Futures has constructed the world's first pilot plant to produce cellulose nanocrystals, with the production capacity of 100 kg per week. Domtar Corp.

and FPInnovations have created a joint venture (new organization named CelluForce)

to build a commercial-scale plant for the production of cellulose nanocrystals, in a $40.8 million project. In January 2012, CellForce officially announced to open a plant for the production of cellulose nanocrystals with a target production rate of 1 ton/day.

For the industrial production of cellulose nanocrystals, two issues should be emphasized. One is the standardization for the procedure and conditions of cellulose nanocrystals' production, which is being constituted by TAPPI standard recommendation. 23 Another issue is the further development of practical end-uses for cellulose nanocrystal-based materials, despite the fact that a large and growing body of information on potential applications of cellulose nanocrystals has been identified and demonstrated in the lab. It seems that many companies are interested by the potential of cellulose nanocrystals to improve the quality of their products but face unknowns of cost and sustainability of supply. At the same time, cellulose nanocrystals producers remain mute on production costs and real marketing waiting for the potential uses. It is a vicious circle.

Structure and Properties of Cellulose Nanocrystals

Cellulose nanocrystal is a special rigid nanoparticle extracted from natural renewable sources, possessing diverse properties, which can be classified mainly as physical properties, surface chemistry and biological properties, as shown in Figure 1.3. 

Physical Properties

Inherent Properties

Morphology and Geometrical Dimensions

The morphology and dimensions of cellulose nanocrystals can be directly accessed by microscopic observations, such as TEM, AFM and FEG-SEM. Numerous evidence from microscopy and light scattering techniques reveal that CNs commonly exhibit more or less elongated rod-like (or needle-like) and cylinder shape, and each rod can therefore be considered as the cellulosic crystal with no apparent defect. However, the specific nanocrystal cross-section is still in the disputes. According to the early reports, cross-sections of cellulose microfibrils observed by TEM were found to be square or rectangle, whereas their AFM topography showed a round profile. 26 Recently, ellipse cross-section for CN observed by AFM was proposed, and the effects of different models of geometrical cross-sections on surface chemistry of cellulose nanocrystals were investigated. 27,28 If regarding cellulose nanocrystal as a cylinder with regularly round cross-section, the parameters of CN physical dimension include the length (L), diameter (D) and aspect ratio (L/D). The geometrical dimensions of CN are determined by several factors, including the source of native cellulose and hydrolysis conditions. Nanocrystals extracted from botanical sources (such as cotton, flax, ramie, sisal, etc.) commonly have a length ranging from 100 nm to 700 nm, and a diameter about 5 nm to 30 nm.

Nanocrystals from tunicate and bacterial cellulose are several micrometers in length, and 5 nm to 50 nm in diameter due to the highly crystalline property of these sources.

TEM images of CNs from four different sources are shown in Figure 1.4. cotton; 30 (c) tunicate cellulose (Styela clava); 31 (d) bacterial cellulose. 32 Chapter 1. Literature Review on Cellulose Nanocrystals
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Crystalline Properties

The crystalline structure of cellulose nanocrystals depends on the ordered packing of cellulosic chains. During biosynthesis, van der Waals and intermolecular hydrogen bonds between hydroxyl groups and oxygen atoms of adjacent molecules promote parallel stacking of multiple cellulosic chains forming a highly ordered (crystalline)

structure. The hydrolysis conditions (acid concentration, temperature and duration) significantly affect the degree of crystallinity (ratio between the mass of crystalline domains and the total mass of nanocrystals) and crystalline dimensions of prepared CN.

Theoretically, the degree of crystallinity of CN can be 100%, but incomplete removal of amorphous regions may result in a lower degree of crystallinity. The crystallinity index of CNs is commonly reported as 54-90% depending on the source and hydrolysis conditions.

The crystallinity index of CNs can be analyzed by different techniques including X-ray diffraction (XRD), solid-state 13 C NMR, and Raman spectroscopy. XRD height method is the most popular and direct method to calculate the crystallinity index of CN, which generally gives higher values than those of the peak area or peak deconvolution method. The crystallinity index of CN can also be estimated from the spectrum of cellulose samples acquired by solid-state 13 C NMR as the peaks at 84 and 89 ppm are assigned to the C4 atom for disordered and ordered cellulose, respectively. The crystallinity index is then calculated as the ratio of the crystalline peak area (87-93 ppm) over the total area assigned to the C4 atom peak (80-93 ppm). 33 Similarly in Raman spectroscopy, the crystallinity index of CN can be estimated as the relative intensity ratio of the Raman lines I1481cm and I1462cm, reflecting crystalline and amorphous regions of cellulose I. 34,35 Specific Surface Area

The specific surface area (Asp) of cellulose nanocrystal affects the determination of surface hydroxyl group amount, which can be estimated from the average geometrical dimensions and cross-section models for crystalline cellulose. Different cross-section models for CN will provide distinct Asp values. For instance, with the square and round cross-section models, Asp of CN depends only on the width (W) of nanoparticles;

whereas with the rectangle and ellipse cross-section models, Asp of CN is determined by both the width (W) and the height (H) of the nanoparticles.

Thermal Properties

Thermal properties of cellulose nanocrystals, especially thermal stability, are of importance for the processing and practical uses. Regardless the source of native cellulose, sulfuric acid-hydrolyzed CNs commonly displays a significant reduction of thermal stability in comparison with raw cellulose. This effect is ascribed to the hydrolysis treatment, and the introduction of sulfate groups resulting from the use of sulfuric acid for the preparation of CNs. Typically, the thermal degradation for sulfated CN can be described as a two-step process, viz. low temperature process with thermal degradation temperature (Td1) between 150 and 300 °C, and high temperature process with thermal degradation temperature (Td2) between 300 and 450 °C. The low temperature process involves the degradation of most accessible amorphous regions which are highly sulfated. The high temperature process involves the degradation of less accessible interior crystalline regions that are comparatively less sulfated. To increase the thermal stability of sulfated CN, desulfation of nanoparticles with diluted alkaline (NaOH) can be performed. A marked increase by 50-100 °C for Td1 compared to untreated nanocrystals was reported. 29,36 

Stiffness, Modulus and Other Mechanical Properties

The elastic modulus of cellulose nanocrystal is an important physical property, especially with respect to the ultimate aim of exploiting its full potential in composite materials. Since 1930s, the elastic modulus of crystalline cellulose has been investigated either by theoretical evaluations or by experimental measurements (wave propagation, XRD, Raman spectroscopy, and AFM). The modulus of cellulose microfibrils is expected to result from a mixing rule between the modulus of the crystalline domains and the amorphous fraction. Therefore, it should be higher for more crystalline cellulose nanocrystals. A broad range of values was reported, as shown in nanocrystal should be in the range 100-200 GPa. 

Properties of Colloidal Suspensions

Dispersion and Self-assembly in Solvents

The dispersion and self-aggregation states of cellulose nanocrystals in solvents will significantly determine their properties and applications. Due to the high surface area and hydrophilic nature (numerous hydroxyl groups), strong inter-particle hydrogen bonding will inevitably induce the nanocrystals aggregation. This effect can be proved by the weak dispersion and flocculating tendency of unstable HCl-hydrolyzed cellulose nanocrystal aqueous suspensions. Although some solvents were reported to weaken the interchain bonding in cellulose, such as DMF, with N atoms in its structure for the formation of new hydrogen bonds (O-H⋅⋅⋅N) between hydroxyl groups and the N atom, 62 these solvents (particularly organic solvents) are very limited in terms of practicality. In order to improve the dispersion of cellulose nanocrystals in water or organic solvents, diverse surface treatments or modifications are performed based on the strategy of converting surface properties and weakening interparticle hydrogen bonds. One of the common method for the promotion of cellulose nanocrystals' dispersion in water is the use of sulfuric acid as the hydrolyzing agent, which introduces negatively charged sulfate groups ( ܱܱܵ ଷ ି / ܪ ା ) on the surface of nanocrystals.

Attributed to the electrostatic repulsion between sulfate groups, sulfated cellulose nanocrystals can perfectly dispersed in aqueous medium. With similar mechanism, carboxylated cellulose nanocrystals can homogeneously dispersed in water via electrostatic stability of surface carboxyl groups ( ܱܱܥ ି / ܪ ା ). To facilitate the dispersion of cellulose nanocrystals in organic solvents and enhance the compatibility between nanocrystals and matrices, the surface chemical modification method is generally used. It will be detailedly discussed in Section 1.3 (Surface modification of cellulose nanocrystals) and Section 1.4 (Nano-reinforcing application of cellulose nanocrystals in composites).

Chiral Nematic Liquid Crystalline Phase

It is known that any asymmetric rod-like particle (such as polymer micro-objects, viruses, rod-like alumina, etc.) shows a liquid crystalline behavior and cellulose nanocrystals are no exception. At low concentrations, suspensions of cellulose nanocrystals are isotropic, that is, the rod-like nanoparticles are randomly oriented.

When a critical concentration is exceeded, the nanocrystals in the suspension align and form a colloidal chiral-nematic phase. Over a certain concentration range the isotropic and chiral-nematic phases coexist until finally, upon exceeding an upper critical concentration, only the chiral-nematic phase is present. 63 In fact, for sufficiently high concentrations, cellulose crystallites have a helical twist along the main axis, which can induce crystal suspensions to attain a helical twist normal to the main axis of the rod, and thus organize into a chiral nematic phase or cholesteric phase of stacked planes aligned along a perpendicular axis 64 (as shown in Figure 1.5A). While the helix of cellulose nanocrystals is always left-handed, reflecting the intrinsic chirality of crystalline cellulose, the value of the pitch can vary greatly, from less than 1 to 50 mm and beyond (as shown in Figure 1.5B, C). The pitch depends on the quality and concentration of cellulose nanocrystals, but also temperature, and even ionic strength of the solution. 65 Many aspects of helix formation are still poorly understood, limiting our ability to control it and to tune the pitch. 66 It is worth noting that highly sulfonated nanocrystals have different charge behavior than non-sulfonated hydroxyl surface crystals and so can be expected to show different liquid crystalline behavior. For instance, sulfuric acid and phosphoric acid derived nanocrystals give a chiral nematic structure whereas hydrochloric acid derived nanocrystals with post-reaction sulfonation give a birefringent glassy phase that shows a crosshatch pattern. 67 When ordered colloidal phases of cellulose nanocrystals are dried slowly, the chiral-nematic structure of the suspension can be preserved in solid films. 68 Chiral-nematic phases have unusual optical properties, such as (a) reflection of light in a Bragg-type manner, generating spectacular iridescent colors (as shown in Figure 1.5D), (b) high optical activity, that is, strong rotation of the plane of linearly polarized light and (c) selective reflection of circularly polarized light of particular handedness without changing the sense of circular polarization. The optical tunable nanomaterials based on the chiral nematic liquid crystalline behavior of cellulose nanocrystals will be 

Rheological Behavior

The hydrodynamics properties of cellulose nanocrystal suspensions are directly related to the concentration, shear rate, size, length distribution, and temperature. In the dilute regime, shear thinning behavior of nanocrystal suspensions can be observed, and suspensions exhibit the effect of concentration dependence. At higher concentrations, where cellulose nanocrystal suspensions became lyotropic, a typical behavior of liquid crystalline is generally reported. With regard to the influence of shear rate on the viscosity of nanocrystal suspension, three distinct regions can be observed. At low shear rates, the viscosity of nanocrystal suspension decreases continuously, which is supposed to correspond to a shear thinning behavior where the domains formed by nanocrystals begin to flow. As the shear rate increases, the domains start to break up and a semi-plateau region can be found in the flow curve, where the shear thinning is less pronounced. At a critical rate, a further shear thinning occurred corresponding to the alignment of individual nanocrystals in the flow direction. 71 The aspect ratio is another key parameter in determining the degree of shear-induced order and the relaxation behavior after shear ceased. It was reported that the viscous suspensions derived from long nanocrystals (280 nm) remained aligned for hours and even days after shearing, while suspensions with shorter nanocrystals (180 nm) were found to relax quickly. 72 An attempt to correlate the intrinsic viscosity of cellulose nanocrystal suspensions to the aspect ratio of constituting nanoparticles was also reported. 73 Based on the evaluation of phase behavior using a combination of low-magnification imaging and hot-stage cross-polarized optical microscopy, it was found that both concentration and temperature will significantly affect the microstructure and shear response of cellulose nanocrystal suspensions. 74 Recently, the effect of surface charges to rheological behavior of cellulose nanocrystal suspensions was reported. Due to the influence of surface charge, the degree of sulfation of cellulose nanocrystals has a significant effect on the critical concentration at which transitions from isotropic to liquid crystal and liquid crystal to gel occur. 75

Surface Chemistry

Surface Active Groups and Reactivity

From a structural point of view, cellulose is a high molecular weight homopolysaccharide composed of β-1,4-anhydro-D-glucopyranose units (Figure 1.7).

Chapter 1. Literature Review on Cellulose Nanocrystals
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These units do not lie exactly in the plane with the structure, but rather they assume a chair conformation with successive glucose residues rotated through an angle of 180° about the molecular axis and hydroxyl groups in an equatorial position. 76 The ability of these hydroxyl groups to form hydrogen bonds plays a major role in the formation of fibrillar and semicrystalline packing, which governs the important physical properties of these highly cohesive materials. 77 As indicated with blue dashed lines in Figure 1.7, intramolecular hydrogen bonds occur primarily between the hydrogen borne by the OH group of the C3 carbon and ring oxygen of the adjacent glucose unit (O5). The intermolecular hydrogen bonds occur between the hydrogen of the OH-6 primary hydroxyl and oxygen in position O3 in a cycle of a neighboring unit, as well as the hydrogen of OH-2 and oxygen in position O6.

It is well known that the unidirectional parallel orientation of cellulose chains within the elementary fibrils, occurring during biosynthesis and deposition, induces the formation of crystals having one side face with hydroxyl pendant groups known as the non-reducing end and another front face with reducing end groups bearing hemiacetal functionality. Each cellulose chain possesses directional asymmetry with respect to the termini of its molecular axis: one end has a hemiacetal group (green labeled groups in One of the most specific characteristics of cellulose is that each of its monomers bears three hydroxyl groups, which endows cellulose nanocrystals a reactive surface covered with numerous active hydroxyl groups. For each anhydroglucose unit, the reactivity of hydroxyl groups on different positions is heterogeneous. The hydroxyl group at the 6 position acts as a primary alcohol whereas the hydroxyl groups in the 2 and 3 positions behave as secondary alcohols. Indeed, the carbon atom which carries the hydroxyl group in the 6 position is only attached to one alkyl group, while the carbons with the hydroxyl groups in the 2 and 3 positions are joined directly to two alkyl groups, which will induce steric effects derived from the supramolecular structure of cellulose and the reacting agent. 78 It has been reported that on the structure of cellulose, the hydroxyl group at the 6 position can react ten times faster than the other OH groups, while the reactivity of the hydroxyl group on the 2 position was found to be twice that of at the 3 position. 79 However, regarding the surface reactivity of hydroxyl groups from nanocellulose (such as CNC), the use of reactants or solvents may affect the reactivity of hydroxyl groups from different positions. Recent studies reported the order of reactivity for hydroxyl groups on CNC as nucleophiles with OH-C6 = OH-C2 > OH-C3 by etherification. The reactions between hydroxyl groups and reagents only occur or are controlled on the surface of cellulose nanocrystals. Geometrical considerations obtained from microscopic observations are generally used to determine the content of active hydroxyl groups on the surface of nanocrystals. With the calculation according to the Connely surface methodology, it was reported around 3.8 mmol/g available hydroxyl groups for cotton cellulose nanocrystals with average width d = 4 nm and average length L = 250 nm. 63 Recently, total content of surface hydroxyl groups on cellulose nanocrystals was reported to be affected by the cross-section shapes, such as 0.96 mmol/g for square or round cross-section model, 1.55 mmol/g for ellipse cross-section model, and 2.65 mmol/g for rectangle cross-section model. 27 However, even for these surface cellulose chains, not all hydroxyl groups are accessible, since some are oriented toward the inner of the nanoparticle. Indeed, due to different orientation of some hydroxyl groups and high crystallinity of nanocrystals, as well as large difference in reactivity of hydroxyl groups, it was assumed that the fraction of 

Surface charges

The dispersion stability of cellulose nanocrystals is dependent on the electrostatic repulsion caused by surface charged groups. The surface hydroxyl groups remain intact during hydrochloric acid hydrolysis, resulting in essentially no introduction of charged groups. The amount of surface charge on cellulose nanocrystals prepared by hydrochloric acid hydrolysis is therefore zero, which can be called as "charge-free" nanocrystals (although traces of carboxyl groups up to 1.8 × 10 -5 mol/g of cellulose may be detected for nanocrystals from bleached wood pulp, as a result of oxidative bleaching of the starting material). 83 In contrast, surface sulfate groups are introduced on cellulose nanocrystals during sulfuric acid hydrolysis via condensation esterification (sulfation) between surface hydroxyls and an H2SO4 molecule, using another H2SO4 molecule as a condensation agent. The H2SO4-hydrolyzed nanocrystals, therefore, are highly negatively charged, and form a well-dispersed aqueous colloidal suspension.

Surface charge amounts from sulfate groups of cellulose nanocrystals can be controlled through the duration and temperature of H2SO4 hydrolysis. Phosphate group with negative charges was also reported to be introduced on the surface of cellulose nanocrystals, using a urea-phosphoric acid mixture for surface phosphorylation reaction. 84 Another negatively charged group, carboxyl group, can also be introduced on the surface of cellulose nanocrystals with the acid hydrolysis and subsequent 103 were reported. Similarly, cellulose nanocrystal was also found to have non-toxic effect towards micro-organisms necessary for oxygen take-up. 104 However, recently it was reported that cellulose nanocrystals may induce some slight dose-responsive cytotoxic and inflammatory effects on human lung cells, especially the risk with inhalatory exposure under high concentrations of released cellulose nanocrystal powders. 105,106 It is well known that human body can only clear out impurity with the scale in micrometer or above, while nanoparticles will penetrate into cells and eventually remain in the system. Therefore, although studies conducted so far on cellulose nanocrystals seem to indicate absence of toxicity, the research and systematic assessment of eco-toxicology of cellulose nanocrystals are still incomplete and need deeper investigation, especially for the effect of nanoparticle aggregation in body and long-term in vivo data.

Biocompatibility

Biocompatibility is referred to as the capability of a prosthesis implanted in the body to exist in harmony with tissue without causing deleterious changes, which is an essential requirement for biomedical materials. It is a pity that direct study on the biocompatibility of cellulose nanocrystals is rare. Even for the evaluation of the biocompatibility of cellulose, the different studies are difficult to compare due to the range of methodologies and sample preparations. According to the early reports, 107,108 cellulose can be generally considered to be broadly biocompatible, invoking only moderate (if any) foreign body responses in vivo. More recently, cellulose nanocrystals or its composites were also reported to be used as bioscaffolds for cell cultivation (which will be further introduced in Section 1.5.1.3). However, regardless the type of cellulosic material (native cellulose, nanofibrillar cellulose, or cellulose nanocrystals), it is sensible to judge the biocompatibility of such materials on a case-by-case basis. 109

Biodegradability

In terms of degradation, cellulose may be considered as non-biodegradable in vivo or, at best, slowly degradable, due to the lack of cellulase enzymes in animals. However, the form (i.e., crystallinity, hydration and swelling) of cellulose may affect the degree of degradation, absorption and immune response observed. Nonenzymatic, spontaneous biodegradability of cellulose chains may perhaps account for slow breakdown of unaltered cellulose within the human body, though this is admittedly conjecture and has not been adequately studied. 110 In an early in vivo study, Miyamoto et al. found that the degradation of cellulose and cellulose derivatives in canine specimens depended significantly on the cellulose crystalline form and chemical derivatization. 107 Regenerated cellulose prepared by deacetylation of cellulose acetate (presumably the highly crystalline cellulose II polymorph) did not measurably degrade over the course of the 6-week experiment. Contrarily, however, up to 75% (w/w) of equivalent samples of amorphous regenerated cellulose were degraded and absorbed over the same experimental period. 107 Another study reported that cellulose nanocrystals were actually more biodegradable than their macroscopic counterparts in aqueous environments. 104 of the nanoparticles as a ''handle'' for modification. 113 Among these methods, a convenient operation and procedure, i.e. physical absorption of surfactant or polymer coating, is the simplest treatment in comparison with chemical modification. However, this method was developed for improving dispersibility of CN in organic solvents and is not expected to be effective in composite applications because of the lack of covalent bonding between the hydroxyl groups from CNs and the groups from surfactants. In the field of chemical modification, derivatization is the most effective approach to change the surface properties of CNs, invoving the hydrophilicity, surface charge and density, which can be carried out with the covalent conjunction between nanocrystals and hydrophobic small molecules. In spite of easy achievement, it should be paid more attention to the degree of derivatization on CNs to avoid the destruction of the substrate if the reaction is pushed too far. Modification consisting of introducing functional molecules on CN is a rather new field largely depending on its unique properties. Some novel techniques such as "click chemistry" have been used in the functional modification on CNs, which endows nanocrystals with advanced functions, such as fluorescent labeling, gene delivery or photobactericidal effect.

Another chemical modification method, polymer grafting, can be realized with two strategies, namely 'grafting onto' and 'grafting from'. The 'grafting onto' approach involves attachment of pre-synthesized polymer chains, carrying reactive end groups, to the surface of CNs, whereas the 'grafting from' approach consists in mixing nanocrystals with a monomer and an initiator agent to induce the polymerization of the monomer from the nanoparticle surface. The schematic representation of diverse approaches of modification of CNs is shown in Figure 1.9. For the first approach, traditional 'carboxylation-amidation reaction' consisting in creating a covalent amide bond between a primary amine-terminated polymer and carboxylated CNs by COOH-NH2 coupling and 'isocyanate-mediated reaction' depending on the different reactivity of isocyanate groups are widely used to graft polymeric chains onto the surface of nanocrystals. The grafted polymers can be fully characterized before grafting on the surface, offering the possibility of controlling the properties of the prepared material. However, one can't expect high grafting densities because of steric hindrance and blocking of reactive sites by the already grafted polymer chains using the 'grafting onto' method. 'Grafting from' has been proved to be a very effective approach to create high grafting densities and well-controlled polymer structures on different kinds of surfaces. Surface-initiated ring opening polymerization (ROP) and living radical polymerization (LRP) are two methods that can be used for the strategy of 'grafting from'. In ROP, the hydroxyl groups on the surface of CNs act as initiator and the ratio of monomer (such as ε-caprolactone or L-lactide) to initiating groups determines the DP 

Adsorption of Anionic, Cationic and Nonionic Surfactants

In order to obtain non-flocculated dispersion of CNs in non-polar solvents, the easiest approach is to coat the surface of nanocrystals with surfactants having polar heads and long hydrophobic tails. With the simple mixing in solvent, non-covalent physical absorption of surfactant on CNs will be a much more controllable and easy-operated process than delicate chemical modification. Surfactants are usually amphiphilic organic compounds, containing both water-insoluble (oil soluble) component for hydrophobic groups (so-called tails) and water-soluble component for hydrophilic groups (so-called heads). The hydrophilic end of the surfactant molecule may adhere on the surface of CNs whereas the hydrophobic end may extend out providing a non-polar surface and lowering the surface tension of the nanoparticles. With this process, the ensuing surfactant-coated nanoparticles display reduced surface energy and improved dispersibility or compatibility with non-polar organic media.

Since surfactant Beycostat NA (BNA) was applied as stabilizing agent to prepare stable suspensions of CNs in nonpolar solvents, 119 there were more studies focusing on the influence and property of BNA-modified CNs. BNA is a commercial anionic surfactant, and its chemical structure involves a phosphoric ester of polyoxyethylene nonylphenyl ether. It was shown that the mixing ratio of surfactant and CNs should be cautiously controlled. A low amount of surfactant is not sufficient to obtain a good dispersion in organic solvents, whereas a too high amount of surfactant may induce self-aggregation of nanoparticles during the mixing process. Meanwhile, using small angle neutron scattering, it was observed that a surfactant layer 15 Å thick coated the surface of CNs, which indicated the effective adsorption of BNA and folded conformation of the surfactant molecule on the surface of nanocrystals. 120 In further studies, the properties of BNA-adsorbed CNs, such as morphology, self-assembling and chiral nematic property, were investigated with various techniques including AFM, TEM, and FESEM. 121 Particularly, the chiral nematic ordering of BNA-adsorbed CNs suspensions in cyclohexane with different concentrations was observed and discussed. 122 When using these surfactant-modified CNs as nanofillers to reinforce polymeric matrix (such as PLA or PP), the presence of the surfactant on the surface of nanocrystals was found to facilitate the dispersion of the nanofiller in the matrix and improve the nucleation effect of the matrix for ensuing materials. [123][124][125] Different from the hydrophilic-hydrophobic mechanism for the absorption of common surfactants, cationic surfactant (such as DODA-Br) can be adsorbed on the surface of CNs through strong electrostatic interactions between the negative charge of sulfate groups on H2SO4-hydrolyzed nanocrystals and cationic charge of the surfactant. DODA is a cationic surfactant that has been widely used in Langmuir films to investigate adsorption and binding processes involving anionic polyelectrolytes at the air/water interface. Rojas et al. applied cationic surfactant DODA to modify the surface of CNs, and used this surfactant as the carrier to crosslink cellulose nanoparticles. 126 With Langmuir-Schaeffer (LS) technique, the precursor CNs-DODA complexes were subsequently used to prepare monolayer films.

A nonionic surfactant, such as sorbitan monostearate, was also used to improve the dispersion of CNs in organic solvents and to prevent their self-aggregation. 127 From the results of turbidity experiment performed on 0.3 and 0.6 wt% nanocrystals suspension in THF, it was reported that the surfactant concentration determined the stability of modified CNs in solvent. For high surfactant concentrations, the surfactant molecules self-aggregate and probably do not adhere to the surface of nanocrystals, which probably caused the weak stress transfer effect when using CNs as reinforcing filler.

The same surfactant was used to improve the dispersion of CNs in a polystyrene (PS) matrix and to produce bead-free electrospun composite webs. 128 In another study, as a small surfactant molecule, tert-butanol, was used to modify the surface of CNs. 129 It was reported that tert-butanol was able to limit the aggregation of nanocrystals during freeze-drying process, and promote more loose condition and homogeneous dispersion in poly(lactic acid) (PLA) matrix.

Hydrophobic Groups from Chemical Derivatization

Because of their high surface area and hydrophilic nature, CNs tend to seriously aggregate through hydrogen bonding, and can't be easily dispersed in apolar solvents and are poorly compatible with hydrophobic matrices. The inefficient reinforcement results from poor dispersion induced by poor interfacial interaction between pristine CNs and non-polar polymer matrices. Derivatization is one of the simplest and immediate approach considering diverse chemical modifications. The chemical derivatization is mainly divided into five categories, which are acetylation (or esterification), oxidation, carboamination, silylation and cationization.

Acetyl and Ester Groups with Acetylation and Esterification

Surface esterification is the most common way for the chemical derivatization of CNs.

It is a reaction that introduces an ester functional group COO on the surface of nanocrystals by condensation of a carboxylic acid group COOH and alcohol group OH.

As one of the simplest method of esterification, acetylation that introduces an acetyl group COCH3 on the surface of CNs, has been well studied generally using acid anhydrides as acetylating agent.

Carboxyl Groups from TEMPO-Mediated Oxidation

In 

Silyl Groups from Silylation

Silylation consists in the introduction of substituted silyl groups on the surface of cellulose nanocrystals. The chemical structure of organosilanes (R1R2R3SiX) presents two kinds of functional groups, namely hydrophobic aliphatic groups with different lengths of carbon chains (R1R2R3) and functional groups (X) for the coupling with hydroxyl groups of CNs. In the structure of most silylating agents used for the derivatization of CNs, R1 and R3 are generally methoxy, and R2 varies from one carbon chains to twelve carbon chains (CH3, i-C3H7, n-C4H9, n-C8H17, n-C12H25). X is a hydrolyzable group able to react with active hydroxyl groups from CNs, typically alkoxy, acyloxy, amine, or more commonly chlorine.

Trimethylsilylation was first applied for the silylation modification of CNs. 32 The topochemically trimethylsilylated derivatization of CNs reduced their hydrophilicity and improved their dispersion in acetone. However, the degree and mechanism of 1.10c and c'), and used the modified CNs to reinforce PLA. 135 The effect of methacryloxypropyltrimethoxysilane (MPS) as silylating agent for the surface modification of CNs was also investigated. 140 Recently, A-174 as new silane coupling agent for the surface silylation of CNs was reported. This special silylating agent can provide vinyl groups on the surface of CNs acting as the initiator for successive free radical polymerization. 141

Cationic Groups from Cationization

A few studies were conducted on the surface cationic modification of CNs, to convert surface anionic charges to cationic charges. Surface cationization of CNs with 2,3-epoxypropyltrimethylammonium chloride (EPTMAC) proceeds through the nucleophilic addition of the alkali-activated cellulose hydroxyl groups to the epoxy moiety of EPTMAC. 85 The cationization process reversed the surface charge from -39±3 mV before to +30±5 mV after treatment with EPTMAC, and led to a reduction of the total surface charge density from 0.41 e nm -2 to 0.26 e nm -2 . The modification also promoted the formation of stable dispersions and cationized CNs were more spreadable than pristine CNs on flat mica surfaces, as shown from AFM images in Figure 1.10d and d'. Glycidyltrimethylammonium chloride (GTMAC) and quaternary ammonium salts were also used as cationic agents for surface cationization of CNs. 86,87 Different from the common electrostatic adsorption method, a chemical grafting method was proposed to introduce cationic poly(ethylene imine) (PEI) polymers on the surface of CNs. The synthesis of PEI-grafted CNs included three steps, which were surface modification of CNs using tosyl chloride, then cationic ring opening grafting polymerization of 2-ethyl-2-oxazoline monomer with tosylated CNs as macroinitiators, and finally production of cationic PEI-modified CNs with the hydrolysis treatment in acidic condition. 142

Polymeric Chains with Physical Adsorption or Chemical Grafting

The practical application of CNs faced many obstacles mainly related to poor dispersibility in common nonpolar solvents and interfacial incompatibility between the hydrophobic components and hydrophilic CNs. To prevent the aggregation and improve the compatibility of CNs in diverse matrices, polymer chain grafting seems to be of interest because the grafted polymer chains can act as compatibilizer, particularly when they are of the same nature as the matrix, which can further improve the interfacial adhesion and maximize the compatibility between both components. On the other hand, grafting special polymers on CNs may endow these natural nanoparticles advanced functional application. Polymer grafting can be accomplished by utilizing different approaches such as "grafting onto" or "grafting from" strategies. Polymer adsorption can also promote interfacial interactions with a polymeric matrix.

Hydrophilic Polymer-PEG and PEO

Cellulose nanocrystals are hydrophilic and therefore have limited ability to disperse in hydrophobic solvents and polymer matrices. 143 To restrain the coagulation of nanoparticles in apolar solvents, the method of grafting or adsorption of hydrophilic polymers on the surface of CNs was proposed. This modification involves the steric colloidal stabilization of CN suspension, which results from the hindrance of direct contact between nanoparticles and therefore inhibition of suspension coagulation. A promising candidate is poly(ethylene glycol) (PEG), a water-soluble polymer consisting of hydrophilic and flexible long chains. Four synthetic routes were proposed to introduce PEG (or PEO) on the surface of CNs, which were mainly based on the strategy of "grafting onto" and physical interaction, as shown in Figure 1.11. However, one of the drawbacks of the "grafting onto" approach is the increase of the viscosity of the reaction medium especially for polymeric chains with high molecular weight (Mn).

Therefore, the Mns of grafted PEG onto CNs in these systems were lower than 2500 g/mol. In 2001, Araki et al. first reported the steric stabilization of CN suspensions by PEG grafting using a carboxylation-amidation procedure. 101 By grafting PEG in a ratio of 0.2-0.3 g/g of cellulose on CNs, the modified CNs showed drastically enhanced dispersion stability and ability to redisperse into either water or chloroform from the freeze-dried state. However, due to uncompleted reaction between surface carboxyl groups and amino groups (only 20-30% carboxyl consumption in the amidation step), the improved stability effect induced by the modification could not exactly be proved.

For these reasons, Kloser and Gray proposed an alkaline epoxide ring-opening method for the surface grafting of PEG onto CNs. 144 Desulfation of sulfuric acid-prepared Therefore, grafting of PCL and PLA polymeric chains (especially PCL) on the surface of CNs was widely investigated.

In the initial stage, several studies mainly focused on grafting PCL chains onto CNs with isocyanate-mediated reaction. This chemical modification is based on the different reactivity of the two isocyanate groups from 2,4-TDI, the isocyanate at the 4-position being 7 times more reactive than the isocyanate at the 2-position. 146 Grafting PCL onto the surface of CNs involves a three-step process. adsorbed low molecular weight organic compounds produced during the hydrolysis, which may block the reactive sites of CNs and cause the variable surface composition. 22 Molecular dynamics simulation was used to estimate the adhesion based on surface energies with different amounts of grafted caprolactone. The modifications on nanocrystals lead to an increased work of adhesion between the surface and its surrounding medium. Hydrogen bonds were formed extensively between the grafted caprolactone and the surrounding medium. 153 Whereafter, the hydrophobic polymer was grafted onto the surface of oxidized CNs with the amidation reaction. The polymer-grafted nanocrystals can be readily dispersed in nonpolar solvents such as acetone.

Block Copolymer

Besides the introduction of hydrophilic polymers (such as PEG) and hydrophobic polymers (such as polyolefin), block copolymers including both hydrophilic and hydrophobic segments can be used to modify the surface of CNs. A kind of saccharide-based amphiphilic triblock copolymer, xyloglucan oligosaccharide-poly (ethylene glycol)-polystyrene (XGO-co-PEG-co-PS), was used for the surface modification of CNs. 161 The triblock copolymer was pre-synthesized and physically adsorbed on CNs in the DMF/H2O (1:100 v/v) solvent. The weight fraction of adsorbed copolymer on CNs was determined as 45% by TGA. The modified CNs with adsorbed triblock copolymer were easily redispersed in organic solvent (toluene), and chiral nematic self-ordering of modified CNs was observed in nonpolar solvent. In another study, Azzam et al. introduced PPG-co-PEG copolymers on the surface of CNs using the "grafting onto" approach. 162 The coupling reaction was performed between the carboxyl groups from oxidized CNs and amine-terminated groups from Jeffamine copolymers either in water or in DMF. It was shown that in DMF, the low molecular weight copolymer can be grafted onto CNs with a high grafting density (DS=0.1049).

Individual nanocrystal was decorated by a shell of polymer chains, which induced the steric stabilization, surface-active, and thermoreversible aggregation of modified nanoparticles. However, due to the limitation of "grafting onto" strategy, only copolymers of low Mn (1000 or 2070 g/mol) can be used in this chemical modification.

Other Hydrophobic Polymer

Polypropylene (PP) is a common hydrophobic polymer, which is classicaly used as the representative apolar matrix. The comparison of the reinforcing effect of CN grafted with maleated PP and CN dispersed with the surfactant Beycostat NA (BNA) into atactic PP as the matrix was reported. 163 It was shown that the PP-grafted CNs tended to aggregate in the matrix, and reduced the ductility of ensuing nanocomposites, whereas surfactant-coated CNs showed good dispersion in the matrix (transparent films), and improved ductility. Via the carboxylation-amidation procedure, polypropylene glycol (PPG, Mn=600) hydrophobic chains can also be grafted onto the surface of CNs with the covalent reaction between carboxylated CNs and amine-terminated PPG. 164 The approach involving direct 'grafting onto' modification for the introduction of hydrophobic polymers on CNs seems to be inefficient, which may be attributed to the weak interaction resulting from the compulsive conjunction between hydrophilic nanocrystals and hydrophobic long chains.

Advanced Functional Groups

Recently, more and more studies have led to the emergence of diverse potential special applications of CNs as advanced functional nanomaterials, which are closely associated with their modification using common derivatization or polymer grafting through the introduction of advanced functional groups . 63 The properties and applications of these functional nanomaterials based on CNs will be systematically discussed in Section 1.5, and this section will just focus on the modification reaction and process.

Fluorescent and Dye Molecules

Through covalent conjunction with nanoparticles, fluorophores can be used to label these nanoparticles not only for fluorescence bioassay and bioimaging applications but also for the investigation of bioeffects and safety of nanoparticles inside cells or human being. For the first time, Dong and Roman introduced a fluorescent molecule (FITC) on the surface of CNs via a three-step approach. 11 First, the surface of the nanocrystal was decorated with epoxy functional groups via the reaction with epichlorohydrin. Then, the epoxy ring was opened with ammonium hydroxide to introduce primary amino groups on CNs. Finally, the primary amino group was reacted with the isothiocyanate group of FITC, in which covalent association between CNs and FITC was realized via the formed thiourea groups. It was shown that unlabeled suspension was colorless and slightly opaque, whereas FITC-labeled CNs suspension appeared clear and yellow.

Meanwhile, according to the results of UV/vis spectroscopy, FITC-labeled nanocrystals showed absorption maxima of both the dianionic (490 nm) and the anionic (453 and 472 nm) form of FITC, whereas unlabeled CNs did not show any absorption peaks in the wavelength range 200 to 600 nm. In another study, with similar method, two fluorescent molecules (FITC and RBITC), were introduced on the surface of CNs, which was used to investigate the effects of cellular uptake and cytotoxicity for different fluorescent CNs. 165 The grafting of fluorescent terpyridine molecules 166,167 and pyrene molecules 168 on the surface of CNs was also reported. 

Ryley and

Photobactericidal Porphyrin Molecule

With the benefits of biocompatibility and biodegradability of CNs, these kind of natural nanoparticles have been more studied for biomedical material applications. Feese et al.

developed surface-modified CNs with cationic porphyrin via the Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-dipolar cycloaddition "click reaction" occurring between azide groups on the cellulosic surface and porphyrinic alkynes. 172,173 During the reaction, about 50% of all azide groups on the surface of modified CNs were substituted by porphyrin molecules. Covalent attachment of porphyrin molecule to the surface of CNs will potentially contribute to the longer lasting or permanent antimicrobial property, minimizing the leaching of the biocidal agent into the surrounding environment.

Self-Crosslinking of Nanocrystals

Contrarily to the traditional application of CNs as the reinforcing filler, some studies apply CNs themselves to be the matrix for the construction of self-crosslinked materials. Goetz et al. first developed the self-crosslinking of CNs extracted from MCC with poly(methyl vinyl ether comaleic acid) (PMVEMA) and PEG as the crosslinking agents by reacting varying amounts of CNs (0-100%). 174,175 The crosslinking of CNs with PMVEMA and PEG was anticipated to occur via an esterification reaction among the hydroxyl groups of cellulose, terminal hydroxyl groups of PEG and the carboxylic acid groups of PMVEMA. The crosslinking between three components trapped the nanocrystals in the crosslinked network, preventing aggregation and subsequently producing CNs self-crosslinked nanomaterials through intramolecular and interchain reactions.

In another study, a three-step route of click chemistry was utilized for the synthesis and formation of cellulose nanoplatelet gels with the regular self-crosslinking of CNs. 176 Initially the primary hydroxyl groups on the surface of CNs were selectively activated by converting them to carboxylic acids using TEMPO-mediated oxidation. Further reactions were carried out via carbodiimide-mediated formation of an amide linkage between precursors carrying the amine groups and the carboxylic acid groups on the surface of oxidized CNs. Finally, with two kinds of modified CNs containing the azide derivative or alkyne derivative on their surface, the click chemistry reaction of Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between the azide and the alkyne was performed on CNs, bringing together the nanocrystalline materials in a unique regularly packed arrangement demonstrating a degree of molecular control for creating self-crosslinked CNs nanomaterials.

Inspired by the water-enhanced mechanical gradient character of the squid beak, 

Composites

The use of cellulose nanocrystals as reinforcing additive (or named as nanofiller) is their most widely studied application. They have the potential to significantly enhance the mechanical performance of plastic composites. As shown in Table 1.6, more than half of recent review publications on cellulose nanocrystals during past three years focused on or mentioned their application in composites. Various instances will be only summarized but not repeatedly expounded in this section and the emphasis will be put on the discussion of enhancing effect and mechanism.

Processing Techniques

Four common strategies, viz. casting-evaporation, melt-compounding, electrospinning, and layer-by-layer assembly, have been reported in the literature to homogeneously mix cellulose nanocrystals with a polymeric matrix, as shown in Figure 1.13. The earliest study on the effect of processing approach to properties of cellulose nanocrystals-based composites was reported by Hajji et al. 193 Composites prepared by casting-evaporation method showed higher mechanical performance than melt-compounding method, which was probably attributed to less structural damage and preservation of nanocrystals' orientation in matrix during casting-evaporation.

Because of the good dispersion level of sulfated cellulose nanocrystals (H2SO4 hydrolysis) in water, it is simple to process nanocomposites by casting and water evaporation using either water-soluble polymers or polymer aqueous dispersions (latex) as matrix. For the processing from water-insoluble polymers, the casting-evaporation approach can be performed by involving a solvent exchange procedure, in which the aqueous suspension of cellulose nanocrystals is solvent exchanged in the proper liquid medium for the dissolution of the polymer by several successive centrifugation and redispersion operations, using sonication after each solvent exchange step to avoid aggregation. 178 This mode of casting-evaporation processing allows the preservation of the individualization state of the nanocrystals resulting from their colloidal dispersion in solvents, and therefore keeps the maximum nanoreinforcing effect for the composites. Indeed, during liquid evaporation, strong interactions between nanoparticles can settle and promote the formation of a rigid percolating network (which will be discussed in the following section). During slow solvent evaporation, because of Brownian motions in the suspension or solution (whose viscosity remains low, up to the end of the process when the latex particle or polymer concentration becomes very high), the rearrangement of the nanoparticles is possible.

There is enough time for the interaction and connection among cellulose nanocrystals to form a percolating network, which is the basis of their reinforcing effect for composites. 194,195 The wet processing approach, such as casting-evaporation, has been extensively used in various reports for the preparation of cellulose nanocrystal-based composites.

However, this technique is both non-industrial and non-economic, and also limits the number of polymer matrices that can be used in association with cellulose nanocrystals.

In view of the realization of large-scale production of cellulose nanocrystals (as discussed in Section 1.1.2), more industrial composite processing techniques should be introduced for the preparation of cellulose nanocrystal-based composites, e.g. melt-compounding techniques, such as extrusion or injection molding. The processing through the melt-compounding technique is commonly regarded as a "green" (solvent-free), and industrially and economically viable procedure. However, due to the issues of inherent incompatibility and thermal stability, this processing method is infrequently employed for the preparation of cellulose nanocrystal-based composites.

In fact, the hydrophilic nature of cellulose causes irreversible agglomeration of the nanoparticles during drying and aggregation in non-polar matrices, and the sulfate groups resulting from H2SO4 hydrolysis seriously induce the reduction of the thermal stability of nanocrystals. 188 Electrospinning is another alternative processing approach to mix cellulose nanocrystals and polymer matrix, which can be used to prepare composite fibers with diameters ranging from several microns down to 100 nm. In this process, a polymer solution is positively charged to high voltage to produce the submicron scale fibers from an orifice to a collector. Therefore, to find suitable solvents to dissolve cellulose and to process it in the melt state are the key points for this processing technique. 196 Unfortunately, only a few studies reported the preparation of cellulose nanocrystal-based electrospinning composite fibers, which shows the remaining challenge of this processing approach.

