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    PREFACE




  




  

    The objective of this ebook is to provide to the readers the most recent state-of-the-art on physicochemical properties of biopolymers and their related end-uses applications. Biopolymers are usually described as polymers produced in a natural way by living species. Their molecular backbones are composed of repeating units of saccharide, nucleic acids, or amino acids and sometimes various additional side chains contributing also to their functionalities.




    If the largest part of biopolymers is extracted from biomass, such as polysaccharides from cellulose and proteins from collagen, milk or wheat, biopolymers can also be produced from monomers using conventional chemical processes as polylactic acid, or directly in microorganisms or genetically modified organisms, as polyhydroxyalkanoates. The genetic manipulation of microorganisms brings a tremendous potentiality for the biotechnological production of biopolymers with tailored properties quite suitable for high-value medical applications such as tissue engineering and drug delivery.




    Biopolymers from renewable sources, on the contrary display structural complexity and natural variability that need to be deeply studied and characterized before probing into the structure-function relationships for further applications. Research on natural polymers has focused on developing more environmentally friendly applications to reduce pollution caused by non-biodegradable material. Historically, biopolymers were mainly used by mankind as food, or for making clothing and furniture. Since the industrial time, fossil fuels such as oil are the greatest source in the development and manufacture of almost every commercial product, such as the plastic, which is currently used at a very large scale. But these fuels are not unlimited resources, and environemental concerns over all aspects of using fossil fuels for production and energy must be taken into account. We must act in a sustainable manner, which means that the resources must be consumed at a rate such that they can be restored by natural cycles of our planet [1].




    Therefore, in recent years, the renewable nature of biopolymers leads them to a renaissance and a new considerable interest by industry due to the unique properties, including biodegradability, biocompatibility and nontoxicity, of biopolymers. To fulfil all these different functions, biopolymers must exhibit rather diverse properties. They must very specifically interact with a large variety of different substances, components and materials, and often they must have extraordinarily high affinities to them. Finally, they must have a high strength. Some of these properties are utilized directly or indirectly for various applications. This and the possibility to produce them from renewable resources, as living matter mostly does, make biopolymers interesting candidates to industry [2]. As a consequence of their properties, these biopolymers derived from natural products have found a place of choice in areas as diverse as effluent treatment, papermaking, chemical, food, cosmetic, pharmaceutical, petroleum and textile industries, as well as in analytical chemistry (biosensors) and molecular biology. However, biopolymers have to compete with polymers derived from fossil fuel not only because of their functional properties but also in terms of cost. In this respect, biopolymers are competitive when the price of oil is high and the price of feedstocks, such as starch from corn, is low.1 The continuing development of new and existing biopolymers will enable these materials to help supplement the increasing global demand for biopolymers-based products and to develop new markets with their niche applications.




    The most common biopolymers used for industrial applications and thoroughly considered in this ebook are polysaccharides from plant, algal, microbial and animal origins such as starch, cellulose, lignin, arabinoxylans, sulfated polysaccharides from seaweeds, galactomannans and xyloglucans from brazilian seeds, chitin and its derivative chitosan. Natural gums such as mesquite, tara and arabic gums are also widely used in food and non-food industry and are dicussed in this ebook. Animal and plant proteins such as collagen, gelatin, albumin, dairy proteins and wheat, corn and soy proteins are also considered as sources of proteins for biomedical, microencapsulation and plastic foams applications. Nucleic acids such as DNA and RNA and their related applications in genetic engeenering for instance are not considered in this ebook.




    This ebook presents a comprehensive review and compile information on biopolymers in 27 chapters covering from isolation and production, properties and applications, modification, and relevant analytical methods to reveal the structure and properties of some biopolymers.




    Authors write this ebook from Argentina, France, Mexico, Spain, Iran, Brazil, Egypt, Turkey, Venezuela, India, Russia, Portugal, New Zealand and Malaysia. This ebook has tried to arrange the ebook chapters in a subject order to make it easier for the readers to find what they need. However, the reader can still find information on the same subject in more than one Section.




    Section A (Part 1), which includes one chapter, is mainly an introduction to biopolymers. It includes concepts and molecular weight determination.




    Section B (Part 1), which includes twelve chapters, refers to some physical chemistry determinations of biopolymers.




    Section C (Part 1), which consists of two chapters, deals with studies on hydrodynamic properties of biopolymers.




    Section D (Part 1), which consists of one chapter, refers to theoretical models for biopolymers.




    Section A (Part 2), which includes four chapters, refers to special cases of polysaccharides separation and purification.




    Section B (Part 2), which includes seven chapters, deals with applications of biopolymers/hydrogels in drug delivery systems, biomaterials, biothermoplastics, bio(nano)composites, bionanostructures, biocapsules, bioadsorbents, bioelectrospinning and biopackaging. This section deserves a special attention because it forms a fascinating interdisciplinary area that brings together biology, chemistry, materials science and (nano)-technology.




    This ebook is expected to be of help to many graduate and post-graduate students, professors, scientists, pharmacists, engineers and other experts in a variety of disciplines, both academic and industrial, dedicated to the determination of polymers and biopolymers properties. This ebook may not only support research and development, but also be suitable for teaching. The audience will benefit with an excellent review offering advanced knowledge about technical determinations and physicochemical properties of macromolecules, a thorough knowledge of hydrodynamics and different methods of characterization. Readers will find in this ebook a triple deal, including educational, scientific and industrial applications.




    The first main objective of this e-book is therefore to highlight the progress in different techniques of molecular weight determinations and physicochemical properties of biopolymers. The last two decades have seen a number of significant advances in the methodology for evaluating the molecular weight distributions of polydisperse macromolecular systems in solution at the molecular level. These advances have centered on the coupling of chromatographic or membrane based fractionation procedures with multiple detectors on line such as multi-angle laser light scattering, refractive index, UV-Vis absorbance and intrinsic viscosity detection systems. Recent advances in SEC-MALLS (size exclusion chromatography coupled to multi-angle laser light scattering) and FFF-MALLS (field flow fractionation coupled on line to MALLS) applied to complex polymers from renewable resources are therefore presented in this e-book. Beyond molecular charcaterization using HPSEC-A4F-MALLS technique, tremendous efforts were made these last years to elucidate the structural variability and complexity of polysaccharides using matrix-assisted laser-desorption ionization (MALDI) and electrospray ionization (ESI) mass spectrometry coupled or not to nuclear magnetic resonance (NMR) spectroscopy. One chapter of this ebook in section B considers the sequence, interresidue linkage position and substitution pattern of sulfated polysaccharides after enzymatic hydrolyses.




    The most widely used method for the dynamic characterization of macromolecules in solution is the capillary viscometry, as it is a simple and economic method. Although in literature there is much information on hydrodynamic measurements from intrinsic viscosity determinations, very few of them evaluate the conformation of different biopolymers. The importance of this type of study lies in the analysis of the polysaccharides or proteins behaviour in industrial processes and product quality control after extraction and purification. These physicochemical studies help to elucidate the chemical structure, macromolecular conformation and the ability biopolymers have to form gels, films, agglomerates, etc. A particular attention is paid in this ebook on the intrinsic viscosity determination of proteins and strong synthetic polyelectrolytes for which theoretical models always need to be implemented in order to get reliable dynamic structural informations.




    The ebook also focuses on the structural analyses at the mesoscopic scale using mechanical analyses, microscopy, small angle scattering and free volume measurements and different applications related to biopolymers such as biomaterials, microcapsules, biothermoplastics, nanostructured biocomposites, super-absorbents, bioelectrospinning, biopolymers-based dermal and transdermal drug delivery systems, and biopackaging. All these applications using biopolymers aim to provide a means to reduce dependence on fossil fuels, and decrease the environmental impact of non-biodegradable materials. The main challenge to overcome with biopolymers-based materials is the control of biopolymer-biopolymer interactions, a challenge always present and discussed throughout the ebook by authors.




    To conclude, the content of this ebook will bring its readers a basic understanding of the physical chemistry of biopolymers, but also the latest findings about new macromolecules recently discovered and published. Theoretical aspects of computational structural description of biopolymers are also thoroughly described. Therefore, this ebook will appeal to different readers as a great source of knowledge about the science of biopolymers.
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      Abstract




      A chitosan biopolymer is a reactive functional polymer, which gives possibilities for chemical modifications to generate new properties and functions. Biocompatibility, biodegradability, non-toxicity to mammals, and potential biological activities make this compound with its derivatives advantageous for many applications in different fields, such as agriculture, food and nutrition, biomedicine, pharmaceutics, and biotechnology. In this chapter, we provide collaborative studies of the biological activity of chitosan and its major derivatives in different applications. In addition, the chapter provides the latest technological applications and prospects of products based on chitosan molecule.
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      1. INTRODUCTION




      Chitosan is a linear biopolymer which consists of higher than 70% of β-(1-4)- 2-deoxy-β-D-glucopyranose (GlcN) and lower than 30% of β-(1-4)-2-acetamido-2-deoxy-β-D-glucose (GlcNAc) units linked by β-1,4-glucosidic bonds. It can be obtained through a deacetylation process of purified chitin, a naturally abundant polysaccharide and the supporting material of crustaceans, insects, yeast, and fungi [1-4]. The main difference between chitin and chitosan is the degree of N-acetylation (DA) [5, 6]. Chitosan is of commercial interest due to its high percentage of nitrogen (~ 6.0-7.0%) compared to synthetically substituted




      cellulose (1.25%) that makes it a good chelating agent for metal ions [7]. It has unique characteristics such as biocompatibility, biodegradability, low toxicity to mammals, and possesses reactive functional groups that make it useful in different areas of application related to (i) agriculture (as a biopesticide against plant diseases and pests, seed-coating, postharvest, and controlled release agrochemicals) [8-15], (ii) food industry and nutrition (anticholesterolemic dietary products and antimicrobial coatings for fruit and vegetables) [3, 16, 17], (iii) biotechnology (spinning, a dye-binder for textiles, strengthening additive in paper, enzyme and cell immobilization, protein separation, chromatography column matrix, and cosmetic functional ingredients) [18-20]; (iv) biomedicine (drug and gene delivery, blood coagulation, wound healing, bone regeneration, immunoadjuvant activity, pharmaceutics, and ophthalmology) [21, 22], and (v) combinations of chitosan with other natural or synthetic polymers (grafting, polyelectrolyte complexation, blends, and coatings) [23]. However, chitosan exhibits a limitation in its solubility and reactivity therefore, many studies have paid attention to modify its chemical structure [12, 24-26]. Although several works have been reported to obtain functional derivatives of chitosan by chemical modification, very few attained solubility in general organic solvents [27, 28] and some binary solvent systems [29, 30]. Other several studies modified the structure of chitosan by chemical or enzymatic methods to obtain high biologically active compounds and improve solubility in general organic solvents and aqueous solutions at wide range of the pH [25, 31-34]. This chapter covers the literatures dealing with the physicochemical properties of chitosan, the biological activities of chitosan and its derivatives of major importance and applications in different areas.


    




    

      



      2. CHITOSAN HISTORY AND ORIGIN




      The term “chitosan” (pronounced Kite-O-San) was given to deacetylated chitin by Hoppe-Seiler [35]. The name chitin is derived from Greek, meaning “tunic” or “envelope” and it was first discovered in mushrooms in 1811 by Henri Braconnot [36]. In 1823, Odier found the same material in insects and plants and named it chitin [37]. The concept of chitin was further known by Lassaigne, who demonstrated the presence of nitrogen in its structure when purified the coleopteran elytra and Bombyx mori exuviae, and then treated the residues with potassium at warm temperature thus obtaining potassium cyanide that confirmed the presence of nitrogen in chitin [38]. In 1859, Rouget treated chitin with strong alkali, which resulted in a substance that could, unlike chitin itself, be dissolved in acidic aqueous solutions, named as chitosan [39].




      Therefore, up to date, the chitin and chitosan are mainly produced commercially from the waste products of crustaceous exoskeletons of aquatic organisms, fungi and insects. Chitin is found in the outer skeleton of insects (20-38%), crabs, and shrimps and lobsters (69-70%). It was also found that chitin is a major structural component of fungal cell wall (5-20%), which is being considered as an alternative source of chitosan and which varies between different species of fungi from 2 to 60% of dry mycelia [40-42]. Zygomycetes, especially Mucor rouxii, M. mucedo, M. circinelloides, Rhizomucor miehei, Rhizopus oryzae, Phycomyces blakesleeanus, and Cunninghamella elegans have high content of chitin compared to other fungi [43-45]. Moreover, Ascomycetes and Basidiomycetes contain significant quantities of chitin and acidic polysaccharides (26-65%) as cell wall components [46]. However, mushrooms including Lentinus edodes, Lycophyllum shimeji, Pleurotus sajor-caju, and Volvariella volvacea, contain minor content of chitinous components [47] and fungi of Oomycetes and the fission yeasts considered to lack chitin [48]. In contrast, chitosan occurs as a major component in walls of Zygomycetes, but probably is a minor component in many other fungi [49].




