Giuseppe Cavallaro 
  
Samantha Micciulla 
  
Leonardo Chiappisi 
  
Giuseppe Lazzara 
  
Chitosan-based smart hybrid materials: a physico-chemical perspective

Chitosan is one of the most studied cationic polysaccharides. Due to its unique characteristics of being water soluble, biocompatible, biodegradable, and non-toxic, this macromolecule is highly attractive for a broad range of applications. In addition, its complex behavior and the number of ways it interacts with the different components in the system results in an astonishing variety of chitosan-based materials. Herein, we present recent advances in the field of chitosan-based materials from a physicochemical perspective, with focus on aqueous mixtures with oppositely charged colloids, chitosanbased thin films, and nanocomposite systems. In this review, we focus our attention on the physicochemical properties of the chitosan-based materials, including solubility, mechanical resistance, barrier properties, and thermal behaviour, and provide a link to the chemical peculiarities of chitosan, such as its intrinsic low solubility, high rigidity, large charge separation, strong tendency to form intraand inter-molecular hydrogen bonds, etc..

Introduction

Chitosan is commonly obtained from the deacetylation of chitin, the second abundant natural polymer on earth after cellulose 1 . The primary sources of chitin are crustaceans such as crabs, shrimp and lobsters, which are highly abundant waste products from the food, beverage and canning industries 2,3 . The backbone of chitosan is very similar to cellulose, with the hydroxyl group on the C2 position replaced either by an amino or acetylamino group. Thus, chitosan is a copolymer consisting of N-acetyl-2-amino-2-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose, where the two types of repeating units are linked by (1→4)-βglycosidic bonds. The chemical structure of chitosan is shown in Fig. 1a. It is available within a large range of molecular weight and degree of deacetylation. These two parameters largely alter the physico-chemical properties of the biopolymer and therefore a variety of specific applications can be considered based on viscosity, biological activity, biodegradability, wettability, colloidal stability and pH responsive features. Chitosan is readily soluble in dilute acidic solutions below pH 6.0 due to the protonation of the amine groups (pKa value of 6.3). Furthermore, it has gel, fibers and film forming properties. From the biological point of view it shows antimicrobial activity, and good compatibility with living tissue. Chitosan exhibits a combination of physico-chemical features which make this polymer a fundamental component in material France. E-mail: micciulla@ill.eu, chiappisil@ill.eu science. With the exception of cationically modified cellulose, it is one of the very few cationic biopolymers available. The saccharidic backbone provides this macromolecule with three fundamental peculiarities, not found in other polymers: (i) A high intrinsic rigidity, with reports of persistence lengths which vary between 5 and 30 nm 4,5 . (ii) a relative large spacing between the charges, with a maximum of 1 change per 5 Å in the case of fully deacetylated polymer. The actual value is in reality much closer to the Bjerrum length in water of 7.1 Å, i.e., the distance at which the magnitude between electrostatic interaction approaches the thermal energy. The consequence of the large separation, in combination with the high intrinsic rigidity, is the fact the polymer conformation in solution is less affected by the type and concentration of counterions or by the binding to oppositely charged colloids compared to high charge density, flexible, polymers. (iii) A high tendency of forming intra-and inter-molecular hydrogen bonds. Such hydrogen bonds increase, on the one side, the rigidity of the polymer backbone, and are, on the other side, at the origin of the very low tendency of mixing between polysaccharides and other polymers.

Chitosan-based materials have been reviewed in different fields, from molecular separation to food packaging film, from artificial skin to bone substitutes and water treatment 3,3,6,7 . Most of the reviews are focused on a given application of the chitosanbased materials [6][7][8][9][10] or in some other cases they explore a wide range of biopolymers, including chitosan, for some specific applications 11 . How these and further peculiarities affect the properties of soft, chitosan hybrid compounds in aqueous environment, in thin films, and in nanocomposite systems, schematically represented in Figs. 1b-d, is discussed hereafter.

Fig. 1 (a) chemical structure of chitosan; and schematic representations of (b) of hybrid hydrogel, from Ref. 12; of (c) chitosan/surfactant complexes,(d) chitosan-based layered coatings and (e) number of publications per year on Chitosan based materials. Data are from Scopus and they were obtained on 1. June 2020 using as searching string TITLE-ABS-KEY ("Chitosan" and "material") or ("Chitosan" and "material" and "film"), ("Chitosan" and "material" and "gel"), ("Chitosan" and "material" and "LbL") or ("Chitosan" and "material" and "nanocomposite");.

It is also useful to recall that chitin, the precursor of chitosan and main structural component of the exoskeleton of crustaceans, is, by design, a very poorly soluble polymer. This intrinsic property is retained in chitosan, whose solubility in acidic aqueous environment is simply given by the translational entropy of the counterions. In other terms, as soon as the soluble counterions, often acetate ones, are exchanged with much less soluble, macroions such as polymers, micelles, or clay particles, the formation of an insoluble complex is observed. We find this general tendency trough out the physico-chemistry of chitosan-based systems, and, in the course of this review, we will highlight how this phenomenon is exploited and which strategies were developed to increase the solubility.

As illustrated in Figure 1e, chitosan is highly employed in material science. Film and gel formulations are the most traditional investigated materials, since 2005 nanocomposites have been growing. Until now less explored but promising, is the possibility to prepare Layer-by-Layer system using chitosan as cationic biopolymer. The observed trends suggest that although the applications of this polymer have been established, some properties, such as mechanical strength, thermal stability, low water content and gas barrier properties resulted not good enough to meet this wide range of applications. The preparation of hybrid materials based on chitosan, with both organic or inorganic fillers, overcome some intrinsic limitations and opportunely tune the physico/chemical properties of the material.

Soft materials in aqueous media

The above mentioned properties of chitosan make this polymer a unique building block in the field of colloidal chemistry. Accordingly, substantial efforts have been given to characterize chitosan hydrogels, or complex mixtures of chitosan with surfactants, polymers, emulsions, etc.

Chitosan/Surfactant systems

Mixtures of chitosan and surfactants have been a matter of intensive studies [13][14][15] . Given its cationic nature, particular attention has been dedicated to mixtures of chitosan with oppositely charged anionic surfactant. It can be safely stated that chitosan forms insoluble complexes with strongly ionic surfactants over a wide range of concentration and mixing ratios 13,[16][17][18] , with the formation of insoluble complexes even at very low surfactant concentration (mM) and large polymer excess 15 . A clear explanation of this extremely pronounced low solubility has not been found, yet, and the experimental results point towards a kinetically trapped state and highly cooperative binding. The high tendency to form water-insoluble complexes has been exploited for the preparation of beads 13,19 , whose size can be controlled by the preparation method and varies between few hundred nanometers and few centimeters. The thickness of the bead wall shows an initial growth with the square root of time, indicating a diffusion controlled process 13 . Such beads are highly promising for pollutant recovery applications 19,20 .