Layer-by-layer assembly (LBL) is a technique by which thin films or nanoparticles of appositely charged layers are deposited. In a common procedure of LBL assembly, positive or negative charged species are sequentially adsorbed by alternatively dipping into the solutions. The excess solution after each adsorption step is rinsed with solvent and thus a thin layer of charged species on the surface ready for the next adsorption step is obtained. There are many obvious advantages of LBL technique, such as simple manipulation, controllable thickness, and high concentration of cellulose nanocrystals in multilayer films. However, the matrix materials used in this approach must be polycation or polyanion with positive or negative charges (corresponding to anionic sulfated CNs, or cationic modified CNs), as few reported for chitosan, PDDA, PHA, PEI, DODA, 63 which limits the wide application of LBL technique.

Pristine Cellulose Nanocrystal Reinforced Plastic Composites

Cellulose nanocrystal-based composites have been studied extensively because of the promising reinforcing effect of these nanoparticles for numerous polymeric matrices. A spectacular improvement of the shear modulus by more than two orders of magnitude was observed in cellulose nanocrystal-reinforced poly(styrene-co-butyl acrylate) latex nanocomposites. 10 Since then, this rod-like nanoparticle was attempted to be incorporated into various polymers, as shown in Figure 1.14. Broadly, the polymeric matrices used for the preparation of cellulose nanocrystal-reinforced plastic composites can be divided into two parts, biodegradable polymers and non-biodegradable polymers. Natural polymers (including cellulose derivatives, starch, natural rubber (NR) etc.) and various biopolymers (such as PHA, PLA, PCL etc.) are commonly used as biodegradable polymeric matrices to prepare cellulose nanocrystals-reinforced "bionanocomposites". In the family of non-degradable polymers, polymers derived from petrochemical sources are used as matrix for cellulose nanocrystal-reinforced nanocomposites, such as PP, PS, PE etc.

Considering the most used processing approach "casting-evaporation", aqueous and organic-solvent systems are two divisions for the preparation of cellulose nanocrystal-based plastic composites. The incorporation of cellulose nanocrystals into aqueous polymer system is relatively straight forward because of the good dispersion of nanocrystals in water. Casting and drying to remove the water result in successful incorporation of cellulose nanocrystals into the polymer matrices. The use of water over organic solvents promotes the use of cellulose nanocrystals in greener production process. However, as discussed before, proper dispersion of cellulose nanocrystals in polymer systems using organic solvents is difficult due to the tendency of nanocrystals to aggregate in these solvents. Despite several reports on the use of DMF, it is still a trouble to find suitable organic solvents for both dispersing cellulose nanocrystals and solubilizing most of hydrophobic polymers. Therefore, in many organic-solvent systems, solvent-exchange procedure is performed to convert the well dispersed cellulose nanocrystals from water to organic solvent (such as ethanol or acetone), and then introduce the suspension into the desired organic polymer solution to prepare composites. The resulting mixture of polymer and cellulose nanocrystals in the organic solvent can be processed in a manner similar to regular polymer solutions, including solution casting and evaporative drying to form thin films, or melting extrusion. 185 Generally, when using pristine cellulose nanocrystals in composites, most studies report similar tendency of improved mechanical stiffness, corresponding to the increase of strength and elastic modulus (especially for elastic modulus), but at the cost of elasticity. Mechanical reinforced mechanism will be discussed in the following section.

Modified Cellulose Nanocrystal Reinforced Plastic Composites

In order to promote their dispersion and improve the compatibility of cellulose nanocrystals in non-polar or hydrophobic matrices, the surface characteristics of cellulose nanoparticles can be tuned by surface chemical modification (such as derivatization and grafting) or physical modification (such as coating with surfactant and macromolecules). Various strategies and instances of surface modification of cellulose nanocrystals have been introduced before, so emphasis of this section will be paid on the effects of surface modification to the performance of prepared composites.

Table 1.7 summarizes diverse systems of modified cellulose nanocrystal reinforced polymeric matrices for plastic composites.

Surface chemical modification of cellulose nanocrystals has a dual effect on the mechanical properties of ensuing composites. The decoration of nanoparticles with grafted moieties obviously restricts the possibility of inter-particle interactions and then the establishment of a percolating network within the continuous medium. Therefore, the outstanding properties resulting from this phenomenon are definitely lost. However, depending on the matrix and processing conditions, it can allow a better dispersion and then promote the compatibility of the filler with the matrix, which will induce higher mechanical performance to be reached compared to the aggregated state of nanoparticles. Specifically, the approach of chemical derivatization can be easily performed by covalently introducing hydrophobic small molecules or groups, such as acetylation, esterification, silylation etc. Derivatization is the most effective mean to change the surface properties of cellulose nanocrystals, such as hydrophilicity, surface energy, surface charge and density, which can significantly improve the dispersion of nanocrystals in organic solvents and hydrophobic polymers. Another approach, polymer grafting, is specially beneficial to the enhancement of compatibility between cellulose nanocrystals and matrix, which derives from interfacial interactions between grafted polymer chains and polymeric matrix. compatibilize the reinforcing phase with the matrix for optimal performance. The challenge consists therefore in promoting the homogeneous dispersion of cellulose nanocrystals and avoiding agglomeration during processing, thus requiring eventually favorable filler/matrix interactions, and at the same time promoting filler/filler interactions to allow the beneficial formation of a percolating network of nanoparticles.

These two requirements are simply conflicting and no suitable strategy has been proposed so far.

Cellulose Nanocrystal/Matrix Interfacial Interactions

Strong interfacial interactions are often associated with the existence of an interphase.

By definition, the interphase exists from some points in the fillers where the local properties begin to change from the filler bulk properties, through the actual interface into the matrix where the local properties again equal the bulk properties. The usual question is to quantify the magnitude of the interactions between filler and polymer chains and the distance away from the surface where the force field may be still in effect. If significant specific interactions between polymer and filler exist, this will tend to immobilize a layer of polymer around each solid particle. This immobilized polymer layer contributes to the effective filler volume fraction in the compound. 215 The filler/matrix interaction can be altered by different means. It obviously depends on the chemical structure of the matrix. Polar matrices tend to strongly interact with the cellulosic surface whereas apolar matrices weakly interact. The polarity of nanoparticles can be tuned by a surface chemical modification allowing favorable interacions with a non-polar matrix. The microstructure of the interfacial zone in the vicinity of the reinforcing phase can also be locally altered by the presence of the filler and affects the mechanical performance of the material. 215 

Rigid Percolating Network

The use of the percolation model to describe and predict the mechanical behavior of cellulose nanocrystal-based composites suggests the formation of a rigid network of nanocrystals, which should be responsible for the unusual reinforcing effect observed at high temperature. Above the percolation threshold, cellulose nanoparticles can connect and form a continuous pathway through the nanocomposite film. The formation of this cellulose nanocrystal network is supposed to result from strong interaction (hydrogen bonds) among nanocrystals. Generally, percolation modeling consists of three main steps: (1) calculation of the percolation threshold; (2) estimation of the modulus of the percolating network; and (3) model construction. 216 For cylindrical shape particles, the volume fraction of percolation threshold (υRc) can be determined with the following equation (1.1): 217

ߥ ோ = 0.7 ݀/ܮ (1.1)
where L/d corresponds to the aspect ratio of the rod.

In this percolation approach, the percolating filler network is set in parallel with a series part composed of the matrix and the non-percolating filler phase. The elastic tensile modulus (Ec) of the composite can be calculated by the following equation (1.2), which has been reported to fit adequately the experimental data.
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The subscripts S and R refer to the soft (polymer matrix) and rigid (cellulose nanocrystal) phase, respectively. The adjustable parameter, ψ, involved in the series-parallel model corresponds in the adapted prediction to the volume fraction of the percolating rigid phase. With b being the critical percolation exponent, ψ can be written as:
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where b = 0.4 for a three-dimensional network. 218 At higher temperatures when the polymeric matrix could be assumed to have zero stiffness (ES ~ 0), the calculated stiffness of the composites is simply the product of that of the percolating filler network by the volume fraction of percolating filler phase, Most studies of cellulose nanocrystal-based composites focus on their mechanical properties. However, there is an increasing interest in their barrier properties due to increased tortuosity provided by nanoparticles (as shown in Figure 1.15). Indeed, because of their small size, the surface-to-volume ratio of the nanoparticles is significantly greater than that of microparticles. Moreover, the low permeability of cellulose can be enhanced by the highly crystalline nature of cellulose nanocrystals and ability to form a dense percolating network (Figure 1.15). Provided that strong particle-polymer molecular interactions exist, the smaller particles have a greater ability to bond to the surrounding polymer material, thereby reducing the chain segmental mobility and thus the penetrant diffusivity. 220

Advanced Functional Materials Based on Cellulose Nanocrystals

Based on the special properties and construction strategies of CNs in functional materials, this section will comprehensively discuss the emerging applications on four sections, including surface properties-induced functional materials; unique nano-reinforcing effects in functional materials; optical materials derived from chiral nematic ordering; and special films and systems ascribed to barrier properties.

Surface Characteristics Induced Functional Materials

Even the most rigorous researcher will be attracted by diverse and interesting surface characteristics of cellulose nanocrystals. First of all, cellulose nanocrystals possess a reactive surface covered with numerous active hydroxyl groups (-OH), which provide the possibility of modification via a chemical reaction strategy. Designing the chemical grafting routes, various functional molecules or polymeric chains (such as fluorescent molecules, DNA, peptide etc.) can be introduced on the surface of nanocrystals, with the target of tailoring physicochemical properties and contributing novel functions. In addition, surface hydroxyl groups of cellulose nanocrystals can be used as anchoring and stabilizing sites, which provides a preferential template or scaffold for these natural nanocrystals during the synthesis of various inorganic nanoparticles. On the other hand, negatively charged surface (sulfated groups -OSO3H) of CNs resulting from H2SO4-hydrolysis induces the electrostatic stabilization of the nanoparticles in aqueous medium, and also provides the feasibility to perform electrostatic adsorption or grafting. From the reactions by surface charges, CNs can be constructed as high-efficiency adsorbing materials and emulsion nano-stabilizer. Finally, as nanoscaled particles, CNs exhibited promising bioactivity and biocompatibility in cellular cultivation and high surface area for application in water decontamination.

Active Groups

Importing Functional Groups or Molecules

Since the first report on the fluorescently labeling of CNs with FITC molecule, 11 more and more researchers investigated the fluorescent modification on the surface of CNs. nanoparticles embedded on CNs used as a magnetic support for the covalent conjugation of papain and facilitated recovery of this immobilized enzyme. 230 The conjugated material retained high enzyme activity and good stability and reusability.

Based on the similar strategy of enzyme/protein immobilization, labeled DNA or enzyme was immobilized on CNs as a probe, and this material can be used for the identification or recognition of target DNA sequence, enzyme molecules, and as a platform for immunoassays and diagnostics. 

Template for Synthesizing Inorganic Nanoparticles

The strategy of natural nanocrystals as templates for synthesizing inorganic nanoparticles breaks new ground to make optimum use of inorganic materials, such as rare noble metal resources, in association with the most abundant and renewable bioresources. As a promising template in the synthesis of inorganic nanoparticles, cellulose nanocrystals always play the role of reducing agent, structure-directing agent and stabilizer during the reactions. Using rod-like CN suspensions as the template, diverse inorganic nanoparticles have been prepared, such as mesoporous silica (Si, SiO2, SiC) nanoparticles; It is worth noting that some studies on the synthesis of inorganic nanoparticles using CNs as templates reported some interesting results. In comparison with different roles of three natural biotemplates (lignin, amorphous bleached cellulose, and CNs) during the synthesis of SiC nanoparticles, only the CN template can produce clean and uniform SiC nanowires (70 nm in diameter, > 100 µm in length) without the camelback structure. 239 Padalkar et al. reported the effects of the concentration of surfactant, salt solution, reaction time, and pH of the salt solution to the average size of synthesized inorganic nanoparticles (Ag, Cu, Au, and Pt) and coverage of CNs. 254 Monodisperse palladium (Pd) nanoparticle synthesized from colloidal CNs showed excellent active catalyst effect on the Heck coupling of styrene and iodobenzene, which proved the possibility of using CNs as an efficient support for catalysis. 249 The introduction of CNs that acted as a morphology-inducer and coordinating agent results in acceleration of the crystal growth of TiO2 particles and promotes the formation of nanocube morphology. 255 The synthesis of porous TiO2 nanoclusters with different shapes, 248 flower-like TiO2 nanocrystals 256 using CNs as templates, and investigation of photocatalytic activity of TiO2/CNs 257 were also reported.

Based on the template synthesis of inorganic nanoparticles with CNs, some organic/inorganic hybrid nanomaterials were reported. Especially for the combination of Ag nanoparticles and CNs, ensuing materials exhibited the antimicrobial property from nano-Ag, and enhanced mechanical performance from CNs. 258,259

Surface Charges and Hydrophilicity

Cellulose nanocrystals are generally prepared by sulfuric acid hydrolysis inducing the formation of sulfate ester groups (-OSO3 -/H + ) on the surface of the nanoparticles via an esterification process. These charged moieties, which density increases with the severity (acid concentration, time, temperature) of the treatment, cause the formation of a negative electrostatic layer covering the nanocrystals and promote the high stability of the H2SO4-prepared nanocrystal aqueous suspensions. Meanwhile, surface negative charge provides the accessibility to electrostatic adsorption and conjunction with cationic groups or molecules. With the negative charges on the surface of CNs, some structural materials (such as layer-by-layer (LBL) assembling nanomaterials) and functional materials (such as emulsion nano-stabilizer and adsorbed or permselective materials) can be developed.
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High-Efficiency Adsorption and Permselective Membrane

Owing to the negatively charged surface of CNs, direct application should be the adsorption against positively charged molecules. Based on this strategy, Hsiao and co-workers developed some efficient adsorbing membranes from cellulose nanofibers and nanocrystals. 260,261 Generally, CNs were anchored on the matrix surface, forming a crosslinked nanostructured mesh with very high surface-to-volume ratio and a negatively charged surface. The mean pore size and pore size distribution of this system could be adjusted by the loading of CNs, where the resulting membrane not only possessed good mechanical properties but also high surface charge density. Prepared CN-based membrane exhibited 16 times higher adsorption capacity against a positively charged dye over a commercial nitrocellulose-based membrane. 262 The negatively charged sulfate groups on the surface of CNs can also be used to develop permselective membranes, which are attributed to the inhibition of negatively charged species but admission of positively charged species. A suspension of cotton CNs (1.5 wt%) was used to form membranes at glassy carbon electrodes via the interparticle hydrogen bonding between negatively charged nanocrystals with the simple drop-coating procedure. This nanostructured membrane possesses the permselective function to substances with different charge properties. It was shown that positively charged ruthenium hexamine [Ru(NH3)6 3+ ] was significantly adsorbed by the membrane, with a large permeability (P) value of 216%, whereas the negatively charged potassium hexachloroiridate [IrCl6 Surface charge density of CNs can be modulated by various postsulfation/desulfation treatments. Regardless the crystalline origin, electrostatic interaction played the major role in the control of the interface between oil and water. Cellulose nanocrystals with a surface charge density above 0.03 e/nm 2 were not able to efficiently stabilize at the oil/water interface, whereas a decreasing surface charge density led to stable emulsions.

Recently, Capron and Cathala investigated the formation of a gel structure from oil-in-water high internal phase emulsions by colloidal network of CNs. They found that high internal phase emulsions are only possible when a Pickering emulsion is formed, suggesting that a reorganization of CNs at the oil/water interface occurs as the volume of the internal phase and the interfacial area increases. 266 Zoppe et al. compared different nano-stabilized effects of CNs before and after polymer brushes grafting.

Water-continuous Pickering emulsions produced by thermo-responsive PNiPAAm brushes grafted onto CNs can be stable during the time of observation for 4 months, whereas unmodified nanocrystals were unable to stabilize heptane-in-water emulsions. 267

Nanoscale and High Surface Area

Because of the properties of porosity, biocompatibility and right mechanical properties similar to natural tissue, CN-based biomaterials can provide a cell-friendly environment to encourage cells attachment and proliferation as a special tissue bioscaffold. Furthermore, derived from the nanoscale dimensions, cellulose nanocrystals have high surface area (several hundred m 2 /g), which is useful and efficient to adsorb organic molecules and other nanoparticles for water purification.

Surface Cell Cultivation

Regarding CN-based media for the cultivation of cells, most of the studies applied conventional suspensions of unmodified or fluorescent-modified nanocrystals as the environment for cells. From insect cells Sf9 and Hamster lung fibroblast V79, to human foreskin fibroblasts and human embryonic kidney cells HEK-293, no significant cytotoxicity to various cell models was found, and promising cellular uptake and proliferation were reported in these studies. 165,268,269 Recently, using a spin-coating method, Dugan et al. prepared submonolayer film with oriented surfaces of adsorbed CNs. Due to the shape and nanoscale dimensions of CNs, murine myoblasts cells C2C12 adopted increasingly oriented morphologies in response to more densely adsorbed and oriented nanocrystals surface (Figure 1.17 

Water Decontamination

A double layer consisting of polyacrylonitrile electrospun membrane reinforced with TEMPO-oxidized CNs was prepared, which showed efficient filtrating capacity for 7-40 nm nanoparticles and oil/water separation (with rejection of over 99%). 272

Nano-Reinforcing Effects in Functional Materials

The most important attributes of CNs are their mechanical properties, in particular their unusual ability to provide high mechanical strength and high strength-to-weight ratio.

For example, the Young's modulus of CNs with a density for crystalline cellulose around 1.5-1.6 g/cm 3 is much higher than the one of glass fibers, around 70 GPa with a density around 2.6 g/cm 3 , which are classically used in composite applications. It is similar to Kevlar (60-125 GPa, density around 1.45 g/cm 3 ) and potentially stronger than steel (200-220 GPa, density around 8 g/cm 3 ). 188 These impressive mechanical properties make cellulose nanocrystals ideal candidates for the processing of reinforced nanocomposites (as discussed in Section 1.4) and development of functionally mechanical materials.

Soft Matter

Hydrogels and Gels

Hydrogels are defined as three-dimensional polymer networks swollen by trapping large amounts of solvent (usually water), and widely used in the fields of food, biomaterials, agriculture etc. Hydrogels from rod-like CNs are usually divided in two types. One consists in the direct preparation from CN suspension; another consists in composite hydrogels prepared from CN reinforced matrices. Cellulose nanocrystals can form gels by themselves under some conditions resulting from the strong hydrogen bonding interactions between nanoparticles. Aqueous suspensions with 0.4 wt% CNs extracted from softwood flour can form a transparent hydrogel with unique rigid and uniform morphology, and the elastic solid-like behavior of hydrogel was dependent on the mechanical agitation. 273 In addition, by involving a solvent exchange process, CNs were proved to be able to form stable macroscopic organogels in glycerol, 274 However, a transition to hydrogels was observed at higher pH where the amine-modified nanocrystals are neutral and the attractive forces based on hydrogen bonding dominate. The opposite behavior was observed for carboxylated CNs, which were dispersible in water at high pH and form stable hydrogels in an acidic environment. 81 On the basis of the crosslinking method, composite hydrogels can be divided into chemical gels and physical gels. Physical gels are formed by molecular self-assembly through ionic or hydrogen bonds, while chemical gels are formed by covalent bonds.

The introduction of rigid CNs in polymeric matrices to prepare physical hydrogel nanomaterials generally improves the structural stability and enhances the elastic modulus. To date, it was reported that CNs have been used in various synthetic polymeric matrices for the preparation of gel nanomaterials, such as PEG, 277 PVA, 278,279 PHEMA, 280,281 poly(NIPAM-co-BMA), 282 starch-g-poly(sodium acrylate), 283 PAM, 141,284 as well as natural polymeric matrices, for instance regenerated cellulose, 285 agarose, 286-288 and cyclodextrin. 289,290 On the other hand, cellulose nanocrystal-based hydrogels can also be obtained by chemical crosslinking method, such as in situ crosslinking between CNs and poly(MVE-co-MA)-PEG, 174,175 gelation, 291 PAA, 292 and PNiPAAm 293 as matrices.

Sponge, Foam, Aerogel and Tissue-Engineering Nanoscaffold

Sponge is a material full of pores and channels allowing water or other molecules to circulate through them. With a similar structure, foam is a substance that is formed by trapping pockets of gas in a liquid or solid. Aerogel is a synthetic porous ultralight material derived from the gel, in which the liquid component of the gel has been replaced by gas. As nanomaterials with high porosity and specific surface area as well as low density, sponge, foam and aerogel materials generally can be produced by extracting the liquid component using freeze-drying or supercritical CO2 drying. These treatments allow the liquid to be slowly dried off without causing the solid matrix to collapse through capillary action, as happen with conventional evaporation. Table 1.8

shows diverse CN-based sponge, foam and aerogel materials prepared with different techniques. porosities up to 97% of spherical interconnected pore walls lined by CNs, which can be more suitable for the expansion and direct interaction with cells in three-dimensional culture. 303 Electrospun fibrous nanoscaffolds reinforced with CNs in MAH-grafted-PLA matrix with improved interfacial adhesion were also reported. 302

Special Mechanical Materials

Special mechanical materials based on CNs are mainly referred as mechanically switchable, stimuli-responsive materials, such as mechanically adaptive materials and 

Self-Healable and Shape-Memory Materials

Named as "self-healable materials" and "shape-memory materials", these two kinds of materials are repairable or revertible after being damaged or changed in shape, which are attractive for many applications because the features can improve the reliability, With the regulation of reversible formation and disruption of CN percolation network, elastomeric polyurethane nanocomposites containing CNs (from 1.1 to 29.6 wt%) can be prepared, which are rapidly switchable shape-memory materials activated by water.

The CN percolation network reformed after drying to provide a fixing force for the temporary shape. The entropy elasticity of polyurethane matrix then enabled rapid shape recovery when percolation network was disrupted again during wetting. 309,310 into the swelled nanocrystal-reinforced polymer nanomaterial in a concentrated acetonitrile salt solution. [311][312][313] Recently, electrospinning and hot-pressing technique without solvent was also reported to prepare composite polymer electrolytes reinforced with CNs. 314 Generally, the addition of rigid CNs in polymer electrolytes leads to high mechanical performance with a high increase in the storage modulus at higher temperatures, and a slight decrease of ionic conductivity. For instance, by adding 10 wt% tunicin nanocrystals in PEO composite materials, the gain in storage modulus exceeded by far a factor of 100 with respect to the unfilled polymer electrolyte; while the values of ionic conductivity still remained higher than 10 -4 S/cm above 60 °C (melting point of PEO). 313,315 To further enhance the performance of polymer electrolytes, different solvents (water or organic medium) for the dispersion of nanocrystals, crosslinking agent, 316 plasticizer, 317 or different polymeric matrices 318,319 were chosen to develop and investigate the effects in the solid polymer electrolyte system.

Recently, cellulose nanocrystal was reported to be used as optically transparent substrate for the preparation of recyclable organic solar cells. The solar cells fabricated on CNs substrates displayed good rectification in the dark and reached a power conversion efficiency of 2.7%. Meanwhile, this solar cell can be easily separated and recycled into its major components using low-energy processes at room temperature. 320

Semi-Conducting Material

Based on the combination of anionic surface charged CNs and positively charged π-conjugated polymers, functional semi-conducting material can be prepared. nonconducting CNs. Such a low percolation threshold of PEDOT:PSS was attributed to the templating effect of CNs, which adsorbed the conductive polymers on the surface and covered the electrical percolation with the network formed by CNs. 322

Optical Materials Derived From Liquid Crystalline

Owing to their anisotropic rod-like morphology, cellulose nanoparticles have a lyotropic liquid crystalline behavior in suspensions, which is a phase transition from an isotropic liquid to an ordered liquid crystal when changing the concentration. 69 Indeed, above a critical concentration, a chiral nematic phase forms. Under certain conditions, the suspension may be slowly evaporated to obtain semi-translucent films that maintain the chiral nematic liquid crystal order formed in the suspension. These films exhibit iridescence reflecting polarized light in a narrow wavelength range determined by the chiral nematic pitch and the refractive index of the film. Derived from the liquid crystalline property, tunable optical nanomaterials can be prepared based on rod-like

CNs with two strategies. The first strategy is the simple slow evaporation for CN suspension to preserve the chiral nematic ordering phase. Another strategy is the combination of liquid crystalline CNs and inorganic matrix to produce optical materials.

Ultrasound treatment was found to increase the chiral nematic pitch in suspension and red-shift the reflection wavelength of CN films as the applied energy increased. 323 MacLachlan M. J. and his team developed a series of photonic, mesoporous, inorganic (silica) optical materials which were a cast of a chiral nematic liquid crystal formed from CNs. Inspired by the brilliant iridescent colors of beetle exoskeletons, their first study consisted in preparing the free-standing mesoporous silica films with tunable chiral nematic structures from CNs. 12,325 As shown in Figure 1.21a, the peak reflected wavelength of the biomimetic optical nanomaterials can be varied across the entire visible spectrum and into the near-infrared through simple changes under synthetic conditions. Figure 1.21b shows photographs of the different colors of mesoporous silica nanomaterials. With increasing CN contents from samples S1 to S4, the mesoporous films exhibited blue, green, yellow and red color, respectively. The colors in these films can be attributed to the chiral nematic pore structure arising from CNs The biomaterial application of cellulose nanocrystals in drug delivery can be mainly divided into two aspects, viz. microspheres (or microparticles), 333 and hydrogels (or gels). 289,290,334 Recently, some researchers attempted to directly attach drug molecules on CNs, which were performed using covalent coupling between modified CNs and drug molecules. With a series of oxidation, reductive-amination and esterification reactions in aqueous media, a novel CN-based delivery system attached to the syringyl alcohol linker through a γ-aminobutyric acid spacer molecule can be produced, on which small model amine drugs (e.g. phenylpropanolamine) can be covalently connected. 118 Similarly, with the binding of bi-functional fusion protein on CNs, hydrophobic solid drug nanoparticles can be adsorbed by the packed protein film on nanocrystals, and improve the long-term stability of drugs under physiological condition. 335

Barrier Nanocomposites   Barrier for Water and Oxygen

Cellulose is a hydrophilic polymer and it obviously absorbs water when immersed in liquid water or conditioned in moist atmosphere. However, the water vapor permeability is decreased when the cellulose fibers are disintegrated to the nanoscale level, such as cellulose nanocrystals. 336 Moreover, the sensitivity to moisture of the nanoparticles can be tuned via pre-treatment before homogenization or post-treatment (polymer impregnation, or chemical grafting). 214 The gas permeability is also reduced in dry atmospheres when decreasing the size of the cellulosic particles because of the crystalline and dense structure of the nanoparticle film. Whatever the treatment or the experimental conditions used to produce nanocellulose (including CNs and MFC), it is seen as a new biomaterial for the creation of a good barrier for extending food shelf-life, and also improves food quality for antioxidants and antimicrobials.

Other Functional Applications

Cellulose nanocrystal (1, 2, 3 wt%) was used to improve the performance of PVA as a wood adhesive. With the measurement of block shear tests, wood failure value increased from 59% (pure PVA) to 84% for adhesive with 1 wt% CNs and finally to 97% for adhesive with 3 wt% CNs. Fluctuations in properties of PVA as a wood adhesive and a polymer at different CN loadings can be attributed to the effect of homogeneous dispersion of nanocrystals to the change of PVA structure. 338 Chapter 1. Literature Review on Cellulose Nanocrystals
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Conclusions

The study of cellulose nanocrystals is a fascinating research field that has attracted significant interest during last twenty years, largely attributed to the potential of cellulose nanocrystals to be used as a renewable and rigid nanomaterial. In light of this review chapter, specific research topics on cellulose nanocrystals generally can be classified as four parts, including 'evolution of preparation', 'exploration of property', 'revolution of modification', and 'development of application'.

In spite of the fact that there has been industrial production of cellulose nanocrystals in some companies, more high-efficiency and 'green' technique is demanded; and standardization for the procedure and control for the properties of produced cellulose nanocrystals are absolutely necessary. Investigation on special properties of cellulose nanocrystals is the prerequisite and fundament for their potential applications. The discovery of new property and exploration of further mechanism will extend the research on cellulose nanocrystals. The presence of a large number of chemical functionalities within their structure provides a unique platform for significant surface modification on cellulose nanocrystals. Through surface modification, researchers can voluntarily transform the surface properties of cellulose nanocrystals, or impart functional molecules on cellulose nanocrystals for novel properties and applications.

Further attention, focusing on the development of innovative modification approach, will be put on the simplicity, cost reduction, and potential functions for the growth of this topic. Many institutes all over the world are dedicated to the application of cellulose nanocrystals, especially on the plastic composites and functional materials.

However, due to various reasons, only the statement of "on the edge of breakthrough" for practical application of cellulose nanocrystals can be given until now.

Undoubtedly, the production of cellulose nanocrystals and their nanomaterials is an emerging area of nanotechnology and materials science. However, it is also clear that there are still many challenges to overcome for diverse areas of cellulose nanocrystals research and the development of a practical product. However, there is also report on the minor effect of H2SO4-hydrolysis conditions to the surface charge and sulfur content of cellulose nanocrystal, which gave the contrary conclusion of "sulfur content of the cellulose may be controlled by factors other than hydrolysis conditions." 2 Inconsistent results from different studies indicate that it is not so easy to precisely control or determine the amount of sulfate groups on cellulose nanocrystals. For the prepared cellulose nanocrystals, regardless the surface sulfate group content, removal or addition of sulfate groups can be achieved by different post-treatment methods, such as desulfation and postsulfation. For the former treatment, solvolytic desulfation (with pyridine), 3 acid desulfation (with HCl) 4 and alkaline desulfation (with NaOH) 5 have been reported to remove (or "wash") most of sulfate groups from the surface of cellulose nanocrystals. To introduce additional sulfate esters, postsulfation with H2SO4 solution of cellulose nanocrystals is commonly performed, 6 but the degree of postsulfation of the nanocrystals should be carefully controlled (no destruction of the crystalline structure).

The presence of sulfate groups on the surface of cellulose nanocrystals is expected to significantly affect various properties of nanocrystals. The most promising influence of sulfate groups to cellulose nanocrystals is the promotion of nanoparticle dispersion in water derived from the electrostatic repulsion, which induces the desired formation of stable colloidal suspensions of cellulose nanocrystals.

Meanwhile, the introduction of charged sulfate esters makes the formation of negative layer covering nanocrystals, which can be used for electrostatic adsorption or layer-by-layer assembly. It is widely reported that sulfate groups cause a sharp decrease in degradation temperature for cellulose nanocrystals even at low levels. 1 However, a recent study reported a slight increase of the degradation temperature for higher levels of sulfated cellulose nanocrystals. 7 Another influence of sulfate groups is the transformation of rheological properties of cellulose nanocrystal suspensions, including the change of viscosity, 8 and transitions from isotropic to liquid crystal and liquid crystal to gel. 9 Recently, a study further revealed an interesting effect of surface sulfate groups on cellulose nanocrystals to material adhesion. It was reported that cellulose nanocrystals bearing sulfate groups yielded adhesion strength to PDMA gel materials, whereas HCl-hydrolyzed cellulose nanocrystals bearing only hydroxyl groups were useless as a glue. 10 In fact, direct influence of sulfate groups to cellulose nanocrystals is the change of surface chemistry, viz. the reduction of available hydroxyl groups. Especially for studies intending to subsequent chemical modification, the issue of accurate content of hydroxyl and sulfate groups (surface degree of substitution of available or total hydroxyl groups to sulfate groups) is necessary and important. It should be pointed out that the determination of the surface -ܱܱܵ ଷ ି degree of substitution is on the basis of dimension measurement and specific surface area analysis of cellulose 12 and 533 m 2 /g. 13 Despite the fact that several studies attempted to calculate the proportion of sulfate and hydroxyl groups on the surface of cellulose nanocrystals after H2SO4 hydrolysis, inconsistent conclusions were provided due to the reasons mentioned before. 
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Introduction

Despite being the most available natural polymer on earth, it is only quite recently that cellulose has gained prominence as a nanostructured material, in the form of cellulose nanocrystals (CNs) and nanofibrillated cellulose (NFC). 1 Cellulose nanocrystal is being developed for use over a broad range of applications, even if a high number of unknowns remain at date. After intensive studies, it was shown that the potential of CN focused on its mechanical properties as nano-reinforcing phase and advanced functional applications based on its special properties. The sound markets impacted by CNs include composites, electronics (flexible circuits), energy (flexible battery, such as Li-ion battery and solar panels), packaging, coatings, detergents, adhesives, construction, pulp and paper, inks and printing, filtration, medicine and life science (scaffolds in tissue engineering, artificial skin and cartilage, wound healing, and vessel substitutes), optical devices (including reflective properties for security papers and UV or IR reflective barriers), rheological modifiers, and cosmetics. 1,2 Properties of CNs, related materials, and potential foreshadowed applications have been extensively reviewed, and some recent review articles include preparation technologies, 3 properties, 4 nanocomposites, 5,6 and functional materials. [7][8][9] Common preparation of CN consists in an acid-induced destructuring process, during which the heterogeneous acid hydrolysis involves the diffusion of acid molecules into cellulose fibers, and following cleavage of glycosidic bonds. Different strong acids have been shown to successfully degrade non-crystalline (amorphous) regions of cellulose fibers to release crystalline cellulosic nanoparticles, such as sulfuric, hydrochloric, phosphoric, hydrobromic, nitric acids, and a mixture composed of hydrochloric and organic acids. 10 Nevertheless, the hydrolysis treatment with sulfuric acid to prepare CNs has been extensively investigated and appears to be the most effective method. One of the main reason for using sulfuric acid as a hydrolyzing agent is that if CNs are prepared using hydrochloric acid, their ability to disperse in solvents is limited and the suspension is unstable tending to flocculate. Indeed, during hydrolysis, sulfuric acid reacts with the surface hydroxyl groups via an esterification process allowing the grafting of anionic sulfate ester groups (-ܱܱܵ ଷ ି ). 11 These sulfate groups are randomly distributed on the surface of the cellulosic nanoparticle. The presence of these negatively charged sulfate ester groups induces the formation of a negative electrostatic layer covering the surface of nanocrystals and promotes their dispersion in solvents. The high stability of sulfuric acid-hydrolyzed CNs results therefore from an electrostatic repulsion between individual nanoparticles.

Besides the promotion of high stability of nanocrystals in solvents, surface -ܱܱܵ ଷ ି groups with negative charges also provide CNs the accessibility for diverse functional applications via electrostatic adsorption, such as layer-by-layer (LBL) assembling nanomaterials from anionic nanocrystals and cationic matrix; 12,13 electrochemical nanocomposites with the process of electrochemical co-deposition; 14 microfiltration membrane with high adsorption capacity against positively charged dye; 15 permselective membranes from exclusion or adsorption for different charged molecules; 16 and electrostatic adsorption of enzymes (cellulase) upon enzymatic hydrolysis of substrates. 17 Recently, it was reported that surface sulfate groups and charge density of CNs even play a significant role in the control of water/oil interface for emulsion stability. 18 The objectives of this study are to discuss the surface chemistry of sulfated cellulose nanocrystals, and further investigate the morphology and properties of nanocrystals with different contents of sulfate groups. Using postsulfation and desulfation treatments, a series of CNs (nine) samples behaving gradient degrees of sulfate groups were prepared through the regulation of reactant ratios and reactive conditions.

Chlorosulfonic acid was used as sulfating agent for the postsulfation of CNs, which can provide higher levels of surface sulfation, and avoid the drawbacks of deep degradation of nanocrystals induced by strong sulfuric acid. Figure 2.1 shows the strategy and mechanism of introducing gradient sulfate groups on the surface of CNs.

In addition, surface chemistry analysis for sulfated CN is a significant research point because of its crucial influence to subsequent surface modifications, especially the determination of the surface degree of substitution (DS) of diverse grafted groups or molecules on nanocrystals. Several studies reported different DS values ranging from 1/10 to 1/3 or 1/2 of free hydroxyl groups replaced by sulfate groups for 65 wt% H2SO4-hydrolyzed CNs. 19,20 In this study, based on the comparison of four cross-section models (square, round, rectangle, ellipse), different effects to surface chemistry of CNs were analyzed and discussed. Moreover, surface sulfate groups should significantly affect physical properties of CNs or their suspensions, such as crystal properties, zeta-potential, thermal properties, and birefringence behavior. It should be noted that despite that some studies have reported the influence of the degree of sulfation on the thermal degradation of CNs, inconsistent conclusions were provided. For instance, in an earlier study, it was believed that the sulfate groups borne by CNs caused a significant decrease in degradation temperature, even at low levels. 21 However, a recent study reported a slight increase of the degradation temperature for higher levels of sulfated groups on CNs. 22 In this study, besides the thermal degradation, various effects of sulfate groups to the physical properties of CNs will be further investigated and validated. 

Experimental Methodology

Materials

Native cotton fibers were obtained from Whatman filter paper. Sulfuric acid (H2SO4, 98%), chlorosulfonic acid (ClSO3H), dimethylformamide (DMF), sodium hydroxide (NaOH) and other reagents were purchased from Sigma-Aldrich, and used without further treatment.

Extraction of Cellulose Nanocrystals via Sulfuric Acid Hydrolysis

Cellulose nanocrystals (CNs) were prepared by H2SO4 hydrolysis of native cotton fiber, according to our previous protocol. 23 Cotton fiber was milled with a laboratory milling device to obtain a fine particulate substance. Acid hydrolysis was performed at 45 °C with 65 wt% H2SO4 (preheated) for 60 min under mechanical stirring (25.0 g fibers for 500 mL solution). The suspension was diluted with ice cubes to stop the reaction and washed until neutrality by successive centrifugations at 10,000 rpm (rotation per minute) for 10 min each step and dialyzed against distilled water for three days. Upon exhaustive dialysis treatment, free acid molecules were removed.

CN suspension was dispersed by ultrasonic treatment using a Branson sonifier for three 5-min cycles (with cooling as necessary to prevent overheating). Finally, the released CN powder was obtained by freeze-drying.

Surface Postsulfation of H2SO4-hydrolyzed Cellulose Nanocrystals

Surface postsulfation was realized using chlorosulfonic acid (ClSO3H) as sulfation agent to obtain sulfated cellulose with different degrees of substitution. 24,25 water, centrifuged and dialyzed against deionized water for three days. Finally, the products of sulfated CNs were obtained by freeze-drying treatment.

Surface Desulfation of H2SO4-hydrolyzed Cellulose Nanocrystals

It was reported that two different treatments can be performed for the desulfation of CNs, viz. solvolytic desulfation, 26 and alkaline desulfation. 27,28 In order to realize the desulfation gradient, alkaline (NaOH) desulfation approach was used to remove 

Characterization and Analyses

Fourier Transform Infrared Spectroscopy (FTIR): Infrared spectra were recorded at room temperature on a FTIR Perkin-Elmer Spectrum One spectrometer to characterize the surface postsulfation and desulfation of CNs. All freeze-dried samples were prepared as KBr pellets (1 wt% CN powder in anhydrous KBr), and analyzed using a spectral width ranging from 4000 to 400 cm -1 with a 2 cm -1 resolution and an accumulation of 32 scans. 

X-ray

ܵ ܥ ⁄ = ܣ ௌ ܰ ௌ × ܰ ܣ (2.1)
Elemental Analysis: Elemental analysis was used to determine the total content of sulfur element in CN samples, and was performed at Analysis Central Service of the Centre National de la Recherche Scientifique (Vernaison, France). Before analysis, freeze-dried samples were further treated under vacuum at room temperature for 8 h.

The sulfur, carbon, and oxygen element contents were measured for postsulfated and desulfated CNs. 

Morphology and Dimensions

߯ = ܫ ଶ -ܫ ܫ ଶ × 100% (2.2)
In Eq. (2.2), I200 is the overall intensity of the peak at 2θ about 22.7°, and Iam represents the intensity of the baseline at 2θ about 18.0°.

Crystalline dimensions of different planes for CNs samples were calculated according to Scherrer equation:

ܤ = 0.9ߣ ߚ ଵ/ଶ ߠݏܿ (2.3)
In Eq. (2.3), Bhkl is the average crystalline width of a specific plane; λ represents the wavelength of incident X-rays (λ = 0.15418 nm); θ is the center of the peak; and β1/2

(in radius) represents the full width at half maximum (FWHM) of the reflection peak.

Thermal Degradation: To investigate the effect of sulfate groups with different degrees of substitution on the thermal stability of CNs and native cotton, thermogravimetric analysis (TGA) was performed using a thermal analyzer Perkin-Elmer TGA-6 under air flow. Samples of ca. 10 mg were heated from 20 to 600 °C at a heating rate of 10 °C/min.

Birefringence Behavior of Suspensions:

The suspension of lyophilized CNs was transferred to a 5 mL glass vial, and ultrasonicated for 30 min. The concentration of nanocrystals in suspension was controlled as about 0.5 wt%, which was used to observe the dispersion and birefringence between two crossed polarizers due to macroscopic anisotropy of rod-like nanoparticles. The presence of birefringence was used as the criterion of good dispersability or somewhat aggregation for nanoparticles in aqueous suspensions. 29 

Spectroscopy Proofs for Gradient Sulfation of Cellulose Nanocrystals

Fourier Transform Infrared Spectroscopy (FTIR)

The main challenge for the chemical functionalization of cellulose nanocrystals (CNs) is to conduct a reaction taking place on the surface of nanocrystals, while preserving the original morphology and structure to avoid any polymorphic conversion and to maintain the integrity of the crystal. 10 In this study, to realize the further surface sulfation of CNs, the duration and reactant ratio between sulfated agent and CN (ClSO3H:AGU) are critical conditions. The addition of ClSO3H was regulated as 0.5, 1.0, 1.5 or maximum 2.0 ratios according to the AGU of cellulose, and the reactions were performed for 0.5, 1.0, 1.5 and 2.0 h, respectively. Under these conditions, the desired achievement of sufficient substitution of hydroxyl groups to sulfated groups and preservation of original crystalline structure and geometrical morphology of nanocrystals can be realized, which will be proved by following characterizations and results. In fact, higher reaction ratios (such as 4:1 for ClSO3H:AGU) or longer durations (such as 6.0 h) were also attempted in our experiments. However, under these conditions, the turbid suspensions containing nanocrystals was converted to a translucent solution, and a very small amount of gray particles after centrifugation was recovered. It indicated that under high sulfated agent concentrations and excessive sulfation reactions, the crystalline and chemical structures of CNs may be seriously destroyed and degraded as monosaccharide, and even induced carbonization.

On the other hand, for the desulfation reaction the alkaline content should be carefully controlled in order to avoid the transformation of cellulose type I to type II. In our experiments, the surface sulfated moieties are removed under mild alkaline (NaOH) conditions, that is maximum concentration of alkaline was only 2 mol/L (≤ 8 wt%).

The yields of postsulfated and desulfated nanocrystals are shown in Table 2.1, which are in the range of 75-87 wt%. To prove the reliability of the postsulfation and desulfation treatments for CNs used in this study, spectroscopic characterization was performed for all samples. From FTIR spectra (as shown in Figure 2.2), the peak located at 1033 cm -1 was followed, which was attributed to the stretching vibration of sulfated groups (-SO3). 30 In comparison with pristine nanocrystals (CN-0), the magnitude of the peak gradually increased for postsulfated nanocrystals (solid lines in Figure 2.2), whereas it gradually decreased for desulfated nanocrystals (dot lines in Figure 2.2). These changes indicated the implementation of introducing gradient contents of sulfate groups on the surface of CN samples. 

