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    FOREWORD


  




  

    Petroleum is an important source of energy and materials in our world and many products we use every day are derived from it. However, environmental and economic considerations lead to consider new sources to allow less dependency on fossil fuels. Natural polymers may be one of these alternatives, and among them, polysaccharides form a large class containing a number of industrially-important ones. Chitin, despite constituting the second most abundant natural polymer has not achieved the same commercial importance as for, cellulose, starch or alginate. Academic as well as industrial scientists have developed strong energy to find new and potential applications for this material and most preferentially for chitosan, being its major derivative. The latter presents very specific properties particularly due to its capacity to be polycationic in acidic medium but also a great interest considering the multiple forms in which it can be processed. As a consequence, possible applications cover a wide domain, and this book in a comprehensive manner summarizes many of the most recent technical and research accomplishments in chitosan covering its acquisition processes, characterization, chemical modifications and specific applications such as dyes and metals removal, drug delivery, coatings (especially for food applications), and permeation processes.




    The contents of this book highlight the most important challenges and information needed to understand chitosan science. Chitosan is derived from chitin and many processes were designed for deacetylation reaction leading to acquire this derivative. For a few years, microwave-assisted as well as ultrasound processes have been developed and found to be of great interest as it is developed in this book. The characterization of obtained chitosans is of major importance and still remains a challenge for users. The used techniques are discussed in this book and this will strongly help the chitosan users. But chitosan as well as other polysaccharides, do not exhibit all the required properties necessary for specific applications. As a consequence, it is necessary to carry out modifications and the presence of amino groups in chitosan structure allows selective reactions which are described in this book. It is possible to prepare cationic, anionic, amphiphilic or crosslinked materials demonstrating the versatility of this polysaccharide. All of these actions allow the chitosan to be used in applications, covering wide domains as biomedical or pharmaceutics, cosmetics, food, agriculture, water treatment and permeation.




    This book is a very useful addition to literature on chitin and chitosan, particularly for those working on the development of new products for specific applications. The authors have to be thanked for their successful contribution to chitosan development demonstrating its strong interest and unlimited potential of applications and it will stimulate researchers in order to continue their efforts so that chitosan finds the place within the polysaccharide world.
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    PREFACE


  




  

    Chitosan is an alternative, low cost and available biomaterial, which can be obtained from natural and renewable resources. Chitosan can be obtained from chitin deacetylation and, its properties are dependent on the used method and the experimental conditions. Chitosan has several interesting properties from industrial and technological viewpoints, such as, biocompatibility, bioavailability, adhesivity, film forming properties and is polycationic in acid mean. Chitosan can be processed in the form of films, membranes, hollow fibers, nanofibers, nanoparticles and scaffolds. On the basis in these interesting properties, chitosan has an unlimited potential of application, for example, in agriculture, medicine, odontology, pharmacy, engineering and other fields. Studies involving chitosan increased significantly in the last 15 years. Consequently, many frontiers were overcome and new research fields were opened. Based on the above mentioned facts, the traditional and new trends about chitosan based materials were organized in a book: "Chitosan Based Materials and its Applications". It is expected that these information will assist future research in the chitosan field.




    This book consists of 10 contributions or chapters. The chapters were developed by eminent researchers from Brazil, Portugal, the United Kingdom and Poland, which worked on chitosan and chitosan based materials. Chapter 1 shows general considerations about chitosan and its based materials, while chapter 2 is focused on the obtention processes and characteristics. In chapters 3 to 5, chitosan based materials like nanofibers, nanoparticles, nanocapsules and chemically modified chitosans are addressed. The characterization techniques for chitosan and its based materials are presented in chapter 6. Chapters 7 to 10 are focused on the applications such as, water treatment, drug delivery, edible films and pervaporation membranes. Based on this interesting material, we believe that this book continue to inspire the development and implementation of technologies involving chitosan based materials in the academic and industrial fields.




    

      Dr. Guilherme Luiz Dotto


      Chemical Engineering Department,


      Federal University of Santa Maria (UFSM),


      Roraima Avenue, 1000, Santa Maria, RS, Brazil


      


      Dr. Sergio Paulo Campana-Filho


      Instituto de Química de São Carlos – Universidade de São Paulo,


      Av. Trabalhador são-carlense, 400 - CEP,


      13566-590 São Carlos/SP, Brazil


      


      Dr. Luiz Antonio de Almeida Pinto


      Industrial Technology Laboratory, School of Chemistry and Food,


      Federal University of Rio Grande – FURG,


      Rio Grande – RS, Brazil

    


  




  




  




  

    

      List of Contributors


    


  




  

    

      

        	Adalberto E. Junior



        	Chemistry Department, Universidade Federal de Santa Catarina, Trindade - Florianópolis, Santa Catarina-Brazil



      




      

        	Adriana Pavinatto



        	Instituto de Química de São Carlos , Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Andrea de Lacerda Bukzem



        	Instituto de Química de São Carlos, Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Alexandre L. Parize



        	Chemistry Department, Universidade Federal de Santa Catarina, Trindade - Florianópolis, Santa Catarina-Brazil



      




      

        	Alisson S. Camara



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande - FURG, Rio Grande-RS, Brazil



      




      

        	Ana Luísa Daniel-da-Silva



        	CICECO-Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Aveiro, Portugal



      




      

        	Anderson Fiamingo



        	Instituto de Química de São Carlos, Universidade de São Paulo, Av. Trabalhador são-carlense, 400 - CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Bárbara J. Leite Ferreira



        	CICECO-Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Aveiro, Portugal



      




      

        	Daliomar Lourenço de Oliveira Júnior



        	Chemical Engineering Department, Environmental Processes Laboratory, Federal University of Santa Maria-UFSM, Santa Maria-RS, Brazil



      




      

        	Daniella de Souza e Silva



        	Instituto de Química de São Carlos , Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Daniel Assumpção Bertuol



        	Chemical Engineering Department, Environmental Processes Laboratory, Federal University of Santa Maria-UFSM, Santa Maria-RS, Brazil



      




      

        	Danilo Martins dos Santos



        	Instituto de Química de São Carlos , Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Denys Alberto S. Rodrigues



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande – FURG, Rio Grande – RS, Brazil



      




      

        	Eduardo Hiromitsu Tanabe



        	Chemical Engineering Department, Environmental Processes Laboratory, Federal University of Santa Maria-UFSM, Santa Maria-RS, Brazil



      




      

        	Gabriela Dudek



        	Department of Physical Chemistry and Technology of Polymers, Faculty of Chemistry, Silesian University of Technology, Strzody 9, 44100 Gliwice, Poland



      




      

        	Guilherme Luiz Dotto



        	Chemical Engineering Department, Federal University of Santa Maria-UFSM, Santa Maria-RS, Brazil



      




      