      The isolation of chitin from shells waste consists of three chemical steps: deproteinization (DP), demineralization (DM), and decolorization (DC); whereby the order of the first two steps is generally considered irrelevant if protein or pigment recovery is not an objective [50]. Purified chitin is then converted to chitosan by hydrolysis of acetamide groups of chitin as a deacetylation process. This process is carried out by two main procedures: the Broussignac process [51], in which chitin is treated with a mixture of solid potassium hydroxide (50% w/w) in 96% ethanol and monoethylene glycol (1:1), and the Kurita process [52], according to which chitin is treated with hot aqueous sodium hydroxide solution (50% w/v). However, the latter is preferred for industrial purposes. In some cases, the deacetylation reaction is carried out in the presence of thiophenol [53, 54] as a scavenger of oxygen or under N2 atmosphere to prevent chain degradation that invariably occurs due to peeling reaction under strong alkaline conditions. Here, DA took place using a calculated four times excess of NaOH for the total N-deacetylation of all amino groups in chitin with reaction time of 1 h at 100°C. These chemical methods are widely used in industrial scale however, the products obtained may suffer some inconsistencies such as protein contamination, inconsistent levels of DA, and hydrolysis of the polymer. In addition, there are some additional problems, such as environmental issues due to the large amount of waste concentrated alkaline solution [43, 55]. Therefore, alternatives to the chemical processes for production of chitin and chitosan are the fermentation and enzymatic techniques which are widely used on an industrial scale [56-61]. While chitin remained an unused natural resource for a long time, interest in chitosan polymer and its derivatives has increased in recent years due to their distinctive properties.


    




    

      



      3. PHYSICOCHEMICAL CHARACTERIZATIONS OF CHITOSAN




      

        



        3.1. Chemical Structure




        Chitosan is composed of GlcN and remaining of GlcNAc units which indicate high content of free amino groups compared to chitin (Fig. 1) [6, 62]. The polymer chains appear as linear in structure, which undergoes one full twist, every 10.1 to 10.5 Å along the polymer chain axis. A separate “left” and “right” direction can be occurred to each polymer chain as the presence of each chiral glycosidic unit in the polymer chain, and all units are connected by an oxygen atom that links C-1 of one glycosidic unit to C-4 of a neighboring unit. After heating, chitosan decomposes prior to melting, thus it has no melt point and its crystalline structure is mainly characterized by spectroscopic techniques such as X-ray, UV, FT-IR, and NMR [63-69]. The IR spectrum showed main absorption band at 3432 cm-1 due to the partially overlapped of the amine and hydroxyl (N-H, O-H, and NH2) stretching vibrations. Weak absorption bands at 2868 and 2919 cm-1 represent a group -CH- and -OH stretching vibration, respectively. The absorption bands at a wave number of 1656 and 1380 cm-1 correspond to the C=O stretching of CO and amide group, respectively. The absorption band at wave number of 1597 cm-1 was due to the deformation NH of amino groups. The absorption band at 1325 cm-1 corresponds to amid III band. While the absorption band at a wave number of 1151, 1092 and 1024 cm-1 corresponds to the symmetric stretching of the C-O-C and symmetrical skeletal vibration involved in CO and CN stretching, respectively [70, 71]. In addition, the 1H-NMR spectrum of chitosan is shown in Fig. (2A). The peak at δ 2.06-2.13 ppm is assigned to the proton of residual CH3 in acetyl group. The peak at δ 3.10-3.28 ppm is attributed to H-2 of GlcN residue. The broad multiplet peak at δ 3.53-4.12 ppm is assigned for H-3,4,5,6 of GlcN unit and H-2,3,4,5,6 of GlcNAc unit. The intense band at 5.03-5.17 ppm is related to OH groups and D2O (solvent). In this region, as observed more clearly from an extended spectrum, some different anomeric protons (H-1 of GlcN and GlcNAc units) are appeared at 4.80-4.91 ppm [72, 73].




        Further evidence for confirmation: the chemical structure was obtained from 13C-NMR spectroscopy. Strong and intense peaks for carbon atoms are found at δ 25.95 (NH(CO)CH3), 56.37 (C-2), 60.99 (C-6), 70.74 (C-3), 75.44 (C-5), 77.80 (C-4), 98.21 (C-1), and 178.24 (C(O)CH3).
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Fig. (1))


        Chemical structure and illustration of the possible reaction sites in chitosan (GlcN and remaining of GlcNAc units). DA is a degree of acetylation.
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Fig. (2))


        1H-NMR (A) and 13C-NMR (B) spectra of chitosan dissolved in 1% CD3COOD/D2O at 25°C.

      




      

        



        3.2. Degree of N-acetylation (DA)




        Chitosan is the fully or partially N-deacetylated derivative of chitin with a DA of less than 30%. This ratio has an important effect on the physicochemical and biological properties of chitosan. Determination of the DA of chitosan products has been achieved by several techniques including IR and UV spectroscopy, conductometric and potentiometric titration, elemental analysis, gel permeation chromatography (GPC), 1H-, 13C- and 15N-NMR [63-66, 74-77]. The IR method is limited and not accurate because the result interpretation is correlated to the complexity in adopting a suitable base line [71]. However, the method of 1H-NMR seems to be the most convenient technique to get the correct DA and degree of deacetylation (DDA) of the soluble samples [78]. The DA is calculated from the integral ratio between proton of acetyl group of GlcNAc at 2.06-2.13 ppm and the protons of GlcN at δ 3.10-4.12 ppm. Additionally, 13C-NMR is also well-situated for DA determination in the case of pure chitin up to fully deacetylated chitosan with a good conformity between measurements in liquid phase and solid state. The most efficient UV method for determination of the DA is based on the use of dual standards of GlcN and GlcNAc [79]. In this method, several solutions with different concentrations of GlcN hydrochloride and GlcNAc are prepared and their UV absorbencies at λ201 nm are measured by UV-Spectrophotometer. Reading the absorption of the solutions at 201 nm, the DA is calculated by the following equation:
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        Where m is the weight of chitosan in mg; A is the absorbance, and V is the volume of solution in liters.


      




      

        



        3.3. Molecular Weight (MW)




        The MW influences on the viscosity of aqueous solution of chitosan and has a significant role in the biological and industrial applications in many fields. In order to determine the MW of chitosan, different techniques methods have been widely used such as viscometry [80], gel permeation chromatographic (GPC) [81], and light scattering (LS) [82, 83] techniques. However, the LS method gives absolute values of the MW, but the technique is more difficult and sometimes the data are not easy to interpret [82, 83]. The viscometry is the most relevant technique in determination of the average MW of chitosan products which depends on the Mark-Houwink equation ([η] = KMa), where the parameters of this equation are known under conditions used [84, 85]. [η] is the intrinsic viscosity, K and a are viscometric parameters and depend on the solvent type. For a chitosan dissolved in 0.5 M CH3COOH/0.2 M CH3COONa buffer, K and a are found to be 3.5 × 10-4 and 0.76, respectively [86, 87]. The viscosity of chitosan solutions could be measured by using Ubbelohde Viscometer immersed in a constant temperature bath at 25 °C. The running times of the solutions and solvent through the viscometer were used to calculate the relative viscosity (ηrel = tch/tsol), specific viscosity (ηsp = ηrel -1), and reduced viscosity (ηred = ηsp/c). Where tch is the running time of the chitosan solution, tsol is the running time of the solvent, and c is the chitosan concentration in g/dl. The [η] value is obtained graphically by extrapolating the η red versus concentration (g/dL) data to zero concentration ([η] = C(ηred)c=0) and the intercept on the ordinate is the intrinsic viscosity [84, 85, 88, 89]. Finally, the average MW is calculated from the Mark-Houwink equation.


      




      

        



        3.4. Solubility and Solution Properties




        Chitosan obtained by deacetylation process of chitin becomes soluble in all aqueous acidic media when the average DA is lower than 0.5. Formic and acetic acids are the most commonly used for solubilization of chitosan [90, 91]. The water-soluble ionic complex of chitosan and acetic acid, chitosonium acetate, can be handled like any other soluble linear polymer. The solubilization occurs by protonation of the amino group on the C-2 position of the GlcN unit, whereby the polysaccharide is converted to a polyelectrolyte in acidic media. After disolutition of chitosan, it can be cast into films, spun into fibers, precipitated into particles from suitable solvents, which revert the ionized ammonium groups back into amine functionality, and crosslink to produce chitosan fibers [27]. However, the poor solubility of unmodified chitosan in both water and organic solvents make its utilization limited in the biological and industrial applications. Being chitosan soluble in aqueous solutions, it is largely used in different applications as solutions, gels, or films and fibers. The physical properties of chitosan in a solution depend on the ionic concentration, the pH, the nature of the acid used for protonation, the distribution of acetyl groups along the polymer chain, the conditions of the production of the polymer, and the MW [88, 92]. Fully deacetylated chitosan can be reacetylated in homogeneous phase in order to get samples soluble in acidic conditions up to DA~0.6 in relation with a random distribution of the acetyl groups [93]. Under these conditions, the presence of free amino groups at C-2 position of D-glucosamine units allows performing specific reactions in homogeneous conditions [2, 91, 94, 95].




        It was also reported that the solubility of chitosan in neutral water can be obtained by chemical modification such as quaternization that forms quaternary ammonium chitosan salts with permanent cationic charges on the polysaccharide backbone. These derivatives have attracted much attention and are most widely used in different areas of applications. Quaternization of chitosan can be obtained using two different ways: by addition of a substituent which contains a quaternary ammonium group [96] or by quaternization of amino groups of chitosan by means of a suitable alkylating agent [97]. The first possibility uses quaternary ammonium epoxides like glycidyltrimethylammonium chloride. The second one, quaternization of chitosan itself, utilizes alkylchlorides or dialkylsulfates such as dimethyl- or diethylsulfate.


      




      

        



        3.5. Chemical Reactivity




        Chitosan has three types of reactive functional groups including two hydroxyl groups on C-3 and C-6 in each repeating unit, and the amino group on C-2 in each deacetylated unit and the possible reaction sites are shown in Fig. (1). The three functional groups allow the conjugation of many substituents resulting in new modified derivatives with good physicochemical and biological properties. The presence of nucleophilic amino groups allows several reactions such as acetylation, quaternization, Schiff’s bases, reductive amination, acylation, phosphorylation and chelation of metals [34, 98-107]. Reductive amination reaction is the most reliable procedure for preparation of Schiff bases of chitosan and N-alkyl or -aryl chitosan derivatives, wherein the amino group is converted to an imine (Schiff base) with an aldehyde or ketone, and subsequently was reduced by sodium borohydride or sodium cyanoborohydride to form N-alkyl or -aryl derivatives [32, 108-110]. However, the hydroxyl functional groups give various reactions such as O-acetylation, H-bonding with polar atoms, selective etherification and esterification, cross-linking, and graft copolymerization [24, 111]. Selective O-substitution can be performed by protecting the amino groups during the reaction [78, 101].




        Several reactions occurring on the amino or hydroxyl groups or both of them have been studied and produced many chitosan derivatives with high solubility in water and wide range of the pH such as carboxymethyl chitosans [34, 112-114], carboxyalkyl and aryl chitosans [73, 115-117], acyl and carboxyacyl chitosans [31, 73, 78, 101, 118-120], hydroxyalkyl chitosans [121, 122], quaternary ammonium chitosan salts [32, 96, 109, 123-125], chitosan sulfate [126-128], phosphorylated chitosan and N-methylene phosphonic chitosan products [129-136], succinyl chitosan [137], thiolated chitosan products [138-141] and sugar-modified chitosan products [142-145]. Chitosan can also be cleaved by hydrolyzing agents due to the presence of rather unstable glycosidic bonds similar to all polysaccharides [146]. Cleavage of glycosidic bonds leads to production of low MW chitosan oligomers such as β (1→4) linked homo- or heterooligomers of GlcNAc and/or GlcN named as chitoologosaccharides (COS) with variation in the degree of polymerization (DP) as well as number and sequence of GlcN and GlcNAc [147, 148].


      


    




    

      



      4. BIOLOGICAL ACTIVITIES OF CHITOSAN AND ITS DERIVATIVES IN DIFFERENT AREAS




      

        



        4.1. Chitosan and Its Derivatives in Agricultural Applications




        

          



          4.1.1. Control of Plant Bacteria




          Chitosan is widely-used as a biocide either alone or blended with other natural products against plant pathogenic bacteria that induce decay and harmful effects of agricultural crops during the growing season and postharvest phase [11, 13, 149-153]. The minimum inhibitory concentration (MIC) ranged from 10 to 5000 mg/L, depending on the MW, the pH, chemical modification, DA, degree of substitution (DS), and the type of microorganism [11, 123, 151, 154]. Most of the antimicrobial activities have been investigated against bacteria of Agrobacterium tumefaciens, Corynebacterium fascians, Erwinia amylovolora, E. carotovora, Pseudomonas solanacearum, Pseudomonas syringae, Sarcina lutea, and Xanthomonas axonopodishowever, nearly all of these studies were conducted in vitro (Table 1) [31, 155, 156].




          Chitosan, at 200 mg/L, showed strong in vitro antibacterial activity against nine bacterial strains of Xanthomonas that cause leaf spot disease of E. pulcherrima [156]. This obtained result was consistent with the results of Wang and co-authors, who reported that the same type of chitosan, at 100 mg/L, had strong activity against twelve bacteria of Xanthomonas strains up to 61.88% after 24 h of incubation compared to the control [155]. Two kinds of chitosan with different MW and DDA possess a strong antibacterial activity against rice bacterial leaf blight and leaf streak X. oryzae and significantly reduced the incidence and severity of disease compared to control under greenhouse conditions [173].




          In addition, chitosan at 100, 200, and 400 mg/L inhibited the in vitro growth of Acidovorax avenae subsp. avenae that causes rice bacterial brown stripe disease [157]. Coqueiro and Di Piero added that the chitosan of different MWs, at 1000 and 3000 mg/L, reduced tomato leaf spot severity caused by X. gardneri under greenhouse conditions by 70%, when applied up to 3 days before inoculation [172].