X-ray photoelectron spectroscopy (XPS)

Surface postsulfation and desulfation of CNs were further analyzed by X-ray photoelectron spectroscopy, which was more accurate and objective. XPS can reveal the elements present in the sample, as well as determine the atomic and mass concentration of the elements. It provides a more quantitative idea for the level of surface modification. The weight contents of sulfur (S), carbon (C), and oxygen (O) elements in the various CNs samples were measured by elemental analysis, and the data are shown in Table 2.1. The sulfur element content in pristine nanocrystals (CN-0) was about 0.67%, which was close to the value reported in the previous report. 19 Regarding the changes in sulfur content for postsulfated and desulfated nanocrystals, a logical tendency can be observed. In contrast to CN-0, the sulfur content for postsulfated nanocrystals CN-(1 to 4) and desulfated nanocrystals CN-(5 to 8) gradually increased up to a maximum value of 1.31%, and decreased to a minimum value of 0.18%, respectively.

In fact, it was reported that during the biosynthesis process, trace amounts of sulfur remained in plant tissues, which can explain the presence of slight sulfur for CN-8 sample. 20 

Morphological Observation and Dimensions

Before discussion on CN surface chemistry, the morphology of nanocrystals should be checked, and the geometrical dimensions should be defined. AFM was used to observe the morphology and measure the dimensions of the nanoparticles. 

Morphological Models and Surface Chemistry of Cellulose Nanocrystals

The degree of substitution (DS) of surface hydroxyl groups (-OH) replaced by sulfate groups (-ܱܱܵ ଷ ି ) can be calculated according to Eq. (2.4). In this equation,

݊ ିைௌை య ష
represents the mole fraction of sulfate groups, which can be calculated according to Eq. (2.5) from the results of elemental analysis. The amount of surface (-OH) on CNs [݊ ௦௨(ିைு) ] can be deduced from some fundamental models (as shown in Figure 2.7 a, b, c), and calculated from Eq. (2.6).

ܵܦ = ݊ ିைௌை య ష ݊ ௦௨(ିைு) (2.4) ݊ ିைௌை య ష = ݊ ௌ = ݉ ௌ ܯ ௌ = ݉ ே ܵ% ܯ ௌ (2.5) ݊ ௦௨(ିୌ) = ܰ • ܣ ௧௧(ே) (2.6)
According to previous reports, 20,31 Consequently, to determine the amount of surface -OH on CNs, the key point is to calculate the value of the total specific surface area ܣ[ ௧௧ሺேሻ ], which can be calculated from Eq. (2.8). In this equation, ߩ ௨௦ is the density of cellulose (1.50 g/cm 3 ); ܣ ௦ሺேሻ and ܸ ௦ሺேሻ represent the surface area and volume of a single nanocrystal, respectively.

ܣ ௧௧ሺேሻ ൌ ݉ ே ߩ ௨௦ • ܣ ௦ሺேሻ ܸ ௦ሺேሻ ሺ2.8ሻ
Interestingly, with different cross-section models, the results of ܣ ௧௧ሺேሻ will be completely different. Generally, cellulose nanocrystal can be considered as a kind of rod-like or needle-like nanoparticle, so the simplest cross-section model is cuboid or cylinder with the square or round bottom, as shown in model (a). However, in this study, according to AFM observations, the width and height of CNs are different (W=22 nm, and H=5 nm), which indicates that the cuboid or cylinder model with a rectangular or ellipsoidal cross-section for the nanocrystal may be more reasonable.

If choosing the cuboid model (square section) for CN,

ܣ ௦ሺேሻ ൌ ܮܹ4 ܸ ௦ሺேሻ ൌ ܹ ଶ ܮ
So, in Eq. (2.8):

ܣ ௧௧ሺேሻ ൌ ݉ ே ߩ ௨௦ • 4 ܹ ሺ2.8 െ 1ሻ
If choosing the cylinder model (round section) for CN, So, in Eq. (2.8):

ܣ ௦ሺேሻ ൌ πܹܮ ܸ ௦ሺேሻ ൌ πܹ ଶ 4/ܮ
ܣ ௧௧ሺேሻ ൌ ݉ ே ߩ ௨௦ • 4 ܹ (2.8 -2)
If choosing the cuboid model (rectangular section) for CN,

ܣ ௦(ே) = 2(ܹ + ܮ)ܪ ܸ ௦(ே) = ܮܪܹ
So, in Eq. (2.8):

ܣ ௧௧(ே) = ݉ ே ߩ ௨௦ • 2(ܹ + )ܪ ܪܹ (2.8 -3)
If choosing the cylinder model (ellipsoid section) for CN,

ܣ ௦(ே) = ሾ2πܪ + 4(ܹ -ܮ‪)ሿܪ ܸ ௦(ே) = ܹܪܮ‪π
So, in Eq. (2.8):

ܣ ௧௧(ே) = ݉ ே ߩ ௨௦ • 2πܪ + 4(ܹ -)ܪ πܹܪ (2.8 -4)
It is observed that the values for ܣ ௧௧(ே) using square and round section models show the same results (Eq. 2.8-1 and 2.8-2), depending on the width (W) of the nanocrystal only; whereas the values for ܣ ௧௧(ே) using rectangular and ellipsoid section models depend on both the width (W) and height (H) (Eq. 2.8-3 and 2.8-4). The proposal of ellipse model for cotton CNs is based on AFM observation and presumption of cross-section shape. Figure 2.8 presents the orthography image of CNs. However, due to the small scale of height dimension (about 5 nm), it was difficult to directly observe and determine the end shape of nanocrystals. With the enlargements of height to ten, thirty, and fifty times (× z axis), some interesting changes appeared on AFM images. As indicated by the green and blue circles in Figure 2.8, it seems that after enlargement, the shape of CN cross-section transformed to "mountain" with a peak on the top. If the nanocrystal cross-section is rectangular, the size from top to bottom should remain invariable during the height enlargement; whereas ellipsoid cross-section was suitable for this change. Although the ellipse cross-section model should be further validated by other observation techniques, 32 it is a new choice to be used for the analysis of CN surface chemistry. 

Effect of Sulfate Groups on the Properties of Cellulose

Nanocrystals

Besides the surface chemistry discussed above, different sulfate group contents on the surface of CNs should also significantly affect their physical properties, such as crystalline structure and thermal stability for inherent nanocrystal, and birefringence behavior and rheological behavior for nanocrystal suspensions. Some studies have reported the influence of sulfate groups on the rheological behavior of CN suspensions. For instance, it was reported that the introduction of more sulfate groups on the surface of CNs drastically reduced the viscosity of the suspension and removed the time dependence. 33 Recently, it was found that the degree of sulfation of CNs has a significant effect on the critical concentration at which transitions from isotropic to liquid crystal and liquid crystal to gel occur. 34 It is a pity that some inconsistent conclusions on the effect of sulfate groups were given in different studies, such as thermal stability of sulfated CNs as mentioned in the Introduction Section. In this study, important physical properties of CNs possibly affected by the sulfate group content have been further investigated. Because of the wide range and detailed sulfate group contents (nine samples from minimum to maximum contents), the global trend analysis on properties for sulfated CNs would be more reasonable. respectively, were preserved. 35 The crystallinity index (χc) of CNs was calculated according to the Segal method (Eq. 2), 36 which exhibited a high crystallinity (about 88%

for χc) and maintenance of the crystalline structure. From the calculation according to Scherrer equation (Eq. 2.3), the crystalline dimensions of different planes ܤ( ଶ , ܤ ଵଵ ഥ and ܤ ଵଵ ) for CNs samples can be obtained. As shown in Table 2.4, the sizes of 200, 11 ത 0, and 110 planes for cotton CNs were about 6.8 nm, 5.3 nm, and 6.6 nm, which was consistent with the parallelogram elementary crystallite model proposed in Figure 

ζ ζ ζ ζ-potential of Aqueous Suspensions

Owing to the presence of sulfate groups on their surface, rod-like CNs changed to negatively charged nanoparticles. In the colloidal system of sulfated CNs, the dispersion medium and the stationary layer of fluid attached to the dispersed nanoparticles will provide the potential difference, which is named zeta potential mV, which indicated the strong repulsive force between nanoparticles, and therefore the promotion of its dispersion in suspension (as proved by AFM). It is worth noting that desulfation treatment for sulfated nanocrystals was also effective, which can be reflected by the significant increase of ζ-potential for desulfated CN samples.

Thermal Stability

Thermal stability is another important physical property for CNs, which plays a critical role in the preparation of melt processed CN-reinforced composites. As mentioned in the Introduction Section, the effect of sulfate groups on the surface of CNs to thermal stability led to inconsistent conclusions from different reports.

Therefore, thermal degradation behavior of sulfated CNs was further investigated by thermogravimetric analysis in this study, which is shown in From the analysis of Td1 for desulfated CNs themselves (event b in Figure 2.10), similar conclusion can be obtained, i.e. less sulfate groups on nanocrystals resulted in higher Td1, such as the increment (∆t2) of 13.8 °C from CN-5 to CN-8 samples. It should be pointed out that according to our investigation, besides sulfate groups, the introduction of sodium on the surface of CNs may be another factor that significantly affects their thermal property. Furthermore, from the TGA thermograms in Figure 8, thermal degradation behavior of cellulose for the second phase of thermal decomposition (Td2) can also be observed. Differently, all nanocrystal samples possessed higher Td2 values than native cotton (about 65 °C), which may be associated to the higher crystallinity for nanocrystal samples. 

Birefringence of Aqueous Suspensions

In 1959, the birefringence character of acid-treated cellulose and chitin crystallites was first reported, 37 

Conclusions

The objective of this study was to investigate how surface sulfate groups affect the surface chemistry and physical properties of cellulose nanocrystals. Through the regulation of reactant ratios and reactive conditions for postsulfation and desulfation, gradient contents of sulfate groups can be introduced on the surface of CNs. Based on the discussion of nanocrystal's surface chemistry, the influence of different cross-section models for the calculation of the degree of substitution of the sulfate groups was investigated, and a new ellipsoid model for cotton CNs was proposed on the basis of AFM observation. Finally, the effects of sulfate groups on diverse properties of CNs and their suspensions have been discussed, and some issues with inconsistent conclusions from previous reports were further validated. Future studies will focus on the electrostatic interactions between negative charges from sulfated CNs and positive charges from cationic polymers or molecules. With the detection and measurement of electrostatic interactions, it is expected to reveal the strength and mechanism of this special interaction from coupling charges and therefore advance the application of CN electrostatic grafting. 

ENGLISH ABSTRACT

Since the first report in 1995, 1 cellulose nanocrystals have been widely used as the strength enhancing additive to improve the mechanical performance of a wide range of plastic composites because of their impressive mechanical properties. Commonly, the values of strength and modulus for cellulose nanocrystals are recognized as being in the range of 10 GPa and 100-160 GPa, respectively, which are comparable to Kevlar. Recently, based on the atomic structure model of cellulose in tandem with quantum mechanics, the computed Young's modulus of cellulose nanocrystal was predicted as 206 GPa, 2 which showed that this special nanoparticle even possess the stiffness of steel and strongly favored its usage in the development of new composite materials. In fact, according to the statistical analysis of Future Markets Inc, about half demand (46%) of nanocellulose (including cellulose nanocrystals and microfibrillated cellulose) by end user market focuses on its composite application. 3 For the development of cellulose nanocrystal-based composites, two fundamental issues should be emphasized, which are the composite processing method and the compatibility between the nanoparticles and the matrix. Basically, four main methods are generally employed for the processing of cellulose nanocrystal-based composites, which are casting-evaporation, melt-compounding, electrospinning, and layer-by-layer assembly. 4 Particularly, the techniques of casting-evaporation and melt-compounding are commonly used for the preparation of cellulose nanocrystal-based composites because of their easy manipulation. Specifically, processing by the casting-evaporation method allows the preservation of individualization state of the nanoparticles resulting from their colloidal dispersion in liquid medium. However, this technique is non-industrial, non-economic, and shows some limitation regarding the choice of the polymeric matrix. In industry, melt-compounding techniques, such as extrusion or injection molding, are commonly used to process thermoplastic polymers because they are "green" (solvent-free), effective and economic processing methods. However, due to the extensive use of sulfuric acid hydrolysis (with high efficiency and promotion of colloidal stability) in 
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Introduction

Using controlled strong acid hydrolysis, needle-like or rod-like nanocrystals can be produced by breaking down cellulose fibers and isolating the crystalline domains.

With their impressive mechanical properties, such as longitudinal modulus close to 150 GPa, high aspect ratio (10-70) and surface area (few 100 m 2 /g), cellulose nanocrystals (CNs) have proven to be an ideal candidate as reinforcing bionanofiller for polymeric matrices, [1][2][3][4] since the first demonstration in 1995. 5 The mass production of CNs, which should increase upward of multiple tons per day in the future, gives a strong boost for their application in composites at industrial scale. According to the forecasting of Future Markets Inc., the production of nanocellulose (including CNs and nanofibrillated cellulose) will increase by 1000% in the next two years, and will likely increase by further 500% at least by 2017. 6 Apart from their large-scale industrial production, the processing of CN-based nanocomposites is another crucial issue since it determines their usage properties for practical applications. Two challenges deserve more attention during the processing of nanocomposites: (1) the balance between compounding method and dispersion and (2)

the compatibility of nanocrystals in polymeric matrices. Wet processing methods such as casting/evaporation, using polymer solution or polymer dispersion (latex) in liquid medium are commonly used in most studies of composites reinforced with CNs. 7,8 The main advantage of this technique is the preservation of the dispersion state of the nanoparticles in the liquid medium. However, the range of available polymeric matrices is restricted, and this processing technique is both nonindustrial and noneconomic. Melting-compounding techniques, such as extrusion or injection molding, are probably the most convenient processing techniques for the industrial production of CN-based nanocomposites, because of being a green process together with large-scale production and economical availability. Extrusion is a high volume manufacturing process in which polymeric solid material is transported by a screw and progressively melted to form a continuous profile by passing through a die.

However, in most scientific studies, this conventional processing technique is infrequently employed for the preparation of CN-reinforced polymer nanocomposites. This is ascribed to low thermal stability of cellulose and inherent incompatibility between cellulose and most synthetic polymers issues. 9 The hydrophilic nature of cellulose causes irreversible agglomeration during drying and incompatibility with nonpolar matrices because of the formation of additional hydrogen bonds between nanoparticles. Moreover, because of the introduction of sulfate groups resulting from common acid hydrolysis procedure involving sulfuric acid, CNs present inferior thermal stability with degradation temperature lower than 150 °C. However, most polymeric matrices from petrochemical synthesis are melt and processed at 200 °C or above, 10 which requires higher thermal stability for CNs.

On the basis of previous studies for different nanocomposite systems reinforced with CNs, three strategies are commonly used in the processing of CN based nanocomposites by melt compounding, in order to enhance the compatibility between hydrophilic nanoparticles and hydrophobic matrices. 9 If a polar polymer is used as matrix, there is no a priori need to compatibilize the filler with the matrix material. 11,12 For nonpolar polymeric matrices, surface functionalization, such as grafting of hydrophobic moieties or chemical derivatization, can be conducted to tune the compatibility between nanoparticles and matrix. [13][14][15][16][17] Finally, adsorption of surfactants or macromolecules on the surface of CNs was also attempted to be used as processing aids to compatibilize cellulose nanoparticles and matrix. [18][19][20][21][22] The challenge of melt processing for CN is to find the suitable treatment to both improve the thermal stability and avoid the issues of inherent incompatibility between cellulose and most polymeric matrices. In a previous work, we have demonstrated that physical interaction of polyoxyethylene (PEO) chains on the surface of CNs can improve dispersibility and thermal stability of nanocrystals during the melt processing of low-density polyethylene (LDPE) based nanocomposites. 18 The improved thermal stability of PEO-adsorbed CNs was ascribed to a protection role of wrapped PEO chains that hides the surface sulfate groups of nanocrystals. On the other hand, it has been proved that chemical functionalization on the surface of CNs is a most effective approach to avoid irreversible agglomeration during drying, and enhance the compatibility between nanoparticles and nonpolar matrices. 13,23 In this work, surface modification through physical interaction and/or chemical grafting was performed on cellulose nanocrystals, which produces three different types of modified nanocrystals, viz. CN/PEO, CN-g-PEG, and CN-g-PEG/PEO. Together with pristine CN, the reinforcing effect and interfacial mechanisms of four types of nanocrystals extruded with polystyrene were investigated. The PEG-covalent and PEO-noncovalent compatilization treatments affect the thermal stability of CN and rheological properties in different ways. Moreover, with the combination of strategies of grafting PEG and adsorbing PEO, novel modified nanocrystals, CN-g-PEG/PEO, can be prepared bearing two protective layers for CNs in order to adapt to the conditions of high temperature extrusion. It is supposed that with the common carboxylation-amidation reaction, the short grafted PEG chains (molecular weight 5000 g/mol) will evenly cover the surface of nanocrystals, which provide the first polymeric layer on nanocrystals. Because of the same chemical structure and hydrophilic property, long PEO chains (molecular weight 5×10 6 g/mol) can be tightly coupled on CN-g-PEG nanoparticles through entanglement and physical adsorption.

Meanwhile, the immobilization of PEO5M by grafted PEG will restrict the free self-aggregation of the polymer during the processing by extrusion. As the second polymeric layer, PEO5M will play the shielding effect to surface sulfate groups of nanocrystals, and also act as a polymer compatibilizer between rigid nanofiller and polymeric matrix.

Experimental Methodology

Materials

Native cotton fibers were obtained from Whatman filter paper. Sodium hypochlorite (NaClO) solution was reagent grade and the available chlorine was 10-15%.

Methoxypoly(ethylene glycol) amine (MPEG-NH2) with an average molecular weight (Mw) 5000 g/mol was used in the grafting reaction with an amine loading content ≥ 0.17 mmol/g. Polyoxyethylene (PEO5M) with Mw = 5×10 6 g/mol was used for the physical compatibilization. Polystyrene (PS) with a density 1.047 g/mL and Mw = 2.8×10 5 g/mol was chosen as the matrix for the processing of nanocomposites.

TEMPO (C9H18ON, 98%), sodium bromide (NaBr), hydrochloric acid (HCl, 33%), sulfuric acid (H2SO4, 98%), N-(3-Dime-thylaminopropyl)-Ń-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and other reagents were used without further treatment. All the chemicals and materials were purchased from Sigma-Aldrich.

Extraction of Cellulose Nanocrystals from Cotton Fiber

Cellulose nanocrystals (CNs) were prepared by H2SO4 hydrolysis of native cotton fiber, according to our previous literature. 24 The fiber was milled with a laboratory milling device to obtain a fine particulate substance and extracted in 2 wt% NaOH solution (50.0 g of fibers for 2 L solution) for 12 h at room temperature and then filtered and rinsed with distilled water. Acid hydrolysis was performed at 45 °C with 65 wt% H2SO4 (preheated), for 45 min under mechanical stirring (50.0 g of fibers for 1 L acid solution). Amorphous or paracrystalline regions of cellulose were preferentially hydrolyzed, whereas crystalline regions that have higher resistance to acid attack remained intact. The suspension was diluted with ice cubes to stop the reaction and washed until neutrality by successive centrifugations at 10,000 rpm (rotation per minute) for 10 min each step, and dialyzed against distilled water for five days. After dialysis, the CN dispersion was completed by ultrasonic treatment using a

Branson sonifier, and finally the released CN powder was obtained by freeze-drying.

Carboxylation of Cellulose Nanocrystals

TEMPO-mediated oxidation of CN was performed according to the procedure described in the literature. 25,26 About 20.0 g of CN (123.530 mmol anydroglucose unit AGU) was suspended in distilled water (1.5 L) and treated by ultrasonic dispersion for 10 min. TEMPO (0.579 g) and NaBr (6.353 g) were dissolved in another 100 mL distilled water and added dropwise to the nanocrystal suspension. A certain amount of
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reaction. The pH of the mixture was maintained at 10.0 by adding 0.5 M NaOH, while stirring the suspension for 4 h at room temperature. After oxidation, the reaction was quenched by adding ethanol (ca. 20 mL), and 0.5 M HCl was slowly added to the suspension to adjust the pH to 6.5-7.0. The oxidized cellulose was converted from sodium carboxylate groups (-COONa) to free carboxyl groups (-COOH). The suspension was washed thoroughly with water and then dialyzed for 24 h. Finally, by freeze-drying, the oxidized CN (OCN) powder was obtained.

Chemical Grafting of PEG5000 on Cellulose Nanocrystals

Grafting of PEG5000 onto nanocrystals was performed with the carboxylation-amidation reaction creating a covalent amide bond between a primary amine-terminated polymer and carboxylated CN by COOH-NH2 coupling. 27 It was reported that during this reaction, the addition of NHS to EDC and amidation at neutral pH was critical to avoid the formation of the detrimental stable N-acyl urea instead of the desired amide product. 28 The grafting reaction was achieved in aqueous media with the addition of 1.2 mmol -NH2/1 mmol -COOH. The pH of the suspension was adjusted to 7.5, and maintained throughout the reaction by adding 0.5 M HCl or 0.5 M NaOH solutions. Then, the solution containing EDC and NHS was added in the CN suspension, both 1.5 times equivalent to the carboxyl content. The reaction was carried out for24 h at50 °C, and finally coagulated by adding an excess of ethanol. After the reaction, the sample was dialyzed thoroughly against distilled water to remove excess reagents and free MPEG-NH2.

Physical Adsorption of PEO5M on Pristine and Modified Nanocrystals

The weight ratio of PEO5M and nanocrystals was controlled as 35/65 during the process of physical adsorption. The typical procedure was taken from our previous paper as reference: 18 PEO solutions were prepared by adding 1.25 wt% of the polymer in distilled water. The solution was protected against light by an aluminum foil and weakly stirred at 500 rpm for 4 days at room temperature. The desired amount of pristine (CN) or grafted nanocrystal (CN-g-PEG) aqueous suspension was added to the PEO solution. The proper amount of distilled water was then added to reach a final PEO concentration in water of 1 wt%, and the mixture was stirred for 5 h.

Finally, the suspension was freeze-dried to obtain the solid products.

Preparation of Nanocomposites from Cellulose and Polystyrene by Extrusion

Nanocomposites from unmodified and modified cotton nanocrystals reinforced PS matrix were prepared by twin-screw extrusion. The lyophilizate of nanocrystals and PS pellets were introduced in the mixing chamber of a twin-screw DSM Micro 15 compounder with the following mixing conditions: 200 °C at 150 rpm for 10 min.

Extrusion was carried out with a slit die of 0.6 mm in width and 1 cm in length. Four kinds of nanocrystals, namely pristine nanocrystals, PEO5M-physically adsorbed nanocrystals, PEG5000-chemically grafted, and nanocrystals with both chemical PEG5000 grafting and physical PEO5M adsorption, were used to enhance the performance of PS nanocomposites, which were marked as CN-PS, CN/PEO-PS, CN-g-PEG-PS and CN-g-PEG/PEO-PS, respectively. Extruded films prepared from pure polystyrene were coded as PS-F. The compositions and labels for nanocomposites with different nanocrystal contents are shown in Table 3.1. 

Characterization and Analyses

Fourier Transform Infrared Spectroscopy (FTIR): Infrared spectra were recorded at room temperature on a FTIR Perkin-Elmer Spectrum One spectrometer to characterize the surface modification of nanocrystals. All freeze-dried samples were prepared as KBr pellets (1 wt% in anhydrous KBr), and analyzed using a spectral width ranging from 4000 to 400 cm -1 with a 2 cm -1 resolution and an accumulation of 32 scans.

X-ray Photoelectron Spectroscopy (XPS):

The chemical modification through PEG chains grafting on the surface of nanocrystals was further analyzed by XPS. The experiments were carried out using an XR3E2 apparatus (Vacuum Generators, U.K.)

equipped with an unmonochromated Mg KR X-ray source (1253.6 eV) and operated at 15 kV under a current of 20 mA. Samples were placed in an ultrahigh vacuum chamber (10 -8 mbar) with electron collection by a hemispherical analyzer at a 90° angle. Signal decomposition was done using Spectrum NT, and the overall spectrum was shifted to ensure that the C-C/C-H contribution to the C 1s signal occurred at 285.0 kV.

Elemental Analysis:

Elemental analysis was used to determine the PEG grafting efficiency on nanocrystals, which was performed at Analysis Central Service of the Centre National de la Recherche Scientifique (Vernaison, France). The carbon, oxygen, hydrogen and nitrogen element contents for both CN-COONa and CN-g-PEG samples were measured. PEG-grafting efficiency (GE %) was calculated according to eq. 3.1:

ܥ%ܧܩ ொீ + ሺ1 -‪%ሻܧܩ ܥ ே = ܥ ேିିாீ ሺ3.1ሻ
where C is the relative carbon content of the sample. The precision of the measurement is considered to be 0.3% for C and H elements and 0.5% for O element.

X-ray Diff ff ff ffraction (XRD) Analysis:

To investigate the effect of PEG grafting and PEO adsorption on cellulose nanocrystals, X-ray measurements were carried out on pristine nanocrystals, pure PEO, and modified nanocrystals. The X-ray diffraction patterns were recorded on a Philips PW 1720 X-ray generator operated at 30 kV and 20 mA with Cu Kα radiation (λ = 0.154 nm) in the range 2θ = 5-50° for samples using a fixed time mode with a step interval of 0.02°.

Atomic Force Microscopy (AFM):

The morphology of CN, CN-COONa, and CN-g-PEG was observed with AFM. The suspensions of approximately 0.01 wt% were dispersed in water with ultrasonic dispersion for 30 min and then deposited on the mica substrate. The suspension of CN/PEO or CN-g-PEG/PEO complex was magnetically stirred for 1 h, and then deposited on the mica substrate. The substrate loaded with nanoparticles was imaged in tapping mode with a Nanoscope IIIa microscope from Veeco Instruments. Silicon cantilevers, with a typical radius of curvature of 10-15 nm, were used to perform the imaging at a frequency of 264-339 kHz.

The surface morphology of extruded nanocomposite (CN-g-PEG/PEO-PS-20) was investigated by AFM under QNM mode analysis. The film sample was placed on the surface of steel substrate, which was scanned at a frequency < 1 Hz, and changing the rate according to the scan size. In order to observe the morphology of modified nanocrystals in extruded composites, CN-g-PEG/PEO-PS-20 film was dissolved in tetrahydrofuran (THF), and exchanged with acetone to remove most of PS chains. The acetone suspension containing CN-g-PEG/PEO nanoparticles was dropped on the mica substrate, and imaged in tapping mode.

Thermogravimetric Analysis (TGA):

The contents of grafted PEG and absorbed PEO on the surface of nanocrystals were determined by thermogravimetric analysis using a thermal analyzer Perkin-Elmer TGA-6 under nitrogen flow. Freeze-dried samples of ca. 10 mg were heated from 30 to 500 °C at a heating rate of 10 °C/min.

Contact Angle Measurements:

The surface hydrophilicity of cellulose before and after modification was investigated using contact angle measurement, which was performed at room temperature using a sessile drop contact angle system at Attension Theta contact angle meter. Freeze-dried nanocrystals were compacted under a pressure of 10 MPa with a KBr press to obtain samples with smooth surfaces. A small drop of water (ca. 5 µL) was deposited on the surface of the sample, while 20 pictures were taken over a period of 10 s. Attension Theta Software was used to calculate the contact angle. 

Rheological Behavior of CN or CN-g-PEG and PEO Mixtures

Scanning Electron Microscopy (SEM):

The microstructure and homogeneity of extruded nanocomposites were observed using SEM on a Quanta 200 FEI device (Everhart-Thornley detector). Before observation, the samples were cryofractured and gold-coated. The cross sections of nanocomposites were observed under an acceleration voltage of 10 kV.

Mechanical Properties:

The mechanical properties of nanocomposites were investigated through dynamic mechanical analysis (DMA) measurement using a RSA3 (TA Instruments, USA) equipment working in the tensile mode. The strain amplitude was fixed at 0.05%, well below the limit of the linear viscoelastic regime.

The samples were thin rectangular strips with dimensions of about 10 × 10 × 0.1 mm 3 .

Measurement of the storage tensile modulus (E') was performed in isochronal condition (1 Hz), and the temperature was varied from -60 to + 150 °C at a heating rate of 5 °C/min.

Thermal Properties:

The thermal behavior of nanocomposites was investigated by both differential scanning calorimetery (DSC) and thermogravimetric analysis (TGA).

The glass transition temperature of nanocomposites was measured with a Perkin-Elmer DSC instrument using aluminum pans. The samples were scanned from 

WVP ሺg/m • S • Paሻ = ∆݉ • ݁ ܣ • ݐ∆ • ∆ܲ ሺ3.2ሻ
where ∆m is the mass increase (g) of the CaCl2 sample, A is the area of the film (4 × 10 -4 m 2 ), and ∆t is the exposure time in the chamber. The thickness of the film is e and ∆P (1425.36 Pa) is the partial water vapor pressure difference across the film specimen corresponding to 50% RH at 25 °C. 

Surface Modification and Properties of Cellulose Nanocrystals

Surface Grafting of PEG on Cellulose Nanocrystals

Chemical grafting of PEG chains on the surface of cellulose nanocrystals was investigated by FTIR spectroscopy, as shown in Figure 3.1. Although the peaks for CN-g-PEG located at 2889, 1252, and 852 cm -1 were overlapped with cellulose component, the increase of intensity for these peaks still can be observed by comparing the spectra for CN-g-PEG and CN, which was ascribed to the coupling of PEG on nanocrystals. More evident changes for modified nanocrystals were presented in the spectrum range 1800-1500 cm -1 . Two additional peaks appeared at 1562 and 1705 cm -1 on the spectrum for PEG-grafted nanocrystals, corresponding to the stretching vibrations of amide groups and carboxyl groups, respectively. 27 These characteristic peaks were not visible on the spectrum for pure MPEG-NH2. Moreover, it should be pointed out that the appearance of a stretching band at 1612 cm -1 on the spectrum for carboxylated (ungrafted) nanocrystals (CN-COONa) was assigned to salt forms of carboxylic acid, as reported in our previous work. 24 a GE% is the grafting efficiency of PEG on nanocrystals according to the calculation using Equation (3.1).

Crystalline Structure

The changes in nanocrystal crystallinity induced by chemical grafting and/or physical adsorption were investigated by XRD analysis (Figure 3.3). Pure MPEG-NH2 and PEO5M showed the same crystalline features at 2θ = 19.2°, 22.5°-23.5°. However, these characteristic peaks cannot be observed on the pattern for CN-g-PEG, which was attributed to the amorphous state of grafted PEG chains, and limited surface crystallization from relatively short chain length. 27,29 The quite similar patterns for pristine CN, carboxylated CN-COONa, and grafted CN-g-PEG indicated the original integrity of cellulose crystal after chemical modification. In fact, from the calculation according to the Segal method, 30 

Morphology and Surface Adsorption

The morphology of pristine CN, chemically modified nanocrystals (CN-COONa and CN-g-PEG), and physically adsorbed complexes (CN/PEO and CN-g-PEG/PEO) were observed using AFM as shown in Figure 3.4. Pristine CN presented a typical rod-like morphology with a length of 100-300 nm and a diameter of 5-20 nm (image A). After carboxylation, CN-COONa also maintained the rod-like shape, and exhibited improved dispersibility in water (image B). Because of the electrostatic repulsion between grafted chains, CN-g-PEG showed much better dispersibility in water than unmodified nanocrystals (image C). By comparing the images for CN-g-PEG/PEO and CN/PEO, some interesting observations can be found. Because of surface adsorption of high molecular weight polymer (PEO5M), these two samples tended to form a membrane on the substrate. For the complex with homogeneous adsorption and dispersion of nanoparticles, the images for the membrane are regular and ordered, just as CN-g-PEG/PEO in images D and E. Further observation at higher resolution (image F) indicated that nanocrystals embedded in the complex with the surrounding PEG and PEO chains. However, for the CN/PEO complex, a serious aggregation appeared (images G and H), which may include aggregated nanoparticles and/or PEO. In any case, the adsorption of PEO on pristine CN showed irregular arrangement and ineffective organization. With observation at higher resolution, it even appeared some isolated nanocrystals without any immobilization of PEO chain (image I). It was supposed that CN-g-PEG can adsorb PEO more efficiently, and regularly arrange these polymeric chains on the surface of CN-g-PEG; while pristine CN can only immobilize few amount of PEO, and many more polymeric chains should be free and away from nanoparticles. Three additional experiments, TGA for thermal properties, contact angle measurement for surface hydrophilicity, and rheological behavior of the suspensions, were performed to support this supposition.

Thermal Stability

The thermal degradation of nanocrystals before and after chemical and/or physical modification is shown in Figure 3.5. It is known that the presence of sulfate groups on the surface of CN induces the reduction of its thermal stability. This reduction of thermal stability depends on the density of sulfate groups and then hydrolysis conditions. Neat H2SO4-prepared CN starts to degrade from 150 °C (Figure 3.5).

When PEO is adsorbed on the surface of CN, the degradation temperature of CN/PEO was slightly improved to about 160 °C. Moreover, a two-step degradation process was observed for CN/PEO. The low temperature process starting from 160 °C is most probably ascribed to the degradation of cellulose, and the high temperature process starting at 300 °C is possibly attributed to the degradation of PEO. These results revealed the limited adsorption and weak interaction between pristine nanocrystals and CN/PEO and CN-g-PEG/PEO complexes.

Surface Hydrophilicity

The influence of chemical grafting and physical adsorption on the surface hydrophilicity of cellulosic nanoparticles was further investigated by contact angle measurement, as shown in Figure 3.6. The contact angle of the water drop for pristine CN decreased sharply with spreading in 5 s, which resulted from the swelling property of cellulose by water. 31 For PEG-grafted nanocrystals (CN-g-PEG), the contact angle kept a similar reduction with time as CN due to the gradual spread of the drop on the PEG layer. In spite of similar chemical structure, the dynamic contact angle for pure PEO5M remained roughly constant around 50°, whereas the one for pure MPEG-NH2 gradually decreased from 39.6° to 21.8° over 20 s, which indicated the significant effect of the molecular weight of poly(ethylene glycol) polymers to surface hydrophilicity. Interestingly, the value of the contact angle for CN-g-PEG/PEO (67.7°) was even higher than that of pure PEO5M, which reflected the tight combination resulting from entanglements between PEG and PEO chains. On the contrary, because of the weak immobilization and uneven coverage of PEO on pristine nanocrystals (CN/PEO), the water drop was prone to penetrate through the 

Rheological Behavior of Modified Cellulose Nanocrystals in Suspension

Direct study of the capability of pristine CN and CN-g-PEG to absorb PEO polymeric chains can be investigated by studying the rheological behavior of nanocrystal suspensions in the presence of PEO. For this study, suspensions with a constant nanocrystal concentration and gradual increase of PEO content as shown in Table 3.

3
were prepared and their viscosity vs shear rate was determined. As shown in Figure 3.7 (A), the suspensions with low PEO content (S-CN/PEO-1 and S-CN/PEO-2) presented a similar behavior as the neat CN suspension, which indicated the capability of surface adsorbing 0.15-0.30 g of PEO for 1.0 g of pristine CN. This result was nearly in accordance with our previous report of optimal ratio for PEO-adsorbed CN (20 wt% PEO/80 wt% CN). 18 The addition of higher PEO contents in the CN suspension releases free polymer chains, and induced the increase of the The light transmittance ratio of extruded nanocomposites was measured using UV spectrophotometer, as shown in Figure 3.9. It shows that the addition of nanoparticles in PS matrix induced a decrease of light transmittance, especially for composites containing high filler contents. However, this effect was completely different for the four nanohybrids. The introduction of CN or CN/PEO caused a sharp decrease of the light transmittance for PS based nanocomposite films, which presented transmittance ratios as low as 5.75% and 13.9% (maximum visible light at 700 nm) for CN-PS-15

and CN/PEO-15 nanocomposites. For nanocomposites loaded with chemically modified nanocrystals, such as CN-g-PEG-PS-15, the transmittance ratio at light wavelength of 700 nm was improved to 32.5%. However, with the addition of higher CN-g-PEG contents (20 wt%), the transmittance ratio of the nanocomposite decreased sharply. The most interesting result was obtained for CN-g-PEG/PEO-PS nanocomposites. Despite the gradual reduction of the transmittance ratio, when increasing the nanofiller content, all extruded nanocomposites maintained the high transmittance to some extent, such as all series materials behaving a transmittance ratio of visible light > 40%. 

Dispersion and Microstructure of Nanocrystals in Composites

The 

Thermal Properties

The thermal properties of extruded nanocomposites, such as glass transition temperature (Tg) of polystyrene component, melting temperature (Tm) of PEO component, and degradation temperature (Td), were analyzed using DSC and TGA. As shown in DSC thermograms in Figure 3.12, the introduction of pristine CN or 

Mechanical Properties

The mechanical properties of the four nanocomposite series were investigated by dynamic mechanical analysis (DMA). The evolution of the storage tensile modulus as a function of temperature was determined (results not shown). For the unfilled PS matrix a classical behavior for an amorphous polymer was observed with two plateaus corresponding to the glassy and rubbery state of the polymer and a sharp modulus drop associated with the glass transition temperature (Tg). The glassy modulus of PS was not significantly affected when adding nanocrystals regardless their physical/chemical modification. This is attributed to the fact that in this temperature range the difference between the elastic modulus of CN and that of the glassy PS matrix was not high enough to easily appreciate a reinforcing effect for such low filler contents. 32 However, above Tg, the reinforcing effect of nanocrystals became apparent (ECN ≫ EPS), and the modulus of nanocomposites was higher than for the neat PS material.

The evolution of the storage tensile modulus at Tg + 10 °C (389 K) as a function of nanocrystal content is plotted in Figure 3.14. For pristine CN (black symbols), a negligible improvement of the stiffness of the material was observed. This could be ascribed to the low thermal stability of this series which resulted in nanocomposites reinforced with degraded CN. However, the maintenance of the storage modulus for CN-PS nanocomposites indicates the possible incomplete thermal degradation of nanocrystals during processing at 200 °C. For nanocomposites filled with CN/PEO (red symbols), the modulus first slightly increased upon nanofiller addition, and suddenly dropped for CN/PEO contents higher than 10 wt%. Even if the thermal degradation of the nanofiller is limited by adsorbed PEO, this coating restricts the interactions between nanoparticles and then weakens the possible formation of a percolating cellulose network within the polymeric matrix. Moreover, indirect interactions between the nanoparticles are expected to establish through a soft melt PEO interphase. Interestingly, the PEG-grafted CN (CN-g-PEG and CN-g-PEG/PEO nanofillers) provided a higher reinforcing effect to the PS matrix even if it was reported that the chemical modification on polysaccharide nanocrystals induces the partial destruction of the three-dimensional network of nanoparticles, which was unfavorable to the enhancement of mechanical properties. 33 As shown in Figure 3.14, below the percolation threshold (wRc = 7.49 wt%, calculated from the critical volume fraction (υRc) of the rigid phase at the percolation threshold), 34 the modulus of nanocomposites enhanced gradually. This is obviously ascribed to higher thermal stability and better dispersion within the polymeric matrix of grafted CN. It could also indicate that chemical grafting did not consume all hydroxyl groups on the surface of nanocrystals, which ensured the formation of weak hydrogen bonding between the nanocrystals. However, above the percolation threshold the modulus of 

Barrier Properties

Generally, the introduction of nanocellulose in a polymeric continuous phase improves the barrier performance of nanocomposites, because of the tortuous path induced to the diffusion and permeability of moisture or gas molecules. 35 The effect of adding CN, CN/PEO, CN-g-PEG, and CN-g-PEG/PEO nanohybrids on the water vapor permeation (WVP) for extruded nanocomposites is shown in Figure 3 It should be pointed out that entanglements between grafted PEG chains and adsorbed PEO should inhibit the self-aggregation of hydrophilic polymer; and at the same time long PEO chains served as "bridges" promoting the compatibility between modified nanocrystals and matrix. The well dispersed nanoparticles can create a tortuous pathway and block the effective travel for the diffusion of vapor through the composites matrix. Moreover, increased crystallinity of the PEO phase for CN-g-PEG/PEO-PS nanocomposites as shown from DSC analysis probably also facilitates this effect.

Conclusions

A strategy involving two poly(ethylene glycol)/polyoxyethylene (PEG/PEO) layers on the surface of cellulose nanocrystals using chemical grafting and physical adsorption was investigated. These modifications did not affect the crystallinity of the nanoparticles and improved their thermal stability. Four kinds of nanocrystals, i.e.

pristine nanocrystal (CN), PEO-adsorbed nanocrystal (CN/PEO), PEG-grafted nanocrystal (CN-g-PEG), and both PEG-grafted and PEO-adsorbed nanocrystal (CN-g-PEG/PEO), were extruded with a hydrophobic polymeric matrix (PS) to prepare melt processed nanocomposites. The basic idea is consistent with the possibility of entanglements and cocrystallization between short PEG chains and long PEO chains, which can closely wrap and protect the surface of the nanocrystals.

Meanwhile, the chemical and physical compatibilization imparted by PEG and PEO layers promoted the interfacial interactions between cellulosic nanoparticles and apolar matrix. Preliminary results showed the possibility of processing modified nanocrystals (CN-g-PEG/PEO) at high temperature (200 °C) avoiding the degradation of the nanoparticle, and providing a good dispersion and compatibility between modified nanocrystals and matrix. Furthermore, the surface modifications of nanocrystals did not block totally the interactions between the nanoparticles, and kept at least partially the three-dimensional network architecture, which is beneficial for the improvement of mechanical properties of extruded nanocomposites. With this strategy, it is expected to overcome an important challenge aimed at melt processing nanocellulose based nanocomposites as industrial products. However, further investigation is necessary to fully understand the interactions between grafted PEG and adsorbed PEO, such as the chain length ratio (1/10 for PEG/PEO was used in this case), interphase thickness of PEG and PEO layers in extruded nanocomposites.

Moreover, a simpler method for the introduction of the first PEG layer on cellulose nanocrystals to replace the chemical grafting reaction, such as electrostatic grafting, is another important issue to drive the practical application of this strategy. All these studies are in progress and will be present in future work.

ENGLISH ABSTRACT

As far as compatibility is concerned, the most promising strategy for the construction of nanocomposites is the utilization of filler and matrix bearing similar chemical or physical properties and providing strong interfacial adhesion between both components. For cellulose nanocrystal-based composites, hydrophobic moieties are classically introduced on the surface of nanoparticles through chemical or physical modification, which converts the surface of nanocrystals to a polarity close to the one of the matrix, and hence enhances the filler/matrix interfacial interactions. Further improved interactions can be obtained by chemically or physically introduced polymeric chains on the surface of nanoparticles to promote entanglements between grafted polymer chains and matrix, and possible co-crystallization when using semicrystalline polymers. However, simpler and significant approach for the improvement of the compatibility can also be realized via direct conjunction between the filler and the matrix, such as taking advantage of surface hydroxyl groups of cellulose nanocrystals to graft the waterborne polyurethane prepolymer for the co-construction of nanocomposites 1 or in situ crosslinking cellulose nanocrystals with the matrix for the fabrication of hydrogels. 2,3 Sodium alginate is a linear and polyanionic copolymer extracted mainly from marine algae, which can be well dissolved in water to form a high-viscosity sol. The most important property of aqueous sodium alginate is the sol-gel transformation with inner sphere ion-alginate complex formation during physical crosslinking with polyvalent cations. Generally, divalent cations can produce a crosslinked "egg-box" assembly resulting from the binding of residing sodium ions in the polyguluronate (G)

segments. The chelation at the G-residue of the alginate molecules results in ionic interaction between the guluronic acid groups while the van der Waal forces between alginate segments assist the formation of a three-dimensional gel network. 4 Sodium alginate can be made into materials with various forms such as sponges, films and microspheres, depending on the crosslinking process and drying techniques.