        	Jorge Augusto de Moura Delezuk



        	Instituto de Química de São Carlos, Universidade de São Paulo, Av. Trabalhador são-carlense, 400 - CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Luiz Antonio de Almeida Pinto



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande – FURG, Rio Grande – RS, Brazil



      




      

        	Mery Luiza Garcia Vieira



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande - FURG, Rio Grande-RS, Brazil



      




      

        	Nathalie B. Barroca



        	School of Mechanical and Aerospace Engineering, Queen’s University Belfast, United Kingdom



      




      

        	Natália B. Caon Branco



        	Chemistry Department, Universidade Federal de Santa Catarina, Trindade - Florianópolis, Santa Catarina-Brazil



      




      

        	Nauro da Silveira



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande – FURG, Rio Grande – RS, Brazil



      




      

        	Poliana P. Lopes



        	Chemical Engineering Department, Federal University of Santa Maria, Santa Maria, Brazil



      




      

        	Regiane Cristina Corrêa



        	Instituto de Química de São Carlos, Universidade de São Paulo, Av. Trabalhador são-carlense, 400 - CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Roman Turczyn



        	Department of Physical Chemistry and Technology of Polymers, Faculty of Chemistry, Silesian University of Technology, Strzody 9, 44100 Gliwice, Poland



      




      

        	Sérgio Paulo Campana-Filho



        	Instituto de Química de São Carlos, Universidade de São Paulo (IQSC/USP), São Carlos, São Paulo, Brazil



      




      

        	Tito Roberto Sant'Anna Cadaval



        	Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande – FURG, Rio Grande – RS, Brazil



      




      

        	Tonimar Arrighi Domiciano Senra



        	Instituto de Química de São Carlos , Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      




      

        	Vanderlei C. Souza



        	Mechanical Engineering Department, Laboratory of Porous Media and Thermophysical Properties, Federal University of Santa Catarina-UFSC, Florianópolis-SC, Brazil



      




      

        	William Marcondes Facchinatto



        	Instituto de Química de São Carlos , Universidade de São Paulo, Av. Trabalhador são-carlense, 400 – CEP, 13566-590 São Carlos/SP, Brazil



      


    


  




  




  




  

    General Considerations about Chitosan




    


    Guilherme L. Dotto1, *, Luiz Antonio A. Pinto2




    

      1 Chemical Engineering Department, Federal University of Santa Maria-UFSM, Santa Maria-RS, Brazil


    




    

      2 Industrial Technology Laboratory, School of Chemistry and Food, Federal University of Rio Grande – FURG, Rio Grande-RS, Brazil


    






    

      Abstract




      Chitosan is a polysaccharide composed of repeated units of N-acetyl-2-amino-2-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose, which are linked by β-(1→4)-glycosidic bonds. This biopolymer was discovered in 1859, and the industrial scale production started from 1971. During the last 20 years, a considerable interest for chitosan based materials has been observed. Chitosan is mainly obtained from crustacean shells, but other sources are also possible. In general, the shells are submitted to sequential steps of demineralization, deproteinization and deodorization to obtain chitin. Chitosan is then obtained by alkaline deacetylation of the chitin. The quality of chitosan is evaluated taking into account the characteristics such as, molecular weight, deacetylation degree and crystallinity. These characteristics are responsible for properties like biocompatibility, bioadhesivity, solubility and polycationic character. The properties of chitosan make this biopolymer an excellent and attractive material for several chemical and physical modifications, aimed at diverse applications. This chapter presents some general considerations about the biopolymer chitosan, including, definitions, history, main sources, obtention processes, characteristics, properties, chitosan-based materials and their unlimited potential applications.
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      INTRODUCTION




      Chitosan is a polycationic biopolymer composed of 2-acetamido-2-deoxy-β-D- glucopyranose and 2-amino-2-deoxy-β-D-glucopyranose residues [1] (Fig. 1). It is known that the NH2 and OH groups in its structure are mainly responsible for its properties and unlimited potential applications [2]. Chitosan was discovered




      by Rouget [3] in 1859, when studying deacetylated forms of chitin. Production in industrial scale was first registered in 1971 in Japan. The “1st International Conference of Chitin and Chitosan” occurred in 1977 (Boston, USA). From this conference, the scientific and industrial communities demonstrated an exponential interest in chitin and chitosan [4]. From 2010 to 2015, more than 15,000 articles and about 20 books on chitosan were published worldwide.
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Fig. (1))


      Three-dimensional chemical structure of the chitosan biopolymer (from the authors).



      Crustaceans, insects, mollusks and fungi are the main sources of chitosan [5]. Industrially, chitosan is obtained from shrimp and crab shells, which are wastes from the seafood industries [6]. First, the crustacean wastes are submitted to demineralization, deproteinization, deodorization and drying steps, in order to obtain chitin [5-8]. Afterwards, the chitin is deacetylated, purified and dried to obtain chitosan [9, 10]. This process is economically feasible since the raw material has zero cost and can include the recovery of astaxanthin [6]. Nowadays, chitosan is commercially produced in Japan, India, China, Italy, Canada, Chile, Poland, Norway, USA and Brazil [5, 7].




      The price of powdered chitosan depends on the range of application, characteristics and purity [5]. For example, the price of chitosan for agricultural use is about US$ 20/kg; for water treatment is about US$ 30/kg; for food applications is US$ 150/kg; for general use in laboratory is US$ 500/kg. The price of high purity 99% chitosan (1 kg) varies from US$ 1000 to 1300.




      The main characteristics that define the chitosan biopolymer are its molecular weight and deacetylation degree [11]. Other features such as, crystallinity, surface area, particle size, moisture and ash contents are important [12]. These characteristics are fundamental to ensure the chitosan properties, including, solubility, polycationic character, antimicrobial, biocompatibility and bioadhesivity [7]. Furthermore, the abovementioned characteristics are responsible for determining what chitosan based material could be prepared (films, nanofibers, nanoparticles, nanocapsules, scaffolds, hydrogels) and what the possible application of the biopolymer will be (water treatment, food industry, cosmetics, agriculture, biomedicine) [11-13].




      Taking into account the importance of chitosan for the academic, scientific and industrial communities, this chapter intends to present some general considerations about this biopolymer. The definitions, main sources, obtention processes, characteristics, properties, chitosan based materials and their unlimited potential of application are presented in general lines. Specific discussions about chitosan based materials, their characteristics, properties and applications are presented in the other chapters of this book.


    




    

      MAIN SOURCES




      

        Crustaceans




        Shrimp and crab wastes are the main sources of the industrial production of chitosan [5, 14]. Chitosan is obtained from α-chitin, which is a component of the exoskeleton of these crustaceans. The exoskeletons are wastes from the seafood industries. It is estimated that the total global annual generation of seafood wastes is around 5.1×106 metric tons [15]. The chitin content in the dried exoskeletons varies from 5% to 42%, depending on the crustacean species [5]. Nouri and coworkers [16] used Persian Gulf shrimp wastes to produce chitosan and, obtained a good product with a deacetylation degree of 89% and molecular weight of 806 Da. Yen and coworkers [17] prepared chitosan from crab shells, obtaining a biopolymer with a deacetylation degree higher than 80% and molecular weight of about 500 kDa. In brief, chitosan obtained from shrimp and crab wastes is very attractive, since these sources are available, renewable and have zero cost. Furthermore, it is an alternative form of appropriate management of solid wastes in the seafood industries.