          

            Table 1 List of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against bacteria attack plants.




            

              

                

                  	Bacteria



                  	Test product



                  	Bioassay test

                


              



              

                

                  	Acidovorax avenae



                  	Chitosan



                  	
in vitro assay [157, 158].

                




                

                  	A. citrulli



                  	Chitosan



                  	
in vitro and in vivo assays [159].

                




                

                  	Agrobacterium tumefaciens



                  	Chitosan of different MW, N-(4-carboxybutyroyl) chitosan derivatives, quaternary N-alkyl chitosan derivatives, quaternary N-(benzyl) chitosan derivatives, N-(benzyl)chitosan derivatives, N-(cinnamyl) chitosan derivatives, O-(benzoyl) chitosan derivatives.



                  	
in vitro assay [31, 110, 160-165].

                




                

                  	Corynebacterium fascians



                  	Chitosan of different MW



                  	
in vitro assay [151, 163].

                




                

                  	Erwinia amylovora



                  	Chitosan of different MW



                  	
in vitro assay [151, 163].

                




                

                  	E. carotovora



                  	Chitosan of different MW, N-(4-carboxybutyroyl) chitosan derivatives, quaternary N-alkyl chitosan derivatives, quaternary N-(benzyl) chitosan derivatives, N-(benzyl)chitosan derivatives, N-(cinnamyl) chitosan derivatives, O-(benzoyl) chitosan derivatives.



                  	
in vitro assay [31, 110, 160-165].

                




                

                  	Pseudomonas solanacearum



                  	Chitosan of different MW



                  	
in vitro and in vivo assay [163, 166, 167].

                




                

                  	P. syringae



                  	Chitosan



                  	
in vitro and in vivo assay [168, 169].

                




                

                  	Sarcina lutea



                  	Chitosan of different MW



                  	
in vitro assay [163, 170].

                




                

                  	Xanthomonas axonopodis



                  	Chitosan



                  	
in vitro assay [155, 156].

                




                

                  	X. campestris



                  	Chitosan film



                  	
in vivo assay [171]

                




                

                  	X.gardneri



                  	Chitosan of different MW



                  	
in vitro and in vivo assay [172].

                




                

                  	X. oryzae



                  	Chitosan



                  	
in vivo assay [173].

                




                

                  	X. vesicatoria



                  	Chitosan



                  	
in vivo assay [174].

                


              

            




          




          Chitosan with different MWs (360, 611, and 953 kDa) had a direct effect on bacterial cells of A. tumefaciens, C. fascians, E. amylovolora, E. carotovora, P. solanacearum, and S. lutea and the activity increased with the increase of the MW up to MIC 500 mg/L for C. fascians [175]. In an other study, chitosan of 50, 37, and 57 kDa indicated that the lowest MW (50 kDa) exhibited the highest activity against A. tumefaciens (MIC = 2600 mg/L), while chitosan 37 kDa was the most active against E. carotovora (MIC = 950 mg/L) [163].




          It was reported that the antibacterial activity was increased as the MW decreased [148, 176]. However, it is difficult to find a clear correlation between the MW and the antibacterial activity [151].




          Grafting the alkyl chains or aryl moieties into chitosan backbone significantly increased the activity against plant pathogenic bacteria [161, 162, 165, 177]. However, this activity is limited to acidic conditions due to its poor solubility above pH 6.5, where chitosan start to lose its cationic nature. Therefore, many studies have focused on the preparation of water-soluble chitosan derivatives such as quaternary ammonium chitosans as antibacterial agents against plant pathogens [31, 164]. A series of N-(benzyl) and quaternary N-(benzyl) chitosan derivatives was synthesized and their ctivities were evaluated in vitro against A. tumefaciens and E. carotovora [160]. MICs of N-(benzyl) chitosan derivatives were ranged from 800 to 1780 mg/L against A. tumefaciens and 700-1550 mg/L against E. carotovora. However, the MICs of quaternary N-(benzyl) chitosan derivatives were ranged from 500 to 875 mg/L against A. tumefaciens and from 600 to 975 mg/L against E. carotovora. These compounds also inhibited some of exocellular enzymes including polygalacturonase and pectin-lyase at 1000 mg/L. N- (4-Carboxybutyroyl) chitosans at different DS (0.10-0.53) were also prepared and exhibited antibacterial activity with MIC ranging from 800 to 1200 mg/L against A. tumefaciens and 725 to 1100 mg/L against E. carotovora and the inhibitory effects increased with the DS increase [31]. These data confirmed that grafting of benzyl moiety or quaternization of the derivatives onto chitosan molecule was successful to inhibit bacterial growth. Moreover, increasing the water solubility of compounds by quaternization significantly increased the activity.


        




        

          



          4.1.2. Control of Plant Fungi




          The antifungal activity of chitosan and its derivatives against various species of plant pathogenic fungi has been reviewed and approved [11, 13, 149-152, 178]. The list of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against fungi attack plants is shown in Table 2. The MICs varied between 10 and 5000 mg/L [31, 162-165, 175, 177, 179, 180]. The inhibition activity was observed on different stages of fungal growth such as mycelia, sporulation, spore viability and germination, and production of fungal virulence factors. It has generally been recognized that the antifungal activity depends on the concentration applied, MW, DA, the pH of the chitosan solution, the viscosity and the target organism. In general, chitosan applied at 1000 mg/L is capable of reducing the growth of several fungi, except that there contain a chitosan molecule in their cell walls such as Zygomycetes [181]. For example, El Ghaouth and others reported that chitosan at concentrations ranging from 750 to 6000 mg/L, was high potent against spore germination and germ tube elongation of B. cinerea and R. stolonifer [179]. Chitosan caused 25-90.5% mycelial growth inhibition in Penicillium digitatum, P. italicum, Botrydiplodia lecanidionand B. cinerea depending on the type and the concentration [182]. Benhamou and co-authors found that concentrations of 500 and 1000 mg/L of chitosan were completely effective in reducing the disease incidence caused by F. oxysporum in tomato plants [183]. At the same time, El Ghaouth and co-authors revealed that the mycelial growth of P. aphanidermatum was inhibited by 400 mg/L of chitosan [184]. Mycelial growth of A. alternata, B. cinerea, C. gloeosporioides and R. stolonifer was significantly reduced at the range from 750-6000 mg/L [175]. Other studies showed a linear decrease of R. solani growth as the concentration of chitosan increased gradually from 500 to 6000 mg/L [185]. However, complete inhibition was recorded against F. oxysporum, R. stolonifer, P. digitatum and C. gloeosporioides at 30000 mg/L [186, 187].




          The MW of chitosan has also a significant effect on the antifungal activity and several studies reported that the activity was increased as the MW decreased however, it is difficult to find a clear correlation between the MW and the antifungal activity [148, 163, 175, 180, 188]. COS are effective in inhibition of spore germination, germ tube elongation and mycelial growth of fungal phytopathogens such as Alternaria kikuchiana, A. solani, B. cinerea, F. grami-nearum, F. oxysporum, R. stolonifer, Penicillium, Physalospora piricola, P. cap-sici, Pyricularia oryzae, and V.dahliae [180, 189-191]. Moreover, chemical modification of chitosan with different substituents effectively enhanced the antifungal activity. The derivatives include N-(benzyl)chitosan derivatives against B. cinerea, Botryodiplodia theobromae, F. oxysporum, P. oryzae, and P. infestans [106, 110, 165, 192, 193], N,O-acyl chitosans against B. cinerea [78], heterocyclic chitosan derivatives against P. debaryanum and F. oxysporum [177], N-(cinnamyl) chitosan derivatives [162], ammonium dithiocarbamate chitosan and triethylenediamine dithiocarbamate chitosan [194], Schiff bases of phenyl and hydroxyphenyl chitosans against B. cinerea [195], (1,2,3-Triazol-4-yl) methyl nicotinate chitosan against R. solani, Stemphylium solani, and A. porri [196], diethyl dithiocarbamate chitosan against A. porri, Gloeosporium theae-sinensis, and S. solani [197], α-aminophosphonate chitosan derivatives against P. asparagi and F. oxysporum [198], acyl chitosan derivatives against R. solani and S. rolfsii [199], thiadiazole chitosan derivatives against C. lagenarium, P. asparagi and Monilinia fructicola [200], thiosemicarbazone chitosan derivatives against S. sol-ani, R. solani, A. solani, and P. asparagi [201], and quaternary ammonium chitosan derivatives against B. cinerea, B. theobromae, Cladosporium cucumerinum, C. lagenarium, F. oxysporum, M. fructicola, P. debaryanum, and Ph. infestans [106, 160, 164, 202, 203].




          

            Table 2 List of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against fungi attack plants.




            

              

                

                  	Fungi



                  	Test product



                  	Bioassay test

                


              



              

                

                  	Alternaria alternata



                  	Chitosan with different MW, N-(benzyl), O-(benzoyl), N-(cinnamyl), and O-(phenoxyacetic) chitosan derivatives



                  	
in vitro and in vivo assays [161-163, 165, 204].

                




                

                  	A. mali



                  	Hydroxypropyl chitosan derivatives



                  	
in vitro assay [205].

                




                

                  	A. porri



                  	Ammonium dithiocarbamate and triethylene diamine dithiocarbamate chitosan derivatives and (1,2,3-triazol-4-yl)methyl nicotinate chitosan



                  	
in vitro assay [194, 196].

                




                

                  	A. solani



                  	Schiff bases of carboxymethyl chitosan, acyl thiourea chitosan, sulfanilamide chitosan, and thiosemicarbazone-chitosan derivatives, and Cu-chitosan nanoparticles



                  	
in vitro and in vivo assays [206-211].

                




                

                  	Botrytis cinerea



                  	Chitosan with different MW, N-(4-carboxybutyroyl) chitosan, quaternary N-alkyl chitosan, quaternary N-(benzyl) chitosan, Schiff bases of chitosan, N-(benzyl)chitosan, N-(cinnamyl) chitosan, and N-benzylphosphoryl chitosan derivatives



                  	
in vitro and in vivo assays [31, 106, 110, 160, 162, 164, 195, 212-215].

                




                

                  	B. fabae



                  	Chitosan with different MW



                  	[163].

                




                

                  	Botrydiplodia lecanidion



                  	Chitosan with different MW



                  	
in vitro assay [182].

                




                

                  	B. theobromae



                  	Chitosan of different MW, quaternary N-(benzyl) chitosan, N-(benzyl)chitosan, N-(cinnamyl) chitosan, and O-(phenoxyacetic) chitosan derivatives



                  	
in vitro assay [110, 160, 162, 182, 204].

                




                

                  	Colletotrichum gloeosporioides



                  	Chitosan of different MW, acyl thiourea chitosan, and thiosemicarbazone-chitosan derivatives and chitosan-silver nanoparticles



                  	
in vitro assay [186, 207, 211, 216-219].

                




                

                  	C. lagenarium



                  	Chitosan of different MW, quaternized chitosan derivatives, Schiff bases of chitosan, N-substituted chitosan.



                  	
in vitro assay [195, 214].

                




                

                  	Coniella diplodiella



                  	Hydroxypropyl chitosan derivatives



                  	
in vitro assay [205].

                




                

                  	Fusarium oxysporum



                  	Chitosan of different MW, quaternary N-alkyl and N-(benzyl) chitosan, N-(benzyl)chitosan, O-(benzoyl) chitosan, N-(cinnamyl) chitosan, heterocyclic chitosan, O-(phenoxyacetic) chitosan, Schiff bases of carboxymethyl chitosan, ammonium dithiocarbamate and triethylene diamine dithiocarbamate chitosan, acyl thiourea chitosan, Cu-chitosan, and thiosemicarbazone-chitosan derivatives, and chitosan nanoparticles



                  	
in vitro assay [110, 160-165, 177, 194, 204, 206, 207, 210, 211].

                




                

                  	F. solani



                  	Chitosan, N-(cinnamyl) chitosan, O-(phenoxyacetic) chitosan derivatives



                  	
in vitro and in vivo assays [162, 204, 220].

