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            CHAPTER – 2 LITERATURE REVIEW Chitin, poly (β-(1→4)-N-acetyl-D-glucosamine), is a naturally occurring polysaccharide consisting of amino sugars. It is synthesized by a huge number of living organisms and it is the second most abundant natural polymer after cellulose [Kim, 2004; Kumar, 2000; Rinaudo, 2006]. Chitin occurs in the nature as ordered crystalline microfibrils, forming structural components in the exoskeleton of arthropods (e.g., crustacean shells of crab, shrimp and cuttlefish) or in the cell walls of fungi and yeast and is associated with proteins and minerals such as calcium carbonate [Raabe et al., 2007; Rinaudo, 2008; Vincent & Wegst, 2004]. The presence of chitin serves to provide support to the physical structure of the organisms present in lower plant and animal kingdoms [Kim, 2004; Kumar, 2000; Rinaudo, 2006]. 2.1 PROCESSING OF CHITIN AND CHITOSAN Chitin is present in a number of organisms as shown in Table 2.1. However a few of them have been commercially exploited for obtaining chitin and chitosan depending on economic feasibility. Several techniques have been utilized for the extraction of chitin from different sources [Hayes et al., 2008; Sagheer et al., 2009; Struszczyk, 2002; Synowiecki & Al-Khateeb, 2003]. Till date, crab and shrimp shells are the main commercial sources of chitin, although it has wide presence in other organisms in the nature (Table 2.1). Commercial production of chitin is associated with food industries such as shrimp canning, where the shells are discarded as a waste material making its production economically feasible [Kumar, 2000]. Crustacean shells are treated with acid to dissolve calcium carbonate, followed by alkaline extraction to solubilize proteins which are present in crustacean shells in high concentrations, followed by a decolorization step which is usually necessary to remove remaining pigments and to obtain a colorless product. These treatments are applied to each chitin source regardless of the nature of starting material. The residual protein and pigments needs to be removed for further utilization, especially for biomedical applications [Kumar, 2000; Rinaudo, 2006]. Astaxanthin, a fish food additive, is also recovered during the production of chitin [Kumar, 2000]. 
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CHAPTER – 2
 LITERATURE REVIEW
 Chitin, poly (β-(1→4)-N-acetyl-D-glucosamine), is a naturally occurring
 polysaccharide consisting of amino sugars. It is synthesized by a huge number of
 living organisms and it is the second most abundant natural polymer after cellulose
 [Kim, 2004; Kumar, 2000; Rinaudo, 2006]. Chitin occurs in the nature as ordered
 crystalline microfibrils, forming structural components in the exoskeleton of
 arthropods (e.g., crustacean shells of crab, shrimp and cuttlefish) or in the cell walls of
 fungi and yeast and is associated with proteins and minerals such as calcium
 carbonate [Raabe et al., 2007; Rinaudo, 2008; Vincent & Wegst, 2004]. The presence
 of chitin serves to provide support to the physical structure of the organisms present in
 lower plant and animal kingdoms [Kim, 2004; Kumar, 2000; Rinaudo, 2006].
 2.1 PROCESSING OF CHITIN AND CHITOSAN
 Chitin is present in a number of organisms as shown in Table 2.1. However a
 few of them have been commercially exploited for obtaining chitin and chitosan
 depending on economic feasibility. Several techniques have been utilized for the
 extraction of chitin from different sources [Hayes et al., 2008; Sagheer et al., 2009;
 Struszczyk, 2002; Synowiecki & Al-Khateeb, 2003]. Till date, crab and shrimp shells
 are the main commercial sources of chitin, although it has wide presence in other
 organisms in the nature (Table 2.1). Commercial production of chitin is associated
 with food industries such as shrimp canning, where the shells are discarded as a waste
 material making its production economically feasible [Kumar, 2000]. Crustacean
 shells are treated with acid to dissolve calcium carbonate, followed by alkaline
 extraction to solubilize proteins which are present in crustacean shells in high
 concentrations, followed by a decolorization step which is usually necessary to
 remove remaining pigments and to obtain a colorless product. These treatments are
 applied to each chitin source regardless of the nature of starting material. The residual
 protein and pigments needs to be removed for further utilization, especially for
 biomedical applications [Kumar, 2000; Rinaudo, 2006]. Astaxanthin, a fish food
 additive, is also recovered during the production of chitin [Kumar, 2000].
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Table 2.1 Various sources of chitin
 Sea animals Insects Microorganisms
 Coelenterata: Hydrozoa,
 scyphozoan, actinozoa
 Scorpions (Typhlochactas
 mitchelli, Hadogenes
 troglodytes, Paruroctonus
 boreus, Euscorpius
 flavicaudis, etc.)
 Green algae, Brown algae
 Mollusca
 e.g. Squid (Loligo
 vulgaris), Cuttlefish (Sepia
 officinalis)
 Spiders (Phidippus audax,
 Goliath birdeater,
 Micrommata virescens,
 Atrax robustus,
 Carparachne aureoflava)
 Fungi (cell walls):
 Ascomycetes,
 Basidiomycetes,
 Phycomycetes,
 Penicillium,
 Blastocladiaceae,
 Chytridiaceae
 Crustaceans:
 Barnacle (Lepas anatifera)
 Lobster: Lobster (Homarus
 vulgaris), Locust lobster
 (Scyllarus arctus), Spiny
 lobster (Palinurus vulgaris)
 Crab: Marbled crab
 (Grapsus marmoratus),
 Red crab (Portunus puber),
 Spider crab (Maia
 squinado)
 Shrimp (Palaemon
 fabricius)
 Crayfish (Astacus astacus)
 Prawn (Penaeus monodon,
 Macrobrachium carcinus)
 Krill (Bentheuphausia
 amblyops, Euphausia
 pacifica, Nyctiphanes
 capensis, E. frigida, E.
 longirostris, E. triacantha
 and E. vallentini)
 Squilla (Squilla aculeata,
 Squilla biformis, Squilla
 bigelowi, Squilla mantis
 and other Squilla species)
 Brachiopods
 (Vinlandostrophia
 ponderosa, Neospirifer
 condor, Rhynchotrema
 dentatum)
 Yeast
 Annelida: Archiaannelida,
 Chaetopoda, Hirudinea
 Spores
 Cockroaches (Periplaneta
 americana, Blattella
 germanica, Blattella
 asahinai, Blatta orientalis)
 Beetles (Lamprima aurata,
 Madateuchus viettei,
 Cephalota circumdata)
 Silkworm (Bombyx mori)
 chrysalides
 Ants
 Arrow worm
 (Sagitta elegans),
 Vestimentiferan worm
 (Tevnia jerichonana)
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Chitosan can be produced in a variety of ways which include thermal
 deacetylation, isolation from chitosan raw materials and an enzymatic bioconversion
 method. Presently, chitosan is commercially produced by thermal deacetylation of
 chitin. Under vigorous alkaline conditions at high temperature (40% sodium
 hydroxide at 120°C for 1-3 hours), acetamide linkages undergo N-deacetylation and
 chitosan (70-80% deacetylated) is produced [Kim, 2004; Kumar, 2000; Rinaudo,
 2006]. Prolonged treatment under these alkaline conditions results in complete
 N-deacetylation but the polymer is severely degraded to very low molecular weight.
 Thermochemical deacetylation in an inert atmosphere yields chitosan of higher
 molecular weight than normal deacetylation in presence of air. Higher temperature or
 extended time increases the degree of deacetylation but yields low molecular weight
 and may cause further depolymerization. Generally, more than 80% deacetylation can
 not be achieved without depolymerization and shortening of the polymer chains.
 The isolation of chitosan from Mucor rouxii cell wall involves growth of
 culture, followed by an extraction process and the chitosan obtained by this method
 possess certain desirable properties, which are not obtained in chitosan prepared by
 the normal commercial thermochemical method. In this method, the yield of chitosan
 is 5-10% of total dry biomass weight and its molecular weight is ranges from 2.0×105
 to 1.4×106, which depends on incubation time and medium composition. Chitosan
 obtained from fungal cell wall has much higher degree of deacetylation (upto 92%)
 [Kim, 2004; Kumar, 2000].