Especially, for alginate-based sponges, it was reported that the porous sponge from alginate matrix can produce a promising cell delivery system for the cultivation of fibroblast; 5 silver sulfadiazine-loaded alginate sponges showed good wound healing effect on Wistar rat. 6 The present interest in alginate for sponge materials involves an understanding of the advantages of alginate and the development of strategies targeted at improving the structural and performance stability of the materials.

Since the first report of TEMPO-mediated oxidation of polysaccharides, 7 this method opened a new field of efficient and selective conversion chemistry of alcoholic hydroxyl groups to aldehydes, ketones and carboxyl groups under mild conditions. Generally, because of the catalytic oxidation of TEMPO, the C6 primary hydroxyls of cellulose are expected to be oxidized to C6 carboxylate groups by TEMPO/NaBr/NaClO oxidation system in water at pH 10-11. 8 Different effects of TEMPO-oxidization can be observed depending on the type of nanocellulose, namely cellulose nanocrystals (CN) and microfibrillated cellulose (MFC). Different from highly crystalline and rigid CN, MFC consists of both individual and aggregated nanofibrils made of alternating crystalline and amorphous cellulose domains, which appears as flexible and long cellulose filaments. In the case of TEMPO-oxidized cellulose nanocrystals, carboxyl groups provide negative charges to the nanocrystals (similar effect as sulfate groups), and also promote the individualization of nanoparticles in aqueous suspension. On the other hand, TEMPO-oxidation can be used to extract microfibrillated cellulose with "spontaneous" oxidation and disintegration under mild conditions of overcharged amorphous domain of native cellulose fibers. Interestingly, regardless the type of nanocellulose, after TEMPO-mediated oxidation, the chemical structure of carboxylated cellulose, with the replacement of hydroxyl group to carboxyl group, is quite similar to that of sodium alginate, both possessing pyranoid rings with hydroxyl and carboxyl groups.

Based on our previous study (microspheres obtained from the mixture of cellulose nanocrystals and alginate), 9 inspired from the similar structure of carboxylated cellulose and sodium alginate, the idea of TEMPO-oxidized nanocellulose participating as crosslinking aid for the construction of alginate-based sponges was 

Introduction

Sponges are attractive soft materials defined as dispersions of gas (usually air) in a solid matrix. They have become the focus of material science due to their applications in the fields of food, pharmaceuticals, agriculture, personal care products, and even electronics. Particularly, as matrices for the construction of diverse biomaterials, sponges are also widely studied as controlled drug delivery systems, wound dressings, and tissue engineering scaffolds. Derived from natural algae, alginate has been proved to be a promising candidate for the fabricating of porous sponges from the gelation-freezing method, which exhibit the desirable advantages of being biocompatible, non-toxic, relatively economical and biodegradable under normal conditions. 1 Alginate is a linear, unbranched polysaccharide composed of α-1,4-linked β-D-mannuronic acid (M-block) and α-L-guluronic acid (G-block), forming stable gels in the presence of divalent cations such as calcium, due to the ionic interaction between cation and the carboxyl functional group through the formation of "egg-box"-calcium linked junctions.

However, owing to weak mechanical performance, unstable thermal properties, and uncontrollable structure degradation, the practical application of neat alginate sponge is limited. To solve these problems, intensive research has been performed to prepare composite sponges based on alginate, such as the addition of chitosan, [2][3][4][5][6][7][8][9] dextran, 10-12 gelatin, 13 collagen, 14,15 keratin, 16 silk fibroin, 17,18 bacterial cellulose, 19 starch, 20 hydroxyapatite, 21 calcium phosphate, 22 and poly(ethylene glycol). 23 It is a pity that most of these works only emphasized on the enhancement of the mechanical performance of sponges, but realized at the expense of biocompatibility (even adding an organic crosslinking agent). The key issue for developing alginate-based sponge is how to closely connect the additive and alginate component and meanwhile preserve the structural coherence of the sponge.

Cellulose is the most abundant natural biopolymer, an almost inexhaustible raw material (extracted from wood, hemp, cotton, etc.) and a useful source of renewable material, which has been used for more than 150 years in a wide variety of applications. Cellulose nanocrystal (CN) is the rigid crystalline component of natural cellulose obtained from the removal of amorphous regions through hydrolysis with acid, enzyme, or mechanical separation. As a biobased reinforcing nanofiller, CNs have attracted significant interest during the last 20 years because of their numerous advantages, and have been widely used to enhance the properties of various host matrices in the preparation of nanocomposites. [24][25][26][27] Furthermore, the potential of CNs has also been proved for special functional nanomaterials. 28,29 For example, alginate-based microspheres containing CNs have been designed as a biomedical material to transport drug molecules, which showed improved encapsulation efficiency and promising sustainable drug release profiles. 30 More recently, microfibrillated cellulose (MFC), another nanomaterial obtained from natural cellulose (such as wood or plant fibers), has also shown promising improvement on mechanical properties and thermal stability of polymer matrices, 31,32 such as poly(vinyl alcohol), 33 polypyrrole, 34 poly(caprolactone), 35 poly(lactic acid), [36][37][38] epoxy resin, 39 cellulose acetate, 40 chitosan, [START_REF] Hassan | Effect of pretreatment of bagasse fibers on the properties of chitosan/microfibrillated cellulose nanocomposites[END_REF][START_REF] Nordqvist | Enhancement of the wet properties of transparent chitosan-acetic-acid-salt films using microfibrillated cellulose[END_REF] and amylopectin. [START_REF] Plackett | Physical properties and morphology of films prepared from microfibrillated cellulose and microfibrillated cellulose in combination with amylopectin[END_REF] In comparison with CN, MFC exhibits both amorphous and crystalline parts and presents a web-like structure with a higher aspect ratio. In a previous work, an attempt to introduce CN and MFC in alginate capsules that were subsequently extruded with a commercial biopolymer for developing thermoplastic nanocomposite materials was reported. [START_REF] Lemahieu | Extrusion of nanocellulose-reinforced nanocomposites using the dispersed nano-objects protective encapsulation (DOPE) process[END_REF] In this study, we attempted a novel approach to design native alginate/cellulose crosslinked sponges by preparing well-dispersed and structure-participating 

Experimental Methodology

Materials

Native cotton fibers were obtained from Whatman filter paper. Sodium hypochlorite (NaClO) solution from Sigma-Aldrich was reagent grade and the available chlorine was 10-15%. 2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO, C9H18ON, 98%), sodium bromide (NaBr), hydrochloric acid (HCl, 37%), sulfuric acid (H2SO4, 98%), and anhydrous ethanol were also obtained from Sigma-Aldrich. Sodium alginate, sodium hydroxide (NaOH), and calcium chloride (CaCl2) of laboratory grade were purchased from Carl Roth and used without further treatment.

Extraction of Cellulose Nanocrystals (CNs)

Cellulose nanocrystals (CNs) were prepared from cotton fiber, according to previous literature. [START_REF] Azouz | Simple method for the melt extrusion of a cellulose nanocrystal reinforced hydrophobic polymer[END_REF] The fiber was milled with a laboratory milling device to obtain a fine particulate substance and extracted in 2 wt% aqueous NaOH solution (12.5 g fibers for 500 mL solution) for 12 h at room temperature and then filtered and rinsed with distilled water. Acid hydrolysis was performed at 45 °C with 65 wt % H2SO4 (preheated), for 45 min under mechanical stirring (12.5 g fibers for 250 mL solution).

Amorphous or paracrystalline regions of cellulose were preferentially hydrolyzed, whereas crystalline regions that have higher resistance to acid attack remained intact. [START_REF] Ruiz | Processing and characterization of new thermoset nanocomposites based on cellulose whiskers[END_REF] The suspension was diluted with ice cubes to stop the reaction and washed until neutrality by successive centrifugations at 10,000 rpm for 10 min each step and dialyzed against distilled water for 5 days. After dialysis, the CN dispersion was completed by ultrasonic treatment using a Branson sonifier, and finally, the released CN powder was obtained by freeze-drying.

Preparation of Microfibrillated Cellulose (MFC)

Microfibrillated cellulose (MFC) was prepared by a high-pressure homogenization process. First, cotton fibers were treated with an alkali aqueous solution (2 wt % NaOH) for 24 h at room temperature under mechanical stirring to remove xylem. [START_REF] Okubo | Multi-scale hybrid biocomposite: Processing and mechanical characterization of bamboo fiber reinforced PLA with microfibrillated cellulose[END_REF] After filtration and rinsing with distilled water several times, the suspension of cotton fibers was pumped through a microfluidizer processor (Model M-110 EH-30).

The slurry was passed through the valves that applied high pressure. Size reduction of products occurred into an interaction chamber (IXC) using cells of different sizes.

After that, the suspension was sonicated with a Branson sonifier 4 times, each time for 5 min. Finally, the suspension was freeze-dried for the loose MFC sample.

TEMPO-Mediated Oxidation of Cellulose Nanocrystals (OCN)

TEMPO-mediated oxidation of CN was performed according to a procedure described in the literature. [START_REF] Habibi | TEMPO-mediated surface oxidation of cellulose whiskers[END_REF]49 About 0.5 g CN was suspended in distilled water (50 mL) and treated by ultrasonic dispersion for 15 min. TEMPO (14.75 mg, 0.094 mmol) and NaBr (162 mg, 1.57 mmol) were dissolved in another 50 mL distilled water and were added dropwise to the CN suspension. A certain amount of 12 wt% NaClO (3.0 g, 4.84 mmol) solution was added slowly to the suspension to start the oxidizing reaction. The pH condition of the mixture was maintained at 10 by adding 0.5 M NaOH, while stirring the suspension for 3 h at room temperature. After oxidation, the reaction was quenched by the addition of ethanol (ca. 1 mL), and the pH was adjusted to 7 with 0.5 M HCl. The suspension of oxidized CN (OCN) was washed thoroughly with water three times and then freeze-dried to obtain a powder.

TEMPO-Mediated Oxidation of Microfibrillated Cellulose (OMFC)

Oxidation of microfibrillated cellulose (OMFC) was performed with the method of TEMPO-mediated oxidation coupled with low speed mechanical treatment. [START_REF] Saito | Homogeneous suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of native cellulose[END_REF] This method used TEMPO radical as a catalyst with the primary oxidant such as hypochlorite to oxidize the hydroxyl groups on the surface of cellulose. Meanwhile, the oxidation helped to degrade the material such that low speed mechanical treatment fibrillates the cellulose fibers to prepare OMFC. 24 Cotton cellulose fiber suspension was homogenized for 30 min, and the pH was regulated at 10 with NaOH solution (0.5 M). Then, the solution of TEMPO and NaBr was added, and the pH of the suspension was maintained at 10. The oxidation process started when the NaClO solution (12 wt%) was added dropwise and stirred continuously at room temperature at 500 rpm for 3 h. After reaction, the OMFC suspension was washed with water 3 times and homogenized again with an Ultra turrax for 30 min. Finally, a solid OMFC sample was obtained by freeze-drying. During the preparation of OMFC, it is worth noting that OMFC suspension should be cooled with an ice bath to avoid thermal degradation resulting from the high-speed shearing during the homogenization treatment. 

Preparation of Alginate/Nanocellulose Crosslinked Sponges

Cellulose (CN, OCN, MFC, OMFC), either oxidized or unmodified, was introduced in the alginate solution for the preparation of bio-crosslinked sponges. The detailed procedure is shown in Figure 4.1. First, homogeneous suspensions (3 wt%) of cellulose were prepared using ultrasonic treatment for 15 min in distilled water.

Meanwhile, sodium alginate (SA) was dissolved in water (3 wt%) and mildly stirred for 2 h to obtain a homogeneous solution. Then, nanocellulose suspensions were carefully added in the as-prepared SA solution under mechanical stirring until a homogeneous dispersion was obtained. It should be pointed out that the viscous property of alginate solution facilitated the dispersion and stability of micro/nano-scale cellulose. The alginate/nanocellulose mixture was cast in Petri dish plates and freeze-dried at -80 °C for 24 h. Whereafter, the freeze-dried mixture was immerged in 5 wt% CaCl2 aqueous solution and left under quiescent conditions for 12 h to allow the Ca 2+ -induced crosslinking process with diffusion-penetration reaction. After the process of ionic crosslinking, the mixture was abundantly rinsed with distilled water to remove unbounded Ca 2+ ions and freeze-dried again to prepare the crosslinked sponge. The weight ratios and compositions of the various alginate/nanocellulose crosslinked sponges are summarized in Table 4.1.

Characterization and Analyses

Fourier Transform Infrared Spectroscopy (FTIR): Infrared spectra were recorded at room temperature on a FTIR Perkin-Elmer Spectrum One spectrometer to characterize nanocellulose powders and alginate/nanocellulose sponges. Freeze-dried unmodified and oxidized nanocellulose powders were analyzed as KBr pellets (1 wt% in anhydrous KBr). Herein, for clear observation, oxidized nanocellulose powders (OCN and OMFC) were converted to their acid forms by ion exchange to displace the carboxyl absorption band toward higher wavelengths. 1 M HCl was slowly added to the oxidized nanocellulose (cellulose-COONa) suspension under magnetic stirring for 30 min. Then, the suspension was washed with 0.01 M HCl and distilled water at least 5 times. The sodium carboxylate groups (-COONa) on oxidized nano- cellulose were converted to free carboxyl groups (-COOH). [START_REF] Okita | TEMPO-Oxidized cellulose Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin Ning LIN ----2014 Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Chemically Modified Cellulose Nanocrystals and Cyclodextrin ENGLISH ABSTRACT[END_REF] All the powder samples were characterized by FTIR using a spectral width ranging from 4000 to 400 cm -1 , and all the sponge samples were recorded in the 4000-600 cm -1 range, with a 2 cm -1 resolution and an accumulation of 20 scans.

Conductimetry:

The carboxyl content of oxidized nanocellulose was determined by conductimetric titration. 52 Samples (50 mg) were suspended into 15 mL of 0.01 M hydrochloric acid solutions. When a stable suspension was obtained, it was titrated with 0.01 M NaOH. The titration curves presented a remarkable reproducibility and the degree of oxidation (DO) or total amount of carboxyl groups was calculated from:

ܱܦ = 162 × ܥ × ሺܸ ଶ -ܸ ଵ ሻ ݓ -36 × ܥ × ሺܸ ଶ -ܸ ଵ ሻ ሺ4.1ሻ
where C is the NaOH concentration (mol/L), V1 and V2 are the amount of NaOH as shown in conductimetric titration curves, and w (g) is the weight of the dried sample.

Atomic Force Microscopy (AFM) and Nanosizer:

Four samples of CN, MFC, OCN, and OMFC suspensions of approximately 0.01 wt% in water were sonicated for 15 min and then deposited on the mica substrate. The substrate loaded with the sample was imaged in tapping mode with a Nanoscope IIIa microscope from Veeco

Instruments. Silicon cantilevers with a typical radius of curvature of 10-15 nm were used to perform the imaging at a frequency of 264-339 kHz. In addition, the average length and dimension distribution of CN, MFC, OCN, and OMFC were determined with a commercial VASCO particle size analyzer (Zetasizer NanoZS, Malvern, France). The measurement was performed in the range from 10 to 600 nm for CN and OCN and 110 to 3000 nm for MFC and OMFC.

X-ray Diff ff ff ffraction (XRD) Analysis: X-ray measurements were carried out for unmodified and oxidized nanocellulose powders. Sponge samples were cut as square pieces (1.5×1.5 cm) and pressed into a flattened shape. The X-ray diffraction patterns were recorded on a Philips PW 1720 X-ray generator operated at 30 kV and 20 mA with Cu Kα radiation (λ = 0.154 nm) in the range 2θ = 3-70° for cellulose powders and 2θ = 5-50° for sponges using a fixed time mode with a step interval of 0.02°.

Morphological Characterization of Sponges:

The microstructure of the sponges was observed using environmental scanning electron microscopy (ESEM) on a Quanta 200 FEI device (Everhart-Thornley Detector) at high voltage (10 kV). Before observation, samples were placed onto the sample holder and coated with gold.

Porosity of Sponges:

The average porosity was determined by a fluid replacement method. 14 Ethanol was chosen as the displacement liquid because it penetrates easily into the pores and did not induce shrinkage or swelling. In brief, the geometrical volume (Vs) of the sponge samples was calculated by measuring diameter and height, and the pore volume (Vp) was measured by ethanol displacement method. The pre-weighed sponge (Wo) was immersed in absolute ethanol at room temperature and then placed in a desiccator under a reduced pressure for 5 min to remove air bubbles.

After wiping gently with a filter paper to remove surface ethanol, samples were weighed immediately as We. The porosity of the sponge was calculated according to the following equation:

ܲ = ܸ ܸ ௦ × 100 = ܹ -ܹ ߩ ܸ ௦ × 100% ሺ4.2ሻ
where ρe represents the density of ethanol (0.789 g/cm 3 ). An average value of five replicates for each sample was taken.

Water Absorption of Sponges:

The water sorption of sponges was determined gravimetrically. The freeze-dried sponge sample was cut into a 2.0 × 1.5 cm piece and placed in water for 30 min. Subsequently, the wet sponge was removed and weighed immediately after absorbing excess water from the surface with a filter paper. The water absorption rate (WA) was calculated with the following formula:

ܣܹ = ܯ ௪ -ܯ ௗ ܯ ௗ × 100% ሺ4.3ሻ
where Mw (g) and Md (g) are the weight of the sponge soaked in water and initial dry weight, respectively. An average value of five replicates for each sample was taken.

Water Retention of Sponges:

To measure the water retention rate, sponge sample soaked with water was carefully removed, placed in a centrifuge tube and centrifugated at 3,500 rpm for 3 min. The water retention rate (WR) was calculated with the following formula:

ܹܴ = ܯ -ܯ ௗ ܯ ௗ × 100% ሺ4.4ሻ
where Mh (g) is the weight of the sponge after centrifugation, and Md (g) is the initial dry weight. An average value of five replicates for each sample was taken.

Reuse Evaluation: Reusable property is defined as the repetitive absorbing ability of sponge sample after drawing off water. The soaked sponge sample was dried to constant weight, and then, the water absorption test was repeated. The values of water absorption rate during the process of absorbing-discharging water for 10 times were measured.

Mechanical Performance:

The mechanical properties of all sponge samples (compression test) were investigated using a RSA3 (DMA, TA Instruments) dynamical mechanical analyzer fitted with a 100 N load cell. For compression testing, the sponge samples were prepared as cylinders 1.5 cm in diameter and compressed to 80% of their original thickness with a constant crosshead speed of 0.005 mm/s at room temperature. Mechanical testing results were averaged on five replicates.

Thermal Properties:

The thermal behavior of sponge samples was investigated using a Perkin-Elmer DSC 7 differential scanning calorimeter (DSC) instrument using aluminum pans. The samples were scanned from 20 to 250 °C at a heating rate of 10 °C/min. In addition, a thermal analyzer Perkin-Elmer TGA-6 was used for the thermogravimetric analysis under nitrogen flow. Sponge samples of ca. 10 mg were heated from 20 to 600 °C at a heating rate of 10 °C/min. -COOH). On the other hand, the slight reduction of the bands related to hydrogen bonds stretching vibration of -OH groups around 3400 cm -1 and to stretching vibrations of C-H at 2900 cm -1 can also be observed. Based on this analysis, the success of the chemical oxidization of cellulose nanocrystals and microfibrillated cellulose was clearly verified by FTIR.

TEMPO-Mediated

Determination of the Degree of Oxidation (DO)

The degree of oxidation (DO) or total amount of carboxyl groups can be determined by conductimetric titration. Typical titration curves are shown in Figure 4.3.

According to the literature, [START_REF] Habibi | TEMPO-mediated surface oxidation of cellulose whiskers[END_REF] the maximum degree of TEMPO-oxidation (DOmax) of nanocellulose was roughly close to 0.10. Based on the data from titration curves and using eq. 4.1, the values of DO(OCN) and DO(OMFC) were 0.092 and 0.095, respectively, which indicated that almost all the surface accessible hydroxyl groups of nanocellulose have been oxidized. These results were consistent with the experimental expectation of slightly excess reaction ratio. 

Morphology and Dimensions of Nanocellulose

AFM together with a nanosizer were used to investigate the changes of morphology and dimensions of nanocellulose before and after oxidization. As shown in Figure 4.4, unmodified CN exhibited a typical rod-like morphology with a length of 100-300 nm and a diameter of 10-30 nm, which was in accordance with our previous report. 53 After modification, the average length only slightly decreased from 220 nm (CN) to 204 nm (OCN), and also maintained the rod-like shape. On the other hand, the histogram in 

Crystalline Integrity

The main challenge when chemically modifying the surface of nanocellulose is to conduct the process in such a way that it only changes the surface, while preserving the original morphology to avoid any polymorphic conversion and to maintain the integrity of the crystal. 26 Therefore, the impact of oxidation on the crystalline structure of CN and MFC was further investigated with XRD analysis. As shown in 

Structure and Properties of Crosslinked Sponges

Crosslinking and Crystalline Properties

The intermolecular interactions between alginate and nanocellulose components in the sponges, especially the ionic interaction after crosslinking, have been confirmed by FTIR analysis, as shown in Figure 4.6. The characteristic peak of alginate is located at 1602 cm -1 , corresponding to the carbonyl bond (-C=O). The peaks at 1426 and 1020 cm -1 in both alginate and cellulose were attributed to carboxyl -COO-and -C-O-C stretching bands, respectively. However, the apparent changes in spectra were observed from the spectrum of SA/OMFC sponge (Figure 4.6B). The typical alginate adsorption bands (-C=O and -COO-) shifted toward higher wavelengths, from 1602 to 1612 cm -1 and from 1426 to 1435 cm -1 , as the OMFC content in sponge increased. These shifts to higher wavelengths could be attributed to the carboxylic groups on oxidized nanocellulose linking adjacent alginate molecules to form the crosslinked network. There was no evident shift of these two bands in the spectra of alginate/unmodified nanocellulose [both SA/CN (Figure 4.6A) showed an amorphous structure. However, the alginate/nanocellulose sponges gradually presented the crystalline characteristic of cellulose with the increase of cellulose content, such as the diffraction peaks at 14.8°, 16.4°, and particularly 22.6°.

This result is consistent with another study on crystalline properties of cellulose nanocrystal-alginate nanocomposite fibers by wide-angle X-ray diffraction (WAXD) analysis. 55 Moreover, for the sponges with high nanocellulose content (50 wt%), a slightly reduced intensity of characteristic peaks of cellulose was observed upon oxidation. It can be attributed to the effect of ionic crosslinking of oxidized nanocellulose, leading to the close conjunction between oxidized nanocellulose and which was in accordance with other reports. 3,12 When cellulose nanocrystals (CN or OCN) were introduced in alginate, the self-aggregation of nanocrystals appeared in the sponges for high nanocrystal content (50 wt%). Nevertheless, due to the similar chemical structures between cellulose and alginate, CN and OCN still can be compatible with alginate, and no obvious agglomeration or separation at the interface was observed [ The most interesting morphology was obtained for the sponge with 50 wt% OMFC (SA/OMFC-50), which exhibited a highly porous structure from interconnected pores with size in the range of 100-300 µm, as shown in Figure 8e. The high-magnification morphology indicated that a homogeneous combination between oxidized microfibrillated cellulose and alginate component was reached. Meanwhile, there was no apparent or serious self-aggregation or microphase separation in the sponge in spite of the high OMFC content. The introduction of OMFC, as the essential structural component, constituted the regular internal three-dimensional network of crosslinked sponge together with the alginate.

Porosity, Water Absorption, and Structural Stability

Highly porous and interconnected pore structures are required for alginate-based sponges to ensure water absorption and mechanical strength, especially as biomedical materials, such as tissue engineering scaffolds. It is worth noting that the freeze-drying method, which can prevent the destruction of the porous structure during the removal of water, was adopted in the preparation of crosslinked sponges.

The porosity (P), water absorption (WA), and water retention (WR) values for the various alginate/cellulose sponges are summarized in Table 4.1. The structural stability was evaluated from the reuse effects of the sponges, as shown in Figure 4.9.

In general, compared with the porosity of neat alginate sponge (SA-F, 78.8%), the porosity of all the alginate/nanocellulose sponges was improved above 80%, especially reaching a maximum of 97.4% for the SA/OMFC-50 sponge. For the sponges filled with CNs, for both oxidized and unmodified nanocrystals, the increase in porosity was more remarkable for the sponges with low nanocrystal contents, which may be attributed to the homogeneous dispersion of nanocrystals in alginate-based sponges. On the other hand, with higher length, MFC and OMFC generally presented considerable improvement in the porosity of sponges in comparison with nanocrystals. Especially for SA/OMFC sponges, all of them possessed ultrahigh porosity (> 94.0%). It was presumed that the high porosity of SA/OMFC sponges originated from the internal network microstructure resulting from the interconnection between alginate and OMFC chains.

Water absorption (WA) and water retention (WR) are very important properties for sponge materials, which are highly dependent on their inherent structure and morphology. The interconnected pores of sponges will provide indispensable channels and roomage to "reserve" the liquid molecules. As for the sponges composed of regular pore arrangement and "strong" network connection, water molecules will readily pass through and fully permeate the entire sponge. Evidently, in comparison with neat alginate sponge (only 835.3% for SA-F), SA/OMFC crosslinked sponges held more open and ordered pores as well as solid internal structure (from the SEM observation), which exhibited considerable water absorption (> 1300%). At the same time, the uniform and solid porous structure of crosslinked sponge will "lock" the water molecules and prevent the easy runoff of water. Comparing the water retention between neat alginate and SA/OMFC sponges, after the centrifugation treatment, WR of SA-F sponge sharply decreased to 321.1%, whereas WR of SA/OMFC-50 sponge remained at a level higher than 800%. It should be noted that, similarly to porosity results, no improvement in water absorption and retention for alginate sponges filled with CN was observed. This may be attributed to the simple effect from rigid nanocrystals to the sponges of enhancing the mechanical strength, but not essential to the crosslinked network.

Used as a daily material, the evaluation of reusable effect of sponges is critical for their practical application. 

Mechanical Stability

As mentioned, neat alginate sponge is a kind of brittle material with low mechanical performance. On the contrary, sponges containing oxidized microfibrillated cellulose (such as SA/OMFC-30) possessed higher mechanical stability, exhibiting excellent flexibility and strength, as shown in both nanocelluloses, it should be pointed out that rigid nanocrystals exhibited a better nano-reinforcing effect, which can be attributed to their capability of effectively enduring and transferring the stress, resulting in higher mechanical strength especially under large compressive strain (such as 70%).

Thermal Stability

As reported in previous studies, 56 alginate undergoes a two-step thermal degradation process, with a first-step thermal degradation temperature (Td1) in the range 106-190 °C and the second-step (Td2) in the range 219-261 °C. displayed the tendency to gradually increase Td1 values. All the first-stage thermal degradation temperatures of sponges were higher than 144 °C, especially for SA/OMFC-50 sponge (Td1 = 161.9 °C), which was 14.3 °C higher than that for the SA-F sponge.

Thermogravimetric analysis (TGA) was performed to evaluate the presence and evolution of the second-stage (Td2) thermal degradation process in crosslinked alginate-based sponges, as shown in possessing a rigid and rod-like nanostructure, oxidized nanocrystals are more suitable to enhance the mechanical strength of sponges. As schematized in Figure 4.13 (c), rigid OCN participated in the crosslinking and served as the coupling points with alginate, which is beneficial to the "strong" reinforced framework of sponges.

However, compared to OMFC, it is difficult with OCN to build the network structure in sponges, which leads to the weak improvement of porosity and water absorption.

The results from FTIR, with the obvious shifts to higher wavelengths for SA/OMFC sponges and only slight shift for SA/OCN sponges despite the high OCN content (50 wt%), also proved the presumption.

Conclusions

In 6 Although diverse materials (from synthetic polymeric matrices, e.g. poly(NIPAM-co-BMA) 7 to natural polymeric matrices, e.g. agarose 8 ) have been used

as matrix for the preparation of CN-based hydrogels, the development of novel hydrogel systems based on CN and its further applications still attract much more attention, especially for chemically crosslinked hydrogels.

Cyclodextrin (CD), a family of macrocyclic oligosaccharides linked by α-1, 4 glycosidic bonds, has been extensively studied in diverse fields since its discovery by Villiers in 1891. 9 Among them, α-, β-, and γ-cyclodextrins are the most common members, which are composed of 6, 7, and 8 glucose units with different scales, respectively.

The hydrophobic cavity of CD gives it inclusion capacity with a variety of compounds ranging from small molecule, ions, proteins, oligonucleotides, and selected polymers.

Since the first report on the formation of hydrogels through the complexes inclusion with high molecular weight PEG and α-CD, 10 threading CD units onto polymer chains to form polypseudorotaxanes as physical crosslinkers has become the most extensively studied approach for engineering supramolecular hydrogels based on CD. 11 The physicochemical properties, biocompatibility, biodegradability, and sensitivity of CD-based supramolecular hydrogels can be elegantly tailored by carefully selecting appropriate guest polymers for assembling, and further regulate various functions for the hydrogels, such as temperature-, photon-, chemical-, redox-, or pH-sensitivities. It should be pointed out that since CD-based hydrogels are formed by supramolecular self-assembly in an aqueous solution without the use of chemical crosslinkers, in situ loading of drug payload can be achieved at room temperature, which is especially beneficial to biomacromolecular drugs. Therefore, CD-based hydrogels derived from complexes inclusion have been extensively investigated and used as injectable drug delivery systems. 12 The combination of cellulose nanocrystals and cyclodextrin-based hydrogels can be realized through simple doping and blending for the formation of physical hydrogels, which has been reported previously. 13 In this study, based on the inclusion of high molecular weight triblock copolymer and α-CD, composite hydrogels were fabricated by the introduction of pristine CN. However, it was reported that the concentration of CN in all composite hydrogels must be lower than 2.5 wt%, and only the hydrogel with loading level of 0.5 wt% CN gave the highest storage modulus. In spite of no further explanation on this issue in this study, it can be presumed that pristine CN seriously self-aggregated during hydrogel preparation due to the hydrophilicity of cellulose, which restricted the loading levels to low values and limited the effect of CN in hydrogels.

The present work is an attempt to design a novel chemical hydrogel with the construction of participating cellulose nanocrystals and cyclodextrin via the "host-guest" inclusion method from selective grafted chains and different types of 

RESUME FRANÇAIS

Les hydrogels sont par définition des matériaux constitués d'un réseau polymère tridimensionnel capable de piéger de grandes quantités de solvant (habituellement de l'eau), et largement utilisés dans les domaines de l'alimentaire, de la cosmétique, des biomatériaux, de l'agriculture, etc. D'une part les nanocristaux de cellulose (CN) sous forme de bâtonnets peuvent former des hydrogels par eux-mêmes sous certaines conditions grâce aux fortes interactions de type liaison hydrogène entre nanoparticules. Il a été montré que des suspensions aqueuses contenant 0,4% en poids de CN extraits de farine de résineux pouvaient former un hydrogel transparent avec une morphologie rigide et uniforme unique. 1 Des CN de tunicier modifiés en surface avec de l'acide carboxylique (-COOH) ou une amine (-NH2) dans l'eau peuvent également former des hydrogels et présenter une sensibilité au pH. 2 En outre, par un processus d'échange de solvants, des organogels stables à base de CN peuvent être préparés en dispersant les nanoparticules dans du glycérol, 3 de l'éthanol 4 ou de l'acétone. 5 L'association de nanocristaux de cellulose et d'hydrogels à base de cyclodextrine peut être réalisée par simple dopage et mélange conduisant à la formation d'hydrogels physiques, comme reporté précédemment. 13 Dans cette étude, des hydrogels composites ont été fabriqués par inclusion de copolymères séquencés triblocs de 

Introduction

Cellulose nanocrystal (CN) has attracted a great deal of interest in material science due to its appealing intrinsic properties including nanodimensions, high surface area, unique morphology, low density, and mechanical strength, as well as availability, renewability, and biodegradability. 1 Abundant hydroxyl groups on the surface of CN are suitable for physical adsorption or diverse chemical modifications including esterification, etherification, oxidation, silylation, and polymer grafting. [2][3][4] Modified nanocrystals with alterative surface properties were not only widely used as nanofiller to enhance various matrices through the development of composites, 5,6 but also for the exploration of advanced functional nanomaterials. 7,8 Recently, much more attention focused on the application of CN in the field of biomaterials, such as fluorescent labels for bioimaging, 9,10 labeled carriers for DNA detection 11 and photodynamic therapy, 12 enzyme immobilization, 13,14 photobactericidal material, 15,16 biomedical scaffold, 17,18 and hydrogels. 19,20 Hydrogel materials have shown wide potential applications in the biomaterial field, such as drug delivery, because of their safety, biocompatibility and biodegradability. Among hydrogel systems, hydrogels based on supramolecular self-assembly between cyclodextrin (CD) and polymeric chains are most widely studied, and have promising application prospects. Particularly, supramolecular hydrogels formed with the host-guest inclusion between polymer and CD molecules, exhibit reversible thixotropism, making them suitable for syringeable drug delivery application. 21 Although CN has attracted wide attention in the utilization as physical reinforcing filler in various hydrogel matrices, such as cyclodextrin, 22 agarose, 23,24 poly(vinyl alcohol), 25 poly(N-isopropyl acrylamide), 26 and poly(2-hydroxyethylmethacrylate), 27 to the best of our knowledge, only one example of pristine CN in cyclodextrin-based hydrogel has been reported. 22 However, in this study, due to the strong hydrophilicity and easy self-assembling property of this highly crystalline nanoparticle, the loading level of CN in cyclodextrin hydrogel was quite low (< 2.5 wt%). 22 Recently, it was shown that a weak reinforcing percolating network from surface-modified CN can be formed in aqueous gels. 28 If only introducing CN with extremely low contents, it is believed that the rigid network formed by the linkage of these nanoparticles cannot be obtained, and even weaken the promising nanoreinforcing effect for ensuing materials.

Herein, with the strategy of surface chemical modification of CN with Pluronic polymers (poloxamer), the loading level of CN was elevated, and the dispersion of the nanoparticles was improved. As shown in Pluronic polymers were semichemically immobilized on the surface of CN, which provided the possibility of good dispersion, and in situ inclusion of nanocrystals in the hydrogel system. Moreover, the similar structure of CN and CD, both from polysaccharide, preserved the biocompatibility and biodegradability of ensuing materials, which endowed a "green" note to the hydrogel with promising mechanical property, thermal stability, and sustained drug release behavior. These supramolecular 

Extraction of Cellulose Nanocrystals (CN)

Cellulose nanocrystals (CN) were prepared by H2SO4 hydrolysis of native cotton fiber, according to our previous literature. 29 The fiber was milled with a laboratory milling device to obtain a fine particulate substance and extracted in 2 wt% aqueous NaOH solution (12.5 g fibers for 500 mL solution) for 12 h at room temperature and then filtered and rinsed with distilled water. Acid hydrolysis was performed at 45 °C with 65 wt% H2SO4 (preheated) for 45 min under mechanical stirring (12.5 g fibers for 250 mL solution). Amorphous or paracrystalline regions of cellulose were preferentially hydrolyzed, whereas crystalline regions that have higher resistance to acid attack remained intact. The suspension was diluted with ice cubes to stop the reaction and washed until neutrality by successive centrifugations at 10,000 rpm (rotation per minute) for 10 min each step and dialyzed against distilled water for five days. After dialysis, the CN dispersion was completed by ultrasonic treatment using a Branson sonifier, and finally, the released CN powder was obtained by freeze-drying.

Synthesis of β-Cyclodextrin-Grafted Cellulose Nanocrystals [(β)CD-g-CN (1)]

The grafting reaction of β-cyclodextrin on the surface of cellulose nanocrystals was accomplished using epichlorohydrin (EPI) as coupling agent through a one-step procedure [Figure 5.1 (A)]. 30 reaction. 30 After modification, the suspension was centrifuged at 10,000 rpm for 15 min and washed with distilled water repeatedly until neutrality to remove both ungrafted β-CD and residual NaOH. Finally, the grafted product [(β)CD-g-CN (1)] was obtained as powder by freeze-drying for 2 days.

The grafting efficiency of β-CD on the surface of CN was confirmed with the methods of weight measurement and photometric titration. Three grafting experiments were repeated for weight measurement. After grafting β-CD, the weights of products (β)CD-g-CN were 1.1579, 1.1684, and 1.1368 g, corresponding to a grafting efficiency of 15.79, 16.84, and 13.68 wt%, respectively. According to the results of weight measurement, the average β-CD grafting efficiency was 15.44 wt%. Further accurate measurement from photometric titration was also used to investigate the β-CD grafting efficiency (GE%) for (β)CD-g-CN.

Inclusion Complex of (β)CD-g-CN/Pluronic Polymers (2)

Theoretically, due to the dimensions as well as hydrophilic and hydrophobic property of β-CD and Pluronic polymers, one grafted β-CD should host one guest Pluronic chain for the inclusion. In this work, expecting for complete inclusion, the molar ratio between grafted β-CD and Pluronic polymer was regulated as 1:2. The protocol for the preparation of inclusion complex [(β)CD-g-CN/Pluronic (2)] was as follow: 500 mg powdered (β)CD-g-CN (74.4 µmol grafted β-CD according to the 16.89 wt% grafting efficiency from photometric titration analysis) was dispersed in 10 mL of distilled water under mechanical stirring for 12 h and then ultrasonicated for 30 min. mixture was submitted to mild ultrasonic assistant treatment for 20 min and mechanical stirring for 72 h at room temperature. During the reaction, the hydrophobic PPG chains can insert into the hydrophobic cavity of β-CD and form the stable inclusion complex resulting from the physical crosslinking interaction. 32 As for Pluronic F108 (PEG133-b-PPG50-b-PEG133), due to different molecular weight, 2.173 g F108 polymer was mixed with 500 mg (β)CD-g-CN suspension.

The suspension of inclusion complex was centrifugated at 10,000 rpm for 10 min to collect the precipitate and the supernatant. The powdered (β)CD-g-CN/Pluronic precipitate was washed with distilled water and the supernatant was analyzed with FTIR tracing method. Because of the hydrophilic property of PEG chains, free Pluronic polymer dissolves in water, but inclusive Pluronic polymer forms stable suspensions. This process of successive solubilization-centrifugation was performed repeatedly until the disappearance of the characteristics bands of Pluronic from the result of FTIR. The content of inclusive Pluronic was confirmed by elemental analysis.

Supramolecular Hydrogels via In Situ Inclusion [(β)CD-g-CN/Pluronic] -[α(CD)/ Pluronic] (3)

The architecture of in situ supramolecular hydrogel was realized with the "host-guest" inclusion between α-CD, Pluronic polymer, and modified CN. The preparation method of in situ hydrogels CN-CD/F68 (3) was adapted from previous literature. 33,34 The powdered (β)CD-g-CN/F68 was dispersed in 3.5 mL of water, with specific F68 polymer content according to the inclusion efficiency from the result of elemental analysis. Another controlled weight of pure F68 was added in the suspension of modified CN under mild stirring at 4 °C until a stable suspension was obtained. It was reported that the viscosity of Pluronic aqueous solution remains unchanged under such temperature conditions. 33 Another saturated solution of α-CD (1.5 mL water)

was added in the mixture of modified CN and pure F68, in which the concentrations of Pluronic F68 and α-CD were 13 and 9.7 w/v, respectively. The mixture was ultrasonicated for 10 min and then conditioned overnight at room temperature for gelation. A similar method was used for the preparation of supramolecular hydrogels CN-CD/F108. Neat hydrogels of F68/α-CD and F108/α-CD were also prepared with the same approach and concentration as the reference. The composition, concentration, and codification of the various hydrogels are summarized in Table 5.1.

To prove the capability of inclusion between (β)CD-g-CN/Pluronic and α-CD, the complex of (β)CD-g-CN/Pluronic-α(CD) was prepared independently, isolated by centrifugation, and washed with a limited amount of water to remove free α-CD. a CN% is the weight ratio of nanocrystals in solid components, which was calculated according to the following equation:

%ܰܥ = ݉ ேିି(ఉ)/௨ × (1 -)%ܧܫ × (1 -)%ܧܩ ݉ ேିି(ఉ)/௨ + ݉ ௗௗௗ ௨ + ݉ ఈି (5.1)
b The "added Pluronic" is the addition of pure Pluronic polymer to reach the controlled ratio of Pluronic in hydrogels, which was calculated: 

݉ ௗௗௗ ௨ = 650 -݉ ேିି(ఉ)/௨ × %ܧܫ (5.2)

Characterization and Analyses

Solid

Fourier Transform Infrared Spectroscopy (FTIR):

Infrared spectra were recorded at room temperature on a FTIR Perkin-Elmer Spectrum One spectrometer to characterize CN, (β)CD-g-CN, (β)CD-g-CN/Pluronic, and β-CD. Freeze-dried powders were analyzed as KBr pellets (1 wt % in anhydrous KBr) using a spectral width ranging from 4000 to 400 cm -1 with a 2 cm -1 resolution and an accumulation of 20 scans. On the other hand, during the preparation of inclusion complex (β)CD-g-CN/Pluronic, the supernatants containing free Pluronic polymers were collected from the process of successive solubilization-centrifugation. The supernatant was carefully dropped on the surface of neat KBr compressing tablet, and water was vaporized at room temperature for 12 h. The KBr tablet together with Pluronic polymers on the surface were also characterized by FTIR.

Elemental Analysis: Elemental analysis was performed at Analysis Central Service of the Centre National de la Recherche Scientifique (Vernaison, France). The carbon, oxygen, and hydrogen element contents for both (β)CD-g-CN/F68 and (β)CD-g-CN/F108 samples were measured. The results from elemental analysis were used to determine the content of inclusive Pluronic polymers for (β)CD-g-CN/ Pluronic (IE%) according to eq. 5.3:

ܥ%ܧܫ ௨ + (1 -ܥ)%ܧܫ ேିି(ఉ) = ܥ ேିି(ఉ)/௨ (5.3)
where C is the relative carbon content in the sample; IE% is the inclusion efficiency for inclusive Pluronic polymers for grafted β-CD. The precision of the measurement is considered to be 0.3% for C and H elements and 0.5% for O element.

X-ray Diff ff ff ffraction Analysis (XRD):

XRD was used to prove the possibility of inclusion interactions between (β)CD-g-CN/Pluronic and α-CD, which was recorded on a Philips PW 1720 X-ray generator operated at 30 kV and 20 mA with Cu Kα radiation (λ = 0.154 nm) in a range of 2θ = 3-50° using a fixed time mode with a step interval of 0.02°.

Transmission Electron (TEM) and Optical Microscopy:

The dimensions and morphology of pristine CN were observed by TEM. Drops of 0.001 wt% cellulose suspensions were deposited on glow discharged carbon-coated TEM grids. The specimens were then negatively stained with 2% uranyl acetate. After complete drying under room conditions, specimens were observed using a Philips CM200 electron microscope operating at 80 kV.

The morphology of hydrogel crystals was directly observed by optical microscopy.

The hydrogel was dropped on the glass slide, and formed after standing a period of time in aqueous solution. Excess water was removed carefully with the absorption by the edge of filter paper, and the morphology was observed after the complete dryness. shown in Figure 5.3 (C), the average value of β-CD grafting efficiency (GE%) was determined as 16.89 wt% using this photometric titration method, which is almost in agreement with the result of weight measurement (15.44 wt%).