                




                

                  	F. sulphureum



                  	Chitosan



                  	
in vitro and in vivo assays [221-223]

                




                

                  	Gloeosporium theae-sinensis



                  	
N, O-(acyl)-N-(trimethyl) chitosan derivatives



                  	
in vitro assay [224]

                




                

                  	Penicillium digitatum



                  	Chitosan of different MW, chitosan film




                  	
in vitro and in vivo assays [182, 225, 226]

                




                

                  	P. italicum



                  	Chitosan of different MW, chitosan film




                  	
in vitro assay [182, 225, 226]

                




                

                  	Phomopsis asparagi



                  	Sulfanilamide chitosan, thiadiazole-functionalized chitosan, and N, O-(acyl)-N-(trimethyl) chitosan derivatives.



                  	
in vitro assay [200, 208, 224]

                




                

                  	Pyricularia oryzae



                  	Chitosan, hydrolyzed chitosan, N-benzylphosphoryl chitosan, and heterocyclic chitosan derivatives.



                  	
in vitro assay [177, 213, 227]

                




                

                  	
Phyllosticta zingiberi



                  	Acyl thiourea chitosan and thiosemicarbazone-chitosan derivatives.



                  	
in vitro assay [207, 211]

                




                

                  	Phytophthora infestans



                  	
N-(4-carboxybutyroyl) chitosan, quaternary N-(benzyl) chitosan, N-(Benzyl)chitosan, N-(cinnamyl) chitosan, O-(phenoxyacetic) chitosan derivatives.



                  	
in vitro assay [31, 110, 160, 162, 204]

                




                

                  	Ph. palmivora



                  	Chitosan



                  	
in vitro and in vivo assays [228]

                




                

                  	Ph. botryosa



                  	Chitosan



                  	
in vitro assay [229]

                




                

                  	Ph. capsici



                  	Oligochitosan compounds



                  	
in vitro assay [189]

                




                

                  	Pythium debaryanum



                  	Quaternary N-alkyl chitosan, N-(benzyl) chitosan, N-(cinnamyl) chitosan, heterocyclic chitosan, and O-(phenoxyacetic) chitosan derivatives.



                  	
in vitro assay [162, 164, 165, 177, 204]

                




                

                  	Rhizoctonia fragariae



                  	Chitosan



                  	
in vitro assay [185]

                




                

                  	R. solani



                  	
N-(4-Carboxybutyroyl) chitosan and (1,2,3-triazol-4-yl) methyl nicotinate chitosan derivatives.



                  	
in vitro assay [31, 196]

                




                

                  	Rhizopus stolonifer



                  	Chitosan of different MW



                  	and in vivo assay [180, 230-234]

                




                

                  	Sclerotinia sclerotiorum



                  	Chitosan and O-(benzoyl) chitosan derivatives



                  	
in vitro and in vivo assays [161, 235, 236]

                




                

                  	Stemphylium solani



                  	Chitosan and (1,2,3-triazol-4-yl)methyl nicotinate chitosan



                  	
in vitro assay [196, 237]

                


              

            




          


        




        

          



          4.1.3. Control of Plant Viruses




          Chitosan has inhibitory effect on viruses and viroids of plants. The ability of suppressing viral infections does not depend on the type of virus; because chitosan affect on the plant itself by induction of a broad spectrum of protective reactions, limiting systemic spread of viruses and viroids over the plant and leads to the development of systemic acquired resistance [238-241]. Pospiezny and co-authors found that the local infections produced by alfalfa mosaic virus (ALMV) were completely controlled by 1000 mg/L of chitosan either sprayed or added to the inoculum [240]. Similar inhibition was also obtained on tomato leaves treated with chitosan at the same concentration and inoculated with potato spindle tuber viroid [242]. Chitosan with different MW, at 1000 mg/L, induced resistance to viral infection in potato plants and the highest antiviral activity was obtained by chitosan of 120 kDa [238]. The treatment with 1000 mg/L chitosan enhanced tobacco inducible defenses against tobacco necrosis necrovirus (TNV) and significantly reduced the size of lesions [243]. The network of micro- hypersensitive response elicited by chitosan would then activate plant defense by mimicking a localized virus infection, thus accelerating the subsequent hypersensitive response induced by the challenge inoculation with TNV [244]. Ultimately, this would impair virus replication and translocation, reducing the number and size of virus lesions. Similarly, chitosan, depended on a lower DA, inhibited local lesion necroses induced by tobacco mosaic virus (TMV) [245].


        




        

          



          4.1.4. Seed-Coating and Plant Growth Promotion




          Chitosan has been widely used as seed coating agent and has a positive effect on germination rate, seedling growth parameters, and the yield of different cultivars including soybean sprouts [150, 246-249], ornamental plants [250], maize [251, 252], wheat [253, 254], lentil [255], rice [15, 256], and peanut [257]. In addition, chitosan has been used as seed coating to protect plant from pests include fungi, bacteria and insects. For example, the cotton seed coating chitosan protect it from A. gossypii and H. armigera and enhance the germination, plant growth and lint yield [258]. Previously, Benhamou and co-authors reported that chitosan at concentrations ranged from 500 to 1000 mg/L, reduced disease incidence by F. solani in tomato plants, when used as seed coating or admixing with soil [183]. Treatment of wheat seeds by chitosan to control a straw breaker disease (Pseudocercosporella herpotrichoides) had a positive effect and kept the wheat upright through to harvest [259]. Chitosan coatings of soybean seeds showed significant antifeedant effect (˃80%) against Agrotis ipsilon, soybean pod borer (Maruca vitrata), and aphids at 50000 mg/L [253]. Zeng and Shi, (2009) performed a new type of chitosan with some additives as seed coating agent for rice. By using this formulation, the antifungal efficiency was increased with increasing the dose; a 1:20 concentration was the best for inhibiting growth of R. solani and F. Moniliforme [260].


        




        

          



          4.1.5. Control of Agrochemicals Release




          Chitosan is interesting material in controlled-release of agrochemicals including fertilizers and pesticides. To improve the utilization of fertilizer and water resource, a new type of chitosan-coated nitrogen, phosphorus and potassium formulation was prepared and showed good controlled-release, water-retention capacity, degradable in soil and environment-friendly [261]. Teixeira and co-authors found a controlled-release effect by coating urea and the herbicide atrazine pellets with films of N-acetyl or N-propionyl chitosan [262]. The results showed that the release period extended by a factor of 50 for atrazine beads and a factor of 180 for urea beads compared with uncoated beads. Chitosan beads have been extensively used as devices for controlling release of many substances such as pesticides in pest control. Active compounds that have been encapsulated include, for example, methyl parathion, trifluralin, chlorpyrifos, thiocarbamates, and B. thuringiensis israelensis (Bti) toxins [263, 264]. Blending of chitosan with other biopolymers such as alginate, gum and starch is a convenient method to improve its properties for slow release of pesticides in agricultural applications [265-268]. A formulation based on chitosan and cashew gum beads containing insecticide dichlorvos was prepared and tested as a larvicide for controlling of Aedes aegypti larvae [265]. in vivo release showed that the chitosan/cashew gum beads reached a plateau after 30 h and resulted high larval mortality (60%), whereas chitosan beads caused only 42% mortality by 30 h and seemed not to have released all larvicide content up to 72 h. The persistence studies revealed that the dichlorvos-loaded beads were effective up to 336 h. The herbicide imazaquin was also encapsulated chitosan/starch beads reinforced with alginate [269]. Chitosan nanoparticles incorporated insecticidal protein beauvericin (CSNp-BV) was prepared by ionic gelation method to improve insecticidal activity against S. litura [270]. Loading efficiency and entrapment efficiency was found to be 82 and 85%. The in vitro drug release profile showed cumulative release reached almost 91% after 24 h. Pesticidal activity revealed all the life stages were susceptible to the CSNp-BV formulation and maximum mortality was recorded in early larval instars. CSNp-BV treatment reduced pupal and adult emergence.




          Nanoparticles composed of chitosan and sodium tripolyphosphate (TPP) were prepared to produce an efficient herbicidal formulation for safe controlling of weeds in cultivations of maize and mustard [271]. The efficiency of nanoparticles in association with paraquat was 62.6%. Encapsulation of the herbicide controlled its diffusion, release, and sorption in soil. The nanoencapsulated herbicide was less toxic by cytotoxicity and genotoxicity assays than the pure compound, indicating its potential herbicidal activity while at the same time reducing environmental hazards. Carboxymethyl chitosan carrying ricinoleic as an emulsifier was used to encapsulate the insecticide azadirachtin in nanoparticles [272]. Nanoparticles of 200-500 nm were obtained with loading azadirachtin higher than 50% and tested for their release in outdoor condition. After five days of sun exposure, all content of control samples were lost, while the nanoparticles had a constant residual concentration during 12 days of the experiment. The insecticide etofenprox was encapsulated using a nano-sized chitosan carrier in three types according to a difference in release patterns by adjusting the molecular weight and concentration of chitosan [273]. Release properties of etofenprox and its biological activity against S. litura suggested that such controlled release formulation is considered to be used as a method of preventing loss etofenprox and increasing its activity against the target pest.




          The volatile essential oils have promising activity against agricultural pests in different area such as insect repelling and fumigation in storred products [274, 275]. However, the release speeds of these oils are usually high and affected by the environment conditions [266]. Therefore, utilizing encapsulation technology to achieve the goal of constant release is one of the most effective methods [276]. Chitosan has been examined in the development of essential oils delivery systems [277, 278]. Chitosan possesses heat shrinking property, thus the change in pore space between chitosan wall membrane molecules resulting control of the essential oil release within the capsule or bead formulations [279, 280].


        


      




      

        



        4.2. Chitosan and Its Derivatives in Food and Nutrition




        

          



          4.2.1. Nutritional and Hypocholesterolemic Effect




          Chitosan has attracted notable interest in food and nutrition due its superior film-forming property for fresh and industrial food products, edible, antimicrobial activity against a wide range of foodborne microorganisms, excellent compatibility with other components, hypocholesterolemic activities, and lower toxicity toward mammalian cells [281-285]. It has been approved by the United State Food and Drug Administration (USFDA) as a “Generally Recognized As Safe” (GRAS) food additive, as dietary fibre, and functional ingredients for the consumer based on the scientific procedures for use in foods including meat and poultry [286]. Chitosan has been approved as a food additive in Korea and Japan since 1995 and 1983, respectively [287, 288]. Biosafety of chitosan has been demonstrated in feeding trials with domestic animals [289].




          Chitosan has non-digestibility in the upper gastrointestinal tract, high viscosity, and high water binding properties, which indicate its property in relation to other dietary plant fibers as highly effective hypocholesterolemic potential [282, 290-293]. An increase in the serum cholesterol, triacylglycerol, and free fatty acid values of these domestic animals fed cholesterol-additive diets was suppressed by feeding 1.2-1.4 g of chitosan/kg of body weight per day for hens and broilers and 0.7-0.8 g of chitosan/kg of body weight per day for rabbits [289]. Razdan and Pettersson also observed an increase of high density lipoprotein (HDL) concentrations after feeding chitosan containing diet to broiler chicken [294, 295].




          Due to its ability of forming ionic bonds at acidic pH, it can bind in vitro to different types of anions such as bile acids or free fatty acids leading to excrete them from body [296, 297]. Chitosan forms micelles in the digestive tract with cholesterol, both endogenous and from dietary sources, in the alkaline fluids in the upper part of the intestine, resulting in the depression of absorption of dietary cholesterol and circulation of cholic acid to the liver. Because of the formation of cholic acid from blood cholesterol in the liver it tends to decrease blood cholesterol concentration [298]. The authors found that the high levels of cholesterol and triacylgiycerol in serum of rabbits were affected neither by feeding with a 20 g/kg of chitosan supplemented food, or by intravenous injection with chitosan or low MW chitosan oligosaccharide daily. Moreover, Deuchi and others found that the chitosan markedly increased the fecal lipid excretion and reduced the apparent fat digestibility in treated rats to about a half compared to the control. They proposed that chitosan is solubilized in the stomach forming an emulsion with intragastric oil droplets and begins to precipitate in the small intestine at pH 6 [299, 300]. The same research group examined the effect of the DDA of chitosan products on the fecal fat excreted from rats fed on a high-fat diet [301]. As the viscosity or DDA of a chitosan increased, the more its effect on the apparent fat digestibility by rats became noticeable that could be due to as the electrostatic attraction between chitosan and anionic substances such as fatty acids and bile acids [301, 302]. An ascorbic acid supplementation for each chitosan diets resulted in a significant reduction in the digestion and absorption of fat in the lumen. The contribution of chitosan caused a higher level of fat to be excreted in the feces of rats received corn oil than those receiving bacon, although the effect was stronger with the two diet groups [301]. The hypocholesterolemic effects of chitosans with different DDAs were further studied in vivo, and the effects were increased as the DDA increased [303]. Rats fed diets containing higher DDA chitosan was significantly lowered plasma triglyceride, total cholesterol and low density lipoprotein-cholesterol (LDL) and high levels of HDL. Also, the food efficiency ratio was also decreased with the increase of the DDA of the chitosan products [303, 304]. These authors also reported that chitosans of high MW limit the body weight gain in adult rats, significantly reduced the dietary level efficiency and reduced plasma lipids. The potentials of plasma cholesterol-lowering and glucose-lowering effects of high mw chitosan were investigated in diabetic rats [305]. Compared with the glucose-lowering effects of previous long-term studies [306], Yao and co-authors reported that the long-term feeding (11-20 weeks) may be required for low mw chitosan to reach a hypoglycemic effect in diabetic animals. These changes may have originated at gastrointestinal level via the effects that different viscosities or MWs have on the glucose and lipid metabolism [305]. Chitosan derivatives such as diethylaminoethyl chitosan and its quaternized product, and N-[(2-Hydroxy-3-N,N-dimethylhexadecyl ammonium) propyl] chitosan chloride having also high-capacity binding with bile acid and hypocholesterolemic potential and the LDL, TC, leptin and FFA levels were decreased after supplementation in the high-fat diet [291, 307].




          It was also found that the hypocholesterolemic activity is related to the size of the chitosan particles, wherein the fine particle of a chitosan effectively reduces plasma lipid levels and liver in rats [282]. Moreover, the chitosan powder exhibited a higher rate of adsorption of oil than the flake type, while chitosan in the flake form bound low cholesterol level [308]. The microspheres of chitosan and water-soluble chitosan were prepared and tested on plasma lipids in male Sprague-Dawley rats fed with high-fat emulsions. The microspheres were effective in lowering lipid levels and plasma viscosity and increased the superoxide dismutase levels in serum [309].