 The third method for the production of chitosan involves the enzymatic
 bioconversion of chitin to chitosan by deacetylation of N-acetylglucosamine residues
 of chitin in the presence of chitin deacetylase. In chitin with longer polymer chain, the
 rate of deacetylation is faster in presence of chitin deacetylase. The enzyme appeared
 to show very specific action on N-acetylglucosamine homopolymers and facilitates
 effective conversion without degradation [Kim, 2004]. Nearly complete enzymatic
 deacetylation has been demonstrated for low molecular chitin by the chitin
 deacetylase obtained from the fungus Absidia coerulea [Win & Stevens, 2001]. It has
 been reported that chitin and chitosan with improved characteristics were isolated
 from black tiger shrimp shells waste pretreated with 0.04 M salicylic acid for ten
 hours [Toan, 2011].
 Central Institute of Fisheries Technology, Kerala, a premier research institute
 for research on chitin and chitosan in India, in their investigation found that dry prawn
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waste contained 23% and dry squilla contained 15% chitin. Chitin represents 14-27%
 and 13-15% of the dry weight of shrimp and crab processing wastes, respectively
 [D’Ayala et al., 2008]. Chitin and chitosan are now produced commercially in many
 countries including India, Japan, Poland, Norway and Australia.
 2.2 ALLOMORPHS OF CHITIN
 Depending on the source, chitin occurs as two allomorphs, the α and β forms
 [Rudall, 1969], which can be differentiated by infrared and solid state NMR
 spectroscopy together with X-ray and electron diffraction patterns. Earlier a third
 allomorph γ-chitin had also been reported [Rudall, 1969; Rudall, 1973], but some
 scientist believe that it is just a variant of α family [Atkins, 1985]. The average
 viscosity molecular weights of α-chitin, β-chitin and γ-chitin isolated from crab shell,
 pen of Loligo squid and Lucainade respectively, were reported to be about 701, 612
 and 524 kDa, respectively [Jang et al., 2004].
 In the FTIR spectra, α-chitin, β-chitin and γ-chitin showed a doublet, a singlet
 and a semidoublet at the amide I band, respectively. The differences among these
 forms depend on the arrangement of chains in the crystalline regions [Jang et al.,
 2004]. α-Chitin is by far the most abundant and stable in nature and it is found in krill,
 lobster and crab tendons and shells, shrimp shells, insect cuticle and fungal and yeast
 cell walls. Its presence has also been noted in various marine living organisms, e.g.,
 the harpoons of cone snails [Olivera et al., 1995], the oral grasping spine of Sagitta
 [Atkins et al., 1979; Saito et al., 1995] and the filaments ejected by the seaweed
 Phaeocystis [Chretiennot-Dinet et al., 1997], etc. These exotic α-chitins have high
 crystallinity and high purity as compared to abundant arthropod chitin which is
 particularly useful for structural studies of exotic chitins. One can also obtain α-chitin
 by recrystallization from solution [Helbert & Sugiyama, 1998; Persson et al., 1992],
 in vitro biosynthesis [Bartnicki-Garcia et al., 1994; Ruiz-Herrera et al., 1975] or
 enzymatic polymerization [Sakamoto et al., 2000].
 The rarer β-chitin is found in association with proteins in squid pens [Rudall,
 1969; Rudall 1973] and in the tubes synthesized by pogonophoran and vestimetiferan
 worms [Blackwell et al., 1965; Gaill et al., 1992]. Pure β-chitin is found in the
 monocrystalline spines excreted by the centric diatom Thalassiosira fluviatilis
 [Dweltz et al., 1968; Revol & Chanzy, 1986]. It also occurs in aphrodite chaetae
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[Lotmar & Picken, 1950] and in the lorica built by some seaweeds or protozoa [Herth
 et al., 1977]. Till date, β-chitin has not been synthesized in laboratory. A simple
 treatment with 20% NaOH followed by washing with water is reported to convert
 β-chitin to α-chitin [Noishiki et al., 2003; Toffey et al., 1996]. The γ-chitin can be
 extracted from fungi and yeast [Campana-Filho et al., 2007].
 X-ray spectroscopy is the most versatile and widely used means of
 characterizing chitin of all forms [Guo, 2009]. The two general types of structural
 information, i.e., electronic structure and geometric structure can be studied by X-ray
 spectroscopy. X-ray spectroscopy is a powerful and flexible tool and an excellent
 complement to many structural analysis techniques such as UV-Visible, IR, NMR or
 Raman spectroscopy [Kumirska et al., 2010]. Various attempts have been made for a
 long time to study the crystallography of chitin [Clark & Smith, 1935; Gardner &
 Blackwell, 1975; Gonell, 1926; Minke & Blackwell, 1978]. A number of X-ray
 spectroscopic studies of chitin have provided the diffractive patterns of these
 compounds [Cárdenas et al., 2004; Feng et al., 2004; Jang et al., 2004; Kim et al.,
 1996; Yen & Mau, 2007]. On the basis of the X-ray diffraction diagrams of α-chitin
 (from shrimp shell) and β-chitin (from anhydrous squid pen), they can be
 differentiated in two ways: (i) a strong diffraction ring, referred as α-chitin signature
 occurs at 0.338 nm whereas a similar ring is found at 0.324 nm in β-chitin; (ii) an
 inner ring at 0.918 nm in β-chitin moves to 1.16 nm in the presence of water, whereas
 a similar strong inner ring at 0.943 nm in α-chitin is insensitive to hydration.
 In the X-ray diffraction spectrum of chitin, broad peaks at d = 0.34, 0.46, 0.50 and
 1.09 nm with a shoulder at 0.71 nm has been reported in the literature [Muzzarelli et
 al., 2004]. Miller indices specify the orientation of a plane in a lattice. The Miller
 indices of the diffraction peaks characteristic of chitin are (020), (110), (120), (101)
 and (130) [Feng et al., 2004; Wada & Saito, 2001], although Muzzarelli et al.
 reported the lack of a strong (020) peak for chitin [Muzzarelli et al., 2007]. In angle
 form, the typical chitin diffraction pattern of chitin showed strong reflections at 2θ
 around 9-10° and 2θ of 20-21° and minor reflections at higher 2θ values, e.g., at 26.4°
 and higher [Abdou et al., 2008].
 The electron diffraction pattern provides useful information on the crystalline
 structure of α-chitin and β-chitin. The crystallographic parameters for α-chitin (a=
 0.474, b= 1.886, c = 1.032 nm, γ = 90°) and anhydrous β-chitin (a= 0.485, b= 0.926,
 c = 1.038 nm, γ = 97.5°) have been reported in the literature and these were found to
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be slightly different. The crystallographic parameters of α-chitin and β-chitin suggests
 that there are two antiparallel molecules per unit cell in α-chitin, whereas only one
 molecule per unit cell is present in β-chitin, which consists of a parallel arrangement
 [Rinaudo, 2006].
 In the crystal structures of α-chitin and β-chitin, the chains are organized in
 sheets where they are tightly held by a number of intra sheet hydrogen bonds
 [Blackwell, 1969; Minke & Blackwell, 1978; Rinaudo, 2008; Urbanczyk et al., 1997;
 Yamaguchi et al., 2005; Yui et al., 2007]. This tight network, dominated by the rather
 strong C–O--NH hydrogen bonds, maintains the chains at a distance of about 0.47 nm
 [Minke & Blackwell, 1978] along the a parameter of the unit cell. In α-chitin, there
 are also some inter sheet hydrogen bonds along the b parameter of the unit cell,
 involving association of the hydroxymethyl groups of adjacent chains. Such a feature
 is not found in the structure of β-chitin, which is therefore more susceptible than
 α-chitin to intra-crystalline swelling [Blackwell, 1969; Rinaudo, 2006; Yui et al.,
 2007]. Besides these differences, it appears that the N-acetyl glycosyl moiety is the
 independent crystallographic unit in both allomorphs. In short, α-chitin, having an
 antiparallel structure, has intrasheet and intersheet hydrogen bonds, but β-chitin,
 having a parallel structure, forms only intrasheet hydrogen bonds.
 Crystallinity index can also be calculated on the basis of X-ray diffractograms.
 Crystallinity index provides information about the crystal state and is useful in
 distinguishing α-chitin from β-chitin. It had been reported that crystallinity index for
 α-chitin is 28.3% and for β-chitin crystallinity index is 20.8% [Lima & Airoldi, 2004].
 Currently, calculation of crystallinity index is of paramount importance in the analysis
 of chitin, chitosan and their derivatives.
 A number of polar guest molecules (such as water, alcohol, amines, etc.) can
 easily penetrate the crystal lattice of β-chitin without disturbing the sheet organization
 and the crystallinity of the samples as no inter sheet hydrogen bond has been observed
 in the crystal structure of β-chitin [Rössle et al., 2003]. A wide variety of crystalline
 β-chitin complexes would result by displacement of the already occupied guest by
 another chemical moiety. This intracrystalline swelling is reversible, as the removal of
 guest molecule allows the structure to revert to its original state of anhydrous β-chitin,
 though with some loss of crystallinity.