      




      

        Insects




        Insects are an alternative source of chitosan, but, until recently, only laboratory scale studies were performed. Kaya and coworkers [18] obtained chitosan from the Colorado potato beetle (adult and larvae). They found that the dry weight chitin contents of the adult beetles and larvae were 20% and 7%, respectively. Furthermore, the chitin produced chitosan yields of 72% from the adult beetles and 67% from the larvae. Chitosan from beetles presented a molecular weight of around 2.600 kDa. Liu et al. [19] also obtained chitosan from beetles. Other insects used to produce chitosan are blowflies [20], silkworm chrysalides [21] and houseflies [22]. The use of insects to obtain chitosan is based on their biodiversity, since they represent 95% of the animal kingdom. Furthermore, the insect cuticles have lower levels of inorganic material compared to crustacean shells, which makes their demineralization treatment more convenient [19]. Another advantage is the insect control in agricultural areas [18].


      




      

        Mollusks




        Mollusks are another source of chitosan in laboratory scale. Species such as Sepia kobiensis, Sepia spp., Loligo lessoniana and Loligo formosana have been used for this purpose [23-25]. Ramasamy et al. [23] prepared chitosan from S. kobiensis cuttlebone and obtained a product with a deacetylation degree of 85.55%, molecular weight of 322.04 kDa and good antioxidant properties. Al Sagheer et al. [25] prepared chitosan from cuttlefish, obtaining chitosan from α-chitin (from crustaceans) and β-chitin (from cuttlefish). During the process, they found that the deacetylation reaction was faster when β-chitin (from cuttlefish) was used. In general, the preparation of chitosan from mollusks is suitable. An example is the squid pen, in which chitin consists of about 35% of the dry weight [24]. The deacetylation process is also facilitated because chitin is in the β form is more reactive [23].


      




      

        Fungi




        Chitosan can be also prepared from fungi (fungal chitosan), since its precursor, chitin, is a characteristic component of the taxonomical groups Zygo-, Asco-, Basidio- and Deuteromycetes [26]. In this case, fermentative routes are used. Vendruscolo and Ninow [27] prepared chitosan from Gongronella butleri using apple pomace as the substrate for fermentation. Tayel et al. [28] obtained chitosan from Aspergillus brasiliensis and demonstrated that the biopolymer can be used as a biopreservative for minced meat. Dhillon et al. [29] studied the preparation of chitosan from fungal waste mycelium as co-product during citric acid fermentation. They concluded that the co-extraction of chitosan from fungal waste mycelium resulting from citric acid production is an eco-friendly alternative to the chitosan derived from marine shell wastes. The production of fungal chitosan is justified by the high worldwide production of mushrooms [26] and high content of chitin in the fungal cell walls (up to 50% of dry biomass) [29].


      


    




    

      CONVENTIONAL OBTENTION PROCESS




      In general, two main processes are used to obtain chitosan: the conventional process and the fermentative process [5, 6]. In the conventional process, the sources are crustaceans, insects or mollusks [2]. Firstly, chitin is isolated from the raw materials by several chemical treatments, which remove ashes, proteins, color and flavors [30]. The chitin is then converted into chitosan by alkaline deacetylation [31]. The purification can be performed by several steps of dissolution/precipitation/centrifugation, and finally, the drying step is employed [12]. In the fermentative process, chitosan is obtained from fungi [26]. Initially, fungal biomass containing glucan complexes with chitin or chitosan is obtained by fermentation [29]. After, the biomass is separated from the fermentation media by filtration, it is dried and sequential steps are performed to extract chitosan [26, 29]. It is known that each process has advantages and drawbacks, but, in this chapter, only the conventional process will be addressed since this process is the most common and is used industrially. More details about the fermentative process are presented in chapter 2 of this book. Fig. (2) shows the main steps of the conventional process used to obtain chitosan.




      The conventional process generally starts with the demineralization step (Fig. 2). The main objective is the reduction of the ash content (mineral content) in the crustacean wastes. The ashes are mainly composed by carbonates, phosphates and other mineral salts [5, 31]. Demineralization is mainly performed using diluted solutions of HCl (1-10%) under stirring and ambient temperature (20-30 °C), for short time periods (1-3 h) [32-34]. This treatment ensures the complete removal of the mineral content, without degradation of the chitin polymeric chains. Other acids, such as, HNO3, H2SO4, HCOOH, H3CCOOH and EDTA can be used [5, 6, 32-34]. These acids are efficient, but can cause damages in the chitin structure, for example, depolymerization.




      The second step is deproteinization (Fig. 2). In this step, alkalis, including, NaOH, Na2CO3, NaHCO3, KOH, K2CO3 or Ca(OH)2 are used to remove the protein content adherent on the crustaceans wastes [5, 15, 35]. The most common option is the use of NaOH (1-10%) under stirring. The temperature used in this operation varies from 20 to 100 °C and the time period varies from 2 h to 72 h [15, 35-37]. Deproteinization requires the effective control of time and temperature, since high temperatures and prolonged time periods can provoke depolymerization and deacetylation [38]. An alternative form of deproteinization is the enzymatic treatment with proteases (pepsin, trypsin) [39]. The enzymatic alternative is milder, but is less efficient than the alkali treatment [5, 6].
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Fig. (2))


      Conventional process to obtain chitosan (from authors).



      The third step to isolate chitin is deodorization/depigmentation (Fig. 2). This operation is responsible for removing pigments and odors [6]. Ethanol, acetone, KMnO4, NaOCl or H2O2 are commonly used for this purpose [5, 7]. If solvent extraction is employed in this step, the recovery of astaxanthin is also possible [5]. It is important to highlight that the aforementioned steps (demineralization, deproteinization and deodorization/depigmentation) are followed by several consecutive washings until neutral pH [30, 31]. The product of demineralization, deproteinization and deodorization/depigmentation is chitin. It can then be dried for further use or immediately deacetylated.