Few studies have been focused on the interaction of chitosan with fatty acids [21][22][23][24] . Due to the fact that chitosan is soluble in slightly acidic medium, while long and medium chain fatty acids are solubilized in alkaline condition, soluble mixtures are found only when chitosan is mixed with short chain carboxylic acids, such as formic, acetic, butyric and valeric acid 21,25 . Due to the short alkyl chain, the interactions in these systems are purely electrostatic 21 . As soon as the alkyl chain is long enough, lateral, hydrophobic interactions favors the spontaneous formation of micelles, and a much more complex behavior in mixtures with chitosan is observed. This is the case, for instance, of mixtures with undecylenic acid, which exhibit the formation of supramolecular aggregates with a typical size of few hundred nanometers 26 . Mixtures of chitosan with long chain acids, such as oleic, linoleic, palmitic, and stearic acid, have also been studied 22,27 , despite their low solubility, as mentioned before. A schematic represen-pH Alkyl chain length tation of the structures formed in carboxylic acid/chitosan mixed systems is provided in Fig. 2. However, water soluble complexes can be obtained when chitosan oligosaccharides, which as soluble also in alkaline conditions, are used. An example are mixtures of chitosan oligosaccharide with oleic acid vesicles 28,29 . The coating by chitosan decreased the fluidity of the membrane and increased the stability of the liposomes towards shear and flow stresses 28 . The strong limitation found for the incompatible difference in solubilities of chitosan and fatty acids is overcome when the fatty acids are chemically modified to include an oligoethylene oxide block between the aliphatic chain and the carboxylic acid termination. So called alkyl ether carboxylates were shown to coassemble with chitosan in a broad variety of structures which are highly responsive to external stimuli [30][31][32][33][START_REF] Chiappisi | ACS Applied Materials & Interfaces[END_REF] . In particular, depending on the solution acidity and the molecular architecture of the surfactant, multilayer vesicles or compact aggregates embedding small surfactant micelles are obtained 14,31,[START_REF] Chiappisi | ACS Applied Materials & Interfaces[END_REF] . To the best of our knowledge, these surfactant/chitosan systems are those showing the largest structural variety with an exquisite response to pH variations. The large structural variety derives from the high control over the surfactant packing parameter, depending on pH and on the ratio between alkyl chain and size of the oligo ethylene oxide block. The strong response to even very little changes in solution acidity derive from the very specific ionic hydrogen bond between the carboxylic surfactant termination and the amine moiety of the macromolecule with an estimated strength of 10 k B T 32,[START_REF] Valtiner | Israelachvili[END_REF] . In contrast to generic electrostatic interactions, the ionic hydrogen bridges are extremely localized and their strength strongly dependent on pH. The peculiarity of this bond is probably also at the origin of the very unique observation of chitosan-fatty acid mixtures becoming less soluble upon addition of a nonionic surfactant 32 . Finally, the strong structural response of these systems towards mild variations in pH can be exploited for the formulation of environmentally friendly delivery and recovery systems [START_REF] Chiappisi | ACS Applied Materials & Interfaces[END_REF] .

Chitosan-based polyelectrolyte complexes

The formation of supramolecular complexes in mixtures with anionic polyelectrolytes has been extensively studied, and we address the readers to some extensive reviews 36,37 . As indicated in the introduction, chitosan is an intrinsically insoluble polymer, and its solubility is provided by the counterion cloud. In mixtures with oppositely charged polyelectrolytes, these many, soluble counterions are exchanged with an ionic macroion. Accordingly, the most common finding is that an insoluble coacervate is formed. This condition has motivated the establishment of various strategies to prepare more water-soluble systems, such as dispersed colloidal complexes or hydrogels. The formation of complexes can also be exploited for the formation of thin films, which are discussed in the next section of this review. A schematic description of the different typologies of chitosan-based polyelectrolyte complexes is given in Fig. 3.

Mixtures of chitosan with virtually every other available polyanion were investigated. However, particular attention has been put on complexes with polynucleutides, such as DNA [38][39][40][41][42] or RNA [43][44][45][46] , with anionic polysaccharides, such as alginate 9,[47][48][49][50] , hyaluronic acid 51,52 , dextran sulfate 53,54 , or synthetic polyelectrolytes, such as poly Acrylic Acid [55][56][57][58] .

The main objective of studying chitosan-polynucleotides mixtures is the understanding and improvement of gene delivery systems 59,60 . In this sense, it is essential to determine the factors affecting the affinity between chitosan and the polynucleotide, in order to be able to balance the stability of the complexes and the delivery efficiency. A complex with a too high binding constant cannot release the gene to the target cell. In contrast, a complex with a too low affinity is not able to transport the gene sequence to the target cell. In this sense, isothermal titration calorimetry provides valuable insights into the binding affinity of chitosan and DNA or RNA 40,42,46 . The binding is mainly due to the electrostatic interaction between the charged amine group of the polysaccharide and the phosphate unit of the nucleic base 41,42 , and is therefore affected by the degree of acetalytion and the degree of ionization of chitosan.

Given the biocompatible properties of anionic polysaccharides, such as alginate and hyaluronate, their exomplexes with chi-
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tosan have been extensively investigated, mainly as scaffolds for tissue engineering 37,47,48 , for drug delivery 47,49 , or for pollutant recovery 9,50 , to mention some of the most relevant applications. The properties of chitosan/alginate scaffolds can be further improved when a third component is added to the mixture, such as inorganic nanoparticles [61][62][63] , or by chemical cross-linking agents 64,65 . Similarly, chitosan/hyaluronic acid complexes are highly interesting in tissue engineering applications due to the combined flexible nature and antibacterial properties of such complexes. In particular, hydrogels can be formed in situ upon injection to the desired tissue, due to the slow kinetics of gel formation 66 . When chitosan is mixed with dextran sulfate, a strongly charged polyion, the formation of capsules and beads is observed even in large excess of one of the components 53,54,67 , similarly as for mixtures of chitosan with sulfated surfactants described earlier.

Poly(acrylic acid) (PAA) is one of the most relevant synthetic weakly anionic polymers and complexes with chitosan were probed, mainly with the aim of designing pH-responsive delivery systems. The preparation of chitosan/PAA complexes follows two main routes: non-crossed linked particles are prepared by mixing chitosan and PAA in different stoichiometries and experimental conditions 55,56 ; cross-linked chitosan PAA particles are obtained when acrylic acid is polymerized in the presence of chitosan 57 .