 In case of α-chitin, water and alcohols can not penetrate the crystalline lattice,
 but stronger swelling agents such as aliphatic diamines have been shown to intercalate
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into the crystalline lattice to form highly crystalline complexes. The guest molecules
 are incorporated between the sheets of α-chitin similar to β-chitin and accordingly, the
 b cell parameter expands, whereas the a and c parameters remain essentially constant.
 The inter sheet parameter expansion, which is almost same in both α-chitin and
 β-chitin, increases linearly with the number of carbon atoms in a diamine guest
 [Noishiki et al., 2005].
 The intracrystalline swelling of β-chitin in water, alcohols or amines is
 reversible, whereas its irreversible swelling in relatively strong acid media (such as
 concentrated nitric acid or 6-8M hydrochloric acid), leads to α-chitin [Lotmar &
 Picken, 1950]. During this swelling, intersheet as well as intra sheet hydrogen bonds
 are broken [Saito et al., 2000] resulting in loss of crystalline state [Saito et al., 1997].
 Nevertheless the crystallinity is restored upon removal of the acid, yielding α-chitin.
 The α-chitin is thermodynamically more stable than β-chitin, which is also confirmed
 by the fact that always α-chitin is obtained after recrystallization.
 Various workers have reported the description and interpretation of the
 infrared spectra of chitin [Darmon & Rudall, 1950; Falk et al., 1966; Focher et al.,
 1992; Pearson et al., 1960]. The spectra of α- and β-chitin display a series of very
 sharp absorption bands, typical of crystalline polysaccharide samples. The spectral
 region between 1600 and 1500 cm-1
 (C=O stretching region of the amide moiety), is
 of great interest as it yields different signatures for α-chitin and β-chitin. For α-chitin,
 the amide I band is split at 1656 and 1621 cm-1
 (due to the influence of hydrogen
 bonding or the presence of an enol form of the amide moiety), whereas it is unique at
 1626 cm-1
 for β-chitin. In contrast, the amide II band is unique in both chitin
 allomorphs: at 1556 cm-1
 for α-chitin and 1560 cm-1
 for β-chitin. Another
 characteristic marker is the CH deformation of the β-glycosidic bond. This band shifts
 from 890 cm-1
 in β-chitin to 895 cm-1
 in α-chitin. Infrared spectra of β-chitin reveal
 two additional bands for CHx deformations at about 1455 and 1374 cm-1
 and a greater
 number of narrower bands in the C–O–C and C–O stretching vibration region (1200-
 950 cm-1
 ), which are not observed in the IR spectra of α-chitin [Kumirska et al., 2010;
 Rinaudo, 2006].
 13
 C solid state NMR has been used to study chitins, as this technique does not
 require the solubilization of the polymer. Many workers have reported the 13
 C solid
 state NMR spectra of α- and β-chitin [Kono, 2004; Saito et al., 1981; Tanner et al.,
 1990] and shown that crystalline samples yield better resolved spectra. At the field
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strength of 7.05 T, six single line signals and two doublets at C-2 and C=O have been
 shown, these doublets are actually singlets that are split by the effect of the 14
 N
 quadrupole coupling. At higher field strength, the splitting disappears, while it
 becomes broader at lower field strength. Due to this phenomenon, there are only eight
 signals for the eight carbon atoms of α- and β-chitins. Thus, in both allomorphs, the
 N-acetyl D-glucosamine moiety can be considered as the magnetic independent
 residue, in full agreement with the crystal structure of α- and β-chitin where this
 residue is also the crystallographically independent unit. On the basis of the chemical
 shift values, the spectra of α- and β-chitin are nearly the same and it is very difficult to
 differentiate them by solid state 13
 C NMR. Nevertheless, the relaxation time of C-6 in
 crab shell α-chitin is found to be much shorter than that of the other carbons of this
 chitin and also shorter than for C-6 of anhydrous β-chitin [Tanner et al., 1990].
 In the spectra recorded using solid state 13
 C CP-MAS NMR by Jang et al.,
 α-chitin and β-chitin were clearly distinguished, but the spectra of γ-chitin was almost
 similar to that of α-chitin. In the spectra of β-chitin, a signal assigned to C3 and C5
 appeared at δ 74, whereas in the spectra of α-chitin, the C3 and C5 appeared at δ 73
 and δ 75, respectively, as two sharply resolved signals. This difference was due to the
 different configurations of C3 and C5 in α-chitin resulting from the hydrogen bonds.
 As in the case of α-chitin, the peaks corresponding to the C3 and C5 carbon atoms of
 γ-chitin were resolved at δ 73 and δ 75 because γ-chitin formed intersheet hydrogen
 bonding [Jang et al., 2004]. Similarly, the sets of 13
 C chemical shift values for
 different polymorphs of chitin isolated from different sources such as shrimp, prawn,
 squid, lobsters and king crabs has been reported [Cárdenas et al., 2004].
 Like solid state 13
 C NMR spectroscopy, solid state 15
 N NMR spectroscopy is a
 very attractive technique, especially for study of insoluble chitin, but it is more time
 consuming due to the low natural abundance of the 15
 N nuclide (<0.4%). In the
 spectra of chitin, two different nitrogen atom signals are present: one corresponds to
 the amine group (NH2 in glucosamine, δ ~ 10) and the other corresponds to the
 acetamide group (NH-CO-CH3 in glucosamine, δ ~ 110) [Kumirska et al., 2010].
 2.3 SOLUBILITY OF CHITIN
 Most of the naturally occurring polysaccharides, e.g. cellulose, dextran, pectin,
 alginic acid, agar, agarose and carragenans are acidic or neutral in nature, whereas
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chitin and chitosan are examples of highly basic polysaccharides [Kumar, 2000].
 Despite its huge annual production and easy availability, chitin still remains an under
 utilized resource primarily because of its intractable molecular structure [Kurita,
 2006; Zohuriaan-Mehr, 2005]. Chitin is highly hydrophobic and is insoluble in water
 and most organic solvents [Kumar, 2000]. The non-solubility of chitin (both α and β
 forms) in common solvents, despite natural variations in crystallinity, has been a
 stumbling block in its commercial utilization [Kumar, 2000; Nishimura et al., 1991;
 Ravindra et al., 1998; Rinaudo, 2006]. The solubility of chitin can be enhanced by
 treatment with strong aqueous hydrochloric acid whereby a solid state transformation
 of β-chitin into α-chitin occurs [Saito et al., 1997]. It has been shown that β-chitin is
 more reactive than α-chitin towards enzymatic and chemical transformations [Kurita
 et al., 1993b; Mathur & Narang, 1990; Muzzarelli, 1983; Rinaudo, 2006].
 Chitin and chitosan degrade before melting, which is a characteristic feature of
 polysaccharides with extensive hydrogen bonding. Therefore, to impart functionality,
 it is necessary to dissolve chitin and chitosan in an appropriate solvent system [Lee et
 al., 2009]. Many scientists had tried to dissolve chitin in the solvents used for
 cellulose, owing to structural similarity of chitin with cellulose (presence of both intra
 and intermolecular hydrogen bonds) [Dawsey & McCormick, 1990; McCormick et
 al., 1985]. However, many of these solvents are toxic, corrosive or degradative or
 mutagenic and hence can not be used for pharmaceutical application and also have
 difficulties in scaling up for industrial production [Pillai et al., 2009].
 Austin introduced the solubility parameters for chitin in various solvents
 [Austin, 1975; Austin, 1977]. A complex between chitin and LiCl is soluble in
 N,N-dimethylacetamide (DMAc) and in N-methyl-2-pyrrolidone [Austin, 1988].
 These solvents and especially, LiCl/DMAc mixtures, are also used as solvents for
 cellulose, another β(1→4) glucan [McCormick et al., 1985]. Austin also used formic,
 dichloroacetic and trichloroacetic acids for dissolution and purification of chitin
 chains [Austin, 1975]. A number of parameters such as polymer concentration, pH,
 counter ion concentration, temperature effects, degree of acetylation, molecular
 weight, etc. influence the dissolution and solution viscosity [Pillai et al., 2009]. The
 rheology of chitin in solution is that of a semi-rigid polysaccharide [Rinaudo, 2006].