        




        

          



          4.2.2. Food Packaging and Antimicrobial Activity




          The most commonly component materials of edible films are biopolymers like polysaccharides and proteins. Chitosan has been considered as an appropriate alternative as source of food preservative or coating material of natural origin for replacing the non-biodegradable and non-renewable polymers and also reducing the extensive application of harmful pesticides in food protection [17, 310-317]. The products can be formed into fibers, films, gels, sponges, beads or even nanoparticles. However, the chitosan films have shown potential to be used as a packaging or coating material. Chitosan coating, dipping or spraying of fresh, frozen and fabricated foods, can improve the storability of perishable foods by forming semi-permeable on the surface of the products and subsequently delaying the rate of respiration, decreasing the loss of the moisture and weight loss, and maintaining the overall quality [152, 318, 319]. The chitosan films have the advantage, over other bio-based food packaging materials, of being able to incorporate functional substances such as minerals or vitamins and as carriers releasing of antimicrobial agents [320-322].




          Different techniques are commonly used in chitosan films preparation and coatings for food packaging applications. Among them, the solution casting method is one of the most popular techniques. Since the main function of food packaging and coating is often to avoid or decrease moisture transfer between the food and the surrounding atmosphere, or between two components of a heterogeneous food product, the water vapor permeability (WVP) should be as low as possible [323]. Many studies reported that the WVP of gelatin films were reduced when chitosan was added by ~12%. This behavior could be explained considering that chitosan might enhance the cross-linking of gelatin and decrease the free volume of the polymeric matrix, thus decreasing the diffusion rate of water molecules through the films, resulting in the lower WVP of the chitosan-gelatin films compared to chitosan or gelatin alone [324-326]. Similar results were also reported by Pereda and co-authors in films based on bovine hide gelatin and chitosan, but there was no statistical difference in WVP between chitosan-gelatin film and gelatin control one [318]. Low values of WVP of the films prepared from chitosan, starch, and sorbitol are may be also due to the cross-linking caused between amino groups of chitosan and the hydroxyl groups of starch molecules by thermal mixing transformed the hydrophilic-hydrophilic blend into a more hydrophobic one that exhibited relatively low water barrier characteristics [327]. Several studies by Arvanitoyannis and co-authors reported an increase of the WVP with the addition of plasticizers such as glycerol [324, 325, 328, 329]. However, Srinivasa and co-authors reported that the addition of glycerol to chitosan film reduced the WVP [330]. Chitosan has attracted notable antimicrobial activity against a wide range of foodborne pathogens and spoilage microorganisms including Gram-positive and Gram-negative bacteria, yeast, and fungi [14, 149, 317, 331-334]. Most microorganisms attack foodstuffs and scientific references related to the antimicrobial activity of chitosan and its derivatives are presented in Tables 3, 4, and 5. Most foods are a mixture of different compounds, such as carbohydrates, proteins, fats, minerals, vitamins, salts and others, and many of them can interact with the chitosan resulting in loss or enhancement of antimicrobial activity. For example, Devlieghere and co-authors extensively studied the influence of different food components include starch, protein, oil, and NaCl on the antimicrobial effect of chitosan [313]. They reported that starch, whey protein, and NaCl had a negative effect on the antimicrobial activity of chitosan however, oil had no influence.




          It was reported that the chitosan showed a stronger antibacterial activity rather than antifungal [11, 14, 149, 332, 335]. The MIC of chitosan varies among species and depending on the MW, the pH, chemical modification, DA, DS, and the type of microorganism [11, 150, 151, 154, 176, 178, 214, 332]. In general, chitosan applied at 1000 mg/L is capable of reducing the growth of several fungi, except those containing a chitosan molecule in their cell walls such as Zygomycetes [181]. It is also generally recognized that yeasts and moulds are the most sensitive group to chitosan, followed by Gram-positive and Gram-negative bacteria. Chitosan coatings designed to slow antimicrobial release from the surface, thus, smaller amount of antimicrobials would be needed. Therefore, many studies confirmed that the chitosan coatings can be used as vehicle for incorporating functional ingredients, such as antimicrobials or nutraceutical compounds that could enhance the effects chitosan coatings in application of postharvest of fresh fruit and vegetables [336-339].




          

            Table 3 List of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against bacteria attack food products.




            

              

                

                  	Microorganism



                  	Test product



                  	Bioassay test

                


              



              

                

                  	Acetobacter spp



                  	Chitosan of different DDA



                  	
in vitro assay [348]

                




                

                  	Aeromonas hydrophila



                  	Chitosan of different DDA, chitosan of different MW



                  	
in vitro assay [349, 350]


                  in vivo assay on meat sausage [351, 352] and fish such as Aeromonas salmonicida and carp (Cyprinus carpio) and fish fillets (Oncorhynchus nereka)


                  [335, 353-355].

                




                

                  	Bacillus cereus



                  	Chitosan of different DDA, chitosan of different MW, N-sulfonated and N-sulfobenzoyl chitosan, chitosan film



                  	
in vivo assay on fruit and vegetables [313], meat products [356] and in vitro assay [317, 332, 335, 341, 357-360]

                




                

                  	B. licheniformis



                  	Chitosan



                  	
in vitro assay [361]

                




                

                  	B. subtilis



                  	COS, LMW chitosan, and N-/2(3)-(dodec-2-enyl) succinoyl/-derivatives



                  	
in vitro assay [361-363]

                




                

                  	
Bifidobacterium adolescentis



                  	LMW chitosan, COS



                  	
in vitro assay [364]

                




                

                  	B. bifidum



                  	COS, chitosan of different DDA



                  	
in vitro and in vivo assays [361, 364, 365]

                




                

                  	B. breve



                  	COS, LMW chitosan



                  	
in vitro assay [364]

                




                

                  	B. catenulatum



                  	COS, LMW chitosan



                  	
in vitro assay [364]

                




                

                  	B. infantis



                  	COS, LMW chitosan



                  	
in vitro assay [364]

                




                

                  	B. longum



                  	COS, LMW chitosan



                  	
in vitro assay [364]

                




                

                  	Brochothrix thermosphacta



                  	Chitosan



                  	
in vitro and in vivo assays [313, 366]

                




                

                  	Clostridium historyticum



                  	Chitosan



                  	
in vitro and in vivo assay [367, 368]

                




                

                  	C. perfringens



                  	Chitosan of different DDA



                  	
in vitro and in vivo assays [365, 367]

                




                

                  	Cronobacter sakazakii



                  	Chitosan film



                  	
in vitro assay [360]

                




                

                  	Enterobacter aeromonas



                  	Chitosan



                  	
in vitro assay [313]

                




                

                  	Enterococcus faecalis



                  	Chitosan



                  	
in vivo assay [369]

                




                

                  	Escherichia coli



                  	COS, COS/kojic acid, chitosan of different DDA, chitosan of different MW, chitosan film, low MW chitosan, N-/2(3)-(dodec-2-enyl)succinoyl chitosan, and N-alkylated disaccharide chitosan derivatives



                  	
in vitro assay [317, 332, 335, 340, 348, 350, 357, 360, 362, 370-375]

                




                

                  	E. agglomerans



                  	LMW chitosan and N-/2(3)-(dodec-2-enyl)succinoyl chitosan derivatives



                  	
in vitro assay [362]

                




                

                  	Lactobacillus curvatus



                  	Chitosan



                  	
in vivo and in vitro assays [313]

                




                

                  	Lactobacillus fructivorans



                  	Chitosan



                  	
in vivo assay [376]

                




                

                  	Lactobacillus plantarum



                  	COS, LMW chitosan



                  	[313]


                  in vivo assay [377, 378]

                




                

                  	Lactobacillus sakei



                  	Chitosan



                  	
in vivo and in vitro assays [313]

                




                

                  	Lactobacillus viridescens



                  	Chitosan



                  	
in vivo assay [367, 379]

                




                

                  	Lactobacillus viridescens



                  	Chitosan



                  	
in vivo and in vitro assays [379]

                




                

                  	Leuconostoc mesenteroides



                  	COS



                  	
in vivo assay [380]

                




                

                  	Listeria innocua



                  	Chitosan



                  	
in vivo and in vitro assay assays [351, 352, 379, 381]

                




                

                  	Listeria monocytogenes



                  	Chitosan of different DDA, chitosan of different MW, chitosan films



                  	
in vitro assay [335, 350, 360, 372, 373] and in vivo assay [351, 352, 381]

                




                

                  	Micrococcus varians



                  	Chitosan



                  	
in vivo assay [382]

                




                

                  	Pediococcus acidilactici



                  	Chitosan



                  	
in vivo and in vitro assays [313]

                




                

                  	Pediococcus pentosaceus



                  	Chitosan



                  	
in vivo assay [381, 382]

                




                

                  	Photobacterium phosphoreum



                  	Chitosan



                  	
in vivo and in vitro assays [313]

                




                

                  	Pseudomonas aureofaciens



                  	LMW chitosan and N-/2(3)-(dodec-2-enyl)succinoyl chitosan derivatives



                  	
in vitro assay [335, 352, 362, 381]

                




                

                  	Pseudomonas aeruginosa



                  	Chitosan of different DDA, Chitosan of different MW



                  	
in vitro assay [335, 350]

                




                

                  	Pseudomonas fluorescens



                  	Chitosan film



                  	
in vitro assay [313, 359]

                




                

                  	Pseudomonas fragi



                  	Chitosan



                  	
in vivo assay [381, 382]

                




                

                  	Salmonella enteritidis



                  	Chitosan



                  	
in vivo and in vitro assay assays [379]

                




                

                  	S. enterica



                  	Chitosan, chitosan film



                  	
in vitro assay [383] [359]

                




                

                  	S. typhimurium



                  	Chitosan of different MW, chitosan films, N-sulfonated and N-sulfobenzoyl chitosan derivatives, chitosan nanoparticles



                  	
in vitro assay [341, 350, 360, 372, 373, 384] and in vivo assay [335, 351, 352, 367, 381]

                




                

                  	Serratia liquefaciens



                  	Chitosan



                  	
in vivo assay [381]

                




                

                  	Shigella dysenteriae



                  	Chitosan of different DDA, chitosan of different MW



                  	
in vitro assay [335, 350]

                




                

                  	Staphylococcus aureus



                  	COS, COS/kojic acid, chitosan of different DDA, chitosan of different MW, chitosan film, N-alkylated disaccharide chitosan derivatives, chitosan nanoparticles



                  	
in vitro and in vivo assays [335, 340, 350, 359, 360, 363, 370, 372, 375, 382, 384, 385]

                




                

                  	
S. epidermidis



                  	COS



                  	
in vitro assay [363]

                




                

                  	Yersinia enterocolitica



                  	Chitosan



                  	
in vitro assay [372]

                




                

                  	Vibrio cholerae



                  	Chitosan of different DDA, chitosan of different MW



                  	
in vitro assay [335, 350]


                  in vivo assay [335]

                




                

                  	V. parahaemolyticus



                  	Chitosan of different DDA, chitosan of different MW



                  	
in vitro assay [335, 350]


                  in vivo assay [335]

                


              

            




          




          The chemical modification of chitosan is continuously studied since it has the potential to provide an antimicrobial activity against food microorganisms. Therefore, several research groups have been modified its structure by grafting biologically active molecules or by increasing its solubility in neutral pH. Grafting the alkyl chains or aryl moieties into chitosan significantly increased its antimicrobial activity [106, 110, 162, 177, 340-343]. However, this activity is limited to acidic conditions due to its poor solubility above pH 6.5, where chitosan starts to lose its cationic nature. Therefore, many studies have focused on the preparation of water soluble products as antimicrobials against food pathogens [31, 164, 332, 340, 344]. Among water-soluble chitosan derivatives, the quaternary ammonium chitosan, prepared by introducing a quaternary ammonium group into a dissociative hydroxyl group or amino group of the chitosan, exhibited stronger antibacterial activity than chitosan on a range of pH values.




          

            Table 4 List of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against fungi attack food products.




            

              

                

                  	Microorganism



                  	Test product



                  	Bioassay test

                


              



              

                

                  	Aspergillus fumigatus



                  	Schiff bases of chitosan, PVA/carboxymethyl chitosan nanocomposites, chitosan film



                  	
in vitro assay [335, 386, 387]

                




                

                  	A. niger



                  	COS, COS/kojic acid, Chitosan of different DDA, chitosan of different MW, chitosan film.



                  	
in vitro and in vivo assays [348, 370, 385, 388-391]

                




                

                  	A. parasiticus



                  	Chitosan of different MW, chitosan film



                  	
in vitro and in vivo assays [335, 392, 393]

                




                

                  	A. flavus



                  	Chitosan coating, Chitosan of different MW, Carboxymethyl chitosan, Diethylaminoethyl chitosan



                  	
in vitro and in vivo assays [342, 369, 393, 394]

                




                

                  	Botrydiplodia lecanidion



                  	Chitosan of different MW



                  	
in vitro and in vivo assays [182, 395]

                




                

                  	Botrytis cinerea



                  	Chitosan of different MW, carboxyacyl chitosans, quaternary ammonium chitosans, N,O-(acyl) chitosans, N-alkyl chitosans, N-(benzyl) chitosans, O-(acyl) chitosans, Schiff bases of chitosans, sulfate, sulfanilamide and sulfonailide chitosans.



                  	
in vitro and in vivo assays [31, 73, 106, 110, 162, 164, 182, 192, 193, 195, 208, 388, 396-398]

                




                

                  	
Cladosporium sp.