Chitosan-based hydrogels

The challenge of preparing chitosan-based hydrogels lies in the fact that a significant amount of water needs to be retained in the system. Chitosan hydrogels are generally prepared by physical or chemical cross-linking of the polymer chains, keeping enough charges and/or hydrophilic moieties to guarantee sufficient hydration in the network. There are numerous protocols for the preparation of simple and hybrid chitosan hydrogels, which are attracting large interest, in particular in the fields of biomedical applications 12,68,69 and wastewater treatment 70 .

Physically cross-linked simple hydrogels Chitosan-based hydrogels are formed by physical or chemical cross-link between the polymer chains. The simplest procedure consists in increasing the pH of the chitosan solution, thus strongly reducing the solubility of the polymer 71,72 . In practice, a concentrated solution of chitosan is brought into contact with an alkaline environment. The swelling of these precipitate/hydrogel is determined by the os-motic pressure of the counterions of the residual charges on the chitosan backbone. In particular, Enache et al. showed that the advancement of the gelation front can be adequately described with Fick's second law 72 . Moreover, different studies have reported that the chitosan hydrogel structure becomes more heterogeneous the larger the distance from the hydrogel surface 71,72 .

A different approach consists in using multivalent, negative ions to physically cross-link chitosan via electrostatic interactions. While tripolyphosphate is the most common anionic cross-linking agent [73][74][75][76] , examples of ionotropic gelation of chitosan by molybdate 77 , polyoxometalates 78 , sulfate 79 , citrate 79 , or phytate 12 have been also reported. A clear advantage of using tripolysphosphate as cross-linking agent is the high mechanical stability of the obtained particles. For instance, it was shown that the mechanical strength of chitosan/tripolyphosphate gel beads are approximately ten times higher than the analogous beads prepared by cross-linking the polymer with sulfate and citrate 79 . Noteworthy, the system chitosan/β -glycerophosphate shows a thermal induced gelation when the system is heated at 37 • C, thus being ideally suited for the preparation of injectable chitosan hydrogels 80,81 . A further interesting example is the formation of a hybrid chitosan-gelatin hydrogel, whose mechanical properties are strongly enhanced upon addition of phytate, a multivalent negatively charged ion, to the hydrogel 12 (as depicted in Fig. 4). This system provides an excellent example on how the physicochemical properties of chitosan are linked to the hydrogel features. In fact, when chitosan is neutralized with sodium phytate, a rather dense precipitate is formed, due to the high charge density and stiffness of the polysaccharide. In contrast, a well hydrated, elastic hydrogel is formed when chitosan is co-crosslinked with a flexible, hydrophilic, and loosely charged polymer such as gelatin. Finally, an important property found in chitosan hydrogels formed by ionic cross-link with anionic polysaccharides is the self-healing capacity of these gels, which originates from the dynamic nature of the ionic cross-linking point 61,82 .

Chemically cross-linked simple hydrogels Covalent crosslink of chitosan is also performed in a routine fashion. In many cases, small molecules such as dialdehydes 83,84 or Genipin 85,86 are used. To improve the elasticity of the gel, polymeric crosslinking agents such as diepoxy polyethylene glycole or dicarboxylic acid polyethylene glycole are also employed 87,88 .

Hybrid hydrogels

To add new functionalities and to adapt the mechanical properties of the hydrogels to the desired needs, the formation of hybrid chitosan-based hydrogels has been extensively probed. The strong adhesive, antiinflammatory, hemostatic, and bactericidal properties of chitosan make this polysaccharide an excellent candidate for a broad range of biomedical applications of hydrogels. We address the reader to some recent reviews on the topic 6,68,69 .

We have mentioned above the formation of hydrogels based on chitosan and hyaluronic acid for biomedical purposes 52,66,89 . To provide mechanical stability to these hydrogels, a covalent cross-link between the two polysaccharides can be obtained via a Schiff's base reaction. Chemical pre-functionalisation of chitosan with a N-succinyl group and of hyaluronic acid with an aldehyde one, allows the reaction to occur in situ without the need for additional chemicals 89 . Similar cross-link procedures are applied to other polysaccharide based hybrid hydrogels 90,91 . A plethora of different chemical modifications of chitosan to enable the chemical cross-link within chitosan/polysaccharide networks is described in literature 92,93 and the right choice must be dictated by the field of application, the nature of the components, and the desired physical properties of the resulting hydro-gel. Noteworthy are externally-triggered cross-link reactions, e.g., by photoirradiation 94,95 .

In summary, extensive work has been performed on the characterization of chitosan-based hydrogels and the understanding of the correlation between molecular properties (degree of substitution, charge density, complex solubility, and the final gel characteristics. In particular, their use in the field of tissue engineering seems to be highly promising, given the 3D network structure of the gel, the tunable mechanical properties, associated with the strongly adhesive, anti-inflammatory, and anti-bacterial properties of chitosan.

Self-assembly of chitosan-based thin films

Besides hydrogels, polysaccharide assemblies in the form of thin films are very well suited for the design of functional coatings dedicated to biomedical and biotechnological purposes [96][97][98][99][100] . Among them, chitosan-based thin films have been widely applied for drug delivery systems [101][102][103] , antibacterial [104][105][106][107] , and antifungal surfaces 103,108,109 , food protection and paper packaging 110,111 , as well as for wound healing 112,113 . The broad range of applications is possible thanks to the excellent biocompatibilty, biodegradibility, low toxicity and high availability of chitosan, as well as to the tunable film properties (structure, elasticity, porosity) by adjusting both molecular composition and assemblies conditions 13 .

One of the most commonly employed strategies for the formation of chitosan-based thin films, is to exploit the ionic character of the polysaccharide to form polyelectrolyte multilayers (PEMs) 103,[114][115][116] . The simplest preparation approach consists in the alternate adsorption of oppositely charged species onto a charged substrate, known as layer-by-layer (LbL) deposition 117 (see Figure 5a). The main driving force for the complexation of oppositely charged macromolecules is the entropic gain associated to counterions release 118 , a universal prerequisite for both synthetic and natural colloidal species. The ease of preparation and extreme versatility of the method comes with a remarkably fine control of the film properties, such as thickness, roughness, internal layer structure, elasticity, porosity by selecting materials, solvent quality, pH, ionic strength 119,120 .