 Methanol saturated with calcium chloride dihydrate, hexafluoroisopropyl alcohol and
 hexafluoracetone sesquihydrate had also been employed as solvents for chitin [Kurita,
 2001]. The solubility of chitin in concentrated phosphoric acid at room temperature
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and in a fresh saturated solution of lithium thiocyanate has been reported by
 Vincendon [Gagnaire et al., 1982; Vincendon, 1985]. Solution of chitin at low
 temperature in dilute NaOH solution can be used for casting transparent chitin film
 with good mechanical properties, which upon washing may yield a temperature and
 pH sensitive chitin gel [Einbu et al., 2004; Sannan et al., 1975; Sannan et al., 1976].
 However, under these circumstances, decreased molecular weight and some
 deacetylation of chitin had been observed [Goycoolea et al., 2007].
 2.4 CHITIN DERIVATIVES
 Due to structural similarity, the chemical modifications performed on cellulose
 (such as etherification and esterification) can also be performed on the available C-6
 and C-3 hydroxyl groups of chitin. But chemical modification of chitin is difficult
 owing to its lack of solubility in common solvents, as reactions under heterogeneous
 conditions encounter various problems such as poor extent of reaction, difficulty in
 region selective substitution, structural ambiguity of products and partial degradation
 due to the severe reaction conditions [D’Ayala et al., 2008]. However, various
 derivatives of chitin have been synthesized, which are listed in Table 2.2.
 Chitosan, the most important derivative of chitin, is obtained by partial
 deacetylation under alkaline conditions or by enzymatic hydrolysis in the presence of
 chitin deacetylase. β-chitin exhibits much higher reactivity in deacetylation than
 α-chitin [Kurita et al., 1993b]. Because of the semicrystalline morphology of chitin,
 chitosans obtained by a solid state reaction have a heterogeneous distribution of acetyl
 groups. On the other hand, alkaline treatment of chitin under dissolved conditions
 yields homogeneously deacetylated samples [Cho et al., 2000]. This distribution,
 random or blockwise, has prominent effect on the solubility and other properties of
 chitosan [Aiba, 1991]. NMR studies have shown that the distribution of acetyl groups
 must be random to achieve the higher solubility.
 The second most important derivative of chitin is carboxymethyl chitin (CM-
 chitin), obtained by adding monochloroacetic acid to chitin previously treated with
 sodium hydroxide [Sini et al., 2005]. CM-chitin, a water soluble anionic polymer,
 activates peritoneal macrophages in vivo, suppresses growth of tumor cells in mice,
 and stimulates nonspecific host resistance against E. Coli infections. Another water
 soluble derivative, hydroxypropyl chitin is used to prepare artificial lachrymal drops
 [Park & Park, 2001].
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2-Hydroxyethyl chitin (glycolchitin, ethylene glycol chitin) is another water
 soluble chitin derivative synthesized by reacting chitin with 2-chloroethanol and is
 available commercially. It is used as a substrate in assay of chitinolytic enzymes.
 Hydroxyethylation of chitin can also be performed by treating alkali chitin with
 ethylene oxide [Kurita, 2001]. Glycol chitin is widely being investigated as a new
 thermogelling polymer for various biomedical and therapeutic applications. Recently,
 a new biodegradable glycol chitin based thermoresponsive hydrogel scaffold has been
 developed that can be easily applied as a mild viscous solution at room temperature
 but quickly transforms into a durable hydrogel under physiological conditions. Chitin
 can be used in blends with natural or synthetic polymers; it can be crosslinked by
 epichlorhydrin and glutaraldehyde or grafted in the presence of ceric salt, yielding
 different physicochemical properties for diverse applications [Ren et al., 1993].
 Chitin is partially degraded by acid to obtain a series of oligochitins [Kurita et
 al., 1993b; Rupley, 1964]. These oligomers have shown potential bioactivity such as
 antitumor, bactericidal and fungicidal activity and in plant growth regulation. They
 are used in testing for lysozyme activity and as active starting blocks to be grafted on
 protein and lipids to obtain glycoprotein and glycolipid analog.
 A novel water soluble photochromic polymer (carboxymethyl chitin derivative
 containing spirooxazine moiety) was prepared by graft copolymerization of
 9′-allyloxyindolinospiro-naphthoxazine onto CM-chitin with significantly improved
 thermal stability [Fu et al., 2008].
 Improved biological activity and aqueous solubility of aminoethyl-chitin
 (AEC) has been reported, which is synthesized by grafting 2-chloroethylamino
 hydrochloride onto chitin at C-6 position. AEC shows lower MIC values against E.
 coli and S. aureus than that of chitosan and its oligomer. In addition, cytotoxic effect
 of AEC on human lung fibroblast (MRC-5) cell line shows higher cell viability [Je &
 Kim, 2006a]. Specific oxidation of the C-6 hydroxyl group of chitin has been carried
 out using TEMPO as an oxidizing agent to produce 6-oxychitins, a chitin based
 hyaluronic acid analog soluble in a wide range of pH [Muzzarelli et al., 1999].
 Other derivatives of chitin includes fluorinated chitin [Chow & Khor, 2002],
 N- and O-sulfated chitin [Tokura et al., 1994], (diethylamino) ethyl chitin [Kurita et
 al., 1990], phosphoryl chitin [Andrew et al., 1998], mercaptochitin [Kurita et al.,
 1993a] and chitin carbamates [Yamamoto et al., 2003]. Modification of chitin can
 also be effected via water soluble derivatives of chitin such as CM-chitin.
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Table 2.2 Various derivatives of chitin and their applications
 Sr.
 No.
 Derivative Applications References
 1. Chitosan Controlled drug delivery, Tissue
 engineering, Wound dressings,
 Periodontal applications, Waste water
 treatment, Dietary fiber, Preservative,
 Cosmetics & toiletries, Delivery of
 radiopharmaceuticals, genes and
 peptides, Ocular gels and inserts, etc.
 Fini & Orienti,
 2003; Rinaudo,
 2006; Wadhwa
 et al., 2009
 2. Carboxymethyl
 chitin
 Water soluble anionic polymer,
 Activates peritoneal macrophages in
 vivo, Suppresses growth of tumor cells
 in mice, Stimulates nonspecific host
 resistance against E. Coli infections
 Sini et al.,
 2005
 3. Hydroxypropyl
 chitin
 Water soluble derivative, Artificial
 lachrymal drops
 Park & Park,
 2001
 4. 2-Hydroxyethyl
 chitin (Glycol
 chitin, Ethylene
 glycol chitin)
 Water soluble derivative, As a
 substrate in assay of chitinolytic
 enzymes, Thermogelling polymer for
 various biomedical applications
 Kurita, 2001;
 Li et al., 2013;
 Park et al.,
 2013
 5. Poly(methyl
 methacrylate)-
 grafted chitin
 Swells in organic solvents Ren et al.,
 1993
 6. Oligochitins Antitumor, bactericidal and fungicidal
 activity, Plant growth regulator,
 Testing of lysozyme activity
 Kurita et al.,
 1993b
 7. Aminoethyl chitin Water soluble derivative,
 Antimicrobial
 Je & Kim,
 2006a
 8. 6-Oxychitin Soluble in a wide range of pH Muzzarelli,
 1999
 9. Fluorinated chitin Biocompatible Chow & Khor,
 2002
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Sr.
 No.
 Derivative Applications References
 10. N- and O-Sulfated
 chitin
 Antithrombogenic activity Tokura et al.,
 1994
 11. (Diethylamino)
 ethyl chitin
 Adsorbent and separating material Kurita et al.,
 1990
 12. Phosphoryl chitin Water soluble anionic polymer Andrew et al.,
 1998
 13. Mercaptochitin Improved swelling and solubility in
 organic solvents, Biodegradable
 Kurita et al.,
 1993a
 14. Chitin carbamates Stationary phase for the separation of
 racemic mixtures
 Yamamoto et
 al., 2003
 15. Butyryl chitin Soluble in various organic solvents,
 Film and fiber formation, Accelerated
 wound healing
 Chilarski et al.,
 2007;
 Szosland, 1996
 16. Diacetyl chitin Increased solubility in formic acid,
 Film and fiber formation
 Nishi et al.,
 1979; Tokura
 et al., 1980
 17. Formylchitin Increased solubility in acidic solvents Kaifu et al.,
 1981
 18. Propionylchitin Increased solubility in acidic solvents Kaifu et al.,
 1981
 19. Chitin acetate/
 butyrate copolymers
 Soluble in organic solvents, Film
 formation
 Draczynski,
 2011
 20. Chitin hexanoate Film formation Yang et al.,
 2009a
 21. Chitin octanoate Film formation Yang et al.,
 2009a
 22. Chitin co-acetate/
 hexanoate
 Film formation Yang et al.,
 2009a
 23. Chitin co-acetate/
 octanoate
 Film formation Yang et al.,
 2009a
 24. Chitin co-acetate/
 palmitate
 Film formation Yang et al.,
 2009a
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2.5 APPLICATIONS OF CHITIN
 Chitin is a suitable functional material as it is biocompatible, biodegradable
 and nontoxic with adsorption properties. Chitin is degraded by chitinase enzymes
 which are found in bacteria, fungi, plants and in the digestive systems of many
 animals. Chitinases are involved in host defense against bacterial invasion. Chitin and
 bacterial cell wall are also degraded by lysozymes [Rinaudo, 2006].