                  	Chitosan of different MW



                  	
in vivo assay [310, 388, 399, 400]

                




                

                  	Fusarium oxysporum



                  	Chitosan of different DDA, chitosan of different MW, quaternary ammonium chitosans, Schiff bases of chitosans, N-/2(3)-(dodec-2-enyl)succinoyl chitosan derivatives, acyl thiourea chitosans, dithiocarbamate chitosans, hydroxypropyl chitosans, N-alkyl chitosans, N-benzyl chitosans, N-succinoyl chitosans, O-acyl chitosans



                  	
in vitro assay [31, 106, 110, 162, 164, 192, 193, 195, 198, 199, 205, 335, 362, 388]

                




                

                  	
Penicillium


                  citrinum




                  	Chitosan of different MW



                  	
in vivo assay [388]

                




                

                  	Penicillium chrysogenum



                  	Carboxymethyl Chitosan



                  	
in vivo assay [369]

                




                

                  	Penicillium digitatum



                  	Chitosan of different MW



                  	
in vitro assay [182, 395]

                




                

                  	Penicillium expansum



                  	Chitosan of different MW



                  	
in vivo assay [401-403]

                




                

                  	Penicillium italicum



                  	Chitosan of different MW



                  	
in vitro assay [182, 395]

                




                

                  	Penicillium notatum



                  	Carboxymethyl Chitosan



                  	
in vivo assay [369]

                




                

                  	Rhizopus nigricans



                  	Chitosan of different MW, carboxymethyl chitosan



                  	
in vivo assay [369, 388]

                




                

                  	Rhizopus stolonifer



                  	COS, Chitosan of different MW



                  	
in vitro and in vivo assays [180, 230, 231, 310, 389, 398, 404]

                


              

            




          




          The most common mechanism of action is that the positively charged chitosan gives this one great physiological and biological polymer property. The cationic nature of chitosan leads to bind with sialic acid in phospholipids which consequently modifies the cell permeability and causes materials prevented from entering the cell and/or material being leaked from the cell [11, 14, 150, 153, 214, 331, 344-346]. In addition, chitosan caused a decrease in the H+-ATPase activity on plasma membrane of R. stolonifer; this effect could provoke the accumulation of protons inside the cell, which would result in the inhibition of the chemiosmotic driven transport that allows the H+/K+ exchange [231]. Another important mechanism involves penetration of the chitosan oligomer into the cells of microorganisms and inhibits the growth of cells by preventing the transformation of DNA into RNA [11, 149, 331, 347].




          

            Table 5 List of scientific publications reporting the antimicrobial activity of chitosan and its derivatives against yeasts attack food products.




            

              

                

                  	Microorganism



                  	Test product



                  	Bioassay test

                


              



              

                

                  	Candida albicans



                  	COS, chitosan of different DDA, chitosan of different MW, carboxymethyl chitosan, N-(carboxybutyl) chitosan, N-acetyl-D-glucosamine, chitosan-essential oil



                  	
in vitro assay [335, 346, 405-409]

                




                

                  	C. glabrata



                  	COS, chitosan of different MW, carboxymethyl chitosan, N-(carboxybutyl) chitosan, and N-acetyl- D-glucosamine



                  	
in vitro assay [346, 406-408]

                




                

                  	C. krusei



                  	COS, chitosan of different MW, N-/2(3)-(dodec- 2-enyl)succinoyl chitosan derivatives, carboxymethyl chitosan, N-(carboxybutyl) chitosan, and N-acetyl-D-glucosamine



                  	
in vitro assay [362, 406-408]

                




                

                  	C. lambica



                  	Chitosan, N-(carboxybutyl) chitosan



                  	
in vitro assay [313, 408]

                




                

                  	Cryptococcus albidus



                  	Chitosan hydrochloride



                  	
in vitro assay [358]

                




                

                  	C. humiculus



                  	Chitosan, chitosan coating



                  	
in vitro assay [313, 315, 410, 411]

                




                

                  	Saccharomyces cerevisiae



                  	Chitosan, carboxymethyl chitosan



                  	
in vitro and in vivo assays [346, 361, 369, 412-414]

                




                

                  	S. exiguus



                  	Chitosan



                  	
in vitro and in vivo assays [333, 413]

                




                

                  	Saccharomycodes ludwigii



                  	Chitosan



                  	
in vitro and in vivo assays [358, 379, 413]

                




                

                  	Schizosaccharomyces pombe



                  	Chitosan



                  	
in vitro and in vivo assays [413]

                




                

                  	Torulaspora delbrueckii



                  	Chitosan



                  	
in vivo and in vitro assay assays [379]

                




                

                  	Zygosaccharomyces bailii



                  	Chitosan, chitosan hydrochloride, chitosan film



                  	
in vitro and in vivo assays [346, 358, 413, 415, 416]

                


              

            




          


        




        

          



          4.2.3. Antioxidant Activity




          The antioxidant activity of chitosan and its derivatives has attracted the most attention because they exert strong antioxidant activity and their effects are similar to those of phenolic antioxidants [307, 417-419]. Among various reactive oxygen species, the chemical activity of hydroxyl radical ▪OH is the strongest, which can easily react with biomolecules such as amino acids, proteins, and DNA [420]. Two types of fungal chitosan have been prepared by alkaline N-deace- tylation of crude chitin for different durations of 60, 90, and 120 min and their antioxidant properties were investigated [421]. The results showed that the chitosan has antioxidant activities of 61.6-82.4% at 1 mg/mL and showed reducing powers of 0.42-0.57 for 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals at 10000 mg/L. Also, no significant difference in the antioxidant properties between both types of chitosan has been observed and the EC50 values of scavenging abilities on hydroxyl radicals were below 100 mg/L whereas those of chelating abilities on ferrous ions were 580-690 mg/L. In another study by the same authors [418], who found that the chitosan prepared from crab chitin and deacetylated for 60, 90 and 120 min exhibited antioxidant activities of 58.3-70.2% at 1000 mg/L and showed reducing powers of 0.32-0.44 at 10000 mg/L. At this concentration, the scavenging ability of chitosan C60 on DPPH radicals was 28.4% whereas those of other chitosans were 46.4-52.3%. All EC50 values of antioxidant activity were below 1500 mg/L.




          Prabu and Natarajan reported that the hydroxyl radicals scavenging activity of chitosan isolated from Podophthalmus vigil was found to be higher than the ascorbic acid and the range was from 23 to 93%. Superoxide anion radical was ranging from 5.21 to 65% for the concentration between 125 - 2000 mg/L [422]. In another study by Kim and Thomas, who found that three different MWs chitosans (30, 90, and 120 kDa) exhibited antioxidative activities in salmon (Salmo salar). Incorporation of 0.2, 0.5, and 1% chitosan, employing 2-thiobarbi- turic acid-reactive substances and 2,2-diphenyl-1picrylhydrazyl scavenging assays, caused reduction of lipid oxidation in salmon for seven days of storage. The free radical-scavenging activity of the 0.2 mM DPPH solution was saturated by 30 kDa chitosan at 7000 mg/L, resulting in a strong antioxidant activity of approximately 85% [423].




          Hydroxypropyl chitosan and CMC were reacted with maleic acid sodium to form water-soluble derivatives and their scavenging activities against hydroxyl radical ▪OH were investigated by chemiluminescence technique [424]. They exhibited IC50 values ranging from 246 to 498 mg/L, depend on the type of substituent and the content of hydroxyl and amino groups [425-427]. Chitosan was irradiated in acetic acid solution (1%) with different doses (2-20 kGy) of Co-60 γ rays to investigate the enhancement of the antioxidant activity [426]. Radical mediated inhibition of lipid peroxidation, reducing power, superoxide anion and hydroxyl radical quenching assays have been used for the evaluation of the antioxidant activity of irradiated chitosan. The result indicated that the 2.1 kDa chitosan exhibited high reducing capacity and expressed good inhibition of linoleic acid peroxidation. At a concentrtion of 100 mg/L could trap 74.2% of the superoxide radical. N-CMC was studied in the prevention of warmed-over flavour (WOF) [428] and the results reported that this product was highly effective in controlling of the WOF at different temperatures tested.




          It was also reported that the N-CMC at 5000 mg/L caused 93% inhibition of the thiobarbituric acid (TBA) in the ground beef and 99% reduction in the hexanal content in the products. These results were further confirmed by Li and co-authors, who found that the addition of 3000 mg/L of N-CMC to cooked pork was sufficient to prevent the oxidative rancidity of the product [429]. However, the N,O-CMC and its lactate, acetate and pyrrolidine carboxylate salts showed high effect in controlling the oxidation and flavour deterioration of cooked meat over a nine day storage of cold storage with inhibition percentages of 46.7, 69.9, 43.4, and 66.3% for the four products, respectively as reflected in their TBA values [430].




          Several studies reported that the antioxidant activity of chitosan was enhanced by incorporation of other compounds such as sugars, essential oils and gelatin [431]. Gelatin contains amino acids or biologically active peptides which may acts as electron donors that indicate antioxidant activity of gelatin composite edible films [432-437]. Edible films can improve the preservation of food, principally because of their ability to act as barriers to water, prevent dehydration and to oxygen and light, reducing the oxidation of lipids [317, 438-440]. The packaging release antioxidant is a type of food preservation system, wherein an antioxidant or mixtures are incorporated in the package, which contributes to extending the shelf life of food.




          Some studies have indicated that the antioxidant mechanism of chitosan may be a chelating action of metal ions such as copper and iron found in enzyme active sites thus to inactivate the oxidizing enzymes and/or binding with lipid such enzymes [212, 441]. In addition, chitosan films have been reported to inhibit both primary and secondary lipid oxidation in herring and Atlantic cod [442]. In all studies, it can be concluded that chitosan has a good antioxidant activity, hydroxyl radical scavenging ability, and chelating ability on ferrous ions and can be used as a source of antioxidants, as a possible supplement or ingredient in the pharmaceutical industry.


        


      




      

        



        4.3. Chitosan and Its Derivatives in Biomedical Applications




        Chitosan has the potential to be used in biomedical applications such as controlled drug release systems, pharmaceutical industries, gene delivery, tissue engineering, wound healing, ophthalmology, supports for immobilized enzymes, and many other applications [21, 41, 443-446]. Up to date, there are many chitosan formulations have been prepared and tested in biomedical applications as shown in Table 6. These safely applications could be refer as the chitosan has unique characteristics and advantages such as nontoxicity to mammals, biocompatibility, and biodegradability without harmful of the environmental components as it breaks down slowly to amino sugars as safely products that are absorbed completely in the body.




        

          Table 6 Selected biomedical applications of biopolymers based on chitosan.




          

            

              

                	Chitosan formulation



                	Biomedical applications

              


            



            

              

                	Chitosan-gelatin hydrogels



                	Controlled release of levamisole, chloramphenicol or cimetidine [447]. As implants blood substitutes or wound dressing material. Material supporting nerve repair [448]. Matrix containing hydroxyapatite as bone-replacing composite [449] and nerve repair [450].

              




              

                	Chitosan-collagen scaffold



                	Scaffold for culture of human epidermoid carcinoma cells and test of anticancer drugs [451].

              




              

                	Chitosan with silylating agent



                	Hydrogels for enzyme immobilisation or copper adsorption [452].

              




              

                	Chitosan-glutaraldehyde (GLA) membranes, scaffold, fibers, microspheres



                	Controlled release of of riboflavin or propanolol HCl [453]. Fibres for 5-fluorouracil release [454].


                Microspheres for release of goserelin [455]. Scaffold for the immobilisation of enzymes producing dextranase [456] or of tyrosinase [457]. Material supporting nerve repair [450].

              




              

                	Chitosan-GLA with polyether hydrogel



                	Anticoagulant hydrogel containing heparin [450, 458, 459].

              




              

                	Chitosan-GLA with polyvinyl pyrrolidone (PVP) hydrogel



                	Controlled release of amoxicillin [458] Hydrogel supporting growth of epithelial cells and inhibiting fibroblast growth for wound healing [460].

              




              

                	Chitosan-GLA with poly(vinyl alcohol) (PVA) membrane



                	Membrane for the sustained release of vitamin B-12 [461]. Membrane for the pH-controlled release of insulin [462].

              




              

                	Chitosan-PEG dialdehyde diethyl acetal



                	Biocompatible and biodegradable wound dressing material [463].

              




              

                	Chitosan-genipin, microspheres



                	Biocompatible and biodegradable materials for use as implants, blood substitutes or wound dressing material [464].

              




              

                	Chitosan-glyoxal, hydrogels



                	For site-specific antibiotics delivery in the stomach [465].

              




              

                	Chitosan-glyoxal with polyethylene oxide, hydrogels



                	for site-specific antibiotics delivery in the stomach [465].

              




              

                	Carboxymethyl chitosan crosslinking with Fe(III), microspheres



                	Controlled release of 6-mercaptopurine [466].

              




              

                	Chitosan-β-glycerophosphate, hydrogels



                	Controlled release of chlorpheniramine or albumin [467]

              




              

                	Chitosan-tripolyphosphate, hydrogel beads



                	Controlled release of piroxicam [468] or


                6- mercaptopurine [469].

              




              

                	IPN of chitosan-tripolyphosphate sponges



                	Controlled release of plateletderived growth factor-BB used in bone regeneration [470].

              




              

                	IPN of chitosan-sulfate-gelatin, films



                	For the improvement of drug sustained release performances [266].

              




              

                	IPN of chitosan-citrate, gel beads



                	For specific drug delivery in the stomach [471].

              




              

                	Chitosan-poly(lactic


                acid) (PLA) granules, films and freeze-dried scaffolds



                	Controlled release of ibuprofen [472].