Rheological Analysis

Inclusion of Pluronic Polymers in Grafted β-CD

Although possessing similar glucose unit structure, the grafting and inclusion reaction between CN, β-CD and Pluronic polymers can be investigated by the change of peak intensity for specific bond stretching bands. Furthermore, another C-O stretching band at 1031 cm -1 broadened after surface grafting. These results are in agreement with other reports for cyclodextrin-EPI cellulose. 30 By comparing the spectra for (β)CD-g-CN and (β)CD-g-CN/Pluronic, it is interesting to note that the intensity of the peaks located at 1031 and 898 cm -1 slightly increased, which can be attributed to the emerging C-O groups and antisymmetric out-of-phase stretching carbon from the inclusive PEG-PPG-PEG polymer. However, it was very important to confirm the inclusion reaction between grafted β-CD and Pluronic polymers and prove the complete removal of free and surface physically adsorbed Pluronic polymers on nanocrystals. An experiment of FTIR tracing was designed to investigate the effect of the process of successive solubilizationcentrifugation during the preparation of inclusion complex ((β)CD-g-CN/Pluronic).

As shown in Figure 5.4 (C), after the post-treatment of purification for three times, the spectra for the supernatant (F3) from washed (β)CD-g-CN/Pluronic did not exhibited any characteristics of Pluronic polymers, which proved the availability of free Pluronic removal using this method. On the other hand, the physical mixture of CN/Pluronic was also prepared using the same concentration and treated with the same purification treatment. By comparing the spectra of CN(R-Pluronic) and pure CN, it was observed that they were nearly similar [as shown in 5.2, the inclusion efficiency (IE%) of Pluronic polymers for (β)CD-g-CN/F68 and (β)CD-g-CN/F108 complexes were 12.25 and 15.57 wt%, respectively.

Structure and Properties of Supramolecular Hydrogels

Crystalline Structure of Inclusive Complexes

The inclusion of polymeric chains in cyclodextrin can also be investigated with XRD analysis. The crystalline diffraction patterns of original materials and various inclusive complexes are presented in Figure 5.5. As shown in Figure 5.5 (A), the characteristic diffraction peaks of cellulose, β-CD and α-CD, on one hand, and Pluronic polymers on the other hand were assigned to the 2θ angles at 22.6, 12.9, 14.3, 19.1, and 23.2°, respectively. The sharp diffraction peak for inclusive complexes located at about 20.0° strongly supports the channel-type crystalline structure of the obtained polyrotaxanes [Figure 5.5 (B)], which indicated that cyclodextrin underwent a solid-state phase transformation as it formed an inclusion compound with polymeric chains. 36 Pluronic F108 with longer polymeric chains can include more α-CD molecules than short Pluronic F68, which is reflected through the higher intensity for (β)CD-g-CN/F108-α(CD) complex at 20.0°. On the other hand, by comparing the diffraction patterns of (β)CD-g-CN/Pluronic and (β)CD-g-CN/Pluronic-α(CD) complexes, the crystalline feature of α-CD appeared with the emergence of a weak peak at 14.3°. In general, the inclusive complexes or hydrogels of cyclodextrin and polymers do not present the obvious crystalline features of cyclodextrin. However, in this case, the inclusion between α-CD and PEG chains occurred at the surface of CN, which may induce the arrangement of inclusive chains (PEG/α-CD), and cause the slight exhibition of α-CD crystalline feature. This phenomenon also indicates the capability of inclusion between (β)CD-g-CN/Pluronic and α-CD, which ensured the future in situ formation of hydrogels. In addition, the crystalline character of cellulose was covered in these patterns, which induced the broadening of the peak observed between 18 and 25°. By magnifying the patterns, the traces of crystalline cellulose can be observed with a ill-defined peak located at about 22.6°, as shown in Figure 5.5 (C).

Morphology and Dimensions of CN and Hydrogels

TEM was used to observe the morphology and dimensions of cellulose nanocrystals, as shown in Figure 5.6. Nanocrystals exhibited a typical rod-like morphology with a length of 200-400 nm and a diameter of 10-20 nm with an aspect ratio (L/d) of about 18. This result was in accordance with our previous report for the morphological observation of cellulose nanocrystals using atomic force microscopy (AFM). 29 Generally, during the process of observation, the inclusion complex of α-CD/PEG hydrogel recrystallizes in water and forms crystals of regular shapes with facets on microscope grid at room temperature. 35 As shown in Figure 5.7, both in situ hydrogels derived from Pluronic F68 and F108 exhibited the regular appearance with rectangular morphology in the size range of about 10-20 µm long and 2-4 µm wide. In comparison with the F68-hydrogels [Figure 5.7 (A, B)], F108-hydrogels [Figure 7 (C, D)] show higher length (> 15 µm) and much coarser surface, which may be attributed to the longer PEG chains of Pluronic F108 in the hydrogel system. 

Rheological Behavior of Hydrogels

When modified CN were introduced into the architecture of hydrogels, these nanoparticles can participate to the in situ inclusion between polymers and cyclodextrin via the surface grafted polymeric chains, which endowed strong coupling between nanocrystals and hydrogel. On the other hand, if the loading level of added nanoparticles reaches a critical content, such as the percolation threshold (νRc), the strong interactions (such as hydrogen bonding) among nanoparticles should force them to associate/interact with each other for supporting the tridimensional percolating network. 37 It is believed that both interactions are beneficial for the performance of the hydrogel, and should strengthen and improve the structural stability and rheological behavior of ensuing hydrogels. Before the discussion of rheological properties of in situ hydrogels, the value of νRc can be calculated with the dependence upon the aspect ratio (L/d) of rod-like CN according to eq. 5.2:

߭ ோ = 0.7 ܮ ݀ ⁄ (5.4)
The νRc value is therefore inversely proportional to the aspect ratio of CN. According to the observations from TEM, the value of νRc in this case was close to 3.89 vol% (6.09 wt% with the density of cotton cellulose 1.565 g/mg).

The rheological behavior of hydrogels was investigated on the basis of three aspects, including change of viscosity as a function of the shear rate, dependence of storage moduli (G′) and loss moduli (G″) as a function of angular frequency and temperature.

When subjected to flow experiments, all hydrogels exhibited the physical nature of gelation and were found to be thixotropic and reversible, as shown in Figure 5.8 (A, A′). Even for in situ hydrogel with the highest initial viscosity (CN-CD/F108-3), the viscosity of the hydrogel greatly reduced when increasing the shear rate. This property makes the hydrogels syringeable, which is useful and important for drug delivery systems. Two different effects on the rheological behavior of in situ hydrogels as a function of angular frequency were observed depending on the CN content, as shown in Figure 5.8 (B, B′). With the addition of only 50 mg modified CN, the improvement of the mechanical properties of the hydrogel was unobvious (CN-CD/Pluronic-1) in comparison with the neat hydrogel (Pluronic/α-CD). However, when the loading level increased above 100 mg, the moduli of both F68-and F108-hydrogels were enhanced significantly. Meanwhile, with the introduction of enough modified CN, the in situ hydrogels can maintain better structural stability in contrast to the sharp decrease of moduli observed for neat hydrogels under high angular frequency. The dependence of the hydrogel moduli as a function of temperature is shown in Figure 5.8 (C, C′). The effect of introducing modified CN in hydrogels was more evident and induced the promising thermal stability for in situ hydrogels contrary to the strong variation induced by sol-gel transition for neat hydrogels. It should be pointed out that the F108-hydrogels commonly presented better mechanical properties and thermal stability than F68-hydrogels, which may be attributed to the longer polymeric chains with more inclusive cyclodextrin molecules for Pluronic F108. In addition, based on the rheological behavior of in situ hydrogels, it was interesting that the mechanical properties of CN-CD/Pluronic-2 were similar to that of CN-CD/Pluronic-3, which indicates that the introduction of CN in the hydrogel CN-CD/Pluronic-2 may be a critical point for the support of some special structure.

According to the results of elemental analysis reported in Table 5.1, the true contents of CN in hydrogels CN-CD/F68-2 and CN-CD/F108-2 were 5.96 and 5.77 wt%, respectively, which were very close to the previously calculated percolation threshold (νRc, 6.09 wt%). It was believed that cellulose nanoparticles with adequate loading level could form the percolating network in the architecture of hydrogels and properly improved the performance of in situ hydrogels.

pH-Sensitivity of Hydrogels

The influence of different pH values on the properties (G′ and G″) of hydrogels was investigated under acidic, neutral, and alkaline conditions. As shown in Figure 5.9 (A), under acidic conditions, in situ hydrogels CN-CD/F68-2 and CN-CD/F68-3 kept high moduli and stability, which was about 5 times higher than for neat hydrogels. The maximum values of G′ for all hydrogels appeared in neutral condition (pH = 7).

However, when increasing the pH value to alkaline environment, the moduli for all hydrogels dropped sharply, which may be attributed to the higher solubility and dissolution of cyclodextrin in alkaline condition. Similar results can also be observed for the CN-CD/F108 hydrogel system [Figure 5.9 (B)]. However, it was interesting that, different from other hydrogels, hydrogel CN-CD/F108-3 preserved a storage moduli (G′) at high levels and seemed to possess the ability of alkaline resistance. A further study will focus on this interesting phenomenon.

Drug Release and Mechanism Study

Doxorubicin is an anticancer drug, which is widely used in the resistant of solid tumors, including breast cancer, ovarian carcinoma, transitional cell bladder carcinoma, and thyroid carcinoma. However, the non-negligible side effect, primarily the cardiotoxicity resulting from high concentration of drug in blood, demands ideal carrier for this drug for effective drug controlled release. 38 As shown in sustained release for about one week, whereas neat hydrogels (F68/α-CD and F108/α-CD) displayed an initial burst release and shortened release period (only 2.5 days). The prolonged drug release for in situ hydrogels upon modified CN introduction was supposed to result from two factors. As reported in our previous literature, 39 rigid CN has been proven to induce physical "obstruction effect" in an alginate-based microsphere for controlled drug release property. On the other hand, in this study, if the loading level of nanocrystals reaches the percolation threshold, inducing a network structure with linkage among nanoparticles, it may provide another "locking effect" to delay the diffusion of doxorubicin molecules (as shown in Figure 10B). Both effects from modified nanocrystals led to the sustained drug release of in situ hydrogels. It is worth noting that when comparing the hydrogels formed with different Pluronic chains, there was no significant relation between the length of chains used in the hydrogel and the drug release behavior. However, the final cumulative release ratio depended on the length of used Pluronic for hydrogels, which indicates the lower final cumulative release for hydrogels with longer Pluronic chains. To prove the different release mechanisms for hydrogels, Ritger-Peppas equation was used to analyze the results of drug release:

ܳ = ݐ݇ (ln ܳ = ݇ ᇱ + ݊ ln )ݐ (5.5ሻ
where Q is the amount of drug released at time t; k is a constant associated with the structural and geometrical characteristics of dosage form; and n is the release (diffusion) exponent, which depends on the release mechanism. It was reported that n values approximating to 0.50 indicate a Fickian diffusion release, whereas the n value in the range of 0.50 to 0.85 represents both diffusion-controlled release and non-Fickian diffusion release (anomalous transport). 40 Estimated parameters and fitted equations for the various hydrogels with different compositions are shown in Table 5.3. It was shown that neat hydrogels (Pluronic/α-CD-Dox) underwent the common Fickian diffusion, but in situ hydrogels (CN/CD-Pluronic-Dox) exhibited an anomalous transport release mechanism. These results revealed the different effects and changes of in situ hydrogels with the introduction of modified nanocrystals compared to neat hydrogels. 

Conclusions

This work was an attempt to use chemical modification methods to promote the compatibility and enhance the loading levels of cellulose nanocrystals in hydrogel materials. Meanwhile, uncovered polymeric chains render the participating inclusion of α-cyclodextrin for the architecture of in situ hydrogels. Grafting efficiency of β-cyclodextrin on the surface of nanocrystals was confirmed by UV spectroscopy as 16.89 wt%, and inclusion efficiency of Pluronic F68 and F108 polymers were measured by elemental analysis as 12.25 and 15.57 wt%, respectively. With the introduction of high loading levels of modified nanocrystals (> 5 wt%), a significant enhancement of structural and thermal stability of in situ hydrogels was observed from rheological analysis. A further study revealed the performance of hydrogels as drug carrier for in vitro release of doxorubicin and exhibited the behavior of prolonged drug release with special release kinetics, which was attributed to the "obstruction effect" and "locking effect". Based on their performances and properties, these in situ hydrogels as syringeable drug delivery provide a scientific example for the application of biomass nanocrystals in the field of biomedical materials. Revolving around the properties and applications of cellulose nanocrystals, diverse modifications have been performed on cellulose nanocrystals in order to further investigate their surface properties and tailor their applicability for various advanced materials. General research topics for each study are summarized in Figure 6.1.

In chapter 1, the state of the art on research on the topic of cellulose nanocrystals (also including cellulose whiskers and nanocrystalline cellulose) was reviewed, and significant studies were specially introduced on the basis of four parts, viz.

preparation and production; physical, chemical and biological properties; surface modification; as well as traditional and advanced applications. In view of my PhD studies, the emphasis of literature review in this chapter was put on the physical and chemical properties, surface modification, and functional nanomaterials.

The research work introduced in chapter 2 originated from the following questions:

"how many active hydroxyl groups have been replaced by sulfate groups during H2SO4 hydrolysis; and how surface sulfate groups affect the surface chemistry and physical properties of cellulose nanocrystals?" To answer these questions, gradient contents of sulfate groups were introduced on the surface of cellulose nanocrystals through the regulation of reactant ratios and reactive conditions for postsulfation and desulfation. Based on the analysis of surface chemistry for gradient modified nanocrystals, it was proved that the choice of different cross-section models will significantly affect the calculation of the degree of substitution of sulfate groups on cellulose nanocrystals. Inspired from the study of physical blending of pristine polysaccharide nanocrystals and cyclodextrin, an attempt of using chemical modification methods to promote the compatibility and enhance the cellulose nanocrystal loading levels in cyclodextrin-based hydrogel materials was performed and reported in chapter 5. carrier for in vitro release of doxorubicin, which showed promising controlled release behavior with sustained release for about one week whereas neat hydrogels displayed an initial burst release and shortened release period (only 2.5 days). The prolonged drug release behavior for in situ hydrogels was analyzed by release kinetics, and was supposed to be attributed to the "obstruction effect" and "locking effect" from modified cellulose nanocrystals. Based on their performances and properties, these in situ hydrogels as syringeable drug delivery provide a scientific example for the application of biomass nanocrystals in the field of biomedical materials. Following the studies introduced in this thesis, some research topics can be carried out in future works. Table 6.1 shows some points originated from the studies developed in each chapter. Specifically, for the study on "gradient sulfate groups on cellulose nanocrystals" reported in chapter 2, future research can focus on the electrostatic interactions between negative charges from sulfated nanocrystals and positive charges from cationic polymers or molecules. With the detection and measurement of electrostatic interactions, it is expected to reveal the strength and mechanism of this special interaction from coupling charges and therefore advance the application of cellulose nanocrystal electrostatic grafting. Figure 6.2 provides the research strategy of polymer electrostatic grafting onto cellulose nanocrystals and proposes the original questions of "Is it true for more sulfate groups, more adsorbed polymeric chains and stronger electrostatic interactions?" nanoparticles. Moreover, a simpler method for the introduction of the first PEG layer on cellulose nanocrystals would be to use electrostatic grafting instead of the chemical grafting reaction. It is another important issue to drive the practical application of this strategy.

Possible Research Points for Further Study

With respect to the study on "crosslinked alginate sponges" reported in chapter 4 and inspired from the different effects of two oxidized nanocelluloses, it will be interesting to attempt the idea of incorporating both oxidized nanocrystalline and microfibrillated cellulose in alginate-based materials, and develop applications of the ensuing sponges in the field of biomedical materials, such as drug carriers for wound dressing or bio scaffolds.

Regarding the study on "supramolecular hydrogels from cellulose nanocrystals and cyclodextrin" reported in chapter 5, further investigation on the effect of surface properties of cellulose nanocrystals to the structure and bioactivity of drug molecules can significantly promote their application in novel biomedical nanomaterials. In addition, taking advantage of the 'obstruction effect' and 'locking effect' from cellulose nanocrystals, it is promising to develop complexing drug delivery systems for novel drug release behaviors, such as multi-membrane hydrogel systems. In the following one year, some ideas will be carried out during my post-doctoral research.

Perspectives and Challenges in Future

It can be evidenced that cellulose nanocrystal is a unique and magic material.

Cellulose nanocrystal can be used in all kinds of fields, but it is still a rather new material to us. There are still many unknown properties or undiscovered applications for cellulose nanocrystals. Despite being the most available and common natural polymer on earth, it is only recently that the prominence of this nanostructured material was recognized. Now we stand on the edge of breakthrough of cellulose nanocrystal research, and maybe it is the right corner for future materials science.

It is impossible to predict which fields will become the practical market for cellulose nanocrystals in future. Now, more and more researchers are attracted by this material, Generally, the exploration of suitable approaches for cellulose nanocrystal in diverse types of materials is everlasting challenge for its future study. On the topic of production, the issues of cost reduction, properties control, and sustainability of supply are the challenges for cellulose nanocrystals. Promising commercial cellulose nanocrystals should be the products with both low cost and controllable properties (such as controlled dimensions, surface properties etc.). Regarding the application of cellulose nanocrystals in composites and functional materials, how to regulate or balance the compatibility and the formation of rigid network, and how to characterize the interactions between cellulose nanocrystals and diverse molecules, are the future challenges. In order to improve the compatibility between nanoparticles and polymeric matrices, surface modifications are commonly performed on cellulose nanocrystals. However, these surface treatments always limit the interactions among nanoparticles, which induce the weak formation of rigid network and inferior nano-reinforcing effects from cellulose nanocrystals. On the other hand, derived from intramolecules or surface groups, it is very difficult to directly observe or detect the physical interactions between cellulose nanocrystals and diverse molecules in various functional materials (such as interactions between cellulose nanocrystals and drug molecules, calcium crosslinking in this dissertation). Finally, the preservation of nano-reinforcing effect of cellulose nanocrystals in different conditions is another challenge, such as keeping high mechanical or barrier properties in wet atmosphere for prepared nanomaterials.

Cellulose nanocrystal is a precious gift from Nature, which deserves future study! Depuis la première étude sur l'utilisation des nanocristaux de cellulose comme phase de renfort dans des nanocomposites il y a environ 20 ans, une quantité importante de littérature a été consacrée à la recherche sur les nanocristaux de cellulose.

Résumé en Français

Différentes terminologies ont été utilisées dans la littérature pour désigner ces nanoparticules cellulosiques hautement cristallines, comme "nanocristaux de cellulose", "cellulose nanocristalline", "nanotrichites de cellulose" (ou simplement

Résumé en Français

Ning LIN ----2014 300 "trichites"), "microcristaux de cellulose en bâtonnet", "cristallites de cellulose" et "micelles de cellulose" (dans la littérature la plus ancienne).

En 2011, certaines normes internationales sur la nanocellulose ont été proposées par la Division Nanotechnologie Internationale de TAPPI, et la nomenclature "nanocristaux de cellulose" a été recommandée comme désignation générale. 3 Notamment, au cours des dix dernières années, l'étude des nanocristaux de cellulose Toutefois, pour répondre aux exigences des produits industriels, de nombreuses études mettent en oeuvre les composites à base de nanocristaux de cellulose avec une approche de mélange à l'état fondu. Les matériaux fonctionnels à base de nanocristaux de cellulose ont été un sujet attractif en 2013 (40% des études d'application), en raison de l'innovation engendrée par divers matériaux à haute valeur ajoutée avec des propriétés nouvelles ou améliorées, telles que les nanocomposites à gradient mécanique avec des nanocristaux de cellulose réticulés, 13 les cellules solaires organiques recyclables sur substrats de nanocristaux de cellulose, 14 les hydrogels sensibles photoniques à base de nanocristaux de cellulose, 15 la culture de myogénèse de squelette musculaire sur des nanocristaux de cellulose 16 etc. Bien que certaines recherches ne soient basées que sur des études préliminaires, il y a un grand potentiel sur ce sujet pour l'application des nanocristaux de cellulose. 

Perspectives pour la recherche future

Nous constatons que le nanocristal de cellulose est un matériau unique et magique.

Le nanocristal de cellulose peut être utilisé dans toutes sortes de domaines, mais il reste un matériau relativement nouveau pour nous. Il subsiste encore beaucoup de propriétés ou d'applications inconnues des nanocristaux de cellulose. En dépit d'être le polymère naturel le plus disponible et répandu sur terre, ce n'est que récemment que l'importance de ce matériau nanostructuré a été reconnue. Nous sommes maintenant à l'orée de la percée de la recherche sur le nanocristal de cellulose et c'est peut-être une opportunité pour la science des matériaux du futur. • Preuves directes de l'assistance à la réticulation de la nanocellulose oxydée, de l'alginate et de Ca 2+

• Tentative d'incorporation simultanée de NC oxydé et de MFC oxydée dans les éponges pour des améliorations synergiques • Développement de ces éponges dans des applications biomédicales, comme des pansements médicamenteux actifs Hydrogels supramoléculaires pour inclusion hôte-invité in situ entre NC modifié et cyclodextrine • Caractérisation de 'l'effet d'obstruction" et de "l'effet de blocage' des systèmes de relargage de médicament à base de NC • Présence des NCs (avec des groupements hydroxyles et/ou sulfates de surface) sur la structure et l'activité des médicaments • Développement de systèmes hydrogels multi-membranes pour de nouveaux comportements de libération de médicaments A partir des études présentées dans cette thèse, certains sujets de recherche peuvent être traités dans des travaux futurs. Le tableau 6.1 présente quelques points issus des études développées dans chaque chapitre. Plus précisément, pour l'étude sur les "gradients de groupements sulfates sur les nanocristaux de cellulose" présentée dans le chapitre 2, la recherche future peut se concentrer sur les interactions électrostatiques entre les charges négatives des nanocristaux sulfatés et Pour ce qui est de l'étude sur les "hydrogels supramoléculaires de nanocristaux de cellulose et cyclodextrine" reportée dans le chapitre 5, un examen plus approfondi de l'effet des propriétés de surface des nanocristaux de cellulose sur la structure et l'activité biologique des molécules actives pourrait promouvoir leur application pour de nouveaux nanomatériaux biomédicaux. En outre, en profitant de l'effet "d'obstruction" et de "l'effet de verrouillage" des nanocristaux de cellulose, il serait intéressant de développer des systèmes de relargage complexant de médicaments pour de nouveaux comportements de libération de médicament, tels que des systèmes hydrogel multi-membranes. Dans l'année à venir, quelques idées seront développées au cours de ma recherche post-doctorale.

Il est impossible de prédire quel domaine va devenir le marché pratique pour les nanocristaux de cellulose dans l'avenir. Actuellement, de plus en plus de chercheurs Keywords: cellulose nanocrystals, surface modification, nanocomposites, sponges, hydrogels, gradient sulfation, compatibilization, host-guest inclusion, extrusion
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  conferences are proposed to drive the development of cellulose nanocrystals, such as in the year of 2013, 'TAPPI International Conference on Nanotechnology for Renewable Materials', '245th ACS National Meeting-Divisions of Composites from Natural Resources ', 'EPNOE 2013 International Polysaccharide Conference ' etc.
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 1 Figure 1. Dendrogram of classification and topics for the research on cellulose nanocrystals.
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 22 Figure 2. (A) Evolution of the number of research publications on cellulose nanocrystals during last ten years (2004-2013) according to ISI Web of Knowledge system; (B) Proportions of different research topics for the publications in the year of 2013. (In the statistics on the proportions of different topics for the publications in 2013, the review articles are excluded, and some publications may be involved into two research topics.)
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 3 Figure 3. Structure and organization of this dissertation.
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 11 Figure 1.1 Time line of cellulose nanocrystals-based research, involving important milestones throughout the history of cellulose nanocrystals.
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 1 Literature Review on Cellulose Nanocrystals Ning LIN ----2014 16sulfuric acid-hydrolyzed cellulose nanocrystals is shown in Figure1.2 (B). It should be pointed out that during the hydrolysis, sulfuric acid can react with hydroxyl groups of cellulose, which yields charged sulfate esters on the surface of nanocrystals and promotes the dispersion of nanoparticles in water.21 

Figure 1 . 2

 12 Figure 1.2 (A) The different extraction methods of cellulose nanocrystals providing distinctive surface chemistry: hydrochloric acid treatment provides hydroxyl, acetic acid provides acetyl, TEMPO-mediated hypochlorite treatment provides carboxylic acid, and sulfuric acid treatment provides sulfate esters as well as hydroxyl with desulfation treatment; (B) general procedure for the preparation of cellulose nanocrystals with sulfuric acid hydrolysis.
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 13 Figure 1.3 Diverse physicochemical and biological properties of cellulose nanocrystals.

Figure 1 . 4

 14 Figure 1.4 TEM images of dilute suspensions of cellulose nanocrystals from (a) ramie; 29 (b)
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 1 Literature Review on Cellulose Nanocrystals Ning LIN ----2014 25 further discussed in Section 1.5 (Advanced functional nanomaterials based on cellulose nanocrystals).

Figure 1 . 5

 15 Figure 1.5 (A) Schematic image of chiral nematic ordering present in cellulose nanocrystal suspensions and illustration of half-helical pitch P/2; 12 (B) Characteristic regularly spaced helix lines in an aqueous suspension with 5 wt% cellulose nanocrystals derived from sulfuric acid hydrolysis of wood pulp, observed in transmission. The distance between two lines is half-helical pitch (P/2), and in this sample P≈13 μm; 66 (C) SEM image of helix fracture surface for an actual bulk cellulose nanocrystals film; 69 (D) Illustration of photonic crystal Bragg reflection from a cholesteric liquid crystal and the angular dependence of the color for the sample. 66

Figure 1 . 6

 16 Figure 1.6 Birefringence photographs viewed through crossed polarizers: (A) dispersions of as-prepared H2SO4-hydrolyzed tunicate cellulose nanocrystals in water; (B) freeze-dried CNs re-dispersed in water (concentrations of CNs are 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 mg/mL from left to right in images A and B); (C) dispersions of 5.0 mg/mL of as-prepared CNs in water, freeze-dried and re-dispersed in water, DMF, DMSO, N-methyl pyrrolidone, formic acid, and m-cresol from left to right in image C. 70
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 17 Figure 1.7), a chemically reducing functionality, and the other has a pendant hydroxyl group, the nominal non-reducing end (pink labeled groups in Figure 1.7).

Figure 1 . 7

 17 Figure 1.7 Schematic representation of chemical structure and intra-, inter-molecular hydrogen bonds in crystalline cellulose.

Figure 1 . 8

 18 Figure 1.8 Diverse surface modifications on cellulose nanocrystals.

Figure 1 . 9

 19 Figure 1.9 Comparison of different modifications of cellulose nanocrystals.

  general, there are three targets for the utilization of TEMPO-mediated oxidation of cellulose. The first one aims the change of surface properties of CNs. The second one is the transformation of surface hydroxyl groups to carboxyl groups, which can be used for subsequent introduction of functional molecules or grafting polymeric chains with carboxylation-amidation reaction. The third target consists in using TEMPO-mediated oxidation coupled with low speed mechanical treatment for the conversion of native cellulose to micro-or nanofibers and preparation of nanocellulose.TEMPO and its analogues are water-soluble, commercially-available and stable nitroxyl radicals. With the TEMPO catalytic oxidation, the C6 primary hydroxyls of cellulose are expected to be oxidized to C6 carboxylate groups by TEMPO/NaBr/NaClO or TEMPO/NaClO/NaClO2 oxidation systems in water at pH 10-11.130,131 The oxidation process can be monitored from the pattern of aqueous NaOH consumption, which is continuously added to the reaction mixture to maintain the pH at 10 during oxidation. The oxidized products have almost homogeneous chemical structures of sodium (1→4)-β-D-poly-glucuronate or sodium salt of cellouronic acid consisting of D-glucuronosyl units alone. Hence, the C6 primary hydroxyls of cellulose can be entirely and selectively converted to C6 sodium carboxyl groups by TEMPO-mediated oxidation.132 Araki et al. first applied TEMPO-mediated oxidation to introduce carboxyl groups and then graft PEG chains onto the surface of CNs. It was a pity that this study only focused on the effect of grafting polymers, and changes of dispersion state and fingerprint texture of oxidized CNs.101 Montanari et al.systematically investigated the degree and size influence of the TEMPO-mediated oxidation of cotton linter CNs.133 The degree of oxidation (DO) was determined by conductometric titration as 0.24. During TEMPO-mediated oxidation, a decrease of the crystal size occurred, and the introduction of negative charges on the surface of the crystalline domains induced a better individualization and dispersion of the crystallites, 133 as shown in Figure1.10a and a'. In another study, the maximum degree of oxidation (DOmax) for CNs with TEMPO treatment was calculated as 0.095 (roughly 0.1) with a simplified rectangle model. With the change of NaClO/anydroglucose unit ratio, the degree of oxidation of CNs varied from partial oxidation (DO=0.029) to nearly complete oxidation (DO=0.097).136 

Figure 1 .

 1 Figure 1.10 (a and a') TEM images of cotton CNs and TEMPO-oxidized CNs; 133 (b and b') TEM images of sisal CNs and carboaminated CNs; 134 (c and c') TEM images of cotton CNs and silylated CNs dispersed in THF; 135 (d and d') AFM height images of cotton CNs cationic modified CNs. 85

Figure 1 . 11

 111 Figure 1.11 Different methods of introducing PEG chains on the surface of cellulose nanocrystals.
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 2 bromoisobutyryl bromide (BriB) is always chosen for the esterification of nanocrystals, and provides the initiating sites. To prevent the destruction of the crystalline structure of CNs, this reaction should be performed at low temperature (sometimes with ice bath), which can dissipate superfluous heat. The second step involves the reaction of the initiator-modified nanoparticles with monomers (C=C alkene molecules) to induce the polymerization.
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 112 Figure 1.12 Synthetic routes of grafting polyolefin chains on CNs with the technique of ATRP.

Figure 1 . 13

 113 Figure 1.13 Four common processing techniques for the preparation of cellulose nanocrystal (CN)-based composites.
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 114 Figure 1.14 Various polymeric matrices used for the preparation of cellulose nanocrystal-reinforcing plastic composites. (SF: silk fibroin; SP: soy protein; NR: natural rubber; PHA: poly(hydroxy alkanoate); PHB: poly(hydroxyl butyrate); PLA: poly(lactic acid); PCL:

Figure 1 . 15

 115 Figure 1.15 Barrier effects of cellulose nanocrystals in plastic composites.

nanoparticles; 249

 249 Titania (Ti) core-shell and hollow nanoparticles; 250 TiO2 nanocubes cadmium sulfide (CdS), zinc sulfide (ZnS), lead sulfide (PbS); 251 Au-Ag alloy nanoparticles; 252 and Ag-Pd alloy nanoparticles. 253 Figure 1.16 shows the different morphologies and dimensions of various inorganic nanoparticles templated synthesis with CNs.

Figure 1 . 16

 116 Figure 1.16 Morphologies and dimensions of inorganic nanoparticle templated synthesis with cellulose nanocrystals. (a) CaCO3 nanoparticles; 240 (b) Ag nanoparticles; 242 (c) Au nanoparticles; 243 (d) Cu nanoparticles; 254 (e) Pt nanoparticles; 254 (f) Pd nanoparticles; 249 (g) Se nanoparticles; 248 (h) PbS nanoparticles; 251 (i) TiO2 nanocubes. 255
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 117 Figure 1.17 Myoblasts cells C2C12 were cultivated on the surface of oriented CNs. 270 Cell was stained for vinculin (red), F-actin (green), and nuclei (blue), scale bar = 50 µm.

  ethanol 275 or acetone. 276 More recently, Way et al. reported the different gelation behaviors of surface modified CNs with either carboxylic acid (-COOH) or amine (-NH2). At low pH, amine-modified nanocrystals formed flown suspension because of the electrostatic repulsions of the ammonium moieties inhibiting aggregation of the nanoparticles.

  mechanically gradient materials. As inspired by biological creatures such as sea cucumbers, which have the ability to reversibly change the stiffness of their dermis, three-dimensional percolating networks based on rigid CNs were introduced in various polymeric matrices, such as poly(EO-EPI) copolymer (1:1), PVA and poly(butylmethacrylate) (PBMA). The first generation of percolating CN materials was based on poly(EO-EPI) and PVA matrix.304 In the rubbery zone, the tensile storage moduli (E′c) of the dry matrix materials at 25 °C increased by over two orders of magnitude from 3.7 MPa (neat matrix) to about 800 MPa for a nanocrystal content of 19% (v/v). However, upon exposure to water, these CN/matrix nanomaterials exhibit a pronounced and reversible modulus reduction (40-fold), from 800 to 20 MPa, for the materials with the same nanocrystal content of 19% (v/v) at room temperature. The second generation of mechanically adaptive nanomaterials was on the basis of PVA or PBMA matrices, which are dynamically sensitive to the change of thermal transition [ambient (ca. 23 °C) to physiological (37 °C)].[305][306][307] For instance, below the glass-transition temperature (Tg), the tensile storage moduli of dry nanomaterials increased only 2-2.5 fold when adding 16.5% (v/v) nanocrystals, while E′ increased Chapter 1. Literature Review on Cellulose Nanocrystals Ning LIN ----2014 80 1000 fold above Tg. At the same time, when being exposed to physiological conditions (immersion in artificial cerebrospinal fluid, 37 °C) these nanomaterials displayed a significant decrease of E′ from several GPa to several MPa. Recently, introduction of cotton CNs in rubbery polyurethane matrix was also reported, to produce mechanically adaptive nanocomposites, which can change their mechanical properties upon exposureto water and displayed a water-activated shape-memory effect.308 The theoretical model for the mechanically adaptive nanomaterial mechanism has been proposed, as shown in Figure1.18.63 The mechanical properties of these chemoresponsive materials can selectively and reversibly be controlled through the formation and decoupling of a three-dimensional network of well-individualized rigid nanocrystals in response to specific chemical triggers. In the ''on'' state, strong hydrogen bonds between rigid, percolating nanocrystals maximize stress transfer and induce the reinforcement of the nanomaterials. In contrast, with the environmental stimuli, such as exposure to water or the increase of temperature, the hydrogen bonding interactions among nanocrystals are disrupted and dissociated from each other, which are switched ''off'' by the introduction of the chemical regulators.

Figure 1 . 18

 118 Figure 1.18 Schematic representation of the architecture and switching mechanism in the mechanically adaptive nanomaterials. 63

31 Chapter 1

 311 functionality, and lifetime of a broad range of products. The self-healable ability of materials is generally realized with the division and re-conjunction of supramolecular structure in materials under an external stimulus, such as ultraviolet radiation or heating energy. Biyani et al. reported light-healable nanocomposites based on a telechelic poly(ethylene-co-butylene) that was functionalized with hydrogen-bonding ureidopyrimidone (UPy) and CNs decorated with the same binding motif.138 When these materials were exposed to ultraviolet radiation, the UPy motifs were excited and the absorbed energy was converted into heat, which caused the conjunction of the hydrogen-bonding motifs and restoration of the material. As a result, deliberately introduced defects can be healed quickly and efficiently and exhibited high strength and stiffness from the reinforcement provided by CNs. As shown in Figure1.19, the nanocomposite samples containing 10 wt% CNs were found to heal considerably faster, requiring less than 20 s of UV exposure (image a). In another study, a supramolecular polymer blend, formed via π-π interactions between a π-electron rich pyrenyl end-capped oligomer and a chain-folding oligomer containing pairs of π-electron poor naphthalene-diimide units, has been reinforced with CNs (from 1.25 to 20.0 wt%) to afford a healable nanocomposite material. All the nanocomposites can reheal upon exposure to elevated temperatures. The best combination of healing efficiency and mechanical properties was obtained with the 7.5 wt% CNs nanocomposite which exhibited a tensile modulus enhanced by as much as a factor of 20 over the matrix material alone and could be fully rehealed at 85 °C within 30 min.

Figure 1 .

 1 Figure 1.19 (a) Optical microscope images of deliberately damaged ureidopyrimidone-CNs materials (with 10 wt% nanocrystal content) before, during, and after exposure to UV light (320-390 nm, 350 mW/cm 2 , 20 s). (b) Atomic force micrographs of ureidopyrimidone-CNs materials (with 10 wt% nanocrystal content) in the deliberately damaged (1), partially healed (2), and completely healed (3) state (color range; black = 7 µm, white = 0 µm). 138

Figure 1 .

 1 Figure 1.20 shows solid films cast from aliquots of 2.8 wt% CN suspensions prepared from bleached softwood kraft pulp and sonicated with increasing (left to right) energy inputs. The energy was measured in J/g of CNs. The films exhibit reflected iridescence with colors ranging from blue-violet to red. By combining sonication and electrolyte addition the reflective properties of the film can be predictably tuned. The effects of sonicating a CNs suspension were shown to be cumulative and permanent. Moreover, suspensions sonicated with different energy inputs can be mixed to prepare films having a reflection band intermediate between those obtained from the individual suspensions. Recently, differential heating rates of aqueous CNs suspension during film casting were investigated. 65 Placing materials of different temperatures beneath an

Figure 1 . 20

 120 Figure1.20 Cellulose nanocrystal films produced from suspensions treated with increasing applied ultrasonic energy (0, 250, 700, 1800, and 7200 J/g of nanocrystals) from left to right. Viewing is normal to the film surface under diffuse lighting. Samples of CNs suspension were sonicated using a Sonics vibra-cell 130 W 20 kHz ultrasonic processor with a 6 mm diameter probe: typically, 15 mL of a 2-3 wt% CNs suspension was placed in a 50 mL plastic tube and sonicated at 60% of the maximum power.323 
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 1 Literature Review on Cellulose Nanocrystals Ning LIN ----2014 86present in the materials. Moreover, the addition of a drop of water will cause the wet part of the film to become completely transparent, as shown in Figure1.21d. With the elimination of water (or other common solvents) upon drying, these optical nanomaterials can fully regain their iridescence, which results in a reversible decrease of the circular dichroism signal to 30 millidegrees (Figure1.21c). Furthermore, some mesoporous silica and carbon films decorated with CNs and metal nanoparticles through calcination and carbonization were developed.[326][327][328] Recently, the preparation of responsive photonic hydrogels from self-assembly of CNs and hydrogel precursors was reported. Because of the long-range chiral nematic order from CN component, this kind of hydrogel showed iridescence and rapidly respondence to various stimuli.329 Although the mechanism of CN optical materials is commonly recognized as the chiral nematic liquid crystal ordering from nanocrystal suspension, another explanation is also proposed. Picard et al. observed a solid multilamellar structure for CN suspension after evaporation, with each lamella made of roughly parallel rows of bundles.Consequently, they explained the iridescence of CN optical films as a multilamellar structure inducing light interference, not a helical cholesteric liquid crystal.330 
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 1211211541 Figure 1.21 Optical characterization of CNs/silica composite films. (a) Transmission spectra; (b) photographs showing the different colors of mesoporous films S1 to S4 with gradual increase of nanocrystal contents; (c) circular dichroism spectra of a green mesoporous film before (green curve)and after (black curve) infiltration with water; and (d) photograph of the transparent green film after the addition of a drop of water.12 
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 2 cristallinité, potentiel zêta, stabilité thermique et biréfringence) des nanocristaux de cellulose sont en outre discutés et validés. Schéma de principe de la préparation des nanocristaux de cellulose avec un gradient de degré de sulfatation et chimie de surface en fonction des différents modèles de section transversale. Surface Chemistry, Morphological Analysis and Properties of Cellulose Nanocrystals with Gradiented Sulfation Degrees Ning Lin and Alain Dufresne Grenoble Institute of Technology (Grenoble INP), The International School of Paper, Print Media and Biomaterials (Pagora), CS10065, 38402 Saint Martin d′Hères Cedex, FranceABSTRACTThe process of sulfuric acid-hydrolysis of cellulose fibers for the preparation of cellulose nanocrystals (CNs) includes an esterification reaction between acid and cellulose molecules, which induce the covalent coupling of sulfate groups on the surface of prepared CNs. Negatively charged sulfate groups play an important role in both surface chemistry and physical properties of CNs. This study explored the strategy of introducing a gradient of sulfate groups on the surface of CNs, and further investigated the effect of the degree of sulfation on surface chemistry, morphology and dimension, and physical properties of different CN samples. Based on the discussion of its surface chemistry, the selection of different cross-section models was reported to significantly affect the calculation of the degree of substitution of sulfate groups on CNs. A new ellipse cross-section model was proposed on the basis of AFM observation. The effect of sulfate groups on crystal properties and thermal stability was discussed and validated, and birefringence behavior of nanocrystal suspensions was observed.

Figure 2 . 1

 21 Figure 2.1 Strategy of gradient introducing sulfate groups on the surface of H2SO4-hydrolyzed cellulose nanocrystals.
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  About 3.0 g freeze-dried CN, with 18.53 mmol equivalent anydroglucose unit (AGU), was suspended in 100 mL anhydrous DMF and ultrasonically dispersed with a Branson Sonifier for 5 min. The sulfation agent, a complex mixture of ClSO3H and DMF, was prepared by slowly adding ClSO3H into 50 mL anhydrous DMF with constant stirring and cooling in ice bath. (Caution! Chlorosulfonic acid is a strong corrosive and volatile chemical; thus, the mixing treatment should be handled in the fume hood with precaution and proper safety protection.) Sulfation of CN was initiated by gradually adding ClSO3H into the prepared nanocrystal suspension, with the regulation of reactant ratios between ClSO3H and AGU ranging from 0.5 to 2.0 mol/mol, keeping vigorous stirring for 0.5-2.0 h at room temperature. The reaction was terminated by adding ethanol. The suspension was washed with anhydrous alcohol and exchanged to

  surface sulfate groups on CNs in this work. Different concentrations of alkaline solution (ranging from 0.5 to 2.0 mol/L) were added to the CN aqueous suspension, with the control of maximum alkaline concentration at 2 mol/L. In a typical procedure, 100 mL aqueous CN suspension (resulting CN concentration about 2 wt%) was mixed with 50 mL NaOH solution with given concentration, and the mixture was stirred at 60 °C for 1-3 h. During the reaction, cellulose nanoparticles in suspension gradually aggregated and settled in the bottom because of the removal of surface sulfate groups.With centrifugation and dialysis treatments, the obtained suspension was purified, and finally the desulfated CN powder was prepared by freeze-drying treatment.On the basis of postsulfation and desulfation experiments, CN samples possessing different contents of surface sulfate groups were named as CN-(0 to 8), as shown in the strategy depicted in Figure1. In here, CN-0 represents the initial CN product hydrolyzed from 65 wt% sulfuric acid without further modification; CN-(1 to 4) are the further sulfated nanocrystals, and CN-(5 to 8) are desulfated nanocrystals obtained with different reactant ratios and reaction durations.

  Photoelectron Spectroscopy (XPS): Surface postsulfation and desulfation of CNs (samples CN-0; CN-4; CN-8) were further analyzed by XPS following the signal of sulfur element (S) and sodium element (Na). The S/C and Na/C content ratios were calculated according to Eq. (2.1) from the XPS results. The experiments were carried out using an XR3E2 apparatus (Vacuum Generators, U.K.) equipped with an unmonochromated Mg KR X-ray source (1253.6 eV) and operated at 15 kV under a current of 20 mA. Samples were prepared as pastilles (10 mm diameter) and characterized in an ultrahigh vacuum chamber (10 -8 mbar) with electron collection by a hemispherical analyzer at a 90° angle.