 Chitin films and fibers were first developed by Austin [Austin & Brine, 1977]
 and then by Hirano [Hirano et al., 1999]. The chitin fibers can be blended with
 cellulose [Hirano & Midorikawa, 1998] or silk [Hirano et al., 1999] with varying
 physicochemial properties such as nonallergic, deodorizing, antibacterial and moisture
 controlling properties. Regenerated chitin derivative (n-isobutylchitin) fibers are used
 as binders in the manufacturing of paper.
 The chitin film and fibers had been used as wound dressing material [Yusof et
 al., 2003] and in controlled drug release [Kanke et al., 1989; Kato et al., 2003]. Chitin
 and its derivates promote the ordered healing of tissues and are, therefore, very
 suitable for use in wound dressings. In the form of hydroxyapatite-chitin-chitosan
 composite, it is used as a bone filling material, which forms a self hardening paste for
 guided tissue regeneration in the treatment of periodontal bony defects [Rinaudo,
 2006]. Due to its mucoadhesive property, it is used in the form of film, gel or powder
 as a mucoadhesive excipient. The bilayered surface-carboxymethylated chitin beads
 were found to absorb up to 95 times their dry weight of water and have potential as a
 component of wound dressings [Yusof et al., 2001].
 Two new types of chitin dressings, mesh reinforcement type and sponge sheet
 type, were manufactured and applied to skin wounds such as burns and donor sites.
 The advantages of these new dressings include pain relief, wound hemostasis,
 adherence, drying and possibilities for long term use in weeping wounds (wound with
 extensive exudates) with no observed side effects [Ohshima et al., 1991].
 Chitin and 6-O-carboxymethyl chitin has shown in vivo activation of
 peritoneal macrophages, suppress the growth of tumor cells in mice and stimulate
 nonspecific host resistance against Escherichia Coli infection. CM-chitin was
 selectively modified to obtain antitumor drug conjugates. For example, 5-fluorouracil
 which has marked antitumor activity and the D-glucose analog of muramyl-L-alanyl-
 isoglutamine, responsible for immuno-adjuvant activity had been grafted on CM-
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chitin using a specific spacer and an ester bond. O-acetylated chitin has shown gel
 forming ability [Hirano & Horiuchi, 1989]. Some chitin oligomers may also possess
 anticancer properties [Khan et al., 2002b].
 Because of its good adsorption properties, chitin based materials had been
 used for the removal of industrial pollutants and adsorbs silver thiosulfate complexes
 and actinides [Songkroah et al., 2004]. Chitin has also been used as a column packing
 material for affinity chromatography to isolate lectins and determine their structure
 [Datta et al., 1984].
 Chitin has attractive applications in the food industry by virtue of enzyme
 immobilizing activity. α- and β-amylases or invertase grafted on chitin has been
 studied in clarification of fruit juices and processing of milk. Due to its
 biodegradability, nontoxicity, physiological inertness, antibacterial properties,
 hydrophilicity, gel forming ability and affinity for proteins, chitin has found
 applications not only in biomedical sciences and food technology but also in
 biosensors [Krajewska, 2004].
 Sutures are probably the largest group of material implants used in human
 body. Physicians have used sutures for the past at least 4000 years. Linen, animal
 sinew, flax, hair, grass, cotton, silk, pig bristles and animal gut have been reported to
 be used to close wounds. Although chitin fibers could be made into textile materials,
 chitin sutures have remarkable properties over other fibers for biomedical
 applications. The properties of chitin fibers are comparable to those of collagen and
 lactide fibers. Chitin is considered to be highly biodegradable and its metabolites are
 easily excreted in the urine. Chitin fibers are different from other biodegradable
 natural fibers in its inherent properties such as biocompatibility, nontoxicity, low
 immunogenicity and good mechanical properties, which make them good candidate
 for sutures [Pillai et al., 2009]. It has been reported that the chitin suture was absorbed
 in about 4 months in rat muscles. Subsequent to clinical use of chitin sutures in 132
 patients, no tissue reaction and good healing was reported indicating their satisfactory
 biocompatibility. All toxicity tests, including acute toxicity, pyrogenicity and
 mutagenicity were negative in all respects. Chitin sutures maintain their tensile
 strength better than DexonTM
 or catgut in bile, urine and pancreatic juice but early
 weakening is reported in the presence of gastric juice [Yang & Wu, 2001].
 Apart from sutures, chitin and chitosan fibers are also useful in wound
 dressing, other medical textiles, as haemostatic material and in several other
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prosthetic devices such as haemostatic clips, vascular and joint prostheses, mesh and
 knit abdominal thoracic wall replacements, etc [Pillai et al., 2009].
 2.6 CHITOSAN
 Chitosan is one of the most important derivatives of chitin obtained after
 partial deacetylation of chitin which has been employed for variety of applications in
 diverse fields for its various appealing applications. The positive aspects of chitosan
 include its biocompatibility, biodegradability and non-toxicity. Chitin becomes
 soluble in aqueous acidic media (pH<6.0) at about 50% degree of deacetylation
 (DDA) and is called chitosan [Kumirska et al., 2010; Pillai et al., 2009; Rinaudo,
 2006]. In acidic media, due to protonation of the –NH2 group on the C-2 position of
 D-glucosamine unit, the polysaccharide (chitin) is converted to a polyelectrolyte
 (chitosan) and can be easily solubilized. The degree of deacetylation of chitosan not
 only affects the biodegradability and immunological activity, but also affects the
 physicochemical properties like solubility, pKa, viscosity, etc. and hence its
 appropriate utilization and applications are possible [Tolaimate et al., 2000]. The
 actual difference between chitin and chitosan is in terms of acetyl content of the
 polymer [D’Ayala et al., 2008].
 Chitosan is the only pseudonatural cationic polymer and thus, it finds many
 applications owing to its unique character (flocculants for protein recovery,
 depollution, etc.). The advantage of chitosan over chitin is its aqueous solubility and it
 is used in different applications in the form of solution, gel, film and fibers. Sponges,
 powders and fibers can be obtained by regeneration of chitosan or its derivatives.
 Other advantage of chitosan over chitin is that it possesses free amine groups which
 serve as an active site for diverse chemical reactions to generate derivatives with
 modified properties [Knaul et al., 1999].
 The physical properties of chitosan depend on a number of parameters such as
 the molecular weight (from approximately 10,000 to 1 million Dalton), DDA (in the
 range of 50-95%), sequence of the amino and the acetamido groups, purity of the
 product and the source of chitin [Rinaudo, 2008]. For most of the commercially
 available chitosan, parameters like weight average molecular weight, polydispersity,
 pattern of acetylation and impurity content (protein, heavy metal) are usually
 unknown [Aranaz et al., 2009; Weinhold et al., 2009a].
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2.6.1 CHITOSAN STRUCTURE AND CHARACTERIZATION
 Purification is a prerequisite for characterization of chitosan, where chitosan is
 dissolved in excess of acid and filtered on porous membranes (with different pore
 diameters down to 0.45 μm). Then, the pH of the solution is adjusted to about 7.5 by
 addition of alkali (sodium hydroxide or ammonium hydroxide), which results in
 flocculation due to deprotonation and the insolubility of the polymer at neutral pH,
 which is then washed with water and dried [Rinaudo, 2006]. In the solid state,
 chitosan is a semicrystalline polymer [Domard & Rinaudo, 1983]. Its morphology has
 been investigated and many polymorphs are mentioned in the literature. Cartier and
 coworkers had obtained single crystals of chitosan using fully deacetylated chitin of
 low molecular weight [Cartier et al., 1990].