              


            

          




        




        

          



          4.3.1. Drug Delivery Systems and Pharmaceutical Industries




          Controlled drug release systems are consisted of therapeutic substance enclosed in a biodegradable matrix that release required amounts of the drug in a prolonged time period. In the last few decades, considerable studies have been published on the potential use of chitosan and its derivatives in drug delivery systems in view of its biodegradability, nontoxicity, and biocompatibility. The cationic nature of chitosan is responsible for its unique properties such as controlled release of the drugs, mucoadhesion, in situ gellation, transfection, permeation enhancement, and efflux pump inhibitory properties [473-479]. In addition, improvement of these characteristics can be controlled by structural modifications of chitosan molecule. Therefore, chitosan can be used as a suitable matrix with availability in different forms such as beads, films, capsules, hydrogels, spheres, fibers, tablets, etc., for controlling the release of many drugs [475, 480-486]. As the presence of cationic charge on chitosan molecule, it is designed as drug carrier matrix in sustained release for the anionic drug such as naproxen [487]. Moreover, using polyanionic drugs, the interactions between chitosan and the therapeutic agent are more pronounced, and based on the ionic crosslinking between them; even stable complexes are formed from which the drug can be released even over a long period. Sun and co-authors prepared enoxaparin/chitosan nanoparticles providing very stable complexes with improvement of the drug uptake [488].




          Chitosan is an excellent hydrophilic biopolymer to be used for oral drug delivery that has muco/bioadhesive properties and may acts as an absorption enhancer [16, 489-491]. The orally administered formulations are initially exposed to the acid environment of the stomach, especially if they are administered in fasted subjects. The mucoadhesion capacity could result in formulations containing chitosan being retained gastric pH in the stomach. In addition, it has a potential in controlling of the drugs release into many biological systems. Chitosan has shown promise in the development of nonparenteral delivery systems for challenging drugs. For example, chitosan salts have been shown to increase the transport of drugs across the nasal epithelial surface. Directly compressible ketoprofen bioadhesive tablets containing chitosan and sodium alginate showed sustained release 3 h after intraoral (sublingual site in rabbits) drug administration [492]. Chitosan has a high potential in the development of a drug delivery system gastroretentive successful because it combines both floating and bioadhesion capabilities, especially for drugs that are poorly soluble in intestinal medium and easily soluble in acid. It could be ideal formulation to release drugs slowly in the stomach, since the formation of cationic chitosan gel which is manifested in the acid pH levels results in marked retarding effect on the drug release. The release of a drug depends on different parameters include the initial drug loading, thickness of the membrane, pH of media, and the type of action mechanisms [493]. For example, to localize antibiotic delivery in the stomach, a pH-sensitive swelling system was prepared by cross-linking chitosan and polyethylene glycol poly(ethylene oxide); (PEO) loaded with amoxicillin and metronidazole. The study reported that more than 65% of amoxicillin and 59% of metronidazole were released in enzyme-free simulated gastric fluid and simulated intestinal fluid [465].




          Chitosan is a mucoadhesive polymer that is capable of opening the tight junctions and allowing paracellular transport of molecules across mucosal epithelium, and therefore is suitable for mucosal delivery of vaccines [494]. Mucoadhesion can be achieved as the ionic interactions between the cationic amino groups of chitosan and the anionic surface of the mucus as the presence of sialic acid and sulfonic acid substructures. In the case of unmodified chitosan, the cohesive properties, as the adhesion and Mucoadhesion, are comparatively weak therefore; chemical modifications of chitosan have been achieved such as preparation of thiolated chitosan derivatives. These products are hydrophilic macromolecules having free thiol groups and represent a new promise in the field of mucoadhesive polymers and alternative in the field of non-invasive delivery of peptide. Their chemical structures are able to form disulfide bonds with mucus glycoproteins of the mucus gel layer and also the inter- and intrachain disulfide bonds are formed within chitosan itself, resulting increase significantly of the mucoadhesion up to 130 fold [138, 140, 495-500]. Chitosan-cysteine, chitosan-thioglycolic acid, chitosan-4- thiobutylamidine, and chitosan-thioethylamidine conjugates are the most four types of thiolated chitosan derivatives that have been widely prepared and tested [139, 495, 499, 501-503]. It was reported that a degree of modification of 25-250 mmol thiol groups per one gram of chitosan showed the highest enhancement in the mucoadhesive and enhancing of the permeation properties. Thiolated chitosans have been also used as scaffold materials in tissue engineering and as coating materials for stents [139]. Quaternization of chitosan such as trimethylation provides more cationic character of the polymer lead to significantly enhance the mucoadhesive properties [504]. Carboxyalkyl chitosan derivatives, as water-soluble, were also prepared and tested as drug carriers [115, 116, 505]. N-(2-Carboxybenzyl) chitosan was prepared by reductive amination sequence with 2-carboxy benzaldehyde and cross-linked with glutaraldehyde to develop pH-sensitive hydrogel for colon specific drug delivery of 5-flurouracil [506, 507]. Succinyl-chitosan derivatives are also favorable as drug carriers as their biocompatibility, low toxicity and long-term retention in the body due to the presence of several carboxyl groups that exhibit solubility in different aqueous media [476, 508-511]. N-Succinyl-chitosan is obtained by introduction of succinyl moiety into chitosan N-terminal of the GlcN units however; the succinyl group can be introduced to O-terminal after protection of the free amino groups and then removal of the protecting moiety [105, 137, 508, 512-514]. It was reported that succinyl-chitosan showed long retained in the systemic circulation after intravenous administration and the plasma half-lives were ca. 100 h in normal mice and 43 h in Sarcoma 180-bearing mice for succinyl-chitosan (MW = 3400 kDa and degree of succinylation = 81%). The biodistribution of succinyl-chitosan into other tissues was trace apart from the prostate and lymph nodes and the maximum tolerable dose for the intraperitoneal injection was greater than 2 g/kg [105]. In previous studies, Kato and co-authors found that the biodistribution of succinyl-chitosan into the liver, kidney and spleen was below 5% of dose/g tissue [515] and was higher than 10% of that was transferred to the prostate and lymph nodes at 48 h post-administration and were less than 10% of dose/g tissue into the testes, preputial gland, intestine, femoral muscle, backbone and peritoneum [516].




          Chitosan composite with poly(lactic acid) (PLA) granules, films and freeze-dried scaffolds also blending with hydroxypropyl cellulose (HPC), as well as dibutyryl chitin films were prepared and tested as controlled drug delivery systems, including transdermal and oral dosage forms. Excellent adhesion of biopolymer matrices to PLA microspheres or hydroxyapatite (HAp) particles was confirmed and the drug release kinetics of ibuprofen drug from obtained films was found to be first order [472]. Chitosan is shown to be a promising candidate vaccine supply mucosal vaccine proteins such as B. anthracis [517], diphtheria [518], and influenza [519, 520]. The results showed that the nasal chitosan in the influenza vaccine was both effective and protective time and the mechanism of action is considered to be due to the promoting effect of the absorption of the material rather than an effect of chitosan on the immune system [521]. Other formulations such as chitosan microspheres and microcapsules have been well established in drug delivery systems. These microparticulate carriers are considered as good potential oral delivery systems to provide a constant therapeutic level of the drug and to avoid frequent administration of the solid oral dosage form. Many active substances have been entrapped in chitosan microspheres such as diclofenac sodium, furosemide, indomethacin, methotrexate, nifedipine, prednisolone sodium phosphate, theophylline, aspirin, and griseofulvin and the results reported that the pharmacokinetic properties of microspheres were significantly affected by chitosan type, drug concentration, and the viscosity of the lipophilic phase [522-526].




          Chitosan microcapsules have been prepared by several authors using a mild chitosan calcium alginate microencapsulation technique for drug delivery systems [484, 527-530]. This technique is more commonly used to manufacture oral microcapsules than other processes such as precipitation, interfacial polymer-ization, and spray drying, which involve organic solvents. The results of these studies suggested these microcapsules may act as a superior gastrointestinal sustained delivery system as the release rate of the drug.


        




        

          



          4.3.2. Gene Delivery




          Chitosan is the most prominent among natural polymer-based gene delivery vectors, due to its biodegradability and biocompatibility [531, 532]. However, this system is significantly limited because its low transfection efficiency and cell specificity [533]. Its role in gene delivery is supported by its ability to protonate in acidic media forming a complex with DNA through electrostatic interactions [534]. The chitosan-DNA complexes are very easy to prepare and are more effective compared to the commonly used polygalactosamine-DNA complexes [535]. The transfection efficiency of chitosan depends on the MW, DDA, pH of the transfecting media, cell type, and the charge ratio between the luciferase plasmid to chitosan [536-538]. It was found that the increase of the chitosan MW and concentration yielded more stable complexes, indicating that varying the chitosan chain length may provide a tool for controlling the ability of the polyplex to deliver therapeutic gene vectors to cells [539, 540]. However, other studies reported that the low MW chitosans were the best effective and enhanced adenovirus infectivity to mammalian cells in gene therapy concentration and low MW chitosans were the best effective [277, 541].




          Chitosan/DNA nanoparticles may be readily formed by coacervation between the positively charged amine groups on chitosan and negatively phosphate groups on the DNA [542-545]. Dai et al. studied the gene delivery by the nanoparticles through retrograde intrabiliary infusion (RII) and tested the efficacy of liver specific targeting [545]. The transfection efficiency of chitosan-DNA nanoparticles, compared with poly(ethylenimine) (PEI)-DNA nanoparticles, was evaluated in rats by infusing into the common bile duct, portal vein, or the tail vein and the result showed that the luciferase expression was not detected when chitosan-DNA nanoparticles were administrated through the portal vein or tail vein.




          Galactosylated chitosans have been reported as hepatocyte-targeting gene carriers due to the specific ligand-receptor interactions between galactose and asialoglycoprotein receptors [546, 547]. These derivatives showed low cytotoxicity and exhibited in vitro and in vivo enhanced gene transfer efficiency and specificity [548, 549]. It was also found to be coupled with spermine facilitating the transfer of the preferential gene to the liver cells [550]. Galactosylated chitosan and galactosylated chitosan-graft-dextran (GCD) were prepared and characterized for Hepatocyte-targeting and complexed with DNA [546, 551]. Galactosylated chitosan-graft-dextran/DNA complexes were only transfected with cells having asialoglycoprotein receptor and could regulate cell growth using YB-1 transcription factor decoy oligonucleotides [546].




          Depolymerised chitosan with the intermediate range of MW seemed a better parent backbone for chemical conjugation that executed transfection and intracellular uptake for transgene expression. Particle size, zeta potential, buffering capacity and DNA binding ability gave encouraging result of enhanced solubility, stability, and improved transfection [550]. Katas and Alpar developed chitosan nanoparticles for siRNA delivery by simple complexation and ionic gelatin using tripolyphosphate (TPP) as a crosslinking agent. In-vitro studies using two types of cells lines, CHO K1 and HEK 293, revealed that the association of siRNA to chitosan plays an important role in the silencing effect [552]. Liu and co-authors reported that the physicochemical properties and in vitro gene silencing of chitosan/siRNA nanoparticles are significantly dependent on the chitosan MW and DDA where that the high MW chitosan with great DDA resulted in the formation of discrete stable nanoparticles of 200 nm in size [553]. Low MW of chitosan/siRNA showed almost no endogenous knockdown reinforced green fluorescent protein (EGFP) in H1299 carcinoma cells of the human lung, while those prepared from high MW and DDA showed higher gene silencing range between 45% and 65% [552, 553]. From these results, it can be concluded that there is still scope for enhancement and optimization of gene silencing using chitosan/siRNA nanoparticles and certain improvements in the polymeric characteristics would make significant differences.


        




        

          



          4.3.3. Wound Healing and Dressing




          In last few decades, many research groups are interesting in production of new and improved wound healing and dressing by modifying biocompatible products [554, 555]. The strategies are focused on the acceleration of the wound repair by systematically designed biologically derived materials such as chitosan and its derivatives that are able of accelerating the healing processes at molecular, cellular, and systemic levels [19, 446, 555, 556]. Due to the similarity between chitosan and hyaluronic acid, it was early suggested that chitosan can be used as wound healing agent [557]. It is beneficial for healing of wide open wounds in animals. The mechanisms of acceleration of wound healing have been studied in vitro and in vivo and proved that the chitosan could stimulate cell proliferation and tissue organization. Moreover, it helps in blood clotting, as it is a hemostat, and blocks nerve endings reducing the pain [558].




          Chitosan is also able to activate the host defenses to prevent infection, providing an alternative antibiotic agent. In addition, chitosan depolymerizes into GlcNAc units, that initiate fibroblast proliferation, helps in ordered collagen deposition and significantly increased the level of hyaluronic acid synthesis at the wound site [446]. Chitosan improves the functions of inflammatory cells such as polymorphonuclear leukocytes, macrophages, the transforming growth factor h1, and the growth factor platelet-derived. It is also induce fibroblast to release interleukin-8, which is involved in the migration and proliferation of fibroblasts and vascular endothelial cells [559]. Chitosan hydrogel formulations have been demonstrated to effectively interact with and protect the wound, and moist healing environment. The hydrogels are based on the covalently crosslinked of chitosan and are divided into three types with respect to their structures include chitosan crosslinked with itself, hybrid polymer networks (HPN), crosslinking between chitosan chain and another type polymeric chain, and semi- or full-interpenetrating polymer networks (IPN) that contain a non-reacting polymer added to the chitosan solution before crosslinking reaction [560]. Chitosan-glutaraldehyde, chitosan-glyoxal, chitosan-epichlorohydrin, and chitosan-ethylene glycol diglycidyl ether, respectively are extensively studied and their reaction with chitosan is well-documented [449, 561, 562]. Applying gel to an open wound induced significant wound contraction and accelerated wound closure and healing. Furthermore, in cell culture studies it has been shown that chitosan hydrogel immobilized with fetal bovine serum had an influence on dermal fibroblasts and stimulated cell growth [560, 562]. In addition to the requirements for wound healing, it is important to control any infection of a wound under dressing and chitosan has been shown to provide inhibition of bacterial and fungal proliferation in the treatment of infected wounds [14, 563-566].