      The deacetylation reaction is the most important step in the process presented in Fig. (2). In this step, chitin is converted into chitosan. During the course of deacetylation, the chitin acetamido groups in position C-2 are converted into amino groups (NH2) [2, 6, 8, 9]. When the percentage of amino groups attains around 50% or more, the polymer becomes soluble in aqueous acidic media and is called chitosan [11]. Alkaline hydrolysis with NaOH (40-50%) at high temperatures (80-120 °C) is the most common form of obtaining chitosan from chitin [5, 8, 11, 30-33]. Other alkalis are also used instead of NaOH [40]. The main factors that affect the deacetylation reaction are alkali concentration, reaction time, solid/liquid ratio, temperature and chitin particle size [5-9, 30-33]. Some alternative techniques are being investigated to improve or substitute the conventional alkaline hydrolysis, these include enzymatic means [41], steam explosion [42], microwave assisted deacetylation [43] and ultrasound assisted deacetylation [44]. Independent of the deacetylation type, the reaction parameters should be carefully controlled since they directly affect the chitosan characteristics such as molecular weight, deacetylation degree and crystallinity. These characteristics, in turn, affect the properties and applications of chitosan.




      The purification step (Fig. 2) can be performed to obtain a high purity chitosan. In this step, the product of deacetylation is dissolved in acid medium generating a viscous solution with an insoluble fraction (composed of impurities, mainly ashes which were not completely removed in the demineralization step). This viscous solution is then centrifuged or filtered and the insoluble fraction is discarded. The alkali is then added into the viscous solution, forming a suspension with precipitated chitosan. Subsequently, the suspension is centrifuged again, generating pure chitosan (90-95% chitosan) in paste form. The abovementioned steps (dissolution/centrifugation/precipitation/centrifugation) can be repeated many times aiming to obtain a high purity chitosan (purity higher than 99.9%) [4, 30-33].




      Drying is the last step necessary to obtain chitosan. This operation is important in chitosan production, to guarantee the necessary moisture content for product storage, without causing alterations in the material [12]. In general, after drying, the desired product should contain moisture content lower than 10% (wet basis), to ensure good physicochemical and microbiological aspects during prolonged storage. Polymerization and Maillard reactions are the main alterations that should be avoided during the drying operation. Some techniques such as convective tray drying [10, 45], spouted bed drying [12], spray drying [46], sun drying [47], oven drying, infrared drying [48], lyophilization [49] and low-pressure superheated steam drying [50] have been used to obtain dried chitosan. All these techniques have advantages and drawbacks, but it is common sense that factors such as air temperature and residence time are key factors, which should be controlled to obtain a good quality product.


    




    

      CHITOSAN CHARACTERISTICS




      Chitosan characteristics are strictly dependent on the source and obtention process [2]. The knowledge and control of chitosan characteristics is fundamental, since these affect the properties and applications of the biopolymer [6]. The main characteristics that define the quality and application range of chitosan are molecular weight, deacetylation degree, crystallinity, surface area and particle size [2, 5, 6, 8, 9, 11, 51]. Details about these characteristics are presented in this section.




      

        Molecular Weight




        Chitosan molecular weight (MW) is a characteristic associated with the number of monomeric units of the biopolymer [9, 11]. The control, evaluation and modification of this characteristic are fundamental, since MW affects the properties (viscosity, solubility) and applications of chitosan [6]. In general, chitosan MW ranges from 20 to 1200 kDa [6, 11]. Regarding the molecular weight, chitosan can be classified as: low molecular weight chitosan (LMWC), medium molecular weight chitosan (MMWC) and high molecular weight chitosan (HMWC) [9]. Chitosan MW can be determined by HPLC and light scattering, but the viscosimetric method is the most common and simple way [2]. Generally, chitosan MW can be modified starting from a HMWC. So, depolymerization techniques are employed aiming to obtain LMWC [9].




        Some researchers have verified the effect of molecular weight on the properties and applications of chitosan. According to Dotto [52] and Fernandez-Pan [53], chitosan edible films from LMWC are more efficient than HMWC in preserving papaya fruits and fishes during the storage period. Bekale and co-workers [54] studied the effect of polymer molecular weight on chitosan-protein interaction. They found that the increase in the chitosan molecular weight from 15 to 200 kDa improved the binding constant of the complexes between bovine serum albumin and chitosan. Bof and co-workers [55] studied the effect of chitosan molecular weight on starch-composite film properties. It was verified that the filmogenic solutions based on LMWC exhibited a Newtonian rheological behavior while those containing MMWC or HMWC exhibited a pseudoplastic one, increasing both consistency index and apparent viscosity with polymer molecular weight. They also concluded that the physicochemical properties of the chitosan based film were strongly affected by its molecular weight.


      




      

        Deacetylation Degree




        The deacetylation degree (DD) is one of the most important characteristics that defines the properties and applications of chitosan. DD is the relation between 2-acetamido-2-deoxy-β-D-glucopyranose and 2-amino-2-deoxy-β-D-glucopyranose units. If all monomeric units are 2-amino-2-deoxy-β-D-glucopyranose, the biopolymer is fully deacetylated and DD is equal to 100%. In general, when the percentage of 2-amino-2-deoxy-β-D-glucopyranose units attains 50% or more, the polymer becomes soluble in aqueous acidic media and is called chitosan [6, 9, 11]. In the same way as MW, DD affects the properties and applications of chitosan. For example, increases in DD lead to an increase in the free amino groups on the chitosan polymeric chain. As consequence, the chitosan solubility and polycationic character is increased [8]. DD can be estimated by spectroscopic methods, including Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and magnetic nuclear resonance [56, 57]. Potentiometric titration can also be used [31]. Chitosans with different DD can be obtained by varying the conditions of the deacetylation reaction [31, 33].




        Piccin and co-workers [32] studied the adsorption of FD&C Red 40 dye by chitosan with different deacetylation degrees. It was verified that the DD increase from 42 to 84% caused an increase from 266 to 373 mg/g in the adsorption capacity. Gonçalves and others [58] obtained similar results in the adsorption of food dyes by chitosan in the binary system. Literature shows that the DD influences the mechanical properties (elongation and tensile strength) of chitosan films [33] and chitosan/gelatin films [59]. According to Li and Xia [60], chitosan- emulsifying activity is also dependent on DD.


      




      

        Crystallinity




        Crystallinity is a characteristic of chitosan that represents the ratio between the crystalline and amorphous fractions of the biopolymer. This feature is quantified as crystallinity index (CI) [7, 11]. In solid state, chitosan is a semi-crystalline biopolymer and can present polymorphism [3]. The unit cell of chitosan is orthorhombic and contains two antiparallel chains without water molecules [7]. The chitosan crystallinity is dependent on the source and preparation procedures. Crystallinity is maximum for both chitin (0% deacetylated) and fully deacetylated chitosan (100%). Commercial chitosans are semi-crystalline polymers and the CI is a function of the DD [51]. The quantification of CI is important since this characteristic affects the swelling properties, porosity, hydration and sorption properties of chitosan [11, 51]. CI can be found from the relation between the X-ray diffraction (XRD) characteristic peaks [57].




        Thakhiew and others [50] studied how the physical and mechanical properties of chitosan films are affected by the different drying methods. They used hot air drying (HD) and low-pressure superheated steam drying (LPSSD). They found that LPSSD provided films with lower CI (3-5%) than the films obtained from HD (10-16%). Consequently, the swelling degree was 48-100% (LSSPD) and 75-110% (HD), respectively.