 Numerous diffraction experiments have been carried out in an attempt to
 elucidate the molecular geometry of chitosan [Cairns et al., 1992; Clark & Smith,
 1935; Mazeau et al., 1994; Ogawa et al., 1984; Ogawa & Inukai, 1987; Ogawa, 1991;
 Okuyama et al., 1997; Samuels, 1981; Yui et al., 1994]. The spectrum of chitosan
 exhibits spectral peaks at d = 0.45, 0.98 and 2.93 nm. It was observed that the peaks at
 d = 0.34 and 1.09 nm in chitin are not present in the spectra of chitosan, while new
 peaks at d = 0.98 and 2.93 nm appeared in the spectra of chitosan, which may be
 attributed to deacetylation of chitin to form chitosan [Muzzarelli et al., 2004].
 X-ray studies showed that the chitosan molecule can orient itself into at least
 two different conformations in crystal: a two fold helical structure [Clark & Smith,
 1935; Ogawa et al., 1984; Samuels, 1981] and an eight fold right handed helical
 structure [Cairns et al., 1992; Ogawa & Inukai, 1987]. Apart from these two helical
 conformations, other polymorphs of chitosan have also been reported [Mazeau et al.,
 1994; Ogawa, 1991; Okuyama et al., 1997; Yui et al., 1994]. The chain conformation
 of the anhydrous form of chitosan is an extended two fold helix stabilized by
 intramolecular hydrogen bonds [Yui et al., 1994]. In this case, the chains crystallized
 in an orthorhombic unit cell (a = 0.828 nm, b = 0.862 nm and c (fiber axis) = 1.043
 nm). A chitosan polymorph crystallized at high temperature showed a slightly
 different dimensions of orthorhombic crystals (a = 0.807 nm, b = 0.844 nm and
 c (chain axis) = 1.034 nm), with two fold helical conformation stabilized by two
 intramolecular hydrogen bonds has been reported [Mazeau et al., 1994]. Chitosan
 crystallization, performed by simple drying of a polymer solution on a glass or mica
 surface at room temperature led to crystalline structure which corresponds to the
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monoclinic chitosan hydrochloride along with water in the crystalline lattice [Belamie
 et al., 1999].
 Many crystalline polymorphs of chitosan have so far been identified using
 X-ray diffraction measurements: the most abundant ―tendon-chitosan‖ [Clark &
 Smith, 1935; Okuyama et al., 1997], as well as the ―annealed‖ [Ogawa et al., 1984],
 ―1-2‖, ―L-2‖ [Saito et al., 1987], ―form I‖ and ―form II‖ [Samuels, 1981] and ―eight
 fold right handed‖ forms [Cairns et al., 1992; Ogawa & Inukai, 1987]. Apart from the
 last one, all the polymorphs of chitosan molecules have the extended two fold helix
 configuration; the 8-fold polymorph is unstable and is easily converted into the two
 fold helix [Kawada et al., 1999].
 The efficiency of chitosan production by N-deacetylation of chitin can also be
 investigated by IR spectroscopy. During N-deacetylation, band intensity at 1655 cm-1
 gradually decreases, while that at 1590 cm-1
 increase indicating the prevalence of NH2
 groups. FTIR analysis has also been used to find the optimal conditions for the
 N-deacetylation of chitin whiskers (the alkali concentration and the treatment time)
 using a microwave technique [Lertwattanaseri et al., 2009]. Solid state structure of
 chitosan prepared under different N-deacetylating conditions (uncontrolled
 conditions, under an nitrogen atmosphere and with thiophenol) have been identified
 using IR spectra, which was found similar for all the three conditions [Prashanth et
 al., 2002]. The ratio of the band intensities at 1379 and 2900 cm-1
 has also been used
 to estimate the crystallinity of chitin and chitosan by Focher et al. [Focher et al.,
 1990], whereas Prashanth and Tharanathan used the sharp absorption peak around
 618 cm-1
 [Prashanth & Tharanathan, 2006].
 Various mass spectroscopy techniques have been employed to characterize
 chitosan. The first utilized method was pyrolysis-mass spectrometry [Mattai & Hayes,
 1982], although combined with gas chromatography it is still a widely used technique
 [Bierstedt et al., 1998; Furuhashi et al., 2009; Nieto et al., 1991; Sato et al., 1998].
 GLC-MS is used for analyzing chitosan or its impurities for which all the target
 compounds have to be converted to volatile derivatives first. Matrix assisted laser
 desorption ionization (MALDI) has been extensively used ionization method for the
 mass spectrometric analysis of chitosan, which is often combined with a time of flight
 analyser (MALDI-TOF) [Popa-Nita et al., 2009]. A modified version of MALDI-TOF
 has also been employed for chitin/chitosan investigations which is known as MALDI-
 TOF PSD MS (postsource decay mass spectrometry) [Bahrke et al., 2002]. Another
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MS technique with a MALDI source is tandem mass spectrometry, for which an ion
 trap analyser is very useful [Haebel et al., 2007]. Time of flight secondary ion mass
 spectrometry (TOF-SIMS) has also been used for analysis of chitosan [Grenha et al.,
 2007].
 ESI (electrospray ionization) is another important ionization technique for
 chitosan analysis [Shahgholi et al., 1997]. Sometimes, a combination of quadrupole
 and time of flight (Q-TOF) has been utilized for better analysis [Dennhart et al.,
 2008]. It involves separation of solutions containing chitosan products on a
 chromatographic column and then passing them to the MS system. Fast atom
 bombardment is another soft ionization method used for analysis of chitosan sample.
 Other ionization methods include chemical ionization with the use of ammonia or
 acetic acid [Dong et al., 2004] as the reactive gas and plasma desorption by the fission
 products of californium-252 in a time/flow biochemical mass spectrometer [Lopatin et
 al., 1995]. TC-EA/IRMS (high temperature conversion elemental analyser/isotope
 ratio mass spectrometer) has been rarely used for analysis of chitosan. TG-MS
 (thermogravimetry-mass spectrometry) of chitosan involves very rapid heating of the
 sample from room temperature to 600 °C and then passing the gaseous products into
 the mass spectrometer, in which ions with m/z in the 40-130 range are analysed by
 MS with a quadrupole analyzer and Channeltron detector [López et al., 2008].
 NMR techniques have been extensively used to study chitin, chitosan and their
 derivatives, including 13
 C [Raymond et al., 1993] and 15
 N [Heux et al., 2000; Yu et
 al., 1999] solid state NMR and 1H [Dong et al., 2004; Lopatin et al., 1995; López et
 al., 2008], 31
 P [Lebouc et al., 2005] and 13
 C [Weinhold et al., 2009b] liquid state
 NMR. A typical 13
 C NMR spectrum of chitosan contains anomeric (C-1) signals of
 both monosaccharide residues at δ ~ 102-105, C-3 and C-5 signals at δ ~ 73-75, C-6
 signals at δ ~ 60, C-4 signals shifted to 81-85 due to glycosylation at position 4, and
 C-2 resonances shifted to δ ~ 55-57 due to the influence of the attached amino group.
 The remaining signals of the N-acetyl group are present at δ ~ 23 and δ ~ 174 (methyl
 group and carboxylic carbon atoms respectively) [Kumirska et al., 2010].
 2.6.2 SOLUBILITY OF CHITOSAN
 The solubility of chitosan depends upon a variety of factors such as its
 molecular weight, average degree of deacetylation, ionic concentration, pH, nature of
 the acid used for protonation and distribution of acetyl groups along the main chain as
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well as the conditions of isolation and drying of the polysaccharide [Aiba, 1991;
 Kubota & Eguchi, 1997]. Examination of the role of protonation of chitosan in the
 presence of acetic acid [Rinaudo et al., 1999b] and hydrochloric acid on solubility
 [Rinaudo et al., 1999a] has revealed that the degree of ionization depends on the pH
 and the pKa of the acid.
 Most of the characteristic properties of chitosan are due to the high content of
 primary amino groups with a pKa of 6.3. The soluble-insoluble transition of chitosan
 occurs around pH 6.0-6.5 at the pKa of its primary amino groups and therefore,
 chitosan is soluble at pH below 6. The pKa depends closely on the degree of
 acetylation (DA), therefore, the solubility of chitosan is dependent on DA and the
 method of deacetylation [Cho et al., 2000]. The solubility of chitosan is usually tested
 in acetic acid by dissolving it in 1% or 0.1M acetic acid. The amount of acid needed
 depends on the quantity of chitosan to be dissolved [Rinaudo et al., 1999b]. The
 concentration of protons needed is at least equal to the concentration of -NH2 units
 involved.