Among the most popular combinations of chitosan with natural polyelectrolytes, we find alginate [121][122][123][124] and hyaluronic acid 103,107,125 . Alginate has the ability to form gels by ion bridges in the presence of multivalent cations, e.g., calcium, due to the presence of carboxyl groups along the polymer backbone. Due to the porous structure and high water-absorption capacity of alginate-based assemblies, it is a promising and largely employed material for the design of wound dressings 126 . Concerning hyaluronic acid, it is almost ubiquitous in the human body and serves as an essential component mediating cellular signaling, wound repair, morphogenesis and matrix organization 127 . Furthermore, it is popular for its high flexibility, which becomes more relevant with increasing molecular weight. 128 Multilayers prepared from its combination with chitosan, which is known to participate to up-regulation of genes related to calcium binding and mineralization promoting bone formation 129 , have been proposed as potential "generic" surface treatment, since simple variation of scaffold morphology, protein attachment and additives incorporation render such films suitable for most tissue engineering applications 113 . Interestingly, the properties of the individual polyelectrolytes are partially retained in their surface properties, as evidenced by the surface hydrophilicity measured by water contact angle 107 (Figure 7g), and it represents a convenient way to monitor the subsequent layer adsorption. A water contact angle between 80 and 100 • is most commonly reported for chitosan-terminated PEMs, while the value decreases to 40-50 • for alginate or hyaluronic acid termination. Similar to synthetic weak polyelectrolytes 130,131 , the properties of both chitosan/alginate and chitosan/hyaluronic acid pairs are pH dependent, which allows tuning the properties of the resulting films. In particular, thicker and rougher layers can be formed at pH between 3 and 5 122 , where the charge mismatch between low charge density chitosan and high charge density alginate (or hyaluronic acid) chains leads to the adsorption in a more coiled conformation. Such charge mismatch induces also larger mass adsorption to achieve charge neutralization 132 . The increment of surface roughness when chitosan/hyaluronan multilayers are used to coat solid substrates is very advantageous for cell adhesion, proliferation and differentiation, making them excellent bone scaffolds 133 . Regardless of the pH, the increase of ionic strength always results in the formation of thicker layers due to a stronger extrinsic charge compensation 124,134,135 and, analogous to synthetic polymers, ionic strengths below 10 -4 mol/L prevents layer growth 136 . The ensemble of characteristics of a deposition protocol, namely polymer molecular weight and architecture, ionic strength and type of ions, pH, temperature, always defines the growth mechanism and the final properties of the multilayer, with the growth mechanism being an indication of the interaction strength within complexes. The low charge density, a consequence of the large intrinsic persistence length characteristic of chitosan, is the reason for the non-linear growth regime observed during the LbL deposition of several chitosan-based PEMs 106,132 . When the chitosan chains are loosely bound, they diffuse within the film, which enhances the mass uptake per adsorption cycle. The growth mechanism is therefore governed by the ability of chitosan of diffusing through the pre-adsorbed layers (in/out model) 137 , with high MW chains diffusing less than their low MW equivalents 132 . A convenient way to highlight this two-step layer growth (adsorption and diffusion) is by monitoring the polyelectrolyte adsorption in-situ by the quartz crystal microbalance with dissipation monitoring (QCM-D) (Figure 7e). The working principle of the technique exploits the piezoelectric properties of a quartz crystal under the application of an oscillating shear stress. The freely decaying damped sinusoidal oscillation of the crystal measured between subsequently applied shear deformations is registered and analysed with respect to the oscillation of an unload crystal. As a result of the mass coupled to the surface, the oscillation frequency f decreases, while the speed of the amplitude decay can be interpreted as a measure of the energy dissipated by the system coupled to the surface, i.e. the film viscoelasticity. The oscillation of the sensed mass has been a valid parameter to identify a typical behavior of highly diffusive polymers, which give very large mass uptake upon each adsorption steps. This is the case of chitosan in combination with both alginate and hyaluronan, whose layer growth can show a characteristic odd-even effect 113,138 . In addition to the diffusion through the film, such a behavior can be also explained by the pronounced hydration of chitosan layers, responsible for higher mass uptake (hydration water) and the pronounced layers swelling 115,122 , therefore well identifiable from the frequency shift/dissipation change upon layer formation and in combination with measurements of the "dry" mass by ellipsometry (Figure7a). Differently from chitosan, high charge density polymers, like poly-L-lysine, lead to denser sequence of interaction sites per chain and stronger PE-PE complexation at first contact 124 , like the case of Alginate/poly lysine complexes forming very compact PEMs. Besides the association with biopolymers, fundamental studies of chitosan with synthetic polymers, for instance poly(acrylic acid), have been particularly useful 139,140 . One of these studies have highlighted another mechanism leading to the exponential growth: the formation of islands by the first deposited layers, which growth laterally and vertically with the number of deposition cycles 120,137 .

A fundamental aspect for (bio)technological applications of functional coatings is their stability to physiological and harsh conditions. For chitosan-based thin films, it has been observed that post-preparation stabilization via cross-linking is valuable tool to enhance their mechanical and chemical stability under both acidic and alkaline conditions 141,142 . In addition to providing mechanical stability, cross-linking seems to control the extent of protein adsorption onto the modified substrate 113,143 . This possibility is not offered by all polymers, ans it renders chitosan particularly interesting for post-synthetic modifications. Particularly relevant for regenerative tissue engineering and as antimicrobial surfaces 144 are those functional coatings combining chitosan with pectin. In this case, the 1:1 charge ratio achieved at pH 5.6 suppress the chitosan diffusion and reduces its water uptake, which results ina linear thickness increment with initial mass uptake attachment and a slower chain rearrangement 135 . An important prerequisite for the film stability is that both polyelectrolytes are charged, and this corresponds to pH between 3.6 and 7, and salt concentration between 0.05 and 0.15 M NaCl 145 . Another very promising system for regenerative medicine is represented by chitosan/collagen films. Collagen is a fibrous protein that plays an important role in tissue healing, providing a suitable biological environment for cell growth and attachment, migration, and proliferation 146 . Thin film of collagen and low or high MW chitosans showed enhanced tensile strength and elongation at break compared to a pure collagen films, as the inter-molecular interactions within the matrix mitigate the strong intramolecular interaction within collagen chains, which increases the film flexibility 147 . Furthermore, chitosan contributes to preserve the native structure of collagene, limit hydrolitic and enzymatic degradation, and reduce the swelling of collagen film (efficient moisture barrier), which could allow a controlled release of epidermal growth factors, when films are used as wound dressings 147,148 . Among the rich variety of combinations of chitosan and other polysaccharides in thin films for biomedicine and biotechnology, it is worth to mention the use of silk 149 , casein 150 , fucoidan 112 , cellulose 151 , and DNA 152 . In some cases, highly cross-linked structures, as confirmed by surface chemical characterization by X-ray photoelectron spectroscopy, are formed by reactive side grous. Furthermore, enhanced biofilm stability, like mucin, against degradation in surfactant solutions has been proven in presence of chitosan, as the interactions with the polysaccharide reduce the hydrophobic interactions with the surfactant molecules and preserves the binding to the solid substrates 153 . Finally, the possibility of driving the assembly of inorganic nanoparticles (NPs), e.g. gold (Au)-NPs 154 , for the preparation of surface electrodes and impedance spectroscopy studies has been also reported, which is added to the numerous examples of highly relevant applications of chitosan-based thin films for the design of bioengineering surfaces, among which antimicrobial surface 103,104,155 and modulated drug release 103 , for biosensoring 156 , anticancer treatment 157 , anticoagulant for implants in cardiovascular surgery 158 , food preservation 111,159 , lubrication 100 , release of fertilizers 160 , and flame retardant 108 .