          Various forms of wound dressing materials based on chitin and chitosan products are commercially available such as HemCon® Bandage (HemCon Medical Technologies Inc., Portland, OR), Syvek-Patch® (Marine Polymer Technologies), Chitopack C® and Chitopack S® (Eisai Co. Japan.), Beschitin® (Unitika Co. Japan), Chitodine® (IMS), and Trauma DEX® (Medafor) [555, 567]. These wound dressings manufactured as non-wovens, nanofibrils, composites, films, scaffolds and sponges [558, 568, 569]. The techniques of phase separation, self-assembly, and electrospinning have been developed to fabricate chitosan nanofibrous scaffolds. However, recently the electrospinning technology, by applying a high voltage to electrically charged liquid, has become the most popular one [570-574]. It was also reported that a combination between chitosan and collagen was used in wound dressing system with high liquid absorption, biocompatibility, and antibacterial properties [575]. In this study, various weight ratios of collagen to chitosan were immobilized on the polypropylene nonwoven fabric, which has previously been grafted with acrylic acid (AA) or N-isopropyl acrylamide (NIPAAm) to construct a durable sandwich membrane for dressing. The results indicated that grafted NIPAAm grafted and collagen/chitosan-immobilized polypropylene nonwoven fabric showed a better healing effect than AA-grafted and collagen/chitosan immobilized polypropylene nonwoven fabric [575].


        




        

          



          4.3.4. Tissue Engineering




          The development of biodegradable polymers such as collagen and chitosan to perform the role of a temporary matrix that mimics the native extracellular matrix of the target tissue as much as possible, is an important factor in the success of cell transplantation in tissue engineering [569, 576-580]. It was reported that the chitosan possesses characteristics comparable to various glycosaminoglycans (GAGs), such as chondroitin sulfate and keratin sulfate that found in the extracellular matrix of articular cartilage. Moreover, the primary monomer of chitosan has a framework similar to the predominant GAGs in cartilage. Because of this similarity, chitosan has been tested as a scaffold for cartilage repair [576, 581-584]. One of chitosan's most promising features is its exceptional ability to be processed into porous structures for use in cell transplantation and tissue regeneration. Porous chitosan structures can be formed by freezing and lyophilizing aqueous acetic acid chitosan solution generating a porous material with pore size that can be controlled by variation in the rate of freezing [578].




          Chitosan-based hyaluronan hybrid polymer fibers indicated excellent potential as a desirable biomaterial for cartilaginous tissue scaffolds due to its excellent characters of cell adhesion, proliferation and matrix secretion [585]. Further, collagen/chitosan scaffolds were found to be as potential candidates for the dermal equivalent, with enhanced biostability and good biocompatibility [577]. Arpornmaeklong and others also reported that chitosan based sponges tended to promote growth of osteoblast cells to a greater lever than collagen-only sponges [586]. The characteristics of scaffolds composed of different ratios of type I collagen and chitosan with hyaluronic acid added was investigated to obtain the optimum conditions for the manufacture of composite porous scaffolds collagen-hyaluronan-chitosan suitable for tissue engineering applications [587]. Chitosan/nanobioactive glass ceramic (nBGC) composite scaffolds were developed by lyophilization technique and scaffolds showed adequate porosity, adequate swelling and degradation properties aside of its ability to become bioactive. Cytocompatability of chitosan/nBGC scaffolds was assessed using MT assay, direct contact test and cell attachment studies and the results indicated no signs of toxicity and cells were found to be attached to the pore walls offered by the scaffolds [588, 589].


        




        

          



          4.3.5. Anticoagulant Activity




          The phenomenon of blood clotting or coagulation involves the sequential activation of a series of serine proteinases, which results in the generation of thrombin and the subsequent thrombin catalyzed conversion of fibrinogen to insoluble fibrin. The ability of certain sulfated chitosan and glycosaminoglycans to interfere with blood clotting process is a subject of extensive medical applications [590, 591]. Compared to heparin (an efficient antithrombotic agent) [592], the sulfated chitosan has been shown to possess high anticoagulant potency. Unlike heparin, sulfated chitosan does not show anti-platelet activity, which causes excessive bleeding in patients [590]. A higher degree of sulfation has been shown to be beneficial to the anticoagulant activity, relative to the thrombin time. The disposition of sulfate groups and the chemical modification of chitosan sulfated significantly affect the process of anticoagulation [590, 591]. The anticoagulant activity of sulfated polysaccharides generally results from the interaction between the negatively charged sulfated groups and positively charged peptide sequences. N-acetyl groups are also shown to improve the anticoagulant activity.


        




        

          



          4.3.6. Ophthalmology




          Chitosan has been used as an alternative material to synthetic polymers in opthalmological applications not only because of its inherent biological activity, which may also have an impact in ocular therapeutics [593-597]. Chitosan possesses all the characteristics required for making an ideal contact lens: optical clarity, mechanical stability, and optical correction, oxygen permeability, wettability and immunological compatibility [595, 598-602]. Different forms of chitosan have been investigated in ophthalmology such as contact lenses, solution, coated nanocapsules, coated liposomes, microspheres, and nanoparticles [593, 598, 600, 603-609]. Contact lenses are made from chitosan by the technique of spin casting and the lenses are clear, hard and have other desired properties such as modulus, tensile strength, tear strength, elongation, water content, oxygen permeability, antimicrobial, and wound healing [596, 603].




          Mucoadhesive chitosan was also evaluated as a potential component in ophthalmic gels to allow increased drug precorneal residence time [595]. This vehicle has been provided with cationic charge and expected to slow elimination of the drug by the lacrymal flow both by increasing the viscosity of the solution and by interacting with the negative charges of the mucus. The authors studied the effect of the MW and concentration of four types of chitosan products as parameters that may affect the eye tolerance and precorneal residence time of the formulations containing tobramycin as a therapeutic agent. They clearly demonstrate the excellent tolerance of chitosan after topical administration to the surface of the cornea with an ocular irritation test, using confocal laser scanning ophthalmoscopy combined with fluorescein staining of the cornea. At least a 3-fold increase of the corneal residence time was achieved in the presence of chitosan compared with commercial collyrium (Tobrex®), regardless of the concentration and MW [595]. A cationic chitosan is proposed for use in artificial tear formulations. Gamma scintigraphic studies have shown that chitosan formulations remain on the precorneal area as artificial tears commonly used commercial (Protagent® collyrium and Protagent-SE® unit-dose) having a 5-fold higher viscosity [600]. It has good wetting properties as well as an antibacterial effect which is desirable in the case of dry eye, which is often complicated by secondary infections. Thiolated chitosan (chitosan-N-acetylcysteine) product was tested in a new formulation of eye drops in two different preclinical models of dry eye mice [597]. Ocular residence time depends on the dosage, the biodistribution, a long-term irritation, and type hypersensitivity tests delayed with chitosan-N-acetylcysteine, eye drops formulation was studied in rabbits. It is postulated that the interaction between the thiol groups of the topical application of the chitosan-N-acetylcysteine and cysteine-rich mucin increased the polymer residence time (detection up to 22h) on the ocular surface and tear film stability. The results of a long-term eye irritation study in rabbits showed that the new formulation is well tolerated and non-irritating to eyes. Wowra and co-authors have developed the chitosan membrane for the preparation of scaffold providing optimal conditions for culturing cells of the corneal epithelium which could be applied in ophthalmology [602]. These materials have shown support for the adhesion, proliferation, expression of cells. in vitro cell culture experiments with cells of the corneal epithelium indicated that chitosan membrane prepared from mixtures provided that the laminate steady growth of epithelial cells, a good surface coverage and increased number of cell layers.




          Mechanisms of action potential of chitosan as gels, coated colloidal systems, and nanoparticles to enhance the retention and biodistribution of drugs applied topically on the eye have been studied [593, 598, 599, 601, 607-610]. The results have shown the potential of chitosan gels to improve and prolong the retention of the drugs on the eye surface. Moreover, colloidal systems based on chitosan have been found to work as carriers transmucosal drugs, or by facilitating the transport of the drugs to the inner eye (chitosan-coated colloidal systems containing indomethacin) or their accumulation in the epithelium of the corneal/conjunctival epithelia (chitosan nanoparticles containing ciclosporin) [593]. Recently Asasutjarit and co-authors have developed new diclofenac sodium (DC) nanoparticles loaded N-trimethyl chitosan (DC-TMCNs) prepared by using a technique of ionic gelation, in order to enhance ocular drug biavailabiltiy and as an alternative to conventional sodium eye drops for the treatment of ophthalmic inflammation [609]. Eye irritation tests have shown that DC-TMCNs were safe for ophthalmic use. The study of the in vivo ophthalmic drug absorption in rabbits indicated that DC-TMCNs could improve ophthalmic bioavailability DC.


        


      




      

        



        4.4. Chitosan and Its Derivatives in Biotechnological Applications




        

          



          4.4.1. Enzyme Immobilization and Biosensors




          Enzyme immobilization is a considerable practical utility technique, particularly to improve the catalytic potential of enzyme to specific substrate, resistance to the pH and temperature conditions, and with better stability over a considerable period of time [611-613]. Up to date, there are many techniques are widely used for enzyme immobilization include physical and chemical methods [613-618]. The physical immobilization methods depend on the adsorption [615], affinity [619, 620], and entrapment or encapsulation [614, 616, 621]. However, the chemical immobilization methods depend on the crosslinking or covalent binding [616, 622, 623]. Several other methods that are combinations of those shown or original and specific for a given carrier or an enzyme have been achieved. However, no single technique is the best for all the enzymes and their applications.




          It is well known that the chitosan is an admirable material for immobilization of several enzymes, as it exhibits increased thermostability compared to the free enzyme, hence it has been extensively used in electrochemistry and biosensors in recent years [22, 624-628]. Chitosan proved a number of desirable characteristics of chitosan in enzyme immobilization include: good affinity to enzymes, accessibility of functional groups to rapid react with enzymes, excellent film-forming ability, high permeability, mechanical stability and rigidity, nontoxic, and biocompatible. In addition, it is also easy for the preparation in many geometric configurations which provide the permeability system and suitable for selected the surface biotransformation [622, 629-632]. It is widely used in different forms for enzymes immobilization technology such gels of different geometrical configurations as beads, membranes, coatings, capsules, fibers, spheres, and sponges [2, 17, 22, 572, 633, 634]. An overview of enzymes immobilized on chitosan-based materials, reported in the literatures is presented in Table 7. For example, Urease has been immobilized covalently onto chitosan-glutaraldehyde crosslinked membrane, to afford resistance to the influence of some inhibitors including thioglycolic acid, boric acid, and sodium fluoride [635]. Previous study found that the immobilized enzyme retained 94% of its original activity. The immobilized enzyme had good storage and operational stability and good reusability, properties that offer potential for practical application [636]. Likewise, resistance to mechanical stirring of D-amino acid oxidase has been obtained by enzyme immobilization on crosslinked chitosan matrix [637].




          

            Table 7 Enzymes immobilized on chitosan-based materials.




            

              

                

                  	Enzyme (EC number)



                  	Chitosan form or its formulation



                  	Immobilization technique



                  	Industrial application

                


              



              

                

                  	Acid phosphatase (3.1.3.2)



                  	Beads, precipitate



                  	Covalent binding



                  	Separation, purification and recovery of enzymes, application in agriculture and medical diagnostics [634, 638-642].

                




                

                  	Acetylcholinesterase (AChE)



                  	Membrane



                  	Adsorption followed by cross-linking



                  	Biosensor for rapid detection of organophosphate and carbamate pesticides [643-646]

                




                

                  	Alanine dehydrogenase (1.4.1.1)



                  	Beads



                  	Covalent binding



                  	Determination of l-alanine (medicine) [647, 648].

                




                

                  	Alkaline phosphatase (3.1.3.1)



                  	Beads



                  	Covalent binding



                  	Hydrophobic interaction chromatography [639, 647, 649, 650].

                




                

                  	Alkaline protease (3.4.21.62)



                  	Beads, Powder, Microsphere



                  	Covalent binding, adsorption



                  	Production of laundry detergents [651-653].

                




                

                  	Alcohol oxidase (1.1.3.13)



                  	Beads



                  	Covalent binding



                  	Determination of ethanol [654].

                




                

                  	Aminoacylase (3.5.1.14)



                  	Chitosan-coated alginate beads, Electrospun non-woven cellulose-chitosan composite fibers



                  	Gel inclusion



                  	Production of l-phenylalanine, matrix for biological catalysts in textile industry [655, 656].

                




                

                  	α-Amylase (3.2.1.1) and β-Amylase (3.2.1.2)



                  	Beads



                  	Adsorption, cross-linking



                  	Hydrolysis of starch for glucose syrup and Production of high maltose syrup from starch [657-664].
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