 At neutral pH, a water soluble form of chitosan is obtained at room
 temperature (pH 7-7.1) in the presence of glycerol-2-phosphate which upon heating
 (about 40 °C) transforms into gel. The sol-gel transition is partially reversible and the
 gelation temperature depends slightly upon experimental conditions [Chenite et al.,
 2000; Chenite et al., 2001; Cho et al., 2005; Molinaro et al., 2002].
 2.6.3 DEGREE OF DEACETYLATION OF CHITOSAN
 The characterization of a chitosan sample requires among other things, the
 determination of its average degree of deacetylation. The fraction of –NH2 in the
 polymer, can be obtained by dissolving neutral chitosan in the presence of a small
 excess of HCl on the basis of stoichiometry followed by neutralization of the
 protonated –NH2 groups by NaOH using pH or conductivity measurements [Rusu-
 Balaita et al., 2003].
 Various methods, in addition to potentiometric titration, such as ninhydrin test,
 hydrogen bromide titrimetry [Khan et al., 2002a], IR [Baxter et al., 1992; Brugnerotto
 et al., 2001; Domszy & Roberts, 1985; Miya et al., 1980], elemental analysis, an
 enzymatic reaction [Pelletier et al., 1990], first derivative UV-spectrophotometry
 [Muzzarelli & Rocchetti, 1985], 1H liquid state NMR [Rinaudo et al., 1992] and solid
 state 13
 C NMR [Cairns et al., 1992; Shahgholi et al., 1997] have been reported for the
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determination of the degree of deacetylation. XRD which is commonly used to
 measure crystallinity, has also been utilized to determine the degree of deacetylation
 of chitin and chitosan [Zhang et al., 2005].
 The principle of first derivative UV method for DDA determination is based
 on the absorbance of the intensity of the N-acetyl group in chitin or chitosan. The
 absorbance of N-acetyl glucosamine (at maximum wavelength) is linear in the
 concentration range of 0.50-5.0 mg·L-1
 and limit of detection in 0.01 M acetic acid is
 0.5 mg·L-1
 . The DDA values can be determined in acetic acid solutions at 199 nm
 [Muzzarelli & Rocchetti, 1985].
 Several modified first derivative UV methods have been proposed to improve
 the convenience and accuracy of measurement [Hsiao et al., 2004; Liu et al., 2006;
 Pedroni et al., 2003; Silva et al., 2008; Tan et al., 1998; Wu & Zivanovic, 2008]. By
 comparing the results of four methods (1H-NMR, UV, ninhydrin assay and
 potentiometric titration), Tan et al. suggested the first derivative UV method as a
 standard method for the routine determination of DA of chitosan [Tan et al., 1998].
 0.1 M HCl as a solvent for chitosan was found best among different solvents
 employed [Pedroni et al., 2003], while in another study concentrated phosphoric acid
 was suggested as the UV transparent solvent system [Hsiao et al., 2004]. In this way,
 the UV determination could be validated across the whole DDA range.
 By plotting first derivative UV values against the concentrations of N-acetyl
 glucosamine, Wu and Zivanovic observed that best linear regression was obtained at
 203 nm (the range of 0-50 μg/mL, R2 = 0.996) [Wu & Zivanovic, 2008]. Da Silva et
 al. derived a new mathematical expression by which DDA could be determined
 directly from the mass concentration of a chitosan solution and the first derivative of
 its UV spectrum at 202 nm, thus eliminating the need for the empirical correction of
 curves for highly deacetylated samples [Silva et al., 2008].
 In summary, UV techniques for DDA determination are more sensitive than
 IR, 13
 C NMR and 15
 N NMR spectroscopy and more accurate results are otained than
 IR and NMR methods [Kasaai, 2009; Khan et al., 2002]. The first derivative UV
 method is the most sensitive among all proposed techniques. The first derivatives of
 the spectra are less affected by impurities such as protein and more accurate data can
 be obtained. In contrast to other techniques, it is also possible to determine the DDA
 values of a chitin/chitosan sample with high water content. The first derivative UV
 methods are easy to perform and the equipment is also readily available. These
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techniques have been used to verify the validity of other methods of DDA
 determination in different laboratories [Kumirska et al., 2010].
 Among the various analytical techniques developed for DDA determination
 [Kasaai, 2009], infrared spectroscopy has attracted a lot of attention owing to its
 convenience and versatility of application [Khan et al., 2002]. It allows the
 determination of DDA values of chitin/chitosan on the basis of absorption ratios, also
 in the solid state [Khan et al., 2002; Sabnis & Block, 1997]. Several methods using
 different absorption ratios have already been published for determining DDA for
 chitin and chitosan samples [Baxter et al., 1992; Brugnerotto et al., 2001; Domszy &
 Roberts, 1985; Duarte et al., 2002; Muzzarelli et al., 1980; Shigemasa et al., 1996].
 DDA can be determined by the IR spectroscopy methods in the following
 ways [Kumirska et al., 2010]:
 1. Determination of the AM/AR ratio, where AM is the intensity of the
 characteristic band of N-acetylation, which indicates N-acetyl or amine content, and
 AR is the intensity of a reference band that is not affected by different DDA values.
 The DDA of unknown samples can be established by comparing the determined
 AM/AR values with similar ratios of a few reference samples (with known DDA).
 2. Drawing a calibration curve by plotting the absorption ratio of
 chitin/chitosan samples of known DDA against their DDA as obtained by IR or other
 reference method such as 1H-NMR spectroscopy. The DDA values of unknown
 samples can then be estimated from the calibration curve.
 3. Statistical evaluation of several absorption band ratios of IR spectra
 [Kasaai, 2008].
 The determination of the DDA requires selection of an appropriate band
 measure, an appropriate reference band and drawing a good base line which is
 necessary for measuring the intensity of absorption. Different baselines have been
 suggested in the literature [Brugnerotto et al., 2001]. The amide I bands at 1655 cm-1
 (sometimes together with the amide I band at 1630 cm-1
 ) or the amide II band at
 1560 cm-1
 are used as the characteristic band(s) of N-acetylation. Various internal
 reference bands used are the OH stretching band at 3450 cm-1
 , the C-H stretching
 band at 2870-2880 cm-1
 , the –CH2 bending centred at 1420 cm-1
 , the amide III band at
 1315-1320 cm-1
 , the anti-symmetric stretching of the C-O-C bridge at around
 1160 cm-1
 , the skeletal vibrations involving the C-O-C stretching bands at 1070 or
 1030 cm-1
 and the band at 897 cm-1
 (C-O-C bridge as well as glycosidic linkage)

Page 23
                        
                        

[Brugnerotto et al., 2001; Domszy & Roberts, 1985; Miya et al., 1980; Moore &
 Roberts, 1980; Shigemasa et al., 1996].
 Many different absorption band ratios, such as A1560/A2875, A1655/A2875,
 A1655/A1070, A1655/A1030, A1655/A3450, A1320/A1420, A1320/A3450, A1560/A1160 and
 A1560/A897 have been used in the literature for the determination of DDA by FTIR
 spectroscopy [Kasaai, 2008]. The different calibration curves proposed, have different
 baselines and different characteristic bands for measuring the N-acetyl content, which
 would contribute to variation in the DDA values [Khan et al., 2002; Kumirska et al.,
 2010]. Moreover, the validity of these calibrations depends on the absolute technique
 used to measure DDA and the conditions under which IR spectra are recorded. Since
 chitosan is hygroscopic in nature and samples with lesser DDA may absorb more
 moisture than those with higher DDA, it is essential that the samples should be
 completely dried before analysis [Khan et al., 2002].
 Near infrared spectroscopy has also been applied to determine DDA. The
 second derivative spectra recorded from 9090-4000 cm-1
 were used to determine
 DDA [Rathke & Hudson, 1993; Vårum et al., 1995].
 IR techniques had also been employed for the quantitative determination of
 DDA, for example, during the N-deacetylation of chitin by hot alkali [Baskar &
 Kumar, 2009], the γ-irradiation of chitosan powder [Zainol et al., 2009], the synthesis
 of organic soluble acetylated chitosan [Ma et al., 2009] and the formation of N-acetyl
 chitosan gel [Vachoud et al., 1997].
 At present, 1H-NMR is regarded as the most convenient technique for the
 detertmination of DDA in chitin and chitosan [Kasaai, 2009; Kasaai, 2010]. 1H-NMR
 spectrum of chitosan dissolved in D2O containing DCl has been reported in which the
 signal at 1.95 ppm allows determination of the acetyl content with reference to the
 H-1 signal at 4.79 ppm for the D-glucosamine residue and at 4.50 ppm for the H-1 of
 the N-acetyl-D-glucosamine unit at 85 °C [Rinaudo, 2006].