      




      

        Surface Area and Particle Size




        Surface area and particle size are important characteristics of chitosan. These characteristics are dependent on the source and obtention process, being related to the porosity, pore volume and pore size distribution of the chitosan particle [51]. It is known that chitosan powder or flakes have low surface area (lower than 10 m2/g), being non-porous materials. Particles lower than 1 mm are commonly used in most of the applications [32, 61]. Surface area and particle size are fundamental for applications such as adsorption and enzyme immobilization, since in these fields, many accessible sites and a porous structure are required [14, 62]. Since chitosan is a non-porous material, some modifications are performed to increase its surface area [63, 64]. Indeed, the correct determination of surface area and particle size is fundamental. Surface area is normally obtained by N2 adsorption-desorption isotherms using the BET method [62]. Particle size can be obtained by scanning electron microscopy (SEM), sieving test or, using a particle analyzer [51, 62-65].




        Piccin and others [62] investigated the effects of particle size, surface area and pore volume of chitosan on the adsorption of FD&C Red 40. The particle sizes used were 0.10, 0.18 and 0.26 mm, with surface areas of 4.2, 3.4 and 1.6 m2/g, respectively. The results showed that, the increase in the surface area and a decrease in particle size doubled the adsorption capacity. Dotto and others [61] compared chitin and chitosan as adsorbents for Tartrazine yellow dye. They concluded that chitosan was a better adsorbent than chitin due to its higher deacetylation degree and higher surface area, pore volume and average pore radius.


      


    




    

      CHITOSAN PROPERTIES




      Chitosan proprieties are dependent on its characteristics and are consequently responsible for the quality and application range of chitosan. Some important properties are solubility, polycationic character, film forming, antimicrobial and biocompatibility [2, 5, 6, 8, 9]. Details about these properties are presented in this section.




      

        Solubility and Polycationic Character




        The solubility and polycationic character of chitosan are fundamental properties for the preparation of derivates and application in several fields. As a rule, chitosan is a strong base with primary amino groups, which have a pKa of 6.3. Thus, this biopolymer is soluble in dilute acid solutions below pH 6.0. At low pH values, the H+ ions in the solution protonate the NH2 groups of chitosan leading to the formation of (NH3)+. Thus, chitosan becomes a polycationic biopolymer. On the other hand, at pH higher than 6.0, deprotonation occurs and chitosan becomes insoluble [9]. The soluble-insoluble transition occurs at its pKa value with the pH being between 6.0 and 6.5. Formic acid is the most appropriate solvent for chitosan, while acetic acid is the most commonly used. Other alternatives are hydrochloric acid and nitric acid. Chitosan is insoluble in sulfuric and phosphoric acids. Concentrated acids are not indicated since they can break the chitosan polymeric chains leading to depolymerization [8]. The solubility of chitosan and chitosan based materials is dependent on several important factors including; time, temperature, DD, MW, particle size, type and concentration of acid, and obtention process [6, 8, 13].


      




      

        Film Forming Property




        The ability of chitosan to form films is one of the most important properties of chitosan. This property makes it possible to form a solid/gel film or a membrane with interesting mechanical, chemical and textural characteristics. These films can also be mixed with other materials, such as essential oils, proteins and others in order to improve its characteristics and functionalities [33, 66]. The ability of chitosan to form films is attributed to its mucoadhesive and gelling properties. The polycationic character and the possibility of hydrogen and hydrophobic bonds between the polymeric chains confer these properties for chitosan [67].


      




      

        Antimicrobial Properties




        Chitosan has intrinsic antimicrobial properties seen in fungi, viruses and bacteria (gram-positive and gram-negative) [68]. This is a key property of chitosan, which allows its application in areas like food preservation, pharmacy and biomedicine [9, 13, 68]. According to Harish Prashanth and Tharanathan [9], the antibacterial property of chitosan is related to its polycationic character. The polycationic chitosan molecule strongly interacts with the microbial cell surface, leading to gradual shrinkage of cell membrane and finally death of the cell. Elsabee and Abdou [13] stated that the bactericidal activity of chitosan is caused by the electrostatic interaction between (NH3)+ groups of chitosan and the phosphoryl groups of the phospholipid component of the cell membrane. In general, it is reasonable that polycationic chitosan molecule interacts with the anionic cell wall components (lipopolysaccharides and proteins) of the microorganism, resulting in the leakage of intracellular components due to changes in the permeability barrier; preventing nutrients from entering the cell; upon entry into the cell, binding to DNA, and thus inhibiting RNA and protein synthesis [9, 13, 68]. The antimicrobial properties of chitosan are dependent on its characteristics, such as deacetylation degree and molecular weight [9, 13, 52].


      




      

        Biocompatibility




        Biocompatibility can be defined as “compatibility with living tissue or a living system by not being toxic, injurious, or physiologically reactive and not causing immunological rejection” [69]. One of the most important properties of chitosan is its biocompatibility. This property confers to chitosan the possibility to be applied in tissue engineering, wound dressing, bone regeneration and other related areas, being a potential biomaterial [70]. The biocompatibility of chitosan and chitosan-based materials can be evaluated by in vitro and in vivo tests [70]. Regarding in vitro evaluation, the cytotoxicity test is the most common [71]. For in vivo evaluation, the characterization is dependent on the application. Genetic toxicity test, intramuscular implantation test and others are possible [70].


      


    




    

      CHITOSAN BASED MATERIALS AND THEIR APPLICATION




      One of the main advantages of chitosan biopolymer is the possibility of a wide range of modifications, from chemical to physical viewpoints, providing different materials for several applications. Some examples of chitosan based materials are: films, membranes, nanofibers, nanoparticles, nanocapsules, scaffolds, hydrogels and various chemically modified chitosans. In this section, some of these chitosan-based materials are addressed. In this book, some applications are discussed, including water treatment, drug delivery, edible films and coatings, and permeation/pervaporation membranes. The application of chitosan based materials in the textile sector is also an important area. Detailed information on the application of chitosan based materials in the textile sector can be verified in the works of the Ferrero group [72-80].




      

        Chitosan Films




        Due to its characteristics, chitosan can be used as an efficient filmogenic matrix. It has been researched mainly in the application in food preservation [13, 52] and adsorption process [81-84]. Many techniques have been used to prepare chitosan films [13], but the simplest is the casting technique [33, 66]. This technique entails of the mixture of chitosan with an adequate solvent under stirring, until complete dissolution. The resulting filmogenic solution is dried for solvent evaporation, forming a solid film [33]. In some cases of food preservation, the filmogenic solution can be directly applied to the product and dry under ambient conditions [52].