:

  The morphology of CN samples was observed using atomic force microscopy (AFM). Suspensions of approximately 0.01 wt% nanocrystals were dispersed in water with ultrasonic dispersion for 30 min and then deposited on the mica substrate. The substrate loaded with nanoparticles was imaged in tapping mode with a Nanoscope IIIa microscope from Veeco Instruments. Silicon cantilevers were used to perform the imaging at a frequency of 264-339 kHz and a typical radius of curvature of 10-15 nm. The CN dimensions, including length (L), width (W), and height (H), were measured by Nanoscope software. Over 100 rod-like Chapter 2. Surface Chemistry and Properties of CN with Gradiented Sulfation Degrees Ning LIN ----2014 129 nanocrystals were statistically analyzed to determine the average length, width, height and distribution. Surface Charge: The ζ-potential of CNs in water (0.01 wt%) was determined by a zeta-meter (Zetasizer DTS0230 Malvern Instruments). The instrument measures electrophoretic light scattering of a 35 mW solid state laser beam at a 660 nmwavelength, and all reported values were an average of 5 measurements with confidence intervals of 95%.Crystal Properties:The crystallinity index and crystalline dimensions in different planes of CNs were measured by X-ray diffraction analysis, in order to investigate the effect of surface sulfate groups to crystalline properties. The X-ray diffraction patterns were recorded on a Philips PW 1720 X-ray generator operated at 45 kV and 40 mA with Cu Kα radiation (λ = 0.154 nm) in the range 2θ = 5-50° for samples using a fixed time mode with a step interval of 0.066°. The crystallinity index (χc) of native cotton and CN was calculated according to Segal equation:
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Figure 2 . 2

 22 Figure 2.2 FTIR spectra for various CNs samples with postsulfation or desulfation treatment in the wavenumber range 1150 to 950 cm -1 .

Figure 2 .

 2 3 shows the general XPS spectra for pristine nanocrystals (CN-0), postsulfated nanocrystals (CN-4), and desulfated nanocrystals (CN-8), together with the signal assignments for sulfur (S2p, 165-168 eV) and sodium (Na1s, 1072 eV) elements. The intensity of the sulfur signal peak for the three samples was compared, and content ratio of sulfur to carbon (S/C) elements was calculated. It was shown that postfulfated nanocrystals (CN-4) possessed the maximum S/C ratio value, i.e. 5.4%; whereas desulfated nanocrystals (CN-8) had the lowest sulfur content, with the S/C ratio of 0.25%. Regarding the sodium element, only CN-8 nanocrystal sample showed the signal of sodium with a Na/C ratio of 4.5%, which was a further proof for the desulfation treatment of CNs.

Figure 2 . 3

 23 Figure 2.3 General XPS spectra for pristine cellulose nanocrystals (CN-0), postsulfated cellulose nanocrystals (CN-4), and desulfated cellulose nanocrystals (CN-8) with signal assignments (sodium Na1s, sulfur S2p).

Figure 2 . 4

 24 Figure 2.4 AFM images for pristine cellulose nanocrystals (CN-0), postsulfated cellulose nanocrystals (CN-4), and desulfated cellulose nanocrystals (CN-8) at different observation scales.

Figure 2 . 4 shows

 24 the amplitude, height and phase images from AFM at different observation scales (10×10 µm; 3.3×3.3 µm; 1.1×1.1 µm). It was shown that all CN samples exhibited the typical and expected rod-like or needle-like morphology, with a length of about 100-300 nm, and width of about 10-30 nm. Interestingly, by comparing the three series images, it seemed that the dimensions of postsulfated nanocrystals CN-4 were more homogeneous, which may be associated to the enhanced electrostatic repulsion among nanoparticles in aqueous suspension. Further statistical analysis of nanocrystal dimensions was performed by Nanoscope software. As representative samples, statistical analysis for dimensions and distribution determined from AFM images for samples CN-0, CN-4 and CN-8 are shown in Figure 2.5 and Figure 2.6. Through the statistic measurements with over 100 individual nanocrystals from AFM images (mainly focusing on the images with the scale of 3.3×3.3 µm and 1.1×1.1 µm), the average length (L), width (W) and height (H)of CNs were about 150 nm, 22 nm, and 5 nm, respectively. Specifically, pristine nanocrystals CN-0 showed a length of 169.9±86.8 nm, width of 23.0±8.9 nm, and height of 5.2±1.9 nm; whereas postsulfated nanocrystals CN-4 exhibited a length of 152.0±61.6 nm, width of 22.7±8.7 nm, and height of 5.0±1.3 nm; and desulfated nanocrystals CN-8 behaved a length of 148.6±68.1 nm, width of 21.8±8.9 nm, and height of 5.0±1.5 nm. From the dimension changes, it was shown that the average length gradually decreased for modified nanocrystals because of the reduction of large scale nanocrystals. As shown in Figure2.5, CN-0 nanocrystals with a length higher than 220 nm disappeared in CN-4 and CN-8 samples, which can be attributed to the further removal of amorphous region during the postsulfation and desulfation treatments. Geometrical dimension data for all nine CN samples are summarized in Table2.2. The nanoscaled dimension and distribution of cotton CNs demonstrate that these nanoparticles have the promising potential to be used as rigid nano-reinforcing filler for composites.

Figure 2 . 5

 25 Figure 2.5 Size statistics for length (L) and width (W) from AFM images for cellulose nanocrystal samples (CN-0, CN-4 and CN-8); red dashed lines are Gaussian distribution fitting line according to the statistical data.

Figure 2 . 6

 26 Figure 2.6 Size statistics of height (H) for cellulose nanocrystal samples (CN-0, CN-4 and CN-8) with the analysis of NanoScope software.

  the representative elementary crystallite region of cotton CN was proposed (model b), which exhibits a square or parallelogram section with 10 × 10 glucose units based on the d-spacing of (110), (11 ത 0), and (200) planes and its size is roughly 5.3 nm × 6.6 nm. Crystalline dimensions for the three planes can be obtained from XRD experiments. (Further discussion on the effect of sulfate groups on crystalline properties of CNs will be provided in next part.) Taking hydroxyl groups and length of cellobiose unit into consideration (model c), 36 glucan chains are located on the surface of the crystal, which correspond to 120 available hydroxyl groups. Consequently, the number of hydroxyls per unit surface area (N0) on cotton cellulose nanocrystal can be calculated as 8.13 × 10 -3 mmol/m 2 according to Eq. (2.7). ܰ = 120 ሺെܱܪሻ ܰ ሺ2ܣ ଵଵ ܣ2 ଵଵ ഥ ሻ ሺ2.7ሻ In Eq. (2.7), ܣ ଵଵ ൌ 6.6 ൈ 1.03 ݊݉ ଶ ܣ ଵଵ ഥ ൌ 5.3 ൈ 1.03 ݊݉ ଶ ܰ ൌ 6.02 ൈ 10 ଶଷ ݎ݀ܽ݃ݒܣ‪ሺ ᇱ ݏ ‪ሻݎܾ݁݉ݑ݊

Figure 2 . 7

 27 Figure 2.7 Schematic models of (a) an individual rod-like cellulose nanocrystal and dimensions (cuboid shape with square section; cylinder shape with round section; cuboid shape with rectangular section; cylinder shape with ellipsoid section); (b) an idealized elementary crystallite

Figure 2 . 8

 28 Figure 2.8 AFM image analysis for the observation of the cross-section shape for cellulose nanocrystals (CN-4).

2. 6 . 1 Figure 2 . 9 ,

 6129 Figure 2.9, and the values of the crystallinity index (χc) and crystalline dimensions are summarized in Table 2.4. The similar patterns and intensity preservation of diffraction peaks for all samples indicated that the postsulfation and desulfation treatments did not destroy or convert the inherent crystalline structure of nanocrystals. Indeed, the characteristic diffraction peaks at 2θ angles around 14.9°, 16.5°, 20.5°, 22.7°, 34.5° assigned to the typical reflection planes of cellulose I, 11 ത 0, 110, 012, 200, 004,
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 2 Surface Chemistry and Properties of CN with Gradiented Sulfation Degrees . On the basis of XRD results, it can be stated that surface sulfate group content does not obviously affect or has less influence to the crystal properties of CNs.

Figure 2 . 9 X

 29 Figure 2.9 X-ray diffraction patterns for various cellulose nanocrystals with different surface sulfate group contents.

  (ζ-potential). The value of zeta potential is related to the stability of the colloidal dispersion, and indicates the degree of repulsion between adjacent, similarly charged particles in a suspension. The effect of sulfate groups on ζ-potential of CNs is presented in Table 2.4. With the increase of sulfate group content, sulfated CNs possessed a more negative surface, and exhibited lower ζ-potential values. Especially for postsulfated nanocrystals sample CN-4, the value of ζ-potential reached -66.1±1.5

Figure 2 .

 2 10. Interestingly, in comparison with all nanocrystal samples, native cotton exhibited the highest thermal stability for the first phase of thermal decomposition (Td1). Because of the hydrolysis and presence of sulfate groups, the values of Td1 for all postsulfated nanocrystals sharply decreased to about 150 °C compared with native cotton. By determining Td1 for postsulfated CNs themselves (event a in Figure2.10), it appears that more sulfate groups on nanocrystals induced a lowering of Td1, such as the decrement (∆t1) of 12.3 °C from CN-1 to CN-4 samples. In contrast to postsulfated nanocrystals, the values of Td1 for desulfated CNs generally enhanced about 100 °C attributed to the removal of sulfate groups and presence of sodium on nanocrystals.

Figure 2 . 10

 210 Figure 2.10 Effect of surface sulfate groups on the thermal stability of cellulose nanocrystals (TGA thermograms).

  which was the behavior through strong adsorption of one of polarized rays to possess two refractive indices. Birefringence of CN suspensions can be observed with two linear polarizers crossed at 90° (cross-nicols or crossed-polars), and gives a quick indication of the successful preparation of well-dispersed CN suspensions. Figure 2.11 shows the photographs of aqueous suspensions of various CNs with postsulfation and desulfation treatments. The presence of negative charges (-ܱܱܵ ଷ ି ) on CN surface induced an electrostatic repulsion between nanoparticles, and the suspensions exhibited the formation of birefringent domains. Because of the stable dispersion and flow anisotropy from alignment of nano-rods under flow state, the birefringence character for postsulfated nanocrystal suspensions was maintained. With the desulfation and progressive removal of sulfate groups, nanoparticles in suspensions tended to aggregate, which induced the reduction and weakening of birefringent domains. Especially for strongly desulfated nanocrystals, samples CN-7and CN-8, the birefringence behavior of suspensions was difficult to be observed.

Figure 2 . 11

 211 Figure 2.11 Photographs of aqueous suspensions of various cellulose nanocrystals viewed through cross polarizers (0.5 wt%).
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 3 Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 157 the extraction and production of cellulose nanocrystals, additional surface sulfate groups result in the weakness of their thermal stability (as discussed in the previous work Chapter 2), and limit the thermal processing temperature of cellulose nanocrystal-based composites. Another issue is the inherent incompatibility between cellulose nanoparticles and non-polar molecules (polymeric matrix). During the thermal processing, irreversible self-aggregation of cellulose nanocrystals ascribed to their hydrophilic nature causes weak interfacial adhesion (even microphase separation) between nanoparticles and matrix, and finally induces inferior performances of composites. All of these issues have mainly restricted the practical utilization of melt-compounding to process cellulose nanocrystal-based composites. In order to improve the thermal stability and promote the compatibility of cellulose nanocrystals with non-polar polymeric matrices during the extrusion process, a novel strategy involving a double-polymer-layer protection and physical and/or chemical compatibilization of cellulose nanocrystals was proposed as shown in the "Schematic diagram". In this work, cotton cellulose nanocrystals (CNs) were prepared by sulfuric acid hydrolysis. The chemical compatibilization of cellulose nanocrystals (CN-g-PEG) was realized by surface grafting of low molecular weight poly(ethylene glycol) (PEG5000) through chemical carboxylation-amidation reaction. The physical compatibilization of cellulose nanocrystals (CN/PEO) was performed by surface interaction with high molecular weight polyoxyethylene (PEO5M) through physical blending. Meanwhile, because of possible entanglements and interactions between both polymeric chains (PEG and PEO with the same chemical structure), two-layer-modified cellulose nanocrystals (CN-g-PEG/PEO) can be developed, which can induce double-polymer-layer protection and both covalent and non-covalent compatibilization of cellulose nanocrystals in polymer nanocomposites. It was shown that the different surface modification strategies brought cellulose nanocrystals distinct thermal behaviors during extrusion processing. Both CN-g-PEG and CN-g-PEG/PEO nanocrystals showed improved thermal stability, while CN and CN/PEO seriously degraded and carbonized during extrusion. The comparison of adsorbing PEO capacity between CN and CN-g-PEG was also discussed and it was proved that CN-g-PEG can adsorb about 60 wt% (corresponding to CN-g-PEG weight) PEO chains, but CN can't or can only adsorb a small amount of PEO chains. Then, four series of extruded nanocomposites were prepared with various loading levels of neat or modified cellulose nanocrystals using polystyrene (PS) as polymeric matrix. Interestingly, only double-polymer-layer modified nanocrystals reinforcing composites (CN-PEG/PEO-PS) were translucent and gave a good appearance. The microstructural analysis of extruded composites indicated that two-layer polymers covering the surface of cellulose nanocrystals can not only protect the nanoparticles from thermal degradation but also facilitate the interactions between nanocrystals and PS matrix. The investigation of mechanical properties, thermal properties, and water vapor barrier performances of extruded composites further proved the different effects of chemical and/or physical compatibilization of modified cellulose nanocrystals. Schematic diagram of extruded cellulose nanocrystals (CN) reinforced polystyrene (PS) nanocomposites with physical and/or chemical compatibilization Chapter 3. Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites étude en 1995, 1 les nanocristaux de cellulose ont été largement utilisés comme additif de renfort pour améliorer les performances mécaniques d'un large éventail de composites à base de plastique en raison de leurs remarquables propriétés mécaniques. Généralement, les valeurs communément admises pour la résistance et le module des nanocristaux de cellulose sont de l'ordre de 10 GPa et 100-160 GPa, respectivement, valeurs qui sont comparables à celles du Kevlar. Récemment, sur la base du modèle de la structure atomique de la cellulose couplé avec la mécanique quantique, le module d'Young du nanocristal de cellulose a été estimé à 206 GPa, 2 ce qui montre que cette nanoparticule spéciale présente même une rigidité similaire à celle de l'acier et a fortement favorisé son utilisation dans le développement de nouveaux matériaux composites. De fait, selon l'analyse statistique de Future markets Inc, environ la moitié de la demande (46%) pour la nanocellulose (incluant nanocristaux de cellulose et cellulose microfibrillée) par les utilisateurs finaux se concentre sur son application composite. 3 Le développement des composites à base de nanocristaux cellulosiques est cependant tributaire de deux questions fondamentales qui méritent d'être soulignés, à savoir la méthode de mise en forme du composite et la compatibilité entre les nanoparticules et la matrice. Fondamentalement, quatre méthodes principales sont généralement utilisées pour la mise en oeuvre des matériaux composites à base de nanocristaux de cellulose, qui sont la coulée-évaporation, le mélange à l'état fondu, l'électrofilage et l'assemblage couche par couche. 4 En particulier, les techniques de coulée-évaporation et de mélange à l'état fondu sont couramment utilisés pour la préparation de matériaux composites à base de nanocristaux de cellulose en raison de leur manipulation facile. Plus spécifiquement, la mise en forme par le procédé de coulée-évaporation permet de préserver l'état d'individualisation des nanoparticules résultant de leur dispersion colloïdale dans un milieu liquide. Cependant, cette technique est non-industrielle, non économique et montre certaines limitations en ce qui concerne le choix de la matrice polymère. Dans l'industrie, les techniques de mise en forme à l'état fondu, telles que l'extrusion ou le moulage par injection, sont couramment utilisées pour mettre en oeuvre les polymères thermoplastiques parce que ce sont des procédés "verts" (sans solvant), efficaces et économiques. Toutefois, en raison de l'utilisation très répandue de l'hydrolyse à l'acide sulfurique (avec une bonne efficacité et améliorant la stabilité colloïdale) pour l'extraction et la production de nanocristaux de cellulose, des groupes sulfate de surface additionnels se forment ce qui conduit à une réduction de leur stabilité thermique (comme décrit dans l'étude précédente chapitre 2) et limite la température de mise en oeuvre thermique des matériaux composites à base de nanocristaux de cellulose. Un autre problème est l'incompatibilité inhérente entre les nanoparticules de cellulose et des molécules non-polaires (matrice polymère). Pendant la transformation thermique, l'auto-agrégation irréversible des nanocristaux de cellulose attribuée à leur nature hydrophile entraîne une faible adhérence interfaciale (et même une micro-séparation de phase) entre les nanoparticules et la matrice, et induit au final de piètres performances aux composites. Tous ces aspects ont essentiellement restreint l'utilisation pratique de la transformation à l'état fondu pour mettre en oeuvre les composites à base de nanocristaux cellulosiques.Afin d'améliorer la stabilité thermique et de promouvoir la compatibilité des nanocristaux de cellulose avec des matrices polymères non polaires au cours du processus d'extrusion, une nouvelle stratégie impliquant une double couche polymère physique et/ou chimique protectrice et compatibilisante des nanocristaux de cellulose a été proposée comme illustré dans le "schéma de principe". Dans cette étude, les nanocristaux de cellulose de coton (CNs) ont été préparés par hydrolyse à l'acide sulfurique. La compatibilisation chimique des nanocristaux de cellulose (CN-g-PEG) a été réalisée par greffage en surface de poly (éthylène glycol) (PEG5000) de faible poids moléculaire par réaction chimique de carboxylation-amidation. La compatibilisation physique des nanocristaux de cellulose (CN/PEO) a été réalisée par interaction de surface avec un polyoxyéthylène (PEO5M) de poids moléculaire élevé par mélange physique. Parallèlement, en raison de l'enchevêtrement et des interactions possibles entre les deux chaînes polymères (PEG et PEO avec la même structure chimique), des Chapter 3. Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 161 nanocristaux de cellulose modifiés avec deux couches (CN-g-PEG/PEO) ont pu être préparés, ce qui peut induire une double-couche polymère de protection et compatibilisation à la fois covalente et non covalente des nanocristaux de cellulose dans les nanocomposites polymères. Nous avons observé que les différentes stratégies de modification de la surface des nanocristaux de cellulose conduisent à des comportements thermiques distincts au cours de la transformation par extrusion. Les nanocristaux CN-g-PEG et CN-g-PEG/PEO ont montré une stabilité thermique améliorée, alors que les nanocristaux CN et CN/PEO sont sérieusement dégradés et carbonisés lors de l'extrusion. La capacité d'adsorption du PEO par les nanocristaux CN et CN -g-PEG a également été discutée et il a été montré que le CN-g-PEG peut adsorber environ 60% (par rapport à la masse de CN-g-PEG) de chaînes de PEO, tandis que les nanocristaux CN ne peuvent pas ou ne peuvent adsorber qu'en faible quantité les chaînes de PEO. Schéma de principe de la préparation des nanocomposites extrudés à base de polystyrène (PS) renforcé par des nanocristaux de cellulose (CN) compatibilisés physiquement et/ou chimiquement Par la suite, quatre séries de nanocomposites extrudés ont été préparés avec différents taux de nanocristaux de cellulose vierges ou modifiés en utilisant du polystyrène (PS) comme matrice polymère. Il est intéressant de noter que seuls les composites renforcés avec des nanocristaux de cellulose modifiés avec une double couche polymère (CN-PEG/PEO-PS) étaient translucides et avaient un bon aspect.
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[

  PEG-grafting efficiency for CN-g-PEG from elemental analysis: 21.77 wt%; CN (or CN-g-PEG) : PEO5M = 65 : 35 (w/w)] -g-PEG-PS-15 80.8 15.0 0 4.2 CN-g-PEG/PEO-PS-15 70.5 15.0 10.3 4.2 CN-g-PEG-PS-20 74.4 20.0 0 5.6 CN-g-PEG/PEO-PS-20 60.6 20.0 13.8 5.6

:

  To investigate the capacity of CN-g-PEG and CN to adsorb PEO5M chains, the viscosity of various suspensions containing nanoparticles and PEO5M chains was analyzed with a rotational rheometer, Rheolyst Physica MCR-301. The cone and plate geometry, with a 50 mm diameter plate and an angle of 1°, was used. To prevent solvent evaporation during measurements, the geometry was enclosed in a solvent trap which saturates the atmosphere. The lower pan (sample chamber) was equipped with a Peltier thermoelectric device that insures a controlled temperature, fixed at 20 °C ± 0.1 °C.Viscosity of the suspension was recorded applying a flow cycle consisting in acontinuously increasing shear rate ramp from 0.05 to 10 s -1 for 4 min. All rheological tests were performed in triplicate.Transmittance of VisibleLight: Transmittance of nanocomposite films was measured with a Shimadzu UV 2401-(PC) UV-vis spectrophotometer. The film samples were cut at 40 mm × 35 mm, and analyzed with the UV spectrophotometer within a wavelength range 200-800 nm. The transmittance spectra were acquired using air as background. The resolution of the spectrophotometer was 1.5 nm and the photometric accuracy was ± 0.01 in absorption.

  25 to 250 °C at a heating rate of 10 °C/min. The thermal degradation of nanocomposites was studied with a thermal analyzer Perkin-Elmer TGA-6 instrument under nitrogen flow in the temperature range from 30 to 600 °C at a heating rate of 10 °C/min. Barrier Properties: Direct water vapor permeability (WVP) was determined from the slope of the weight gain versus time curves at 25 °C. The extruded films were sandwiched between the aluminum top (open O-ring) and bottom parts of a specifically designed permeability cell with screws containing 5.0 g of anhydrous calcium chloride (CaCl2) to generate 0% relative humidity (RH). A Viton rubber O-ring was placed between the nanocomposite film and the bottom part of the cell to enhance sealability. Then, the cells were placed in the desired environment of 50% RH at 25 °C, and the water vapor weight gain through the film was monitored as a function of time. Water weight gain was calculated as the total cell weight gain minus the gain through the sealing. All the tests were performed in duplicate, and WVP value for each nanocomposite was calculated as the average according to eq. 3.2:
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Figure 3 . 1

 31 Figure 3.1 FTIR spectra for MPEG-NH2, CN, CN-COONa, and CN-g-PEG.

Figure 3 . 2

 32 Figure 3.2 General XPS spectra for CN, CN-COONa, and CN-g-PEG with signal assignments; XPS decomposition of the C 1s signal into its constituent contributions for CN, CN-COONa, and CN-g-PEG.

  the crystallinity index (Ic) of cellulose was about 90.67% for CN, 89.42% for CN-COONa, and 89.86% for CN-g-PEG. The main peak at 2θ = 22.5° (002) for cellulose shifted to 22.7°, and became broader. Meanwhile, new crystalline peaks at 2θ = 19.2°, 26.2°, and 26.9° ascribed to PEG and/or PEO chains appeared on the patterns of these two complexes.

Figure 3 . 3 X

 33 Figure 3.3 X-ray diffraction patterns for pure MPEG-NH2, PEO5M, CN; CN-COONa, CN-g-PEG; and CN-g-PEG/PEO, CN/PEO complexes.

Figure 3 . 4

 34 Figure 3.4 AFM images for (A) CN, (B) CN-COONa, (C) CN-g-PEG, (D-F) CN-g-PEG/PEO, and (G-I) CN/PEO.
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 3 Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 181and PEO chains. With the surface grafting of PEG, CN-g-PEG showed a significant enhancement of the degradation temperature, which can be attributed to the uniform shield of sulfate groups induced by the coating with the grafted PEG layer. Regarding the CN-g-PEG/PEO complex, the thermal degradation was further improved, which presented only 5% weight loss at the temperature of 320 °C. This improvement can be explained by the covalent protection provided by the PEG layer, and the close connection and interaction between PEG and PEO chains.

Figure 3 . 5

 35 Figure 3.5 TGA thermograms for pure MPEG-NH2, PEO5M; pristine CN, grafted CN-g-PEG;

Figure 3 . 6

 36 Figure 3.6 Time-dependence of contact angle for one drop of water on sheet samples, and inserted photographs for the water drop on the sheet samples after 0, 2, 5, and 20 s. (Zero time is the moment of drop deposition.)
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 3 Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 184 viscosity. For PEG-grafted nanocrystals (CN-g-PEG), a maximum of 0.60 g of PEO polymer (S-CN-g-PEG/PEO-5) can be adsorbed. Grafted nanocrystals display roughly a two times higher PEO-adsorbing capability than pristine CN [Figure 3.7 (B)]. The comparison of the rheological behavior between PEO-adsorbed CN-g-PEG and CN suspension proved a more effective adsorption and immobilization of PEO chains on nanocrystals probably because of entanglements between grafted PEG chains and PEO chains. It is worth noting that in this work the ratio of nanocrystals and absorbed PEO5M was controlled as 65/35 (w/w) to ensure the adsorption of all the PEO on CN-g-PEG, which was close to the capability of surface adsorbing 0.54 g of PEO for 1.0 g of nanocrystals.
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 3734341 Figure 3.7 Viscosity vs shear rate for suspensions: (A) PEO5M-adsorbed CN; (B) PEO5M-adsorbed CN-g-PEG with a continuously increase of the shear rate from 0.05 to 10 s -1 for 4 min at 20 °C. The labels in figure correspond to the gradual increase of PEO5M content in suspensions as shown in Table 3.3.

Figure 3 . 8

 38 Figure 3.8 Pictures for extruded nanocomposites filled with pristine CN, CN/PEO, CN-g-PEG, and CN-g-PEG/PEO nanohybrids.

Figure 3 . 9

 39 Figure 3.9 UV transmittance spectra for CN-PS, CN/PEO-PS, CN-g-PEG-PS, and CN-g-PEG/PEO-PS nanocomposites.

  surface of CN-g-PEG/PEO-PS-20 nanocomposite and morphology of nanohybrids inside the extruded composite were observed by AFM with QNM and Tapping modes. As shown in Figure 3.10 (A), the surface image of CN-g-PEG/PEO-PS-20 nanocomposite exhibited uniform and regular aspect, which should indicate good compatibility and miscibility of all components in the matrix. The nanoparticles were extracted from the extruded composite by dissolution of the material in THF and exchange to acetone for the removal of the PS matrix. The morphology of the extracted nanoparticles was observed [Figure 3.10 (B)]. It was observed that hydrophilic CN-g-PEG/PEO complexes aggregated upon drying, but kept their original rod-like shape and dimensions.

Figure 3 .

 3 Figure 3.10 AFM images for extruded nanocomposite CN-g-PEG/PEO-PS-20 (A) and suspension of CN-g-PEG/PEO-PS-20 nanocomposite dissolved in THF and exchanged with acetone (B).

Figure 3 .

 3 Figure 3.11 SEM images of the cross-section for extruded PS nanocomposites with low (2 wt%) and high nanohybrid content (15 wt%): (A) PS-F; (B) CN-PS-2, (C) CN-PS-15; (D) CN/PEO-PS-2; (E) CN/PEO-PS-15; (F) CN-g-PEG-PS-2; (G) CN-g-PEG-PS-15; (H)CN-g-PEG/PEO-PS-2; (I) CN-g-PEG/PEO-PS-15.

Figure 3 .

 3 Figure 3.12 DSC thermograms for CN-PS, CN/PEO-PS, CN-g-PEG-PS, and CN-g-PEG/PEO-PS nanocomposites.

Figure 3 .

 3 Figure 3.13 TGA for extruded nanocomposites with low (2 wt%), moderate (8 wt%), and high (15 wt%) nanohybrid contents.
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 3 Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 194 CN-g-PEG-PS nanocomposites continued to gradually increase while it stabilized for CN-g-PEG/PEO-PS nanocomposites. It could be ascribed to adsorbed-PEO chains on the CN surface that may weaken the interactions among remaining free hydroxyl groups, and block the further nanocrystal network architecture.

Figure 3 . 14

 314 Figure 3.14 Storage modulus at Tg + 10 °C (389 K) and fitted curves for extruded nanocomposites vs nanocrystal content.

  .15. With the addition of pristine CN, the WVP value increased remarkably by nearly three to six times compared to neat PS-F material. In fact, during the processing by extrusion at high temperature, pristine CN without any protection inevitably degraded and carbonized, which may leave interstices between nanoparticles and matrix for ensuing nanocomposites (as indicated in Figure3.11 by SEM observation). These interstices Chapter 3. Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites Ning LIN ----2014 195 provided the space and pathway for the travel of moisture, and ultimately deteriorated the water vapor barrier properties of CN-PS nanocomposites. When PEO-adsorbed nanocrystals CN/PEO were used, the possible interstices were filled with PEO chains, and it revived the nanobarrier effect of rigid nanocrystals, which can be proved by the decrease of WVP for nanocomposites containing low CN/PEO contents (< 10 wt%). However, as mentioned before, the incompatibility and microphase separation between superfluous PEO (for 12 and 15 wt% nanofiller contents) and PS in nanocomposites caused the aggregation of hydrophilic PEO chains, which may promote the moisture sorption and increase WVP value again. A similar tendency was obtained for the WVP of CN-g-PEG-PS nanocomposites. As shown in Figure 3.15, the most promising nanocomposites based on their superior water vapor barrier properties were CN-g-PEG/PEO-PS materials, which commonly exhibited a reduction of 35% of WVP in comparison with neat PS-F. For CN-g-PEG/PEO-PS nanocomposites loaded with various nanofiller contents, the chemical grafting and physical adsorption on nanocrystals enhanced the thermal stability and facilitated the homogeneous dispersion and compatibility between modified nanocrystals and matrix.

Figure 3 . 15

 315 Figure 3.15 Effect of addition of CN, CN/PEO, CN-g-PEG, and CN-g-PEG/PEO nanohybrids on water vapor permeation (WVP) for extruded nanocomposites.
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 4 TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 206 proposed and shown in the "Schematic diagram". In this study, with the new TEMPO-induced carboxyl groups borne by nanocellulose, oxidized nanocellulose can participate in the construction of crosslinked network and play a fundamental role on the structural and mechanical stability of alginate-based sponges. Two types of oxidized nanocellulose, viz. carboxylated cellulose nanocrystals (OCN) and carboxylated microfibrillated cellulose (OMFC), were introduced in alginate sponges, and unmodified cellulose nanocrystals and microfibrillated cellulose with hydroxyl groups were used as the comparison. The porosity (P), water absorption (WA), water retention (WR), mechanical properties, and thermal properties of sponges were investigated. Sponges reinforced with OMFC display better performance in terms of porosity, water absorption and water retention, with the highest values of Pmax (97.4±0.8%), WAmax (1468.4±27.1%), and WRmax (846.7±19.5%) for 50 wt% OMFC loading level. However, sponges reinforced with OCN showed significantly improved mechanical performance. The different performances of sponges indicated the special role and possibility of improvement of the properties for both types of oxidized nanocellulose, in which OCN played more a nano-reinforcing effect to promote the mechanical stability, while OMFC facilitated the structural stability much better. A model of semi-interpenetrating polymer network (SIPN) composed of OMFC and alginate was proposed based on the observation and discussion of the microstructure of crosslinked sponges. Schematic diagram of TEMPO-induced carboxyl groups on nanocellulose participating in the construction of crosslinked network with "egg-box" multimer for alginate-based sponge. Chapter 4. TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginatecompatibilité, la stratégie la plus prometteuse pour l'élaboration de nanocomposites consiste à utiliser une charge et une matrice présentant des propriétés chimiques ou physiques similaires et offrant ainsi une forte adhésion interfaciale entre les deux composants. Pour les composites à base de nanocristaux de cellulose, la stratégie classique consiste à introduire, par modification chimique ou physique, des segments hydrophobes à la surface des nanocristaux, qui permettent ainsi d'atteindre à la surface des nanocristaux un niveau de polarité proche de celui de la matrice et par conséquent d'améliorer les interactions interfaciales charge/matrice. Des interactions plus importantes peuvent être obtenues en introduisant par voie chimique ou physique des chaînes polymères à la surface des nanoparticules, favorisant ainsi l'enchevêtrement entre les chaînes de polymère greffé et celles de la matrice, et éventuellement la co-cristallisation si des polymères semicristallins sont utilisés. Cependant, une approche plus simple et importante pour l'amélioration de la compatibilité consiste à établir une liaison directe entre la charge et la matrice en profitant des groupements hydroxyles de surface des nanocristaux pour greffer le prépolymère de polyuréthane en phase aqueuse pour la co-construction des nanocomposites 1 ou la réticulation in situ des nanocristaux de cellulose avec la matrice pour la fabrication d'hydrogels. 2,3 L'alginate de sodium est un copolymère linéaire et polyanionique essentiellement extrait d'algues marines qui se dissout facilement dans l'eau pour former une solution colloïdale de forte viscosité. La propriété la plus importante de l'alginate de sodium aqueux est la transformation sol-gel impliquant la formation d'un complexe ion-alginate lors de la réticulation physique avec des cations polyvalents. En général, les cations divalents peuvent conduire à la formation d'un assemblage réticulé de type "boite à oeufs" résultant de la fixation des ions sodium par les segments polyguluronate (G). La chélation par le résidu G des molécules d'alginate résulte d'une interaction ionique entre les groupements acide guluronique tandis que les forces de van der Waals entre les segments alginate participent à la formation d'un Chapter 4. TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 208 réseau tridimensionnel sous forme de gel. 4 L'alginate de sodium peut être transformé en matériaux de formes diverses, telles que des éponges, des films et des microsphères, en fonction du procédé de réticulation et des techniques de séchage. Notamment, pour les éponges à base d'alginate, il a été montré que l'éponge poreuse à matrice d'alginate pouvait produire un système prometteur de relargage de cellules pour la culture de fibroblastes; 5 les éponges d'alginate chargées de sulfadiazine d'argent ont démontré un bon effet cicatrisant sur le rat Wistar. 6 L'intérêt actuel pour l'alginate sous forme d'éponge nécessite une compréhension des avantages de l'alginate et le développement de stratégies visant à améliorer la stabilité structurelle et la stabilité de la performance de ces matériaux. Depuis la première étude d'oxydation assistée par TEMPO des polysaccharides, 7 ce procédé a ouvert un nouveau domaine de chimie de conversion efficace et sélectif des groupements hydroxyles en groupements aldéhydes, cétones et carboxyles en conditions douces. En général, en raison de l'oxydation catalytique de TEMPO, on s'attend à ce que les hydroxyles primaires C6 de la cellulose soient oxydés en groupements carboxylates C6 par le système d'oxydation TEMPO/NaBr/NaClO dans l'eau à pH 10-11. 8 On observe différents effets de l'oxydation TEMPO selon le type de nanocellulose, à savoir nanocristaux de cellulose (CN) et cellulose microfibrillée (MFC). A la différence des CN très cristallins et rigides, la MFC consiste en nanofibrilles, à la fois individuelles et agrégées, composées d'une alternance de domaines cristallins et amorphes de cellulose. La MFC se présente sous la forme de filaments flexibles et longs. Dans le cas des nanocristaux de cellulose oxydés TEMPO, les groupements carboxyles apportent des charges négatives aux nanocristaux (effet similaire à celui des groupements sulfates) et favorisent également l'individualisation des nanoparticules en suspension aqueuse. Par ailleurs, l'oxydation TEMPO peut être utilisée pour extraire la cellulose microfibrillée par un processus d'oxydation "spontanée" et désintégration dans des conditions douces des domaines amorphes fortement chargés des fibres de cellulose natives. Il est intéressant de noter que quel que soit le type de nanocellulose, la structure chimique de la cellulose carboxylée après oxydation assistée par TEMPO, impliquant le remplacement du groupe hydroxyle par un groupement carboxyle, est très similaire à celle de l'alginate de sodium, les deux composés possédant des cycles pyranoses avec des groupements hydroxyles et carboxyles. Sur la base de notre étude précédente (microsphères obtenues à partir du mélange de nanocellulose et d'alginate) 9 et de la similarité de structure de la cellulose carboxylée et de l'alginate de sodium, nous avons proposé l'idée de l'élaboration d'éponges à base d'alginate en utilisant la nanocellulose oxydée TEMPO comme soutien à la réticulation. Cette stratégie est illustrée dans le "schéma de principe". Pour cette étude, grâce aux groupements carboxyles de la nanocellulose résultant du traitement TEMPO, la nanocellulose oxydée peut participer à la construction d'un réseau réticulé et jouer un rôle fondamental sur la stabilité structurelle et mécanique des éponges à base d'alginate. Deux types de nanocellulose oxydée, à savoir nanocristaux de cellulose carboxylés (OCN) et cellulose microfibrillée carboxylée (OMFC), ont été introduits dans les éponges d'alginate. Des nanocristaux de cellulose et de la cellulose microfibrillée non modifiés avec des groupements hydroxyles ont également été utilisés pour comparaison. La porosité (P), l'absorption d'eau (WA), la rétention d'eau (WR), les propriétés mécaniques et les propriétés thermiques des éponges ont été étudiées. Les éponges renforcées avec OMFC présentent les meilleures performances en termes de porosité, d'absorption d'eau et de rétention d'eau avec les plus hautes valeurs de Pmax (97,4 ± 0,8%), WAmax (1468,4 ± 27,1%), et WRmax (846,7 ± 19,5%) pour un taux de charge en OMFC de 50% en poids. Cependant, les éponges renforcées avec OCN présentent des performances mécaniques nettement améliorées, avec la valeur la plus élevée de résistance à la compression (126,5 kPa sous une contrainte de compression de 70%) pour un taux de charge en OCN de 10% en poids par rapport à l'éponge d'alginate pure. Les différentes performances des éponges montrent le rôle particulier et la possibilité d'amélioration des propriétés pour les deux types de nanocellulose oxydée, pour lesquelles OCN apporte plutôt un effet de nano-renforcement en favorisant la stabilité mécanique, tandis queChapter 4. TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 210 OMFC améliore de manière plus effective la stabilité structurelle. Grâce à une analyse plus approfondie, un modèle de réseau de polymères semi-interpénétrés (SIPN) composé d'OMFC et d'alginate a été proposé sur la base des observations et de la discussion de la microstructure des éponges réticulées. Schéma de principe de la participation des groupements carboxyles de la nanocellulose résultant du traitement TEMPO à la construction du réseau réticulé avec le multimère "boite à oeufs" pour l'éponge à base d'alginate.

TEMPO-mediated oxidized

  cellulose nanocrystals (OCN) and TEMPO-oxidized microfibrillated cellulose (OMFC) with divalent calcium ions (Ca 2+ ) crosslinking process. Both cellulose and alginate belong to the polysaccharide family, and their similar chemical structure should provide good compatibility for the ensuing crosslinked sponges. Furthermore, with the new TEMPO-induced carboxyl groups on cellulose, oxidized nanocellulose can participate in the construction of the crosslinked network for alginate-based sponge and play a fundamental role of structural and mechanical stability of the sponges. Particularly, with the ionicChapter 4. TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 215 crosslinking of even diffusion-penetration process, as well as the fact that all the components (alginate, cellulose, and water as solvent) originate from nature, biodegradable and nontoxic biosponges can be obtained. Successful TEMPO-oxidized modification of CN and MFC was confirmed by Fourier transform infrared spectroscopy (FTIR) and conductimetric analysis. Based on the analysis of the mechanical and thermal properties, porosity and water absorption, and structure and morphology of the crosslinked sponges, three comparisons have been investigated, namely pristine cellulose and oxidized cellulose, cellulose nanocrystals and microfibrillated cellulose, and neat alginate sponge and sponges containing different cellulose contents. Finally, the roles of different oxidized nanocelluloses and construction mechanism in the three-dimensional network structure of the sponge were discussed.

Figure 4 . 1

 41 Figure 4.1 Scheme of preparation for alginate-based crosslinked sponge.

Table 4. 1

 1 Composition, porosity (P), water absorption (WA) and water retention (WR) of various alginate/nanocellulose sponges.
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Oxidation of Nanocellulose 4 . 3 . 1 FourierFigure 4 .

 4314 Figure 4.2 presents the FTIR spectra for unmodified CN and MFC,

Figure 4 . 2

 42 Figure 4.2 FTIR spectra for unmodified cellulose nanocrystals (CN), oxidized cellulose nanocrystals (OCN), acidic form of oxidized cellulose nanocrystals (OCN-COOH); and unmodified microfibrillated cellulose (MFC), oxidized microfibrillated cellulose (OMFC), acidic form of oxidized microfibrillated cellulose (OMFC-COOH) as well as neat sodium alginate powder (SAP).
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Figure 4 . 3

 43 Figure 4.3 Conductimetric titration curves for oxidized cellulose nanocrystals (OCN) and oxidized microfibrillated cellulose (OMFC).

Figure 4 .

 4 4 showed that most MFC presented a relatively uniform size with length of 1.0-1.2 µm and entangled and self-aggregated morphology due to the long chains in AFM image. Similarly to OCN, the TEMPO-mediated oxidation of MFC induced the presence of blurry outline and slight decrease of the dimensions. From the results of the nanosizer and AFM, the preservation of original morphologies and geometrical dimensions of nanocellulose was proved.

Figure 4 . 4

 44 Figure 4.4 Distribution histograms for the length and AFM images (inserted) for CN, OCN, MFC, and OMFC.

Figure 4 . 5 ,

 45 Figure 4.5, in spite of a slight decrease of the intensities, after the modification the main diffraction characteristics of OCN and OMFC from cellulose were still clearly presented, such as the diffraction peaks at 2θ angles around 14.8° (110), 16.4° (11 ത 0), and 22.6° ( 200 ). Meanwhile, the crystallinity index (Ic) of cellulose can be calculated according to the Segal method, 54 which showed values of 90.3% for CN, 88.5% for OCN, 82.4% for MFC, and 82.6% for OMFC. Based on this analysis, it appears that upon chemical modification the original crystalline structure of CN and MFC was preserved. It is worth noting that in comparison with cellulose, the XRD pattern of alginate powder did not exhibit any distinct crystalline characteristic, which indicated the mainly amorphous structure of alginate.

Figure 4 . 5 X

 45 Figure 4.5 X-ray diffraction patterns for CN, OCN, MFC, OMFC, as well as alginate sodium powder (SAP).

Figure 4 . 6

 46 Figure 4.6 FTIR spectra for SA/CN, SA/OCN, SA/MFC, and SA/OMFC sponges with various cellulose contents and neat SA-F sponge.

Figure 4 . 7

 47 Figure 4.7 XRD patterns for SA/CN, SA/OCN, SA/MFC, and SA/OMFC sponges with various cellulose contents and neat SA-F sponge.
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 4442 TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 229 amorphous alginate in sponges. In addition, among the patterns of all sponges, SA/CN-50 and SA/MFC-50 showed the strongest diffraction peaks of cellulose, which may indicate some self-aggregation of nanocellulose in alginate sponges and result in the changes of these two sponges. The cross-section morphologies of the sponges observed by scanning electron microscopy (SEM) are shown in Figure 4.8. The neat alginate sponge (SA-F) exhibited a random stratified structure with a porous morphology [Figure 4.8 (a)],

Figure 4 .

 4 8 (b) and (c)]. Slightly different from cellulose nanocrystals, sponges containing MFC (SA/MFC-50) showed an irregular network structure with smaller pores [Figure 4.8 (d)] in comparison with neat alginate sponge.

Figure 4 . 8

 48 Figure 4.8 SEM images of the cross-section morphology of crosslinked sponges: (a) SA-F, (b) SA/CN-50, (c) SA/OCN-50, (d) SA/MFC-50, and (e) SA/OMFC-50.
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Figure 4 .