For most of these applications, simple preparation methods, simple to speed and scale up for industrial purposes, are fundamental, therefore alternate or simultaneous spin-coating or spraying of polyelectrolyte solutions 161 are valid alternatives to the LbL deposition (Figure 5b and5c). Spraying polyelectrolyte solutions onto a substrate leads to similar structures as dipped multilayers, with minor differences in the growth kinetics of the very first layers due to the suppression of diffusive events 162,163 which results in thinner and smoother layers, as revealed by atomic force and fluorescence microscopy of synthetic polyelectrolytes 164,165 , and it has been successfully applied to prepare chitosan-based multilayers onto flat 101,166 or curved surfaces 160 . Shape and dimension of chitosan:polyanion complexes remain crucial parameters for the film buildup by either alternate or simultaneous spraying, and they can be properly tuned by the mixing ratio and physico-chemical bulk properties. The peculiarity of charge inversion from the cationic to the anionic form by proper chemical derivation has awarded the possibility of self-assemblying "one component" multilayers, fully based on chitosan. 167 The resulting thin films were very smooth and characterized by a linear layer increment, , due to the equal charge density along the chain for between polyanionic and polycationic form. Interestingly, their complexation was more exothermic (lower ∆H mix ) and more entropically favored (higher ∆S mix ) than for other chitosan/synthetic PE pair, resulting in an overall enhanced film stability. Less popular than the LbL deposition, another method for thin

Spontaneous bulk self-assembly

From bulk to surface by spin-coating

Film properties

Total thickness from spin-coating parameters (10 -500 nm) Repeating unit thickness from fatty acid chain length and polysaccharide high segregation tendency (5 -10 nm) film preparation is the Langmuir-Blodgett technique. In this case, a Langmuir monolayer is formed by spreading an amphiphilic (macro)molecule dissolved in a volatile organic solvent on the surface of an aqueous subphase 168 . The molecules orient their hydrophilic part in the aqueous subphase and the hydrophobic moiety towards the hydrophobic phase (air), respectively. Such a monolayer is then transferred onto a solid substrate by the Langmuir-Blodgett (LB) process 169 by immersing (or emerging) a solid support in (or from) the aqueous subphase to recover the monolayer, with the possible formation of multilayers by multiple dipping iterations. LB multilayers have been prepared from amphiphilic chitosan derivatives, as well as their mixtures with phospholipids and cholesterol 170 . In this case, chemical modifications are a fundamental prerequisite to render chitosan soluble in organic solvents, and most frequently long alkyl chains are attached to the primary hydroxyl and amino group for this purpose 170,171 .

The highly tunable structure of chitosan:fatty acid complexes in solution, forming multiwalled vesicles were prepared in bulk under tailored conditions (pH and mixing ratio) to obtain the desired dimension and number of layers 31 , has been the key property for the development of a novel approach for the preparation of chitosan-surfactant multilayers from "one step" single step deposition 33 . This method overcomes the limitation of time consuming LbL assembly and offers more control on the internal layer structure than spraying methods. Chitosan:fatty acid complexes were then transferred onto a solid substrate by a single spin coating step, which spontaneously formed multilayers with high degree of inter-layer segregation. The control of structural key parameters, e.g. thickness and number of layers, from the bulk properties of the mixture ease significantly the preparation of films with tailored properties and functions. Furthermore, the low degree of intermixing between subsequent layers leading to high layer segregation makes this kind of multilayer suitable for selective release/uptake and exclusive response of individual parts to external stimuli. The highly segregated internal structure with individual water uptake of the hydrophilic moieties (chitosan layers) could be revealed only by exploiting the isotopic contrast of neutron reflectometry. In general, both X-ray and neutron reflectometry allow determining the internal volume fraction distribution of each component along the axis perpendicular to the surface. Their complementarity is due to the fact that theirs probes, photons and neutrons, interact with different subatomic element of an atom (the electron cloud and the nuclei, respectively), and therefore provide a different internal contrast of the same systems. In addition, neutrons interact differently with isotopes of the same nucleus, and this property can be as a tool for identifying internal structures of chemically homogeneous materials. Our results showed that the morphology of coatings produced by this method is macroscopically highly homogeneous, but it phaseseparates microscopically on a length scale of 5 nm. The electrostatic interaction between the amino-group of chitosan and the carboxilic termination of the fatty acids and the very low miscibility of chitosan with both hydrophilic and hydrophobic materials, is at the origin of the very small-scale segregation. Since the size of the microseparated domains depend on the degree of polymerization of the polymer and on the Flory-Huggins interaction parameter(s) χ with the different film components, a common strategy to prepare thin films with sub-10 nm structural features, essential for novel applications in nanolithography, is to use oligosaccharide based block-copolymers 172,173 .