        Thin chitosan films are normally characterized according to their mechanical properties, thickness, water vapor permeability, color parameters, texture, functional groups and crystallinity [10, 66, 81]. As presented by Moura and others [33, 66], these characteristics are dependent on the chitosan molecular weight and deacetylation degree, as well as on the operational conditions used in the chitosan preparation [10].




        Recently, Dotto and co-workers [52] investigated the use of chitosan filmogenic solutions for the extension of the microbiological shelf life of papaya fruits during storage at room temperature. Chitosans with molecular weights of 150 kDa and 300 kDa were employed. They found that after 10 days of storage, the Log (CFU/g) of mesophilic bacteria and yeasts and molds were, respectively, 1.3 and 2 times lower for chitosan coated fruits. It was demonstrated that the 150 kDa chitosan solution was more adequate to preserve the papaya fruits. The use of 150 kDa chitosan solutions extended the shelf life of papaya fruits by 4-7 days, during the storage at room temperature. In order to illustrate the good results, Dotto and co-workers [52] presented the papaya fruits after 10 days of storage: (a) coated with chitosan 150 kDa and (b) without chitosan coating (Fig. 3). Furthermore, in this field, chitosan filmogenic solutions have been adequate in extending the shelf life of some food products, including, mangoes [85], water caltrop [86], Chinese water chestnut [87], eggs [88], fruit-based salad [89] and Eksotika II papaya [90].
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Fig. (3))


        Papaya fruits after 10 days of storage: (a) coated with chitosan 150 kDa and (b) without chitosan coating (from reference [52]).



        Chitosan thin solid films have been used for water treatment aiming to remove dyes and metallic ions from aqueous effluents [81-85]. Dotto and Pinto group [81] investigated the application of chitosan films for the removal of food dyes from aqueous solutions by adsorption. The results showed that the maximum experimental adsorption capacities were 194.6 mg/g and 154.8 mg/g for acid red 18 and FD&C blue 2, respectively. It was concluded that chitosan films maintained their structure and were easily separated from the liquid phase after the adsorption process, thus being a potential adsorbent. In another research [82], chitosan films were used to adsorb erythrosine B and indigo carmine from aqueous media. In this case, a diffusional mass transfer model was developed and this model revealed that the surface diffusion was the predominant intraparticle mass transfer mechanism. In the same way, Rêgo and co-workers [83] applied chitosan films to remove azo dyes (tartrazine and amaranth) from aqueous solutions by adsorption.




        They found adsorption capacities of 413.8 mg/g and 278.3 mg/g, respectively. The interactions between the protonated amino groups of chitosan films and anionic form of the dyes at pH 2 were confirmed. It was also found that chitosan films could be reused for two cycles. Chitosan films were recently used to remove metals such as, vanadium [84] and chromium [91] from aqueous solutions, presenting good results. Based on the above studies, it should be stated that chitosan films are good adsorbents for the removal of pollutants from aqueous media, presenting advantages such as, good swelling, high adsorption capacity, high efficiency, potential for reuse and easy phase separation. These interesting characteristics are presented in Fig. (4).
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Fig. (4))


        (a) chitosan film produced by the casting technique, (b) SEM image of chitosan film (from ref [66].), (c) batch adsorption experiment using chitosan films and (d) dye solution before and after the adsorption with chitosan film (images (a), (c) and (d) are courtesy of the Industrial Technology Laboratory, LTI, FURG).

      




      

        Chitosan Nanofibers and Nanoparticles




        Chitosan can be processed in the form of nanomaterials like nanofibers and nanoparticles [3, 92]. Chitosan nanofibers are defined as fibers with cross-sectional diameter in the range of 1-1000 nm [93]. These nanofibers can be obtained by the sol-gel method, chemical vapor deposition, electrospinning, thermal oxidation, forcespinning among others, with electrospinning being the most common. The formation of nanofibers through electrospinning is based on the uniaxial stretching of a viscoelastic solution [92, 93]. The preparation of chitosan nanofibers by electrospinning depends on several factors including, solution and process conditions, as detailed in chapter 3. Forcespinning is an innovative technique, which uses the centrifugal force used to prepare chitosan nanofibers [94]. Independent of the preparation technique, the quality of nanofibers is evaluated by analytical techniques like scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), thermal profile, zeta potential and tensile properties [93]. Fig. (5) shows the images of chitosan nanofibers (SEM) and nanoparticles (TEM).
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Fig. (5))


        (a) SEM image of chitosan/nylon nanofibers prepared by forcespinning (courtesy of the Environmental Processes Laboratory, LAPAM, UFSM) and (b) TEM image of chitosan nanoparticles (from ref [95]).



        Chitosan nanofibers can be used in a wide range of applications. Marysková and others [96] reported the preparation of polyamide/chitosan nanofibers for laccase immobilization. Nanofibers with an average diameter of 185±19 nm and a surface density of 3 g/m2 were obtained. The authors concluded that nanofibers proved to be a suitable carrier for immobilized and modified laccase. Furthermore, they were also efficient in the removal of a mixture of endocrine disrupting chemicals. Razzaz and others [97] used chitosan nanofibers functionalized by TiO2 nanoparticles for the removal of heavy metal ions. They found that the maximum adsorption capacities for Cu(II) and Pb(II) were 710.3 and 579.1 mg/g. Zhao and others [98] prepared chitosan/sericin nanofibers for wound dressing applications. The nanofibers presented a good morphology with diameters between 240 nm and 380 nm. The authors demonstrated that the chitosan/sericin composite nanofibers were biocompatible and promote cell proliferation. The nanofibers also showed good bactericidal activity against both gram-positive and gram-negative bacteria. Toskas and co-workers [99] prepared chitosan (PEO)/silica hybrid nanofibers for bone regeneration. Nanofibers with an average diameter of 182±16 nm were obtained. The results revealed that the nanofiber matrices were cytocompatible when seeded with bone-forming 7F2-cells, promoting attachment and proliferation over 7 days.




        Chitosan based nanoparticles are defined as particulate dispersion of solid particles with sizes ranging from 1nm to 1000 nm. These nanoparticles can be obtained by self-assembling, emulsion, ionic gelation and reverse micellar methods, among others [3, 92, 93]. The nanoparticles are characterized by scanning electron microscopy (SEM), polydispersity index (PDI), atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray diffraction (XRD), zeta potential and thermal profile [93]. It is clear that nanoparticles and nanofibers are also characterized by specific techniques, depending on their application. Detailed information about the preparation and characterization methods can be found in chapters 3, 4 and 6. Chitosan based nanoparticles can be used in a wide range of applications. In terms of application, the majority of studies prefer the preparation and use of chitosan nanoparticles along with other material, instead of pure chitosan.