 4 9 shows the results, for various alginate/nanocellulose sponges in distilled water, of water absorption during the process of absorbing-discharging water for 10 times. After reusing for only four or five times, the water absorption of neat alginate sponge (SA-F) decreased sharply and was finally reduced by 59% for the tenth time. This can be attributed to the structure disruption of these fragile sponges during the process of repetitive drying and discharging water, and the open pores in the original structure might collapse or conglutinate. In fact, after reusing for 10 times, the shrinkage and collapse of the internal structure were reflected by the change of external shape appearing in neat alginate sponge, as shown in the inserted image (a) in Figure4.9. However, the reuse effects of SA/OMFC crosslinked sponges were much better than for the SA-F sponge, which kept water absorption at a fairly high level. For instance, after absorbing-discharging water for 10 times, the water absorption of SA/OMFC-50 sponge only decreased by 18%, and also, its shape integrity was well preserved (inserted image (b) in Figure4.9).

Figure 4 . 9

 49 Figure 4.9 Reusable properties for various alginate/nanocellulose crosslinked sponges.

Figure 4 . 1 and

 41 Figure 4.10. The compressive stress-strain curves for various sponges are shown in Figure 4.10.Mechanical testing of the Ca 2+

Figure 4 . 10

 410 Figure 4.10 Compressive stress-strain curves for various alginate/nanocellulose crosslinked sponges.

Figure 4 .

 4 Figure 4.11 (A), the introduction of CN in alginate caused the decrease of the first-stage thermal degradation temperature (Td1) of the sponges, which can be attributed to the influence of rigid nanocrystals. Especially for high CN contents, the Td1 of SA/CN-50 sponge was reduced by 15.8 °C in comparison with that of neat alginate sponge (SA-F). Similarly, the addition of OCN induced the decrease of sponges' Td1. Interestingly, as shown in Figure 4.11 (B), sponges filled with OMFC

Figure 4 .

 4 Figure 4.11 DSC thermograms for SA/CN, SA/OCN, SA/MFC, and SA/OMFC sponges with various nanocellulose contents and neat SA-F sponge.

Figure 4 . 12 .

 412 The thermograms of neat alginate (SA-F) sponge showed the second-stage degradation at a temperature of 222.0 °C.The degradation temperatures (Td2) of sponges filled with 50 wt% CN and OCN were close to the Td2 of SA-F. However, the value of Td2 for the sponge filled with OMFC (SA/OMFC-50) shifted toward higher temperatures (237.4 °C), which was 15.4 °C higher than that for SA-F. Moreover, in comparison with the neat alginate sponge, the total weight loss for SA/OMFC-50 was 51.8% (i.e. lower than 58.3% for SA-F). The considerable increase in both the first-stage and second-stage thermal degradation temperatures observed from DSC and TGA experiments indicated a better thermal stability for crosslinked sponges with oxidized nanocellulose (especially for OMFC).

Figure 4 .

 4 Figure 4.12 TGA thermograms for SA-F, SA/CN-50, SA/OCN-50, SA/MFC-50, and SA/OMFC-50 sponges.

Chapter 4 .

 4 TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-The role of nanocellulose in alginate-based sponges can be discussed according to three different effects, namely, (i) by comparing pristine and oxidized nanocellulose, (ii) depending on the nanocellulose content, and (iii) by comparing cellulose nanocrystals and microfibrillated cellulose. First, the surface chemical modification induced by oxidization of nanocellulose is beneficial to enhance the effect of nanocellulose in sponges, as reflected through the higher strength of SA/OCN-10 compared to SA/CN-10 and higher water absorption of SA/OMFC-10 compared to SA/MFC-10. This effect can be attributed to the capability of participating ionic crosslinking of oxidized nanocellulose during the structural formation of alginate-based sponges, as shown in Figure4.13 (a) and (b). Although it was difficult to observe this physical interaction directly, this effect of oxidized nanocellulose-participating crosslinking was reflected by the results of FTIR, XRD, and the changes of structural, mechanical, and thermal properties.Despite the fact that oxidized nanocellulose-participating crosslinking should facilitate the close conjunction with alginate component, the content of nanocellulose is another parameter affecting the performance of sponges. From SEM observation and XRD results, it seemed that low nanocellulose contents can be homogeneously dispersed, while superfluous nanocellulose (50 wt%) induced self-aggregation in sponges, which may even cause the microphase separation between nanocellulose and alginate in the system. The influence of nanocellulose content was reflected in the performance of resultant sponges, especially for the sponges with high contents of unmodified nanocellulose, such as the weak water absorption of SA/CN-50 and lower compressive strength of SA/MFC-50 in comparison with neat alginate sponge (SA-F).It is probably more interesting to compare the role of oxidized nanocrystalline and microfibrillated cellulose. As shown in Figure4.13 (d), benefiting from the new Chapter 4. TEMPO-Oxidized Nanocellulose Participating as Crosslinking Aid for Alginate-Based Sponges Ning LIN ----2014 237 carboxyl groups and the advantage of long filaments, OMFC can not only participate to the crosslinking but also can be involved with alginate in the structural construction of the sponge, which can form a semi-interpenetrating polymer network (SIPN) in ensuing alginate-based sponges. Derived from the effect of OMFC-participating network structure, SA/OMFC sponges presented ultrahigh porosity, even pore interconnection, and good structural stability, which is particularly favorable for water absorption and retention. On the other hand,

Figure 4 . 13

 413 Figure 4.13 Schematic representation of the structure of egg-box junction zones in TEMPO-mediated oxidation of cellulose/alginate/calcium system: (a) coordination of Ca 2+ in a cavity created by a pair of guluronate sequences along alginate chains; (b) laterally associated egg-box multimer in composite sponge; (c) oxidized cellulose nanocrystals (OCN) in the cross-linking of alginate sponge; (d) construction of the semi-interpenetrating polymer network (SIPN) composed of oxidized microfibrillated cellulose (OMFC) and alginate. The black solid circles in panel a represent the oxygen atoms possibly involved in the coordination with Ca 2+ .
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  cyclodextrins. The key factor of this strategy emphasized on the utilization of a block copolymer (polymeric segments with distinct properties) and CD (with different sizes and recognition) for the selective inclusions, as shown in the "Schematic diagram". By means of grafted β-CD as target sites, Pluronic polymers have been introduced on the surface of modified CN with the first inclusion between β-CD and hydrophobic segment of Pluronic polymer [poly(propylene glycol), PPG]. Pluronic polymers were semi-chemically immobilized on the surface of CN, which provided the possibility of the second inclusion through uncovered poly(ethylene glycol) segments on CN and α-CD. Attributed to the effect of in situ crosslinking, modified cellulose nanocrystals can strongly interact with CD, which will restrict their aggregation and induce the construction of supramolecular hydrogels. The highest concentration of CN in this hydrogel system can reach more than 10 wt%, and with the introduction of high loading levels of modified nanocrystals (>5 wt%), a significant enhancement of the structural and thermal stability of in situ hydrogels can be achieved. Further in vitro drug release study indicated that these supramolecular hydrogels can be promising drug carrier, which exhibited prolonged drug release behavior for doxorubicin with special release kinetics.Schematic diagram of the synthesis pathway for the preparation of supramolecular hydrogels from in situ inclusion between cellulose nanocrystals (CN) and cyclodextrin (CD).
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 5 Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin Ning LIN ----2014 253 poids moléculaire élevé et de α-CD et par introduction de CN vierges. Cependant, cette étude souligne que la concentration en CN dans tous les hydrogels composites doit être inférieure à 2,5% en poids et que l'hydrogel avec un taux de charge en CN de 0,5% en poids donnait le module de conservation le plus élevé. Malgré l'absence d'explication sur ce sujet dans cette étude, on peut supposer que les CN vierges s'auto-agrègent fortement lors de la préparation de l'hydrogel en raison de l'hydrophilie de la cellulose, ce qui limite le taux de charge à des valeurs faibles et limite l'effet des CN dans les hydrogels. Dans notre étude, nous avons tenté de concevoir un nouvel hydrogel chimique à partir d'une stratégie visant à associer dans l'élaboration de l'hydrogel les nanocristaux de cellulose et la cyclodextrine, eux-mêmes associés par la méthode "hôte-invité" à partir de chaînes greffées sélectivement et différents types de cyclodextrines. Le facteur clé de cette stratégie a consisté en l'utilisation d'un copolymère séquencé (segments polymères avec des propriétés distinctes) et de CD (avec différentes tailles et reconnaissance) pour des inclusions sélectives comme indiqué dans le "Schéma de principe". En utilisant des β-CD comme sites cibles, les polymères Pluronic ont été introduits à la surface du CN modifié par une première inclusion entre la β-CD et le segment hydrophobe du polymère Pluronic [poly(propylène glycol), PPG]. Les polymères Pluronic ont été ainsi chimiquement semi-immobilisés à la surface des CN, ce qui a permis la seconde inclusion entre les segments libres du poly (éthylène glycol) à la surface des CN et la α-CD. Par un effet de réticulation in situ, les nanocristaux de cellulose modifiés ont pu interagir fortement avec la CD, ce qui a permis de limiter leur agrégation et conduire à la formation d'hydrogels supramoléculaires. La concentration en CN dans cet hydrogel peut être supérieure à 10% en poids, et grâce à l'ajout de taux élevés de nanocristaux modifiés (> 5% en poids), une amélioration significative de la stabilité structurelle et thermique des hydrogels in situ a pu être obtenue. En outre, une étude de relargage de médicament in vitro a montré que ces hydrogels supramoléculaires peuvent être des vecteurs de médicaments prometteurs, présentant un comportement de libération de médicament prolongée pour la doxorubicine avec une cinétique de relargage spéciale. Schéma de principe de la voie de synthèse pour la préparation d'hydrogels supramoléculaires par inclusion in situ entre des nanocristaux de cellulose (CN) et la cyclodextrine (CD).

Figure 5 . 1 (

 51 A), β-cyclodextrin (β-CD) was first covalently grafted on the surface of CN using epichlorohydrin (EPI) as coupling agent, which is a typical strategy for the synthesis of cyclodextrin derivatives. Afterward, Pluronic polymer was immobilized on modified CN by inclusion of the hydrophobic polymeric segments in grafted β-CD [Figure 5.1 (B)]. This process was performed with the assistant of ultrasonic treatment to induce the inclusion. Pluronic polymers used here were triblock copolymers with different molecular weights (Pluronic F68 or F108), both bearing hydrophobic poly(propylene glycol) (PPG) and hydrophilic poly(ethylene glycol) (PEG) segments (PEG-b-PPG-b-PEG). The inclusion of the hydrophobic PPG chain segments in the inner cavity of β-CD allows closely connecting the polymer and the nanoparticle, contrary to surface physical adsorption of polymers on CN. Finally, with the in situ "host-guest" inclusion of uncovered PEG chain segments in smaller size α-cyclodextrin (α-CD) molecules, the architecture of supramolecular hydrogel based on modified CN can be formed [Figure 5.1 (C)]. This work is an attempt to design a novel hydrogel with the construction of participating CN in hydrogels via the interactions between compatible grafted chains and polymeric matrix. The key factor of this strategy emphasized on the use of block copolymer and cyclodextrin with different sizes and selected inclusive interactions.
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 5 Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin Ning LIN ----2014 259 hydrogels formed with rigid nanocrystals can promote the potential application of nanocellulose in the field of biomedical technology and nanoscience.

Figure 5 . 1

 51 Figure 5.1 Synthesis pathway for (A) β-cyclodextrin grafting on cellulose nanocrystal (β)CD-g-CN; (B) inclusion complex of (β)CD-g-CN and Pluronic polymers; (C) supramolecular hydrogels from in situ inclusion between (β)CD-g-CN/Pluronic and α-CD: (a) hydrogel CN-CD/F68-2, (b) hydrogel CN-CD/F108-2, (c) water, (d) drug-loaded hydrogel CN-CD/F108-2-Dox.

First, 4 . 0 g

 40 NaOH was dissolved in 20 mL of distilled water as the aqueous NaOH solution. β-CD (10.351 g, 9.12 mmol) was dissolved in the prepared NaOH solution. At the same time, 1.0 g CN was dispersed in another 20 mL of distilled water as homogeneous suspension, added in the β-CD alkaline solution, and stabilized for 30 min. The desired amount of EPI (5.96 mL, 76 mmol) was thus added into the reaction medium, and the reaction was allowed to proceed at 40 °C for 6 h. It should be pointed out that the EPI/CD molar ratio was controlled at about 8.3 (below 10) to avoid self-crosslinking of β-CD. Meanwhile, the effective NaOH solution concentration was controlled at about 16 wt% to facilitate the grafting Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin

Meanwhile, 1 .

 1 25 g (148.8 µmol) Pluronic F68 (PEG76-b-PPG30-b-PEG76) was dissolved in another 40 mL of distilled water. It should be pointed out that because of the hydrophobic interactions among PPG chains, Pluronic polymers may self-associate in water to form micelles.31 To avoid it, a dilute aqueous solution of Pluronic polymer (45.7 mg/mL) was used for the inclusion between (β)CD-g-CN and Pluronic polymers. The Pluronic solution was protected against light by an aluminum foil and weakly stirred for 12 h at room temperature. Then, the aqueous suspension containing (β)CD-g-CN was added dropwise into the Pluronic solution and the Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin

State 13 C

 13 Cross-Polarization-Magic Angle Spinning Spectroscopy:13 C CP-MAS NMR experiment for the proof of grafting of β-CD on the surface of CN was performed on a AVANCE400 solid instrument spectrometer with a MAS rate of 6 kHz, at 75.5 MHz carbon frequency and at room temperature. The contact time for CP was 1 ms with a proton 90 pulse of 5.5 µs and decoupling power of 45 kHz. The delay time after the acquisition of the FID signal was 2 s. The chemical shifts were calibrated with the hexamethylbenzene standard methyl resonance at 17.3 ppm.UV-vis Spectroscopy:The content of grafted β-CD in (β)CD-g-CN (I) was analyzed with a Shimadzu UV 2401-(PC) UV-vis spectrophotometer. Phenolphthalein (phe) was used as indicator to detect the change of absorbency. First, together with sodium carbonate solution, pure phe solution, phe solution containing 50 mg unmodified CN, and phe solution containing 50 mg (β)CD-g-CN were well dispersed and stabilized for 20 h. The phe absorption experiment was performed on the UV spectrophotometer using 1 cm thick quartz cuvette with wavelengths ranging from 450 to 650 nm to confirm the characteristic absorbed wavelength (λmax) of phe solution.The standard curve for the weight of β-CD and absorbency of phe solution was quantified with the photometric titration method. Two mL phe solution and 2 mL sodium carbonate solution were added in #1 volumetric flask (25 mL), and set the volume to the mark with distilled water. β-CD solutions of 1, 2, 3, 4, and 5mL were added in #2, #3, #4, #5, and #6 volumetric flask (25 mL), respectively, and then 10 mL of distilled water was added in each flask. After that, both 2 mL of phe solution and 2 mL of sodium carbonate solution were added in each flask (except #1), and finally the volume was set to the mark with distilled water. All solutions were submitted to absorption analysis at the wavelength of 552 nm (λmax), and the standard curve and equation from the weight of β-CD (W, mg) and absorbency of phe (A) was determined.Similar experiments were carried out for the measurement of grafted β-CD content. Five samples of 5, 10, 20, 30, and 40 mg (β)CD-g-CN in 10 mL of distilled water were added in another #7, #8, #9, #10, and #11 volumetric flask (25 mL), respectively, and then both 2 mL of phe solution and 2 mL of sodium carbonate solution were added. All mixtures were set the volume to the mark of volumetric flask with distilled water and stabilized for 20 h. The absorbency at the wavelength of 552 nm was recorded and corresponded to the weight content of grafted β-CD according to the Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin Ning LIN ----2014 265 standard equation. Finally, the β-CD grafting efficiency of CN-g-(β)CD (I) can be calculated.

: 5 . 3 Figure 5 . 2

 5352 Figure 5.2 13 C (CP/MAS) solid-state NMR spectra of CN, β-CD, and (β)CD-g-CN.

Figure 5 . 4 (

 54 A, B) shows the FTIR spectra of CN before and after grafting or inclusion reaction. With the surface grafting of β-CD on CN, the intensity of three peaks located at 1163, 1113, and 1059 cm-1 decreased, which are ascribed to antisymmetric bridge oxygen stretching, antisymmetric in-phase ring stretching and C-O stretching for cellulose, respectively.

Figure 5 . 4

 54 Figure 5.4 FTIR spectra for (A, B) CN before and after chemical modifications: (a) β-CD, (b) CN, (c) (β)CD-g-CN, (d) (β)CD-g-CN/F68, (e) (β)CD-g-CN/F108; (C) pure Pluronic polymers and supernatants from the preparation of (β)CD-g-CN/Pluronic complexes with the treatment of successive solubilization-centrifugation (F1 and F3 represent the supernatant after the treatment for one and three times); (D) comparisons between pristine CN, CN/F108 with physically adsorbed Pluronic F108, and CN(R-Pluronic) from the purification of CN/Pluronic with the removal of adsorbed Pluronic using successive solubilization-centrifugation method.

Figure 5 . 4 (

 54 D)], which indicates that the purification treatment can also effectively remove the polymer physically adsorbed on the surface of nanocrystals. It should be pointed out that, because the main body of (β)CD-g-CN is cellulose (only 16.89 wt% grafted β-CD), the possible physical adsorption of Pluronic was supposed to mainly occur on the surface of CN. Consequently, the above comparative experiments were carried out on CN to prove the effect of purification. The content or inclusion efficiency (IE%) of Pluronic polymer on the surface of (β)CD-g-CN/Pluronic complexes was determined by elemental analysis. As shown in Table 5.2, with the similar glucose unit structure (C6H10O5), CN and β-CD have the same theoretical values for the three element contents (C, O, and H), resulting in small change of element contents for the grafted nanocrystals [(β)CD-g-CN]. On the other hand, although presenting different molecular weights and polymer segments, there is a little difference in theoretical values for element contents between the two Pluronic polymers. Regarding experimental values of these original materials, because of the instrumental error and influence of hydrophily of cellulose and β-CD, some variance of the experimental values was inevitable for CN and β-CD, which was mainly attributed to the adsorption of moisture (H2O) during the delivery and experiment. Therefore, the values of inclusion efficiency were confirmed mainly based on the data from carbon element, and calculated according to eq. 5.3 As shown in Table

Figure 5 . 5 X

 55 Figure 5.5 X-ray diffraction patterns of (A) original materials: CN, β-CD, α-CD, Pluronic F68, and F108; (B, C) inclusive complexes of (a) (β)CD-g-CN/F68, (b) (β)CD-g-CN/F108, (c) (β)CD-g-CN/F68-α(CD), (d) (β)CD-g-CN/F108-α(CD).

Figure 5 . 6

 56 Figure 5.6 TEM micrographs of cellulose nanocrystals.

Figure 5 . 7

 57 Figure 5.7 Optical microscopy images of in situ supramolecular hydrogels of (A, B) CN-CD/F68-2 and (C, D) CN-CD/F108-2.
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Figure 5 . 8

 58 Figure 5.8 Rheological behavior of hydrogels: (A, A′) viscosity vs shear rate; (B, B′) storage modulus (G′, filled symbols) and loss modulus (G″, open symbols) vs angular frequency; (C, C′) G′ (filled symbols) and G″ (open symbols) vs temperature at a fixed frequency of 20 rad/s and 50 Pa shear stress in the range of 20-70 °C.

Figure 5 . 9

 59 Figure 5.9 Evolution of G′ (filled symbols) and G″ (open symbols) for various hydrogels under different pH conditions at a fixed frequency of 1 Hz with 50 Pa shear stress at 20 °C.

Figure 5 . 10 (

 510 A), in situ hydrogels formed with participating modified CN (CN-CD/F68-2-Dox and CN-CD/F108-2-Dox) exhibited promising controlled release behavior with

Figure 5 .

 5 Figure 5.10 (A) In vitro release profiles of doxorubicin•HCl for hydrogels with different compositions; (B) possible "locking effect" from the linkage between nanoparticles.

  The main objective of this thesis was to investigate the properties of cellulose nanocrystals and to develop their applications as building blocks for nanocomposites and functional materials. The main innovations of the studies introduced in the thesis include: i) the preparation of cellulose nanocrystals with gradient sulfation degrees and analysis of surface chemistry affected by different cross-section models; ii) extrusion of cellulose nanocrystals reinforced polystyrene nanocomposites with physical and/or chemical modification and compatibilization; iii) use of TEMPO-induced carboxyl groups on nanocellulose participating in the construction of crosslinked network with "egg-box" multimer for the preparation of alginate-based sponge; and iv) development of supramolecular hydrogels from in situ inclusion between modified cellulose nanocrystals and cyclodextrin for drug delivery application.

Figure 6 . 1

 61 Figure 6.1 Schematic illustration of the research topics and results presented in this thesis.

β

  -cyclodextrin was first covalently grafted on the surface of cellulose nanocrystals using epichlorohydrin as coupling agent. Then, Pluronic polymer was immobilized on modified cellulose nanocrystals by inclusion of the hydrophobic polymeric segments in grafted β-cyclodextrin. Pluronic polymers used in this study were tri-block copolymers with different molecular weights (Pluronic F68 or F108), both bearing hydrophobic PPG and hydrophilic PEG segments (PEG-b-PPG-b-PEG). The inclusion of the hydrophobic PPG chain segments in the inner cavity of β-CD allowed the close connection of chains and nanoparticles. Finally, through the 'host-guest' inclusion interactions between modified cellulose nanocrystals, Pluronic polymers, and different size of cyclodextrins, in situ hydrogels were prepared and developed as novel drug carrier. With the introduction of high loading levels of modified nanocrystals (> 5 wt%), a significant enhancement of the structural and thermal stability for in situ hydrogels was observed from rheological analysis. Meanwhile, these in situ hydrogels bearing modified cellulose nanocrystals showed special pH-sensitivity. A further study revealed the performance of in situ hydrogels as drug Chapter 6. General Conclusions and Perspectives for Future Research

Figure 6 . 2

 62 Figure 6.2 Strategy of polymer electrostatic grafting onto cellulose nanocrystals.
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 6 General Conclusions and Perspectives for Future Research Ning LIN ----2014 297 and in the near future cellulose nanocrystals may be possibly used for the development of ultimate body armor, super-flexible screens, high-efficiency filters, bendable batteries, ultra-absorbent aerogels, cars and computers, bounteous biofuel, cosmetics, money currency etc. And now they are not just illusion. As few examples, IBM is reported to use cellulose nanocrystals to create components for computers, and the US army is considering cellulose nanocrystals to make lightweight body armor and ballistic glass.

  est devenu un sujet chaud et d'actualité partout dans le monde. De plus en plus de chercheurs se consacrent à l'étude de ce merveilleux nanomatériau, et chaque année de nombreuses conférences académiques sont proposées pour stimuler le développement des nanocristaux de cellulose, comme par exemple au cours de l'année 2013, "TAPPI International Conference on Nanotechnology for Renewable Materials", "245th ACS National Meeting-Divisions of Composites from Natural Resources", "EPNOE 2013 International Polysaccharide Conference", etc.

Figure 1 .

 1 Figure 1. Dendrogramme de la classification et des sujets de recherche sur les nanocristaux de cellulose.

Figure 2 .

 2 Figure 2. (A) Evolution du nombre d'articles de recherche sur les nanocristaux de cellulose au cours des dix dernières années (2004-2013) selon le système ISI Web of Knowledge; (B) Proportions des différents thèmes de recherche abordés dans les publications de l'année 2013. (Dans les statistiques sur les proportions des différents sujets pour les publications en 2013, les articles de synthèse sont exclus, et certaines publications peuvent impliquer deux thèmes de recherche.)

Figure 3 .

 3 Figure 3. Le chapitre 1 est une revue de la littérature sur les nanocristaux de cellulose. Dans ce chapitre, quatre domaines de la recherche sur les nanocristaux de cellulose (préparation, propriétés, modification, et applications) sont introduits en détail à travers l'analyse et la comparaison de publications sélectionnées. Le chapitre 2 est un travail de recherche sur les propriétés des nanocristaux de cellulose. Dans ce chapitre, l'effet d'un gradient de groupements sulfates portés par les nanocristaux de cellulose sur la chimie de surface, la morphologie et les propriétés physiques est étudié et discuté. Les chapitres 3, 4 et 5 sont des travaux de recherche sur certaines applications des nanocristaux de cellulose, à savoir la préparation de nanocomposites par extrusion, d'éponges biocomposites et d'hydrogels supramoléculaires. Dans le chapitre 3, une nouvelle stratégie impliquant une protection polymère double-couche et une compatibilisation physique et/ou chimique des nanocristaux de cellulose est proposée pour à la fois améliorer la stabilité thermique et promouvoir la compatibilité des nanocristaux de cellulose avec des matrices polymères non polaires au cours du processus d'extrusion. Dans le chapitre 4, avec l'idée de la participation en tant qu'aide à la réticulation de nanocellulose oxydée TEMPO pour la construction des matériaux (deux types de nanocellulose sont utilisés, nanocristaux de cellulose et cellulose microfibrillée), des éponges à base d'alginate sont développées avec une meilleure stabilité mécanique ou stabilité structurelle. Des hydrogels supramoléculaires résultant d'une inclusion hôte-invité in situ entre nanocristaux de cellulose chimiquement modifiés et cyclodextrine sont étudiés dans le chapitre 5. Dans cette étude, la combinaison de nanocristaux de cellulose et de cyclodextrine dans les hydrogels est réalisée à partir d'une conception intelligente et l'application des hydrogels préparés pour le relargage de médicaments est en outre analysée et discutée. Le dernier chapitre

Figure 3 .

 3 Figure 3. Structure et organisation de cette thèse.

Figure 4

 4 Figure 4 Représentation schématique des sujets de recherche et des résultats présentés dans cette thèse.

Figure 6 . 2 Figure 5

 625 Figure 6.2 montre la stratégie de recherche du greffage électrostatique de polymère sur des nanocristaux de cellulose et propose les questions initiales de l'étude: "Est-il possible que la multiplication des groupements sulfates entraine un nombre plus important de chaînes polymères adsorbées et des interactions électrostatiques plus fortes?"

  de tous les types de domaines sont attirés par ce produit et dans le proche futur les nanocristaux de cellulose pourraient être utilisés pour le développement de blindages corporels, d'écrans ultra-flexibles, de filtres à haute efficacité, de batteries flexibles, d'ultra-aérogels absorbants, de voitures et d'ordinateurs, de biocarburants, etc. Il ne s'agit pas seulement d'illusions. A titre d'exemple, IBM prévoit d'utiliser des nanocristaux de cellulose pour créer des composants d'ordinateurs et l'armée américaine envisage l'utilisation des nanocristaux de cellulose pour des protections légères et des gilets pare-balles. Le nanocristal de cellulose est un don précieux de la nature! Résumé Ce travail porte sur les propriétés des nanocristaux de cellulose, leur modification de surface et le développement de matériaux avancés. Diverses approches sont utilisées sur ces substrats nanométriques visant à modifier leurs propriétés de surface et étendre leur utilisation dans des applications très sophistiquées, telles que la postsulfation et la désulfatation, le greffage et l'adsorption de polymères, l'oxydation sélective, le greffage moléculaire et l'inclusion "hôte-invité". Sur la base de modifications de surface, l'analyse des propriétés (pour différents taux de groupements sulfates) et divers nanomatériaux dérivés des nanocristaux de cellulose sont étudiés et préparés, notamment des nanocristaux sulfatés à différents taux, des nanocomposites extrudés, des éponges biocomposites et des hydrogels supramoléculaires. L'effet d'un gradient de groupements sulfates sur la chimie de surface, la morphologie et les propriétés physiques des nanocristaux de cellulose est discuté et notamment quatre modèles de section transversale sont comparés pour la détermination de la mesure du degré de substitution surfacique des nanocristaux de cellulose. Une stratégie nouvelle de protection impliquant une double couche polymère et la compatibilisation physique et/ou chimique des nanocristaux de cellulose est proposée afin de promouvoir à la fois la stabilité thermique des nanoparticules et la compatibilité des nanocristaux avec des matrices polymères non polaires au cours de la mise en forme par extrusion. En participant à la réticulation pour la construction de matériaux avancés, des nanocristaux de cellulose sélectivement oxydés (et de la cellulose microfibrillée oxydée pour comparaison) sont introduits dans de l'alginate pour développer des éponges biocomposites présentant une meilleure stabilité mécanique et une meilleure stabilité structurelle. Grâce à la conception intelligente par inclusion 'hôte-invité' in situ entre des nanocristaux de cellulose chimiquement modifiés et la cyclodextrine, deux polysaccharides hydrophiles sont combinés dans des hydrogels supramoléculaires pour l'administration de médicaments. En un mot, cette thèse contribue à l'avancée des nanocristaux de cellulose dans les domaines de l'analyse des propriétés et le développement des applications.Mots-clés: nanocristaux de cellulose, modification de surface, nanocomposites, éponges, hydrogels, gradient de sulfatation, compatibilisation, inclusion hôte-invitéAbstractThe present work focuses on the properties of cellulose nanocrystals, their surface modification and development of advanced materials. Diverse approaches are employed on these nanoscaled substrates aiming to modify their surface properties and extend their use in highly sophisticated applications, such as postsulfation and desulfation, polymer grafting and adsorption, selective oxidation, molecular grafting, and 'host-guest' inclusion. On the basis of surface modifications, properties analysis (for different sulfate group contents) and various nanomaterials derived from cellulose nanocrystals are investigated and prepared, including gradient sulfated nanocrystals, extruded nanocomposites, biocomposite sponges, and supramolecular hydrogels. The effect of gradient degrees of sulfate groups on cellulose nanocrystals to surface chemistry, morphology and physical properties are discussed, particularly four cross-section models are compared for the determination of the surface degree of substitution on cellulose nanocrystals. A novel strategy involving a double-polymer-layer shield and physical and/or chemical compatibilization of cellulose nanocrystals is proposed, in order to realize both improvement of thermal stability and promotion of compatibility for nanocrystals with non-polar polymeric matrices during processing by melt-extrusion. With the idea of participating as crosslinking aid for the construction of advanced materials, selectively oxidized cellulose nanocrystals (with oxidized microfibrillated cellulose as comparison) are introduced in alginate for the development of biocomposite sponges with improved mechanical stability or structural stability. Through the smart design of in situ 'host-guest' inclusion between chemically modified cellulose nanocrystals and cyclodextrin, two hydrophilic polysaccharides are combined in supramolecular hydrogels for use as drug delivery. In a word, this dissertation contributes to the advances of cellulose nanocrystals in the topics of property analysis and application development.
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Table 1 .

 1 
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2, and it is generally accepted that the Young's modulus of cellulose

Table 1 . 2

 12 Longitudinal (EL) and transverse (ET) moduli of crystalline cellulose.37 

	Material	Method	EL (GPa)	ET (GPa)	Ref.
	cellulose I	Calculation	77-121		[38]
			56		[39]
	Bleached ramie fibers (cellulose I)	XRD	134		[40]
	Fortisan H fibers	XRD	70 -90		[41]
	(cellulose II)				
	Cellulose I	Calculation	172.9 * 70.8 **		[42]
			76	51-57	[43]
	Cellobiose (two hydrogen bonds	Calculation	136±6		[44]
	-cellulose I) Cellobiose (one hydrogen bond		89±4		
	-cellulose II)				
	Ramie fibers (cellulose I)	XRD	122-135		[45]
	Mercerized ramie fibers (cellulose II)		106-112		
	Cellulose I Cellulose II	Calculation	167.5 162.1	11 50	[46]
	Purified ramie fibers (cellulose I)	XRD	138		[47]
	Polynosics (cellulose II)		88		
	Cellulose IIII		87		
	Cellulose IIIII		58		
	Cellulose IVI		75		
	Cellulose I	Calculation	134-135		[48]
	Cellulose II		83		
	Cellulose II	Calculation	155	24 -51	[49]
	Cellulose Iβ	Calculation	127.8		[50]
	Cellulose Iβ		115.2		
	Cellulose Iβ	Raman	143		[51]
	Cellulose Iβ	Calculation	124-155		[52]
	Cellulose Iβ Cellulose Iβ Cellulose II	Calculation	136-155 * 114-117 ** 116-149 * 124-127 ** 109-166 * 101-106 **		[53]
	Cellulose Iβ	Calculation	156 at 300K		[54]
			117 at 500 K		
	Cellulose I	Raman	57-105		[55]
	Ramie fibers (cellulose I)	Inelastic X-ray	220	15	[56]
		scattering			
	TEMPO-oxidized Cellulose Iβ	AFM	145		[57]
	Acid hydrolyzed Cellulose Iβ		150		
	Wood	AFM		18-50	[58]
	Disaccharide cellulose Iβ	Calculation	85.2*/37.6**		[59]
	Disaccharide cellulose Iβ		99.7*/33.0**		
	Extended cellulose Iβ chains (10-40		126.0*/63.3**		
	glucoses)				
	Cellulose Iβ	Calculation	139.5±3.5	28.8±2.9	[60]
	Cellulose Iβ	Calculation	206	19	[61]

Table 1 . 3

 13 Surface charge amount and type, ζ-potentials, and dimensions for various electrically stabilized cellulose nanocrystals. (Adapted from Ref. 89) Kovacs et al. initially studied the inherent eco-toxicology of cellulose nanocrystals with aquatic organisms. 102 Rainbow trout hepatocytes were selected as the model cells, and the toxicity monitoring program as well as the in-depth toxicity assessment component was included in the toxicity testing strategy. With the eco-toxicological characterization, cellulose nanocrystal was found to have low toxicity potential and environmental risk, but showed no harm to aquatic organisms at concentrations that could occur in receiving waters. In another report, the cytotoxicity of cellulose nanocrystals against nine different cell lines was determined by MTT and LDH assay, and no cytotoxic effects of cellulose nanocrystals against any
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a The value is the sum of total anionic groups, including sulfate and carboxyl groups. b BC: bacterial cellulose. c HTAP: 2-hydroxy-3-trimethyl-ammoniopropyl

1.2.3 Biological Properties

1.2.3.1 Eco-toxicology

Most studies reported non-toxicity of cellulose nanocrystals or toxicity similar to microcrystalline cellulose and table salt. of these cell lines in the concentration range and exposure time studied (0~50 μg/mL and 48 h)

Surface Modification of Cellulose Nanocrystals 1.3.1 Approaches and Strategies for Surface Modification 1.3.1.1 Purpose and Challenge

  

	Chapter 1. Literature Review on Cellulose Nanocrystals	
	biodegradability through oxidation treatment was reported, which needed further
	investigation.	
	1.3 Efficiency of nanofiller dispersion in a continuous matrix and adequacy of
	nanofiller-matrix interfacial interactions are widely known to critically affect material
	physical and mechanical properties. Hydroxyl groups present on cellulose and sulfate
	Ning LIN ----2014	34

Recently, oxidized cellulose was rendered more vulnerable to hydrolysis and therefore potentially degradable by the human body. Based on this proposal, researchers attempted to enhance the biodegradability of cellulose through oxidation, such as the report of improving bacterial cellulose degradability in vitro (in water, phosphate buffered saline, and simulated body fluid) through periodate oxidation.

111 

However, no in vivo result on the improvement of bacterial cellulose ester units introduced during hydrolysis with sulfuric acid both contribute to the hydrophilic character of cellulose nanocrystals. However, owing to the electrostatic character and high ionic strength of CN, it is difficult to achieve a good dispersion level of the nanoparticles in most common non-water organic solvents or non-polar polymeric matrices. The reasons stem primarily from the inefficient electrostatic repulsion and establishment of strong hydrogen bonds between nanocrystals, which induce the rapid aggregation or flocculation of the colloidal suspension in highly hydrophobic media.

  a reagent and reaction medium that enable modification in such a way that it only changes the surface of nanocrystals, while preserving the original morphology to avoid any undesired bulk changes, 112 polymorphic conversion and to maintain the

	integrity of the crystal. 76
	1.3.1.2 Comparison of Approaches and Strategies
	Surface modification of CN can be achieved by attaching small molecules or polymers
	via covalent bonds or physical interactions. A wide variety of surface modification
	techniques can be performed on the surface of CN, including physical absorption of
	surfactant, chemical derivatization of coupling hydrophobic small molecules, or

To prevent self-aggregation and promote efficient dispersion in non-aqueous media, the surface of CN can be modified with hydrophobic compounds using covalent or non-covalent coupling approaches. The purpose of the modification of CN consists in reducing the surface energy and improving the degree of dispersion by transforming the polar hydroxyl groups sitting at the surface of nanocrystals into moieties capable of enhancing the interactions with non-polar polymers. In most cases the surface modification of CNs can be conducted to (1) introduce stable negative or positive electrostatic charges on the surface of nanocrystals to obtain better dispersion; (2) tune the surface energy characteristics of nanocrystals to improve compatibility, especially when used in conjunction with non-polar or hydrophobic matrices in nanocomposites; and (3) tailor the nanoparticles to impart specific functional groups on nanocrystals for advanced functional nanomaterials. The main challenge for surface modification of CN Chapter 1. Literature Review on Cellulose Nanocrystals Ning LIN ----2014 35 is to choose chemical grafting of polymeric chains and advanced functional molecules (as shown in Figure 1.8). These modification methods generally rely on the surface functionality such as hydroxyl groups in native cellulose or on functionality derived from synthesis

1.3.3.3 Derivatization with Isocyanate Carboamination Through

  the reaction between isocyano group and hydroxyl group, isocyanate possessing a single isocyano group can be coupled onto the surface of CNs. The

	chemical modification with isocyanate as coupling agent presents some advantages
	such as (i) relatively high reaction rate; (ii) absence of secondary products, and (iii)
	chemical stability of urethane moiety. 137 Isocyanates used for the derivatization
	modification of CNs were mainly phenyl isocyanate (PI), dimethylbenzyl isocyanate
	(TMI) and n-octadecyl isocyanate (C18H37NCO). The former reagents (PI and TMI) are
	isocyanates bearing a rigid phenyl in their chemical structure. The reactivity of

isocyanate with OH group is higher than that of anhydride and, on the other hand, aromatic NCO group is more reactive than aliphatic one. It was reported that the modification on CNs using long-chain n-octadecyl isocyanate with a degree of substitution DS of 0.07 improved the dispersion of CNs in dichloromethane, as shown in Figure

1

.10b and b').

  silylation of CNs were not investigated. Goussé et al. studied the process of silylation modification of CNs and proposed a mechanism model to describe the influence of silylation on CNs structure. Four alkyldimethylchlorosilane silylating agents (IPDMSiCl, BDMSiCl, ODMSiCl, and DDMSiCl), with alkyl moieties ranging from isopropyl to n-butyl, n-octyl and n-dodecyl, were used to prepare more stable silylated CNs.139 It was shown that under low degree of silylation, just a few silyl groups are distributed randomly on the surface of CNs, which provided them the structural integrity but unchanged hydrophilic property. If too much silylating agent is used or too long reaction duration is performed, excessive silylation breaks up the cellulose chains

and cause the solubilization of CNs in the reaction medium. Therefore, silylated derivatization of CNs should be controlled in the moderate degree range to provide a sufficient number of silyl groups, and confer a change to hydrophobic surface but not induce the destruction of the original structure of CNs. With the silylating agent DDMSiCl, Pei et al. conducted partial silylation of cotton CNs in toluene (as shown in

Figure

  147,148 It was shown that the grafting efficiency decreased with the length of polymeric chains, and there was stronger reinforcing effect for long chains PCL-modified CNs to nanocomposites resulting fromth presence of chain entanglements and co-crystallization.Because of the high achievable grafting density, and possibility of chain length control, the "grafting from" strategy is generally privileged aiming in grafting PCL chains on the surface of CNs in recent studies. Regarding this modification, the hydroxyl groups on the surface of nanocrystals act as initiator to induce the polymerization of cyclic ε-caprolactone (CL) monomer and the ratio of monomer to initiating groups determines

	Chapter 1. Literature Review on Cellulose Nanocrystals	
	The first step requires the reaction of
	PCL on isocyanate group of phenylisocyanate. The second step involves the reaction of
	PCL, now protected, with 4-position isocyanate group of 2,4-TDI. During the third
	step, unreacted 2-position isocyanate group of 2,4-TDI is then reacted with the surface
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hydroxyl groups of CNs to graft PCL chains onto the nanoparticles. PCL chains with various molecular weights (such as 10000, 42500, 80000 and 2000 g/mol) were grafted onto CNs for the reinforcement of co-continuous nanocomposites or electrospinned nanofibers. the DP of the grafted polymer chains. The grafting reaction was performed under predetermined conditions and stopped by adding a few drops of dilute hydrochloric acid solution. The non-grafted PCL homopolymer can be removed by solubilizationcentrifugation or Soxhlet extraction. Surface grafting of hydrophobic PCL moieties on CNs can facilitate the dispersibility of nanoparticles in hydrophobic systems. Habibi et al. and Goffin et al. applied Sn(Oct)2-catalyzed ROP grafting of PCL on CNs to reinforce a PCL matrix using casting-evaporation 29 and extrusion. 149 In another study, Lin et al. performed microwave irradiation to assist PCL surface ROP on CNs, and prepared filaceous PCL-grafted CNs 150 that were used to reinforce PLA matrix.

Reaction conditions and grafting efficiency reported in the literature for the preparation of PCL-grafted CNs are summarized in Table

1

.4. Citric acid was also used as a benign alternative to metal catalyst in surface-initiated ROP for grafting PCL on CNs. With "green" citric acid as catalyst, grafting efficiency of PCL on the surface of CNs was up to 58 wt %, about 4 times higher than for earlier reported PCL-grafted CNs using common catalyst of Sn(Oct)2. 151 Carlsson et al. reported the monitoring of CN surface grafting with PCL by Quartz Crystal Microbalance, which provided a tool to regulate the polymerization reaction.

152 

Recently, two studies investigated the reproducibility and interfacial molecular modeling of the PCL grafting on the surface of CNs. It was reported that the process of Soxhlet extraction using ethanol before modification can effectively remove the

Table 1 . 4

 14 Reactive conditions and grafting efficiency for the preparation of poly(caprolactone) (PCL)-grafted CNs (L= length, W= width, T= thick, D= diameter; GE%: Grafting efficiency).