Finally, the preparation of chitosan thin films from endtethering polymer chains onto solid surface, a geometry known as polymer brush 174,175 , is worth to be mentioned. Either neutral or modified chitosan chains by quaternary ammonium salts, CHI-Q x , were grafted to the epoxide derivatized silicon oxide Neutron or X-ray reflectometry provides information on the volume fraction distribution of molecules at interfaces. By measuring the reflected intensity of a probe (photons or neutrons) interacting with a solid surface at outgoing angles equal to the incoming one, a reflectivity profile in the reciprocal space, q z , can be reconstructed. Characteristic structural parameters of a film, like thickness (d), roughness σ and refractive index, can be obtained by fitting the data to a proper model. The scattering properties of the components with respect to the incoming probe are described by the scattering length density ρ, which is correlated to the optical properties of the system by δ = λ 2 2π ρ, with λ the probe wavelength. (c) X-ray photoelectron spectroscopy provides information on the chemical composition of a specimen adsorbed onto a surface. It is based on the photoemission of electrons from an excited sample, whose kinetic energy distribution is measured to derive chemical composition and electronic state of the sample surface. By total energy transfer from the photons to the core-level electrons of atomic or molecular orbitals, these electrons are emitted from the sample surface and are separated according to their energy, and so quantified. (d) Scanning electron microscopy uses a beam of electrons generated by an electron gun, and guided through within vacuum in an electromagnetic field towards the specimen surface the study the morphological properties of a surface. When the beam strikes the specimen surface, its high energy electrons interact with the valence electrons of the atoms in the sample, and these are ejected (secondary electrons). These electrons are then translated in changes of brightness of the corresponding point onto the screen, leading to the contrast of light and dark areas. (e) Quartz-crystal microbalance with dissipation monitoring (QCM-D) is a highly sensitive balance, which is able to detect nanograms of mass coupled to a substrate by detecting changes of the oscillation frequency of a quartz crystal. QCM-D uses the inverse piezoelectric effect, meaning that a driving sinusoidal potential is applied to a quartz crystal to excite the crystal oscillation forward and backward to its resonance frequency and higher overtones. When the potential is cut off, the damped amplitude of the freely decaying oscillation is recorded, and the frequency shift, ∆f, and the dissipation energy, D, quantify coupled mass and energy dissipated by the specimen. (f) Atomic force microscopy (AFM) measures the interaction between a specimen and a solid probe scanning over the surface either in static or dynamic (oscillating) mode. From its deflection of the probe, morphological features from atomic to macroscopic (millimeters) scale can be explored. The mapping of the surface topology is a reconstruction of the interaction forces, with near-field forces approximated to Lennard-Jones potentials. (g) Contact angle measurements are performed by depositing a droplet of a liquid, in most cases water, onto a bare or modified surface to determine its wetting behavior, and therefore the surface hydrophilicity. The contact angle is defined as the geometrical angle between the substrate and the droplet, and it is correlated to the surface tension of all involved interfaces by the Young equation.
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surface 176,177 , with characteristic dry thickness from 5 to 50 nm from fully charged (CHI-Q 100 ) to partial (CHI-Q 50 , CHI-Q 25 ) to neutral brushes, respectively, due to a decreased grafting density for higher charge density. An interesting property of polymer brushes is their swelling behavior, which can be exploited to design (bio) sensors and microactuators. These chitosan-based brushes have shown a variable swelling behavior over a broad pH range as a function of their quaternization form, with CHI-Q 100 swelling up to 5 times their dry thickness at pH 5, and with an intermediate swelling degree symmetrically around this pH. Partially modified CHI-Q 50 brushes were swelling symmetrically around pH 4.5, which is likely due to the balance between increasing protonation of primary amines below pH 6.5 and quaternary ammonium salts above pH 6.5. In contrast, the swelling of native chitosan and CH-Q 25 was constant from pH 8.2 to 5.5, and increases near pH 4. The swelling behavior could be rationalised in terms of size of the counterions condensed around the charged groups: for fully protonated brushes, the swelling clearly increase with the size of counterions, while for partially protonated brushes the influence of the ions is evident at high pH, where there is a complete exchange of counterions from chloride to hydroxide, which have larger hydration shells. Such an effect is not visible for conditions of low pH and low degree of quaternization, where the ammonium cation content is below a critical value. Chitosan brushes also exhibited a reduced bacterial attachment/growth of about 30 times compared to silane (APTES)modified surface, which has been explained by the capability of the quaternary salt of disrupting the bacterial cell membrane, as well as by the flexible nature of polymer brush 178 . In fact, S. aureus biofilm adhered strongly to silicon oxide and CH surfaces even at high shear stress (up to 12 dyne per cm 2 ), whereas they detached at low shear stress (1.5 dyne per cm 2 ). Brushes were prepared also from chitosan-graftedpoly(ethylenglycol) (PEG) copolymers 179,180 , reaching very high degree of substitution, and adsorbed onto a thiol-modified gold substrate by microcontact printing, covalent grafting and solution adsorption, with the latter leading to the highest polymer adsorption. The presence of PEG units has been crucial to reach high surface adsorption, as revealed by QCM-D studies, and it enhances the hydration degree of chitosan thin films.

Chitosan-based nanocomposites and solid films

The combination of polymers and inorganic nanoparticles represents a well-known strategy to obtain hybrid materials with unique performances as well as specific functionalities. Among sustainable polymers, chitosan was largely employed as a matrix for the fabrication of bionanocomposites suitable for several applications, such as tissue engineering 181,182 , drug delivery 183,184 , gas sensors 185 , packaging 186,187 , remediation 188,189 and cultural heritage 190,191 . Such a wide industrial interest is related to some interesting features of chitosan itself in solid state. In particular, chitosan and its phosphorylated derivative are flame retardant and therefore they are perspective additives to control the flammability properties of polyethylene or to produce selfextinguishing cotton fabrics [192][193][194] . Additionally, chitosan, being a polycation, has a broad-spectrum antimicrobial activity against both gram-positive, and gram-negative bacteria as well as fungi that can be further enhanced by transforming the primary amine groups into quaternary salts with permanent positive charge 195 .

Mechanical performance of chitosan composites is affected by the crystallinity that has a great influence on tensile strength. Therefore, chitosan films fabricated through solvent casting from acetic acid may have significant differences in the mechanical properties if DDA, pH and water content in the final composite (Relative Humidity), which highly the polymer crystallinity, are altered 196,197 .

Besides chemical modification of the chitosan structure, both natural and synthetic nanoparticles were successfully filled within the chitosan matrix to tune its properties. The nanocomposite preparation includes physical and chemical methods 199 . Metal nanoparticles (Cu, Ag and Au) were embedded in chitosan through the following subsequent steps 200 : 1) metal vapour synthesis for the preparation of the metal nanoparticles sols; 2) de- position of the metal nanoparticles sols on chitosan supports. Chitosan/ZnO nanocomposites were fabricated by the microwave heating technique 188 , which reduced the reaction time for the ligand substitution occurring between the functional groups of the biopolymer and the zinc cations of ZnO nanoparticles. The addition of ZnO nanoparticles improved the removal capacity of chitosan towards methylene blue 188 . The freeze-drying process was employed for the filling of nano-hydroxyapatite particles within chitosan matrix 201 , while the ultrasonic-assisted method was used for the fabrication of composite scaffolds based on chitosan hydrogel and multiwalled carbon nanotubes (MWCNT) 182 . The addition of nano-hydroxyapatite improved the compression behaviour of the chitosan scaffold in terms of elasticity and flexibility 201 . A multifunctional hybrid material composed by chitosan, graphene oxide (GO) and iron oxide (IO) was obtained by the hydrothermal method exploiting the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) reaction chemistry 202 . The chitosan-GO-IO nanocomposite revealed efficient antimicrobial ability towards both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria 202 . Due to its super-paramagnetic properties, the chitosan-GO-IO hybrid can be easily separated from the bacteria and reutilized for a subsequent biocide application 202 .