        O'Callaghan and Kerry [100] prepared chitosan nanoparticles by ionic gelation, and verified their antimicrobial activity against cheese-derived cultures, as well as gram-positive and gram-negative microorganisms. They found nanoparticles with mean diameters from 132 to 202 nm, with an intermediary PDI. It was concluded that nanoparticles in an acidic medium are promising as antimicrobial agents in the area of food packaging, particularly for use with cheese products. Wang and co-workers [101] developed red fluorescent chitosan nanoparticles grafted with poly (2-methacryloyloxyethyl phosphorylcholine) for live cell imaging. This study demonstrated that the nanoparticles presented excellent water dispersibility, biocompatibility and photostability, which made them potential for long-term tracing applications. The development of chitosan nanoparticles loaded with essential oil for antimicrobial and antioxidant applications was studied by Feyzioglu and Tornuk [102]. From their study, it was possible to obtain thermally stable chitosan nanoparticles with mean diameters ranging from 140.25 to 237.60 nm. In brief, the authors concluded that chitosan nanoparticles loaded with essential oils were most adapted to environmental factors, such as pH and temperature, maintaining good bioactive properties.




        Water treatment is an important field for the application of chitosan based nanoparticles. Tanhaei and others [103] prepared chitosan/Al2O3/magnetite nanoparticles to remove methyl orange from aqueous solutions. The nanoparticles presented a good adsorbent potential, with removal percentage of 93% and adsorption capacity of 417 mg/g. The reuse was possible for five consecutive adsorption/desorption cycles. Shaker [104] studied the adsorption of Co(II), Ni(II) and Cu(II) ions onto chitosan-modified poly(methacrylate) nanoparticles. The nanoparticles presented diameters of 100-120 nm, with adsorption capacities in the range of 195-340 mg/g and recovery percentages from 85 to 90%. Zhou and co-workers [105] investigated the adsorption of food dyes from aqueous solution by glutaraldehyde cross-linked magnetic chitosan nanoparticles. The size distribution ranged from 60 to 95 nm. The adsorption capacities were of 475.61 and 292.07 mg/g, for FD&C Blue 1 and FD&C Yellow 5 respectively.


      




      

        Chitosan Nanocapsules




        Nanocapsules are colloidal systems, in nanometric dimensions, which contain an active agent inside of a wall material. Due its biocompatibility, biodegradability, mucoadhessiveness and longer in vivo circulation time, chitosan has been used as wall material to prepare nanocapsules. In this context, chitosan is responsible for protecting and distributing the active agent. Chitosan nanocapsules can be obtained by high pressure homogenization, ultrasonication, spontaneous emulsification or phase inversion methods [106]. The nanocapsules quality is verified by analytical techniques such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), thermal profile, zeta potential, droplet size distribution and polydispersity [107]. Depending of the active agent, in vivo and in vitro characterizations are necessary. Characterizations pertinent to the active agent have also been realized in order to verify the performance of chitosan as an encapsulating agent [108]. To illustrate, Fig. (6) shows the SEM images of nanocapsules prepared from chitosan and unsaturated fatty acids concentrates.




        Esquerdo and co-workers [109] prepared nanocapsules containing unsaturated fatty acids concentrate (UFAC) using chitosan as wall material (UFAC-chitosan nanocapsules). The nanocapsules were prepared to avoid the primary oxidation of UFAC. The results showed that the nanocapsules presented a spherical shape with diameter of 332 nm and polydispersity index of 0.214. The peroxide values demonstrated that the nanocapsules were able to protect the UFAC from primary oxidation. The encapsulation efficiency was 74.1%, showing that chitosan has potential to be used as an encapsulating agent for unsaturated fatty acids concentrate (UFAC).
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Fig. (6))


        SEM images of nanocapsules prepared from chitosan and unsaturated fatty acids concentrates (courtesy of the Industrial Technology Laboratory, LTI, FURG).



        The development and evaluation of alginate-chitosan nanocapsules for controlled release of acetamiprid pesticide was studied by Kumar and others [110]. According to the authors, the nanoformulation was superior to commercial formulation in terms of controlled release. Therefore, this formulation can be helpful in the reduction of consumption of pesticide. Thus, there are dual benefits for humans and the environment; first, non-toxic, biodegradable and inexpensive polymer for encapsulation and other is encapsulation of hazardous pesticide.




        Rivera and others [111] presented the development of biodegradable nanocapsules as carriers of two bioactive compounds, 5-aminosalycilic acid and glycomacropeptide. Nanocapsules were produced through layer-by-layer deposition of chitosan and alginate layers on polystyrene nanoparticles. The bioactive compounds were incorporated on the third layer of the nanocapsules evaluating its encapsulation efficiency and release behavior. The results demonstrated that the synthesized nanocapsules presented spherical shape and a good capacity to encapsulate different bioactive compounds, with the best results obtained for the system containing 5-aminosalycilic acid. The multilayer nanocapsules could be a promising carrier of bioactive compounds for applications in food and pharmaceutical industries.


      




      

        Chitosan Scaffolds




        The biopolymer chitosan can be prepared in the form of different scaffolds to be applied in many fields. In this sense, chitosan can be pure, but it is generally mixed with other compounds to attain the desired properties and applications. For example, the chitosan based scaffolds can be biocompatible, biodegradable, antibacterial, osteoconductive, osteoinductive, osteoproductive, optical, electrical, bioactive and photoactive. These proprieties make the scaffold applicable in many fields, like tissue engineering, biosensors, wound healing, drug and gene delivery, electronics, photocatalysis, adsorption, chromatography and others [63, 112, 113]. Several methods are used to prepare chitosan based scaffolds, including high speed homogenization followed by lyophilization or freeze drying, supercritical CO2 foaming, unidirectional freeze drying, salt-leaching and solvent casting-particulate leaching. The quality of chitosan based scaffolds is evaluated by several analytical techniques, in the same way as chitosan films, nanocapsules or nanoparticles [114, 115]. There are also specific characteristics, which should be evaluated, depending on the application. For example, if the scaffold is used for tissue/bone regeneration or wound healing, then in vivo and in vitro tests are required to verify the effectiveness [110]. If the scaffold is used as an adsorbent, the surface area and adsorption capacity should be evaluated [63]. Fig. (7) shows the images of chitosan based scaffolds, which were used for different applications.
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Fig. (7))


        Chitosan based scaffolds used for (a) skin reconstruction [114], (b) dye removal [63] and (c) biomedical applications [112].



        Mahmoud and Salama [114] prepared norfloxacin-loaded collagen/chitosan scaffolds for skin reconstruction and evaluated the in vivo wound healing assessment. Regarding the scaffold characteristics, the authors verified that all investigated scaffolds displayed a buff color with round tablet-like shape and spongy consistency. The cross-sectional morphology of lyophilized scaffold revealed a highly interconnected porous sponge-like structure. The porosity was higher than 90% and the maximum swelling index was 306%. The in vivo tests revealed that the scaffolds enhanced the rate of wound healing.