	Source of	Dimensions	Method	Catalyst/cou	Solvent Condition GE% Ref.
	cellulose	of CNs (nm)		-pling agent			
	ramie	L=150-250 D=6-8	grafting onto	2,4-TDI	toluene 70-80 °C, 7 days		[147]
	ramie	L=100-250	grafting onto	2,4-TDI	toluene 75 °C,	30% [148]
		D=3-10				24 h	
	ramie	L=150-250 D=6-8	grafting from	Sn(Oct)2	toluene 95 °C, 24 h	85% [29, 149]
	cotton linter	L=200-300 D=10-20	microwave -grafting from	Sn(Oct)2		minutes several	85% [150]
	cotton wool		grafting from	citric acid		120 °C, 24 h	58% [22, 151]
	Another biodegradable polyester, namely PLA, was chemically grafted on the surface
	of CNs using the "grafting from" strategy with Sn(Oct)2-catalyzed ROP of L-lactide
	initiated from the hydroxyl groups available on the CNs surface. 154 The grafting
	reaction was performed in toluene at 80 °C for 24 h, and grafting efficiency of PLA
	chains was determined by gravimetry as 83%. The effect of covalent bounding of PLA
	chains on CNs was investigated by dispersion experiment in organic solvent
	(chloroform) in comparison with ungrafted CNs and CNs with physically adsorbed
	PLA chains. It was shown that hydrophobic PLA chains grafted on CN surface were
	highly solvated maintaining the nanoparticles in more stable and homogeneous
	suspension in the apolar solvent. Another study investigated the "grafting from"
	strategy for high molecular weight PLA chains with partial pre-acetylation of surface
	hydroxyl groups to control the grafting density, while maintaining sufficient
	interparticle contact for efficient stress transfer within a percolating network. 155

.3.5.2 Amino Acid and DNA
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	1As natural rigid nanocrystals, CNs are expected to be good candidates for the
	construction of biocompatible and biologically active nanomaterials, such as drug
	carrier and gene delivery. The anchoring of amino acid or DNA molecules on the
	surface of CNs allows the creation of a binding site to which drugs or targeting
	molecules can be attached. The chemical modification of L-leucine on CNs was
	performed through a two-step process involving the reaction between Fmoc-protected
	L-leucine and thereafter the removal of Fmoc-protecting group. The first step consisted
	in the reaction between CNs and Fmoc-L-leucine using DMAP as the catalyst and
	EDC•HCl as the coupling agent. The removal of the protecting Fmoc group was
	performed by stirring Fmoc-L-leucine CNs in piperidine/DMF solution. 170 Mangalam
	et al. developed the synthetic route of grafting different single-stranded
	oligonucleotides with an amino modifier on CNs, and subsequent duplexing
	complementary oligonucleotides formed with individual modified CNs via the
	molecular recognition ability of the oligomeric base pairs. 171 The grafting reaction of
	amino-modified ssDNA on CNs was realized using the carboxylation-amidation
	procedure. Two kinds of oligonucleotide-modified CNs, both strand A and strand B
	modified CNs, were mixed together in water for the preparation of duplexed
	DNA-modified CNs. It was shown that complementary strands of DNA bonded to
	separate populations of CNs hybridized under suitable conditions to form bonded
	structures.	
	Thielemans developed two synthetic approaches to introduce two
	fluorescent or dye molecules on CNs for the preparation of dual fluorescent labeled
	CNs. 169 The dual florescent labeled CNs (FITC and RBITC labeled CNs) and two dual
	dyes labeled CNs (FAM-SE and TAMRA-SE labeled CNs as well as OG-SE and
	TAMRA-SE labeled CNs) both exhibited pH sensing in McIlvaine buffers with varying
	pH conditions.	
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.4 Nano-Reinforcement of Cellulose Nanocrystals in Plastic
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	tunicate CNs by nanocrystals-nanocrystals crosslinking in PVA matrix. CNs were first
	modified by the introduction of allyl moieties on the surface. With the addition of small
	molecule tetra-thiol cross-linker and radical photoinitiator, modified CNs
	self-crosslinked under exposure to UV irradiation via photoinduced thiol-ene
	chemistry reaction. With the control of UV exposure duration, the degree of
	crosslinking of the nanocrystals can be regulated, and fabricated mechanical gradient
	nanocomposites. 177	
	1	
		Fox et
	al. recently reported a mechanical gradient nanocomposite made from modified
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Table 1 .7

 1 Modified cellulose nanocrystals reinforcing various matrices for plastic composites.

		Modification	Matrix	Filler content	Processing	Ref.
	Physical modification	surfactant coating (sorbitan monostearate) surfactant coating (BeycostatA B09) surfactant coating (BeycostatA B09) surfactant coating (BNA) surfactant coating (sorbitan monostearate) polyaniline coating PEO adsorption	PS PLA PLA PP PS PU LDPE	0-6 wt% 0-5 wt% 0-5 wt% 0-6 wt% 0-9 wt% 0-15 wt% 0-9 wt%	casting-evaporation [127] melt-extrusion [124] casting-evaporation [197] casting-evaporation [125] electrospinning [128] casting-evaporation [198] melt-extrusion [145]
		polyamide 6 coating	PA	0-3 wt%	melt-extrusion	[199]
		silylation	CAB	0-10 wt%	casting-evaporation [32]
		silylation	PLA	0-2 wt%	casting-evaporation [135]
		silylation	PLA	0-3 wt%	melt-extrusion	[140]
		acetylation	PLA	0-10 wt%	casting-evaporation [200]
		acetylation	CAB	0-7 wt%	casting-evaporation [201]
		acetylation	PU	0-25 wt%	casting-evaporation [202]
		carbamination	PCL	0-12 wt%	casting-evaporation [80, 203]
		carboxylation	protein	0-5 wt%	electrospinning	[204]
		oxidation	fibrin	0-50 wt%	casting-evaporation [205]
	Chemical modification	esterification esterification grafting onto aliphatic chain grafting onto aliphatic chain grafting onto PCL grafting onto PCL grafting onto maleated-PP grafting onto PHBV in situ grafting onto PU	PHB CAB LDPE PLA PCL PCL PP PHBV PU	0-7 wt% 0-0.9 wt% 0-15 wt% 0-15 wt% 0-50 wt% 0-7.5 wt% 0-6 wt% 0-30 wt% 0-5 wt%	casting-evaporation [206] casting-evaporation [207] melt-extrusion [99] melt-extrusion [208] casting-evaporation [147] electrospinning [148] casting-evaporation [125] casting-evaporation [209] casting-evaporation [210]
		in situ grafting onto chitosan chitosan 0-1.9 wt%	casting-evaporation [211]
		grafting from PCL	PCL	0-8 wt%	melt-extrusion	[149]
		grafting from PCL	PCL	0-40 wt%	casting-evaporation [29]
		grafting from PCL	PLA	0-12 wt%	casting-evaporation [150]
		grafting from PLA	PLA	0-8 wt%	melt-extrusion	[154]
		carbamination; or grafting from PLA	PLA/NR 0-5 wt%	melt-extrusion; or casting-evaporation	[212, 213]
		grafting onto PEG and adsorbing PEO	LDPE	0-20 wt%	melt-extrusion	[214]

1.4.4 Mechanisms for Performance Enhancement 1.4.4.1 Mechanical Properties Enhancement
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	Besides the processing approaches discussed before, another two factors are also
	expected to determine the reinforcing capability of cellulose nanocrystals, which are
	compatibility between nanocrystals and matrix (interfacial mechanism), and
	dimensions of cellulose nanocrystals (percolating mechanism). Interfacial mechanism
	refers to the interactions between nanoparticles and matrix, while percolating
	mechanism only depends on the hydrogen bonds among nanoparticles. The
	filler/matrix interactions can be tuned by appropriate surface modification treatment of
	the nanoparticles. This strategy is classically used in composite science to
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  231,232 Edwards et al. reported a colorimetric approach to the detection of human neutrophil elastase (HNE) using peptide conjugated cotton CNs.

233 

As mentioned in Section 1.3.5, some reports recently focus on the functional modification of CNs for potential biological application, such as surface grafting of amino acid molecules to offer biologically active building blocks on CNs; 170 surface grafting duplexing complementary DNA oligonucleotides to produce DNA-based biocompatible materials; 171 ferrocene-decorated CNs potentially to be used in biosensors and bioelectrochemical assemblies; 234 surface grafting imidazolium salt ([MPIM][Br]) for ion exchange systems or catalysts; 169 and introduced cationic porphyrin groups for the development of photobactericidal materials.

172,173 

Table 1 . 8

 18 Diverse cellulose nanocrystals-based sponge, foam, aerogel and nanoscaffold materials.

	Sources	Matrices	Materials	Techniques	Ref.
	cotton	alginate	sponge	ionic crosslinking/freeze-casting [294]
	cotton	starch/PVA	sponge	freezing/thawing cycles	[295]
	 MCC	polyurethane foam xylans foam	evaporation under high vacuum [296] freeze-casting [297]
	softwood pulp PVA	foam	freeze-casting	[298]
	ramie fiber	arabinoxylan aerogel	freeze-casting	[299]
	cotton wool tunicate	 clay/PVA	aerogel aerogel	supercritical CO2 drying freeze-casting	[300] [301]
	cotton	MAH-g-PLA scaffold	electrospining	[302]

Tissue-engineered porous nanoscaffold is a kind of novel biomedical nanomaterial providing the necessary template and physical support to guide the differentiation and proliferation of cells into targeted functional tissues or organs. Blaker et al. developed a technique of combining the ice-microsphere template with thermally induced phase separation lining the pore walls with bacterial CNs to produce in situ porous PLA/CN scaffolds. The resultant nanoscaffolds showed porous morphology with controlled

Table 1

 1 

.9 summarizes various drug carrier systems based on CNs. It was reported that solid carriers formed from CNs and different matrices spatially trapped drug molecules, and imparted the regulation of drug release. Lin et al. developed a pH-sensitive CN/sodium alginate microsphere-based controlled release system for drug delivery. The presence of CNs in alginate-based microspheres showed more consistent swelling patterns, higher encapsulation efficiency, and promising sustained release profiles of the drug.

333 

With similar strategy, another work developed a polyelectrolyte macroion complex via the conjunction between cationic chitosan and anionic CNs, which has the potential as the multiparticulate oral drug delivery, but unfortunately without drug loading or drug release results.

285 

Table 1 . 9

 19 Drug carrier systems based on cellulose nanocrystals.

	Release time and medium Mechanism model Ref.	16 h in pH=7.4 PBS solution Ritger-Peppas equation [333]	6.5 d in water Ritger-Peppas equation [290]	20 h in pH=7.4 PBS solution -[289]	48 h in water Higuchi equation [337]	48 h in simulated body fluid Fickian diffusion law [334]	12 h in pH=6.8 PBS solution -[332]		1-4 d in PBS solution -[331]	
	Source Matrix Carrier Model drug	cotton sodium alginate microsphere theophylline	cotton cyclodextrin/Pluronic hydrogel DOX	cotton cyclodextrin/Pluronic hydrogel BSA	MCC PLA fiber Columbia Blue	cotton pulp regenerated cellulose gel BSA	eucalyptus EA; MMA; BMA bead propranolol	wood pulp hydrochloride	commercial CTAB suspension DOX; TET; etoposide;	softwood paclitaxel; docetaxel
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	nanocrystals. Different characterization techniques can offer distinct results for the
	dimensions of cellulose nanocrystals (such as AFM and TEM). Moreover, with
	different methods and experiments for the calculation, the data for specific surface
	area of cellulose nanocrystals are dramatically varied, such as reported values of 22.9
	m 2 /g, 11 170 m 2 /g,	
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  11,14 The study introduced in this chapter is a new attempt to analyze the effect of sulfate groups to surface chemistry, and physical Cependant , une étude récente a montré une légère augmentation de la température de dégradation pour des niveaux plus élevés de nanocristaux de cellulose sulfatés.7 Un autre effet des groupements sulfates est l'altération des propriétés rhéologiques des suspensions de nanocristaux de cellulose, incluant notamment le changement de viscosité,8 et les transitions isotrope à cristal liquide et cristal liquide à gel.Chapter 2. Surface Chemistry and Properties of CN with Gradiented Sulfation Degrees permettent une forte adhérence à des matériaux tels que des gels de PDMA , alors que les nanocristaux de cellulose hydrolysés par HCl portant seulement des groupements hydroxyles se sont avérés inutilisables comme colle.10 En fait, l'influence directe des groupements sulfates sur les nanocristaux de cellulose est l'altération de la chimie de surface, à savoir la réduction des groupements hydroxyles disponibles. Notamment, pour les études impliquant une modification chimique ultérieure, la question de la teneur exacte en groupements hydroxyles et sulfates (degré de substitution surfacique des groupements hydroxyles totaux ou disponibles par des groupements sulfates) est nécessaire et importante. Il convient de souligner que la détermination du degré de substitution des -ܱܱܵ ଷ

	Chapter 2. Surface Chemistry and Properties of CN with Gradiented Sulfation Degrees RESUME FRANÇAIS La méthode classique actuellement employée pour l'extraction de nanocristaux de cellulose consiste à soumettre un matériau cellulosique pur à une hydrolyse acide forte dans des conditions strictement contrôlées de température, d'agitation et de durée. La nature de l'acide est extrêmement importante pour les propriétés de surface des nanocristaux de cellulose ainsi préparés. L'acide sulfurique est l'acide le plus largement utilisé pour la production de nanocristaux de cellulose; et le protocole le plus fréquemment mentionné implique les conditions d'hydrolyse suivantes : environ 65% en poids de H2SO4, avec des rapports acide/cellulose de 8,75 Cependant, certaines études montrent l'effet limité des conditions d'hydrolyse avec H2SO4 sur la charge de surface et la teneur en soufre des nanocristaux de cellulose, ce qui conduit à la conclusion contraire que "la teneur en soufre de la cellulose peut que soit la teneur en groupements sulfates de surface, la suppression ou l'addition de groupements sulfates peuvent être obtenus par différentes méthodes de post-traitement, telles que la désulfatation et la postsulfation. Pour le premier traitement, il a été montré que la désulfatation solvolytique (avec de la pyridine), 3 la désulfatation acide (HCl) 4 et la désulfatation alcaline (avec NaOH) 5 permettait d'éliminer (ou de "laver") la plupart des groupements sulfates de la surface des nanocristaux de cellulose. Pour introduire des sulfates d'ester supplémentaires, la postsulfation avec une solution de H2SO4 des nanocristaux de cellulose est couramment réalisée, 6 mais le degré de postsulfation des nanocristaux doit être contrôlé avec soin (pour éviter la destruction de la structure cristalline). présentant des gradients de degré de groupements sulfates ont été préparés en régulant les rapports des réactifs et les conditions de réaction. En comparant quatre être contrôlée par des facteurs autres que les conditions d'hydrolyse". Chapter 2. Surface Chemistry and Properties of CN with Gradiented Sulfation Degrees modèles pour la section (carré, rond, rectangle, ellipse), les différents effets des
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properties of cellulose nanocrystals according to theoretical calculations. As shown in the schematic diagram, two series of cellulose nanocrystal samples (postsulfated and desulfated nanocrystals) behaving gradient degrees of sulfate groups were prepared through the regulation of reactant ratios and reactive conditions. Through the comparison of four cross-section models (square, round, rectangle, ellipse), different effects of sulfate groups to surface chemistry and physical properties (crystallinity, zeta-potential, thermal stability, and birefringence behavior) of cellulose nanocrystals were further discussed and validated.

Schematic diagram for the preparation of cellulose nanocrystals with gradient sulfation degrees, and surface chemistry affected by different cross-section models. à 17,5 ml/g, ainsi qu'une température de

45 

°C et une durée d'hydrolyse de 30 à 90 min. Lorsque l'acide sulfurique est utilisé comme agent d'hydrolyse, une sulfatation des nanocristaux de cellulose se produit au cours du traitement d'hydrolyse catalysé par H2SO4 à travers une réaction d'estérification entre les groupements hydroxyles de surface portés par les nanoparticules de cellulose et les molécules de H2SO4. Ce processus produit des surfaces chargées portant des esters de sulfate (-ܱܱܵ ଷ ି ) et la libération de nanocristaux de cellulose sulfatés. On considère généralement que le degré d'estérification des nanocristaux de cellulose, à savoir le taux de groupements sulfate, est fortement lié à plusieurs facteurs, tels que la durée d'hydrolyse, la température et la concentration en H2SO4. Par conséquent, le taux de groupements sulfate sur les nanocristaux de cellulose devrait augmenter avec la concentration de l'acide, le rapport acide/cellulose et la durée de l'hydrolyse, 1 en raison de l'aspect duratif de la réaction d'estérification. 2 Ces résultats contradictoires émanant de différentes études indiquent qu'il n'est pas si facile de contrôler avec précision ou de déterminer la quantité de groupements sulfates des nanocristaux de cellulose. Pour les nanocristaux de cellulose ainsi préparés, quelle On peut s'attendre à ce que la présence de groupements sulfates à la surface des nanocristaux de cellulose affecte de manière significative différentes propriétés des nanocristaux. L'influence la plus intéressante des groupements sulfates sur les nanocristaux de cellulose est de promouvoir leur dispersion dans l'eau directement liée à la répulsion électrostatique, ce qui induit la formation souhaitable de suspensions colloïdales stables de nanocristaux de cellulose. Par ailleurs, l'introduction d'esters de sulfate chargés permet la formation d'une enveloppe négative autour des nanocristaux, qui peut être utilisée pour l'adsorption électrostatique ou assemblage couche par couche. Il est bien connu que les groupements sulfates provoquent une forte diminution de la température de dégradation des nanocristaux de cellulose, même à faible taux. 1 9 Récemment, une étude a révélé en outre un effet intéressant des groupements sulfates de surface des nanocristaux de cellulose en termes d'adhérence. Il a été montré que les nanocristaux de cellulose portant des groupements sulfates ି de surface est basée sur la mesure de la dimension et de l'analyse de surface spécifique des nanocristaux de cellulose. Des techniques de caractérisation différentes peuvent conduire à des résultats distincts pour les dimensions des nanocristaux de cellulose (par exemple AFM et TEM). De plus, avec ces différentes méthodes et techniques de calcul, les données de surface spécifique des nanocristaux de cellulose peuvent varier considérablement, et des valeurs telles que 22,9 m 2 /g , 11 170 m 2 /g, 12 et 533 m 2 /g 13 ont été reportées. Bien que plusieurs études aient tenté de calculer les proportions de groupements sulfates et hydroxyles à la surface des nanocristaux de cellulose après hydrolyse à H2SO4, des conclusions contradictoires ont été reportées pour les raisons mentionnées auparavant. 11,14 L'étude présentée dans ce chapitre est une nouvelle tentative d'analyse de l'influence des groupements sulfates sur la chimie de surface des nanocristaux de cellulose et leurs propriétés physiques selon des calculs théoriques. Comme le montre le "schéma de principe", deux séries d'échantillons de nanocristaux de cellulose (nanocristaux postsulfatés et désulfatés) groupements sulfates sur la chimie de surface et les propriétés physiques

Table 2 . 1

 21 Yields of modified CN samples after surface postsulfation and desulfation treatments;

	sulfur content %S (expressed as elemental sulfur by weight content) measured by elemental
	analysis; surface hydroxyl group (-OH) and sulfate group (-ܱܱܵ ଷ ି ), contents, and degree of
	substitution (DS) for various CN samples.			
	Samples	Yield %	Elemental analysis %S %C %O	Surface -OH Surface -ܱܱܵ ଷ ି mmol/g mmol/g	ܵܦ ିைௌை య ష %
	CN-0		0.67 42.31 50.75		0.21	13.45
	CN-1	86.21	0.77 42.21 50.64		0.24	15.51
	CN-2	83.45	0.91 42.25 50.29		0.28	18.28
	CN-3	82.76	1.09 42.16 50.40		0.34	21.94
	CN-4	79.31	1.31 40.72 50.25	1.55	0.41	26.32
	CN-5	87.93	0.53 42.01 51.46		0.17	10.68
	CN-6	84.48	0.46 42.17 50.78		0.14	9.27
	CN-7	81.03	0.29 42.47 50.97		0.09	5.83
	CN-8	75.86	0.18 42.49 51.22		0.06	3.62

Table 2 . 2

 22 Geometrical dimensions of various CN samples from the results of AFM.

	Sample	Geometrical dimension (nm) Length Width Height	Sample	Geometrical dimension (nm) Length Width Height
	CN-0 169.9±86.8 23.0±8.9	5.2±1.9	
	CN-1 159.5±67.4 22.3±10.4 5.3±2.0	CN-5 157.6±71.3 23.6±10.1 5.1±1.7
	CN-2 154.1±57.9 21.7±7.9	5.1±1.8	CN-6 150.6±64.8 21.9±8.7	5.1±1.6
	CN-3 154.6±69.2 22.3±9.7	5.2±1.5	CN-7 151.6±69.5 22.6±9.4	5.1±1.4
	CN-4 152.0±61.6 22.7±8.7	5.0±1.3	CN-8 148.6±68.1 21.8±8.9	5.0±1.5
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Table 2 . 3

 23 Total specific surface area ܣ[ ௧௧(ே) ], amount of sulfate groups [݊ ିைௌை య ష ] and surface Data for total specific surface area ܣ[ ௧௧ሺேሻ ], amount of ݊ ିைௌை య ష and ݊ ௦௨ሺିைுሻ , and degree of substitution (DS) of sulfate groups for CN-0 were calculated based on the different cross-section models, and are summarized in Table2.3. It is shown that if square or round models are chosen for cotton CNs, more than 20% of surface hydroxyl groups have been substituted by sulfate groups during the H2SO4esterification hydrolysis, which indicates that most of active hydroxyl groups located on C-6 have been replaced. Therefore, from these two models, desulfation treatment for H2SO4-hydrolyzed CNs is necessary before chemical modification. However, if choosing rectangle model for CNs, only 7.90% (only about 1/3 of the value for square or round models) surface hydroxyl groups is substituted during the H2SO4-hydrolysis, and a large amount of active hydroxyl groups have been remained.

	hydroxyl groups [݊ ௦௨(ିைு) ], and degree of sulfation substitution (DS) for CN-0 calculated
	from different cross-section models.			
	Model	ܣ ௧௧(ே) Surface -OH Surface -ܱܱܵ ଷ ି ܵܦ ିைௌை య ష m 2 mmol/g mmol/g %
	Square/Round	117.5	0.96		21.88
	Ellipse	191.2	1.55	0.21	13.45
	Rectangle	325.4	2.65		7.90

In this study, ellipse model for the CNs cross-section is also proposed, and the DS value of sulfate groups for nine CN samples is shown in Table

2

.1. Specifically, if ellipse model is chosen, about 13% of the surface hydroxyl groups are substituted by sulfate groups during hydrolysis of pristine nanocrystal CN-0. The maximum DS value is about 26% for CN-4, which indicates that 1/4 of the hydroxyl groups on the CN surface can be replaced by sulfate groups during the postsulfation treatment.

Table 2 .4 Values

 2 

	Sample	χc	Crystalline dimension (nm)	ζ-potential
		%	ܤ ଶ ܤ ଵଵ ഥ ܤ ଵଵ	mV
	CN-0	88.6	6.8	5.3	6.6	-40.4±1.7
	CN-1	88.1	6.7	5.3	6.5	-47.8±1.9
	CN-2	88.2	6.8	5.3	6.6	-54.8±2.2
	CN-3	88.5	6.8	5.3	6.5	-61.7±2.4
	CN-4	88.0	6.7	5.3	6.7	-66.1±1.5
	CN-5	87.1	6.7	5.2	6.7	-32.8±2.3
	CN-6	88.0	6.8	5.2	6.7	-27.6±1.4
	CN-7	87.5	6.7	5.3	6.6	-17.9±1.1
	CN-8	88.2	6.8	5.3	6.7	-7.4±0.8

of crystallinity index (χc), crystalline dimensions ܤ( ଶ , ܤ ଵଵ ഥ and ܤ ଵଵ ), and ζ-potentials for various CN samples from the results of XRD and zeta-potential analysis.
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Physical and/or Chemical Compatibilization of Extruded Cellulose Nanocrystal Reinforced Polystyrene Nanocomposites

  

	Chapter 3. Physical and/or Chemical Compatibilization of Extruded CN Reinforced PS Nanocomposites	
	L'analyse microstructurale des matériaux composites extrudés a montré que les deux couches polymères en surface des nanocristaux de cellulose permettent non seulement de protéger les nanoparticules de la dégradation thermique, mais également de faciliter les interactions entre les nanocristaux et la matrice PS. L'étude des propriétés mécaniques, des propriétés thermiques et des performances de barrière à la vapeur d'eau des composites extrudés ont souligné les différents effets PEO adsorption for PEG-grafted nanocrystals than pristine CN. Results from AFM and SEM revealed homogeneous dispersion and good compatibility of modified nanocrystals in PS matrix. Finally, the thermal, mechanical, and barrier properties of ensuing nanocomposites have been investigated to study the effect of physically Chapter 3. Ning Lin and Alain Dufresne and/or chemically modified nanocrystals.
	de la compatibilisation chimique et/ou physique des nanocristaux de cellulose
	modifiés. The International School of Paper, Print Media and Biomaterials (Pagora), Grenoble Institute of
	Technology (Grenoble INP), CS10065, 38402 Saint Martin d′Hères Cedex, France	
	The work in this chapter is originated from: shielding and wrapping of PEO. However, the weak combination between CN and
	PEO allows the free movement of surface polymer, which can induce the
	Ning Lin and Alain Dufresne, Physical and/or chemical compatibilization of self-aggregation of CN and microphase separation in composites especially during
	extruded cellulose nanocrystal reinforced polystyrene nanocomposites. melt processing. Using carboxylation-amidation reaction, short poly(ethylene glycol)
	Macromolecules 2013, 46, 5570-5583. (PEG) chains can be first grafted on the surface of the nanocrystals, and immobilize
	long PEO chains on modified nanocrystals through physical adsorption and
	entanglement. Two polymeric layers should further improve the thermal stability of
	CNs, and surface polymeric chains should provide significant dispersibility and
	compatibilization for extruded nanocomposites. Rheological analysis showed better
	Ning LIN ----2014	163

References: 1. Favier, V.; Canova, G. R.; Cavaillé, J. Y.; Chanzy, H.; Dufresne, A.; Gauthier, C. Nanocomposite materials from latex and cellulose whiskers. Polym. Adv. Technol. 1995, 6, 351-355. 2. Dri, F. L.; Hector Jr., L. G.; Moon, R. J.; Zavattieri, P. D. Anisotropy of the elastic properties of crystalline cellulose Iβ from first principles density functional theory with Van der Waals interactions. Cellulose 2013, 20, 2703-2718. 3. The global market for nanocellulose to 2017; Futures Markets Inc., Edinburgh, Lothian EH74NA, United Kingdom, 2012, pp. 1-66. 4. Dufresne, A. "Nanocellulose. From nature to high performance tailored materials". 2012 by Walter de Gruyter GmbH, Berlin/Boston. pp. 235-275.

ABSTRACT

Impressive mechanical properties and reinforcing capability make cellulose nanocrystal (CN) a promising candidate as biomass nanofiller for the development of polymer-based nanocomposites. With the recent announcement of large-scale CN production, the use of industrial processing techniques for the preparation of CN-reinforced nanocomposites, such as extrusion, is highly required. However, low thermal stability of sulfuric acid-prepared CN limits the processing since most polymeric matrices are processed at temperatures close to 200 °C or above. It has been proved that surface interactions of polymers on CN as compatibilizer, such as hydrophilic polyoxyethylene (PEO), can improve its thermal stability due to the

Table 3 . 1

 31 Composition of the various extruded nanocomposites.

Table 3 . 2

 32 Surface functional group composition as obtained from the decomposition of the C1s signal; carbon, oxygen, hydrogen and nitrogen elements content from elemental analysis.

	Samples	C1 C-C/C-H	C2 C-N	C3 C-O	C4 O-C-O/C=O	C5 O-C=O
	BE (eV)	285	286.2 286.5+0.1 288.05+0.05 289.0+0.1
	CN	22.4	0.0	60.1	15.6	1.9
	CN-COONa	7.9	0.0	17.5	58.4	16.2
	CN-g-PEG	15.9	12.2	57.3	13.7	0.9
	Samples	Carbon Oxygen Hydrogen % % %	Nitrogen %	GE a %
	MPEG-NH2	55.37	36.31	9.29	0.10	-
	CN	44.44	49.38	6.17	-	-
	CN-COONa	44.13	48.80	6.13	-	-
	CN-g-PEG	46.82	45.52	6.57	0.43	21.77

Table 3 . 3

 33 Composition, adsorption ratio, and viscosity for CN-g-PEG/PEO (or CN/PEO)

	suspensions.						
	CN-g-PEG (or CN)	H2O PEO5M PEO%	PEO:CN-g-PEG (or PEO:CN) a	Viscosity b (CN-g-PEG/PEO)	Viscosity b (CN/PEO)
	g	g	g	wt%	w/w	Pa⋅s	Pa⋅s
			0	0	0	16.16	0.31
			0.015	0.28	0.15	24.93	0.17
			0.030	0.56	0.30	19.37	0.24
	0.10	5.38	0.045 0.054	0.84 1.00	0.45 0.54	14.61 18.39	1.09 5.60
			0.060	1.12	0.60	27.98	7.51
			0.070	1.30	0.70	63.43	25.85
			0.085	1.58	0.85	95.47	198.80

a The ratio of PEO:CN-g-PEG (or PEO:CN) reflects the capacity of 1.0 g CN-g-PEG (or CN) to adsorb PEO5M chains. b Steady shear viscosity of CN-g-PEG/PEO (or CN/PEO) suspension measured for a shear rate of 0.3 s -1 .

  crosslinked sponges under compression indicated that alginate-based sponges filled with (both unmodified and oxidized) cellulose nanocrystals were generally stronger and more robust than neat alginate. The highest mechanical performance was obtained for SA/OCN-10. For compressive strain of 30%, 50%, and 70%, the compressive strength of SA/OCN-10 increased by factors These changes in mechanical properties are consistent with the observed microstructures from SEM and XRD. On the other hand, OMFC also showed considerable improvement of the mechanical properties compared to alginate-based sponges. For compressive strain of 30%, 50%, and 70%, the compressive strength of SA/OMFC-30 increased by factors of 2.03, 1.79, and 1.68, respectively, compared to SA-F. In comparison with the mechanical performance of sponges reinforced with

	of 2.78, 2.80, and 2.94, respectively, in comparison with SA-F. It is also worth noting
	that, compared to pristine nanocrystals, SA/OCN-10 with oxidized nanocrystals
	exhibited higher mechanical strength than SA/CN-10, which can be attributed to the
	OCN-participating crosslinking and good conjunction between OCN and alginate
	during the crosslinking process. However, if superfluous nanocrystals were
	introduced in sponges, especially for unmodified nanocrystals, this reinforcing effect
	shaded-off because of the self-aggregation of nanoparticles (such as SA/CN-50).

  this work, we designed oxidized nanocellulose-participating crosslinking sponges from two oxidized nanocelluloses and reported remarkable enhanced mechanical strength with oxidized cellulose nanocrystals and promising improved porosity, water absorption, and structural stability with oxidized microfibrillated cellulose.

	Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin
	nanofibrils dispersed in organic solvents. Biomacromolecules 2011, 12, 518-ENGLISH ABSTRACT
	522. Hydrogels are defined as three-dimensional polymer network materials able to
	52. da Silva Perez, D.; Montanari, S.; Vignon M. R. TEMPO-Mediated oxidation of entrap large amounts of solvent (usually water), and widely used in the fields of food,
	cellulose III. Biomacromolecules 2003, 4, 1417-1425. cosmetics, biomaterials, agriculture etc. On the one hand, rod-like cellulose
	53. Lin, N.; Huang, J.; Chang, P. R.; Feng, J.; Yu, J. Surface acetylation of cellulose nanocrystals (CN) can form hydrogels by themselves under some conditions resulting
	nanocrystal and its reinforcing function in poly(lactic acid). Carbohyd. Polym. from the strong hydrogen bonding interactions between nanoparticles. It was
	2011, 83, 1834-1842. reported that aqueous suspensions with 0.4 wt% CN extracted from softwood flour
	54. Segal, L.; Creely, J. J.; Martin, A. E. Jr.; Conrad, C. M. An empirical method for CHAPTER 5. can form a transparent hydrogel with unique rigid and uniform morphology. 1 Surface
	estimating the degree of crystallinity of native cellulose using the X-ray modified tunicate CN with either carboxylic acid (-COOH) or amine (-NH2) in water
	diffractometer. Text. Res. J. 1959, 29, 786-794. can also form hydrogels, and exhibit pH-sensitivity. 2 Moreover, by involving a solvent
	55. Ureña-Benavides, E. E.; Kitchens, C. L. Wide-angle X-ray diffraction of Application of Cellulose Nanocrystals: Supramolecular Hydrogels exchange process, stable organogels based on CN can be prepared by dispersing the
	cellulose nanocrystal-alginate nanocomposite fibers. Macromolecules 2011, 44, nanoparticles in glycerol, 3 ethanol, 4 or acetone. 5 On the other hand, composite
	3478-3484. hydrogels based on CN can be developed by physical blending or chemical
	Rigid oxidized cellulose nanocrystals served as the coupling points, and fully played 56. Siddaramaiah; Mruthyunjaya Swamy, T. M.; Ramaraj, B.; Lee, J. H. Sodium crosslinking. Physical hydrogels based on CN are fabricated by direct introduction of "Supramolecular Hydrogels from In Situ Host-Guest Inclusion between alginate and its blends with starch: Thermal and morphological properties. J. the nanoparticles in the hydrogel matrix with ionic or hydrogen bonding interactions, Chemically Modified Cellulose Nanocrystals and Cyclodextrin" Appl. Polym. Sci. 2008, 109, 4075-4081. while chemical hydrogels based on CN are formed by the crosslinking of the
	the nanoreinforcement effect for alginate-based sponges, whereas oxidized microfibrillated cellulose can join in the structural construction and form the nanoparticles and hydrogel matrix therefore involving additional covalent bonding
	semi-interpenetrating polymer network for alginate-based sponges. With the interactions. Generally, by adding rigid CN in appropriate concentrations, the
	improvement of porosity and water absorption as well as high mechanical strength, structural stability and elastic modulus of composite hydrogels can be improved and
	these sponges have potential applications as kinetic energy absorbers, thermal and enhanced.
	acoustic insulating materials, reinforcing platforms, and scaffolds for
	nanocomposites, etc. Inspired by the different effects of the two oxidized
	nanocelluloses, we will attempt to incorporate both oxidized nanocrystalline and
	microfibrillated cellulose in alginate-based materials, and develop application of the
	ensuing sponges in the field of biomedical materials, such as drug carriers for wound
	dressing.	
	Ning LIN ----2014	245

  D'autre part, les hydrogels composites à base de CN

	Chapter 5. Supramolecular Hydrogels from In Situ Host-Guest Inclusion between Modified CN and cyclodextrin
	Les cyclodextrines (CD), une famille d'oligosaccharides macrocycliques liés par des
	liaisons glycosidiques de type α-1, 4, ont été largement étudiées dans divers
	domaines depuis leur découverte par Villiers en 1891. 9 Dans cette famille de
	composés, les cyclodextrines α, β et γ sont les membres les plus courants, qui sont
	composées de 6, 7 et 8 unités glucose, respectivement, avec des échelles différentes.
	La cavité hydrophobe de la CD lui confère une capacité d'inclusion de divers
	composés, comme des petites molécules, des ions, des protéines, des
	oligonucléotides et certains polymères. Depuis la première étude sur la formation
	d'hydrogels à partir de complexes d'inclusion avec des PEG de poids moléculaire
	élevé et de α-CD, 10 l'inclusion d'unités CD sur des chaînes polymères pour former des
	polypseudorotaxanes comme agent de réticulation physique est devenu l'approche la
	plus largement étudiée pour les hydrogels supramoléculaires industriels à base de CD
	ou de ses dérivés. 11 Les propriétés physico-chimiques, la biocompatibilité, la
	biodégradabilité, et la sensibilité des hydrogels supramoléculaires à base de CD
	peuvent être élégamment adaptées en sélectionnant soigneusement les polymères
	hôtes appropriés pour l'assemblage et ajuster davantage les différentes fonctions des
	peuvent être préparés par mélange physique ou réticulation chimique. Les hydrogels hydrogels, telles que la sensibilité à la température, aux photons, aux produits
	physiques à base de CN sont obtenus par introduction directe des nanoparticules chimiques, au potentiel redox ou au pH. Il convient de souligner que puisque les
	dans la matrice d'hydrogel par des interactions ioniques ou liaison hydrogène, tandis hydrogels à base de CD sont formés par auto-assemblage supramoléculaire en
	que les hydrogels chimiques à base de CN sont formés par la réticulation des solution aqueuse sans l'utilisation d'agents de réticulation chimiques, le chargement
	nanoparticules et de la matrice d'hydrogel impliquant donc des interactions in situ de principes actifs peut être réalisé à température ambiante, ce qui est
	supplémentaires de type liaison covalente. En général, en ajoutant des nanocristaux particulièrement bénéfique pour les médicaments biomacromoléculaires. Par
	de cellulose rigides en concentrations appropriées, la stabilité structurelle et le conséquent, les hydrogels à base de CD provenant de complexes d'inclusion ont été
	module élastique des hydrogels composites peuvent être améliorés et renforcés. 6 largement étudiés et utilisés comme systèmes de relargage de médicaments
	Bien que divers matériaux (à partir de matrices polymères synthétiques, par exemple injectables. 12
	le poly(NIPAM-co-BMA) 7 ou de matrices polymères naturels , par exemple l'agarose 8 )
	ont été utilisés comme matrice pour la préparation d'hydrogels à base de CN, le
	développement de nouveaux systèmes hydrogel à base de CN et leurs applications
	ultérieures attirent toujours l'attention des chercheurs, en particulier pour les
	hydrogels réticulés chimiquement.	
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Table 5 . 1

 51 Composition, solid content, and weight ratio of the various hydrogels.

	Hydrogels	CN-g-(β)CD /Pluronic	Nanocrystals Weight CN% a	Pluronic polymers Added Pluronic b Pluronic% Weight α-CD% α-cyclodextrin	H2O
		mg	mg	w/w	mg	w/v	mg	w/v	mL
	F68/α-CD	0	0	0	650.0			
	F108/α-CD	0	0	0	650.0			
	CN-CD/F68-1	50	36.5	3.09	643.9			
	CN-CD/F68-2 CN-CD/F68-3	100 200	72.9 145.9 11.13 5.96	637.8 625.5	13.00	485	9.70	5
	CN-CD/F108-1	50	35.1	2.98	642.2			
	CN-CD/F108-2	100	70.2	5.77	634.4			
	CN-CD/F108-3	200	140.3 10.76	618.9			

Table 5 . 2

 52 Chemical composition, element content and inclusion efficiency of Pluronic polymers obtained from elemental analysis.

	Sample Chemical formula Theoretical values Experimental values Carbon% Oxygen% Hydrogen% Carbon% Oxygen% Hydrogen%	CN (C6H10O5)n 44.44 49.38 6.17 42.92 49.38 6.67 β-CD C42H70O35 42.32 51.29 6.78	CN-g-(β)CD     42.96 49.11 6.86	Pluronic F68 C394H790O183 55.98 34.67 9.35 55.94 34.73 9.55	Pluronic F108 C682H1366O317 55.97 34.69 9.34 56.13 34.75 9.49	CN-g-(β)CD/Pluronic F68     44.55 48.75 6.94	CN-g-(β)CD/Pluronic F108     45.01 48.51 6.77	IE-F68(%) a     12.25  	IE-F108(%) a     15.57  	a IE-Pluronic (IE%) represents the inclusion efficiency of Pluronic polymers inclusive with β-CD, which was calculated according to eq. 5.3.

Table 5 . 3

 53 Estimated parameters and drug release mechanism for drug release of hydrogels according to Ritger-Peppas equation.

	Sample	Equation	k	n	R a	Mechanism
	F68/α-CD-Dox	InQ = 2.387 + 0.465Int 10.885 0.465 0.890 Fickian diffusion
	F108/α-CD-Dox	InQ = 2.170 + 0.498Int 8.760	0.498 0.897 Fickian diffusion
	CN-CD/F68-2-Dox	InQ = 0.393 + 0.771Int 1.482	0.771 0.931 anomalous transport
	CN-CD/F108-2-Dox InQ = 0.003 + 0.832Int 1.003	0.832 0.945 anomalous transport

a R is the regression coefficient for the fitted curves according to Ritger-Peppas equation.

Table 6 . 1

 61 Future research points for the studies presented in this thesis.

	Studies in this thesis	Future research points
	Surface chemistry and properties	• Investigation of electrostatic interactions between negative
	of CN with gradient sulfation	charges from sulfated CN and positive charges from cationic
	degrees	polymers or molecules
		• Measurement of strength and mechanism of electrostatic
		interactions from coupling charges
		• Strategy for surface electrostatic grafting on CN
	Physical and/or chemical	• Further investigation on interactions between grafted PEG
	compatibilization of extruded CN	and adsorbed PEO
	reinforced PS nanocomposites	• Effect of PEG/PEO chain lengths ratio to compatibility
		• Measurement of interphase thickness of PEG and PEO
		layers in extruded nanocomposites
		• Simpler method for the replacement of PEG chemical
		grafting on the surface of CN
		• Investigation of other polymers or copolymers
	TEMPO-Oxidized nanocellulose	• Direct proofs for participating crosslinking of oxidized
	participating as crosslinking aid	nanocellulose, alginate and Ca 2+
	for alginate-based sponges	• Attempt of incorporating both oxidized CN and oxidized
		MFC in sponges for synergistic enhancements
		• Development of ensuing sponges in biomedical
		applications, such as drug-loaded wound dressing
	Supramolecular hydrogels from in	• Characterization of 'obstruction effect" and "locking
	situ host-guest inclusion between	effect' of CN-based drug delivery systems
	modified CN and cyclodextrin	• Presence of CNs (with surface hydroxyl groups and/or
		sulfate groups) to structure and activity of drug molecules
		• Development of multi-membrane hydrogel systems for
		novel drug release behavior

  Le nanocristal de cellulose est l'élément constitutif structurel primaire des plantes et peut être extrait de manière économique du bois et des fibres végétales, ou de la tunicine et de la cellulose bactérienne. L'hydrolyse des régions amorphes de la cellulose native permet de libérer les nanocristaux de cellulose -domaines cellulosiques cristallins, sous forme de bâtonnets rigides de 5-20 nm de diamètre et quelques dizaines à quelques centaines de nanomètres de longueur. Le développement des technologies d'extraction et de l'application des nanocristaux de cellulose a été activement poursuivi par divers groupes, notamment aux USA, au Canada et en Europe.1 En tant que nanomatériau abondant et renouvelable, le nanocristal de cellulose pourrait être utilisé pour fabriquer et développer une large gamme de produits à haute valeur ajoutée, comme (i) des matériaux biomédicaux pour les produits pharmaceutiques et l'administration de médicaments, le remplacement de l'os et la réparation des dents, etc., (ii ) des matériaux composites avancés (fibres filées et textiles à haute résistance, polymères renforcés et bioplastiques novateurs; emballages "intelligents", etc., (iii) des additifs pour l'alimentation, les cosmétiques, les revêtements, les peintures, les adhésifs, les pigments et encres; (iv) des composants structurels pour la fabrication du papier, la construction, l'aérospatiale et les transports, (v) des matériaux optiquement commutables et irisés .2 

	Introduction générale

  Tableau 1 Activités de recherche future pour les études présentées dans cette thèse.Etudes de cette thèseActivités de recherche future Chimie de surface et propriétés des NC avec des gradients de degré de sulfatation • Etude des interactions électrostatiques entre les charges négatives des NC sulfatés et les charges positives de polymères ou molécules cationiques • Mesure de la force et du mécanisme des interactions électrostatiques des charges de couplage • Stratégie de greffage électrostatique de surface des Compatibilisation physique et/ou chimique de nanocomposites extrudés PS renforcé par des NC • Etude approfondie des interactions entre le PEG greffé et le PEO adsorbé • Effet du rapport des longueurs de chaine PEG/PEO sur la compatibilité • Mesure de l'épaisseur de l'interphase des couches de PEG et PEO dans les composites extrudés • Méthode plus simple pour remplacer le greffage chimique du PEG à la surface des NC • Etude d'autres polymères ou copolymères

	Nanocellulose oxydée TEMPO
	assistant la réticulation des
	éponges à base d'alginate
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Producer Country Product Estimated production capacity by 2015 FPInnovations Canada CN 10 kg/week (pilot production) Alberta Innovates-Technology Futures Canada CN 100 kg/week (pilot production) Bio Vision Technology Canada carboxylated CN 4 tons/year (commercial production) CelluForce/Domtar Canada CN 1 tons/day (commercial production) US Forest Service Forest Products Laboratory USA CN, carboxylated CN 35-50 kg/day (pilot production) Melodea Israel CN unknown Central Institute for Research on Cotton Technology (CIRCOT) India CN, NFC, MFC unknown Chapter 1.

However, the introduction of (β)CD-g-CN caused a sharp reduction of absorbency, which indicates that the hydrophobic cavity of β-CD includes plentiful phe molecules.