Aqueous casting method was largely employed in the fabrication of chitosan based nanocomposites containing natural clay nanoparticles, such as kaolinite nanosheets 203,204 and halloysite nanotubes (HNTs) [204][205][206] . Literature 181 reports that the amino-modification of halloysite outer surface can favour the chitosan/HNTs interfacial interactions allowing to obtain hybrid films with excellent tensile and thermal properties. Additionally, the amino-modified clay nanotubes strongly improved the water vapour transmission rate of chitosan making the bionanocomposite films promising for biomedical purposes 181 . Ethylene glycol diglycidyl ether (EGDE) was used as cross-linker for the prepara-tion of chitosan/amino-modified halloysite composite films. In the process, the hollow tubular shape of halloysite HNTs-NH 2 was not altered by the amino functionalization, and the composite film exhibits a porous structure, as shown by scanning electron microscopy (Fig. 8a). It was observed that the swelling ratio of chitosan based nanocomposites decreases with the HNTs-NH 2 content (Figure 8b). Within tissue engineering applications, chitosan/halloysite composite scaffold was fabricated by the combination of solutionmixing and freeze-drying techniques 207 . The presence of clay nanotubes induced an improvement of both the compressive behaviour (in terms of strength and Young modulus) and the thermal stability with respect to the scaffold based on pristine chitosan 207 . Nanoclays with variable morphology (bentonite, sepiolite, and montmorillonite) were successfully filled into chitosan blended with glycerol by using the casting technique from water 208 . Similarly, chitosan/polyvinyl alcohol (PVA) blend was reinforced with different concentrations of bentonite nanoparticles combined with anthocyanin in order to obtain antibacterial films with improved thermo-mechanical performances 184 . The casting procedure was effective in the preparation of films composed by copper oxide (CuO) nanoparticles and chitosan doped with glycerol ionic liquid 185 .

Recently, chitosan/halloysite nanocomposite films with a sandwich like structure, sketched in Figure 9a, were fabricated by using a sequential casting method 198 . The preparation protocol is based on the sequential deposition of chitosan and halloysite aqueous suspensions at controlled pH conditions. SEM images (Figure 9b) showed that the nanocomposite possesses a multilayer morphology being that halloysite nanotubes are confined between the outer chitosan layers. Compared to pure chitosan, a significant increase (up to ca. 150 • C) of the ignition temperature, as well as the enthalpy for the oxidation (Figure 9c) was detected in the hybrid films as a consequence of their layered structure 198 .

The flame retardant features of materials where polymer and inorganic particles, typically clays, are alternated is well known but a large number of multilayers with micro/nanosized thickness is required 209 , on the other hand the flame retardant features of the chitosan itself combined with the peculiar pH dependent solubility endow the reduction of flammability in more simple layered structures that are easy to generate. Accordingly, the sequential casting procedure can be considered a successful protocol to fabricate chitosan based nanocomposites with flame retardant properties.

Nanocomposite films formed by chitosan/polyvinyl alcohol (PVA) blend as matrix and graphene oxide/hydroxyapatite/gold nanoparticles as fillers were prepared by the gel casting method using glutaraldehyde as crossilinker 210 . These bionanocomposite films are promising for bone tissue regeneration as evidenced by the MTT essays and ALP straining results, which evidenced their capacity to enhance the osteoblast differentiation 210 . Within biomedical applications, the addition of rectorite clay particles into chitosan allowed to obtain a composite viscous mucus with injectable properties for skin hemostasis 211 , whereas montmorillonite clay was introduced to methacrylated glycol chitosan (MeGC) hydrogel, which was obtained by using riboflavin as a photoinitiator 212 . The composite hydrogel evidenced a well interconnected microporous structure promoting the cell infiltration, proliferation, and in situ differentiation 212 . Hybrid gel beads based on chitosan and halloysite were prepared through the dropping and pH-precipitation method, which is based on the drop-wise addition of chitosan/halloysite dispersion into an aqueous NaOH solution 183,189 . The chitosan/HNTs gel beads exhibited higher adsorption capacities towards dyes (methylene blue and malachite green) with respect to those of chitosan gel beads 189 . As concerns pharmaceutical purposes, chitosan/HNTs gel beads revealed efficient in the controlled release of doxycycline (an antibiotic of the tetracycline class) highlighting their suitability as drug delivery system 189 . Interestingly, the drug release can be extended by covering the surface of the chitosan/HNTs gel beads with alginate exploiting the electrostatic attractions occurring between the biopolymers, which are oppositely charged 189 . Regarding Cultural Heritage, hybrid gels with surface cleaning ability were fabricated by mixing a chitosan aqueous solution with a Pickering emulsion based on HNTs and n-decane 190 . It should be noted that a subsequent drop-wise addition of NaOH solution was conducted to obtain the gel phase from the chitosan/HNTs/n-decane mixture 190 .

Summary and perspectives

Chitosan exhibits a unique set of physico-chemical characteristics, most notably his low solubility, high intrinsic rigidity, large charge separation, strong tendency of forming intra-and intermolecular hydrogen bonds. In this contribution, an overview of recent advances in the chitosan-based materials are presented, whereby attention has been put to clarify how the peculiarities of chitosan affect the physico-chemical properties of the resulting materials.

The focus of the review was put on chitosan-based aqueous systems, thin films, and composite materials. Few polymers have attracted comparable attention and have been used for the design of so different systems. Accordingly, on overwhelming amount of literature appears each year on the topic. Similarly, the number of patents involving chitosan is continuously growing, indicating that chitosan does not only attract the interest of the scientific community but finds wide practical application. Chitosan is abundant (second to cellulose among biopolymers), competitive for physico-chemical properties and its use fits the idea of circular economy as it is a byproduct of food industry.

A contrast, commonly found in the field of material science, is that the rapid development of applications goes with a comparably slow progress in the understanding of the fundamental properties of the investigated system. Chitosan makes no exception to this rule. In fact, very fundamental questions about chitosan remain unanswered. For instance, a random distribution of N-acetylammine units along the polymer backbone is assumed, despite no evidence for chitosan being a random copolymer was ever presented. From the biological view point, the mechanisms of interaction of chitosan with cell, bacteria, and plants are not well understood and therefore a discrepancy in the reproducibility of bioactivity is observed. It seems clear that although several mechanism of action are reported, the most established idea is that electrostatic interactions between chitosan and anionic molecules of cell/DNA may control the bioactivity instead of interactions with a specific receptor.