        Esquerdo and co-workers [63] developed a chitosan scaffold to be used as an alternative adsorbent for the removal of hazardous food dyes from aqueous solutions. The chitosan scaffold presented pore sizes from 50 to 200 μm, porosity of 92.2% and specific surface area of 1135 m2/g. The two-step Langmuir model was suitable to represent the adsorption equilibrium data. The adsorption was a spontaneous, favorable, exothermic and enthalpy-controlled process. Electrostatic interactions occurred between the chitosan scaffold and the dyes. The chitosan megaporous scaffold showed good structural characteristics and high adsorption capacities, ranging from 788 to 3316 mg/g.




        Tylingo and others [112], investigated the preparation and characterization of porous scaffolds from chitosan-collagen-gelatin composite. They concluded that the use of biopolymer mixtures of fish collagen, fish gelatin and chitosan had a significant impact on the rheological properties of obtaining scaffold materials. It was demonstrated that the physicochemical properties of the biopolymer mixtures were affected by many factors and depending on the origin of the biopolymers, it is possible to create materials with specific properties. The authors indicated that future works should be conducted to assess the suitability of the obtained preparations as a wound dressing material, attractive for biomedical uses, notably in tissue engineering or as a specific active compounds or drug delivery system.


      




      

        Chitosan Hydrogels




        Hydrogels can be described as a three dimensional network of polymers made of natural or synthetic materials possessing a high degree of flexibility due to large water content. They are able to retain a large amount of water and are characterized by a soft rubbery consistency similar to living tissues, making them an ideal substance for a variety of applications [116]. Chitosan can be processed in the form of hydrogels for several applications. The chitosan hydrogels can be prepared using only chitosan, but in this case, the mechanical properties are fragile. Therefore, a combination of chitosan with other materials is normally used to prepare hydrogels [117, 118]. Some methods used to prepare chitosan hydrogels include radiation crosslinking technology, freeze-thawing, dissolution/ lyophilization, dissolution/freeze drying and others [119]. The quality of hydrogels is addressed using SEM, FTIR, XRD, DSC/TGA in the same way as other chitosan based materials. Furthermore, specific characterizations are performed, like, swelling, elastic modulus, gel strength, mechanical properties among others depending on the application [120].




        Cheng and others [120] developed thermo sensitive chitosan-based hydrogel as a topical ocular drug delivery system of latanoprost for glaucoma treatment. The hydrogel was characterized according its rheological properties, in vitro drug release, in vivo and in vitro biocompatibility. The results showed that latanoprost release from the developed hydrogel displayed a sustained-release profile. In a rabbit model of glaucoma, TA-induced elevated IOP was significantly decreased within 7 days and was maintained within a normal range by a weekly topical administration of 250 μg/ml of latanoprost-loaded hydrogel for the remainder of the study period. According to the authors, the hydrogel possesses promising properties that contribute to its sustained release of latanoprost. This newly developed chitosan based formulation may provide a non-invasive alternative to traditional eye drops for long-term IOP control in the near future.




        Fan and others [121] prepared chitosan/gelatin/PVA hydrogel for wound dressings. Gelatin combined with polyvinyl alcohol (PVA) and chitosan (CS) were mixed to form a CS/gelatin/PVA hydrogel using γ-Ray irradiation as the free radical initiator. Several experimental conditions were varied and, the hydrogels were extensively characterized. The highest tensile strength reached 2.2 Mpa. All hydrogels presented a good coagulation effect, meaning that the hemostatic effect of hydrogels was optimal. The hydrogels also showed good pH-sensitivity, swelling ability and water evaporation rate. According to the authors, this hydrogel showed a promising potential to be applied as wound dressing.


      




      

        Chemically Modified Chitosan




        The structure of chitosan allows several chemical modifications to improve its ability in different fields. Since chitosan has a long polysaccharide chain, which is longer than most of the functional molecules introduced to chitosan, the modified chitosan derivatives are usually prepared by grafting [8]. According to Wang and co-workers [122], the chemical modifications on the chitosan structure can be classified as N-substitution, O-substitution, free radical graft copolymerization or other modification methods. The high reactivity of chitosan amino groups makes N-substitution a more convenient and promising method to modify chitosan. Since the reactivity of hydroxyl groups is lower than that of amino groups, most reagents for O-substitution of chitosan can react with the amino groups of chitosan as well [123]. The free radical graft copolymerization employs different initiators and later, different molecules can be inserted in the polymeric chain [124]. Each modification performed on the chitosan structure aims to improve a specific property and consequently a specific application. In general, these modifications should be proved by analytical techniques, including, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), nuclear magnetic resonance (NMR), thermal analyses (DSC/TGA) and X-ray dispersive spectroscopy (EDX) [122-124].




        Chemically modified chitosan has been used for water treatment. Gonçalves and others [125] prepared cyanoguanidine-crosslinked chitosan for the adsorption of food dyes in an aqueous binary system. The FTIR confirmed the insertion of cyanoguanidine into the amino group of chitosan. It was concluded that the crosslinked chitosan was a promising adsorbent to remove dyes from aqueous binary systems. In other study, Kahu and co-workers [126] prepared an ionic solid (ethylhexadecyldimethylammoniumbromide) impregnated phosphated chitosan (ISPC) to improve the adsorption of hexavalent chromium from an industrial effluent. The authors concluded that the dual modification in terms of structural and functional modification in the amino group as well as the hydroxyl group of chitosan makes it a wonderful material for enhanced adsorption of Cr(VI). The ISPC adsorbent presented an adsorption capacity of 266.67 mg/g, which is much higher compared to most of the reported adsorbents.




        Chemically modified chitosan is also applied in enzyme immobilization, drug release and odontology. Chitosan crosslinked with genipin was used as support matrix for β-d-galactosidase immobilization [127]. It was found that β-d-galactosidase immobilized on this support showed to have an activity higher than the activity of the biocatalyst prepared with glutaraldehyde. Chen and others [128] prepared calcium-crosslinked modified chitosan as potential matrix material for theophylline release. The drug loading content and encapsulation efficiency reached 53.40% and 69.61%, respectively. Song and others [129] added chitosan quaternary ammonium salt to the denture resin material in order to promote good oral health by improving the oral environment. The authors concluded that chitosan quaternary ammonium salt-modified resin denture base material has the potential to become a new generation oral denture composite material.


      


    




    

      CONCLUDING REMARKS




      Chitosan and chitosan-based materials present a series of technological applications, which have already been investigated and much more, that are possible. For successful research of chitosan based materials, it should be considered that all the applications are dependent on the properties of the biopolymer. The properties in turn depend on the production process, which depends on the raw material. In this way, from the raw material until the application, a series of well-defined steps should be used. Firstly, the raw material (shrimp, crab or others) should be carefully selected. Secondly, based on the characteristics of this raw material, the process should be defined in order to obtain a high quality chitosan. Then, chitosan can be modified by different ways, to acquire special properties to be applied in different fields. During all of these steps, conventional and advanced analytical techniques should be employed to prove the main findings.
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