Moreover, the interactions determining the behavior of hybrid systems can strongly vary: from non-specific, long range electrostatic, to more specific hydrogen bonds, to short-range and highly directional ionic bridges. Such a diversity makes systematic studies difficult to perform and predictions hardly apply to a broad variety of systems. Clearly, a better understanding of the behavior of this macromolecule is needed to improve our capacity to design chitosan-based materials. In conclusion, it generally true that the physical and chemical properties of the chitosan-based materials can be rationalized on the basis of the physico-chemical properties of this important bio-macromolecule. It is equally true, that further fundamental and applied studies are required to improve our capacity to predict the properties of highly complex, multi-component, chitosan based materials.
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Fig. 2

 2 Fig.2Schematic representation of structures and interaction mechanism found in chitosan/carboxylic acids as a function of the acidity of the solution and of the length of the alkyl chain. Insets represent the structures observed in the mixtures and a insight into the ionic hydrogen bond formed between the carboxylic acid termination and the amine moiety of chitosan. Adapted with permission from Ref.15 

Fig. 3

 3 Fig. 3 Schematic representation of (a) complex coacervates, (b) soluble complexes, (c) solid supported thin films, and (d) gellified systems obtained from mixtures of chitosan (in red) and oppositely charged polyanions (in blue)

Fig. 4

 4 Fig. 4 Schematic representation of chitosan (A) and gelatin (B) solutions which form a composite hydrogel upon mixing and cooling (E). Optical photos of the dense precipitate formed by chitosan (C) and of the the loose precipitate formed by gelatin (D) upon addition of sodium phytate. The different degree of hydration of the precipitate is the direct consequence of the different charge density and stiffness of chitosan and gelatin (F) Schematic representation of the chitosan, gelatin, phytate conjoined-network hydrogel. Inset illustrates the structure of the network, consisting of physical bridging between the polymer chains cross-linked by the multivalent counterion. The cross-bridging of the two networks allows to obtain a unique combination of high compressive modulus and toughness. Reprinted with permission from Ref. 12.

Fig. 5

 5 Fig. 5 Schematic illustration of different methods for the LbL assembly process: (a) dipping method, (b) consecutive spin-coating, and (c) spraying of oppositely charged polyelectrolytes. Image adapted from Ref. 114.

Fig. 6

 6 Fig. 6 Schematic representation of the formation of chitosan/fatty acid multilayered thin films via a one-step procedure which exploits the spontaneous association of the components into multilayered vesicles in solution. Adapted with permission from Ref. 33.
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Fig. 7

 7 Fig.7Typical techniques for the characterization of thin films. (a) Ellipsometry is based on the detection of the change of polarization of light upon reflection from a substrate, which is described by the ellipsometric angles ∆ and ψ. These parameters are related to the amplitude and the phase of the electromagnetic wave according to the fundamental equation tan ψ • exp i∆ = r p /r s , with r p and r s the reflection coefficients of the perpendicular and parallel components of light. A layer model which describes the sample composition and its optical properties allow us to obtain the thickness d and refractive index n of the thin film from the experimental measurements. (b) Neutron or X-ray reflectometry provides information on the volume fraction distribution of molecules at interfaces. By measuring the reflected intensity of a probe (photons or neutrons) interacting with a solid surface at outgoing angles equal to the incoming one, a reflectivity profile in the reciprocal space, q z , can be reconstructed. Characteristic structural parameters of a film, like thickness (d), roughness σ and refractive index, can be obtained by fitting the data to a proper model. The scattering properties of the components with respect to the incoming probe are described by the scattering length density ρ, which is correlated to the optical properties of the system by δ = λ 2 2π ρ, with λ the probe wavelength. (c) X-ray photoelectron spectroscopy provides information on the chemical composition of a specimen adsorbed onto a surface. It is based on the photoemission of electrons from an excited sample, whose kinetic energy distribution is measured to derive chemical composition and electronic state of the sample surface. By total energy transfer from the photons to the core-level electrons of atomic or molecular orbitals, these electrons are emitted from the sample surface and are separated according to their energy, and so quantified. (d) Scanning electron microscopy uses a beam of electrons generated by an electron gun, and guided through within vacuum in an electromagnetic field towards the specimen surface the study the morphological properties of a surface. When the beam strikes the specimen surface, its high energy electrons interact with the valence electrons of the atoms in the sample, and these are ejected (secondary electrons). These electrons are then translated in changes of brightness of the corresponding point onto the screen, leading to the contrast of light and dark areas. (e) Quartz-crystal microbalance with dissipation monitoring (QCM-D) is a highly sensitive balance, which is able to detect nanograms of mass coupled to a substrate by detecting changes of the oscillation frequency of a quartz crystal. QCM-D uses the inverse piezoelectric effect, meaning that a driving sinusoidal potential is applied to a quartz crystal to excite the crystal oscillation forward and backward to its resonance frequency and higher overtones. When the potential is cut off, the damped amplitude of the freely decaying oscillation is recorded, and the frequency shift, ∆f, and the dissipation energy, D, quantify coupled mass and energy dissipated by the specimen. (f) Atomic force microscopy (AFM) measures the interaction between a specimen and a solid probe scanning over the surface either in static or dynamic (oscillating) mode. From its deflection of the probe, morphological features from atomic to macroscopic (millimeters) scale can be explored. The mapping of the surface topology is a reconstruction of the interaction forces, with near-field forces approximated to Lennard-Jones potentials. (g) Contact angle measurements are performed by depositing a droplet of a liquid, in most cases water, onto a bare or modified surface to determine its wetting behavior, and therefore the surface hydrophilicity. The contact angle is defined as the geometrical angle between the substrate and the droplet, and it is correlated to the surface tension of all involved interfaces by the Young equation.

Fig. 8 (

 8 Fig. 8 (a) SEM image of the chitosan/HNTs-NH2 nanocomposite film containing ethylene glycol diglycidyl ether (EGDE) as cross-linking agent. (b) The swelling ratio of chitosan/HNTs-NH2 nanocomposite films. Adapted with permission from Ref. 181.

Fig. 9

 9 Fig. 9 Schematic representation of the chitosan/HNTs nanocomposites with a layered structure. (a, b) SEM micrographs at different magnification of the cross section of chitosan/HNT nanocomposites with a mass ratio of 0.62. (c) Enthalpy and onset temperature of oxidative degradation as functions of HNT/chitosan mass ratio for the layered nanocomposites. Adapted with permission from Ref. 198
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