 1H NMR spectrum of chitosan recorded at 400 MHz and at a temperature of
 80 °C in D2O with slightly different chemical shift values is also presented in
 literature [Kumirska et al., 2010]. In 2000, 13
 C and 15
 N solid state NMR were also
 used over the whole range of acetyl content from 0% to 100%. 15
 N NMR gives only
 two signals related to the amino group and to the N-acetylated group and this
 technique can be used in the solid state, whatever the DDA. Comparison of 1H-NMR
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with 13
 C and 15
 N NMR shows good agreement over the entire range of DDA,
 whatever the state of the sample.
 Optimal routine conditions (solvent - 2% DCl solutions, temperature - 27 °C,
 repetition time - 13 seconds, angle - 90°) for the determination of the degree of
 deacetylation of chitosan by 1H-NMR has been reported [Fernandez-Megia et al.,
 2005]. On the basis of integrals from different NMR spectra, i.e., liquid state 1H and
 13C [Rinaudo et al., 1993] and solid state
 13C [Duarte et al., 2001] and
 15N,
 determination of the DDA values of chitin and chitosan can be done. In case of 1H
 and 13
 C NMR spectra, the DDA can be calculated by comparing the integral of the
 methyl carbon/protons of the acetyl group to the integrals of other carbons/protons
 from the main chains. Many equations for the calculation of DDA have been
 presented for different types of NMR spectroscopy. DDA of chitosan can be
 calculated on the basis of proton integrals from 1H-NMR spectra using several
 equations reported in the literature [Hirai et al., 1991; Lavertu et al., 2003; Rinaudo
 et al., 1993, Vårum et al., 1991b].
 1H-NMR spectroscopy is the best choice for chitosan DDA determination as
 no previous calibrations are required and even high DDA (low degree of acetylation)
 values can be determined with accuracy. The importance of this method lies in the
 fact that 1H-NMR data is usually used as standard for calibrating alternative methods
 [Fernandez-Megia et al., 2005].
 DSC curves have also been employed to determine the acetylation degree of
 chitin/chitosan samples [Guinesi & Cavalheiro, 2006].
 Besides UV, IR and NMR spectroscopy, mass spectrometry is another spectral
 technique used to determine the degree of N-acetylation of chitin, chitosan and their
 derivatives [Kasaai, 2009]. This technique has also been utilized by various scientists
 working in this area. Pyrolysis gas chromatography mass spectrometry combination
 has been used for such determinations. Volatile compounds obtained from chitin and
 chitosan can be identified from the mass spectra. In this technique, the peaks present
 at m/z 60 and m/z 42 are derived from N-acetyl-glucosamine, while the ions m/z 80
 and m/z 67 are from glucosamine has been reported in the literature. On the basis of
 peak ratios i.e. 80:60, 67:60, 80:42, 80:125, 94:125 and 80:110, the degree of
 deacetylation of given chitosan sample can be determined. These ratios increase with
 decrease in the degree of acetylation [Kasaai, 2009; Nieto et al., 1991; Sato et al.,
 1998].
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Similar to the determination of the degree of polymerization of chitin/chitosan,
 the usual mass spectronetric method MALDI-TOF is also used here. The mass spectra
 of the series of oligosaccharides with degree of acetylation from 25 to 90% obtained
 with this method have been reported in the literature [Trombotto et al., 2008].
 The distribution of acetyl groups along the main chain (random or blockwise)
 may influence the solubility of the polymer and also the inter chain interactions due to
 hydrogen bonds and the hydrophobic character of the acetyl group. This distribution
 of acetyl groups can be evaluated by 13
 C NMR measurements [Vårum et al., 1991a;
 Vårum et al., 1991b].
 Besides degree of acetylation, pattern of acetylation is also important factor
 influencing the properties and applications of chitin and chitosan [Rinaudo, 2006].
 Pattern of acetylation can be determined by 1H and
 13C NMR spectroscopy using
 appropriate integrals. In the 1H-NMR spectrum, the nearest neighbor effect on
 resonances is observed for the anomeric proton of N-acetyl glucosamine (sequences
 AD and AA) and proton H-1 of glucosamine (sequences DD and DA). The remaining
 signals in the 1H-NMR spectrum are unsuitable for assignment of pattern of
 acetylation as they overlap [Vårum et al., 1991b].
 In case of 13
 C NMR spectra of chitosan, pattern of acetylation can be
 calculated from the C-3, C-5 and C-6 carbon signals [Vårum et al., 1991a], although
 the highest resolution with only low overlapping signals for the four diad frequencies
 (FAA, FAD, FDA and FDD) were achieved for the C-5carbon signals [Weinhold et
 al., 2009].
 The relative experimental intensities of 1H or
 13C resonances in chitosan
 samples should be normalized according to Bernoullian statistics and the data is
 analyzed to describe pattern of acetylation [Bovey & Mireau, 1996; Mireau, 2005]. If
 the statistics are consistent with the Bernoullian model for polymers, the values PA =
 0, 1 and 2 indicate a perfect block, random distribution and alternating distribution of
 N-acetyl groups along the chitin/chitosan chain, respectively.
 The most frequently used methods for the pattern of acetylation determination
 of different chitosan samples has been compared by Kumirska et al. [Kumirska et al.,
 2009a]. They also applied a line fitting procedure for the determination of pattern of
 acetylation of low molecular weight chitosans used in biomedical applications in
 order to assess the need for the initial depolymerization of the samples [Kumirska et
 al., 2009b].
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2.7 DERIVATIVES OF CHITOSAN
 Many derivatives of chitosan are reported in the literature [Aranaz et al., 2010;
 Morimoto et al., 2002]. The modification reactions can be broadly classified into two
 types: at –NH2 group at the C-2 position or nonspecific reactions of –OH groups at
 the C-3 and C-6 positions (especially esterification and etherification). The –NH2 in
 the C-2 position is the important point of difference between chitosan and cellulose,
 where three –OH groups of nearly equal reactivity are available. So, the methods
 applicable to cellulose for modification are also relevant for chitosan. The easily
 performed reaction involving the amino group at C-2 position is its quaternization and
 the reductive amination with aldehydes. The latter reaction can be performed under
 very mild conditions in aqueous solution to obtain randomly distributed substituents
 along the chitosan chain in a controlled amount [Sashiwa et al., 2000]. To obtain
 regular and reproducible derivatives, the reaction should be started from highly
 deacetylated chitin which assures quality control of the initial material that is
 essential, especially for biological applications [Domard & Rinaudo, 1983].
 2.7.1 O-and N-CARBOXYMETHYL CHITOSANS
 Novel carboxymethyl derivatives of chitin and chitosan with special emphasis
 on their biomedical applications have been presented in the literature [Jayakumar et
 al., 2010]. The most important derivative of chitosan is carboxymethyl chitosan
 (CM-chitosan) which is an amphoteric polymer, whose solubility depends on pH.
 O- and N-carboxymethylation can be done by reaction with sodium monochloracetate
 in the presence of NaOH under controlled reaction conditions. The yield of
 substituents on the three positions can be determined by NMR [Rinaudo et al., 1992].
 This derivative extends the range of pH (pH>7) in which chitosan is water soluble,
 but a phase separation is observed at 2.5<pH<6.5 due to the balance between positive
 and negative charges on the polymer.
 N-carboxymethyl chitosan is the derivative of chitosan which has been tested
 for a variety of applications. Interestingly, N-carboxymethyl chitosan can be obtained
 by the reaction of chitosan with glyoxylic acid in the presence of a reducing agent
 [Dung et al., 1994]. The distribution of monosubstituted (–NH–CH2COOH) and
 disubstituted (–N(–CH2COOH)2) groups can be established by 1H and
 13C NMR
 spectroscopy. The disubstituted derivative has potential for ion complexation.
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N-carboxymethylation of chitosan is also effected through Schiff base
 formation from the free amino group of chitosan with an aldehyde or keto group and
 the successive reduction with cyanoborohydride or sodium borohydride [Kurita,
 2006]. The product of reaction is a well defined derivative as it results from
 regioselective carboxymethylation of the amino group. Several N-carboxyalkylated
 chitosans (such as N-(Carboxymethylidene) chitosans, (1-carboxyethyl)chitosan,
 N-carboxybutyl chitosan, 5-methylpyrrolidinone chitosan) were prepared via Schiff
 base formation from carboxylic acids having aldehyde or keto groups [Muzzarelli et
 al., 1982; Rinaudo et al., 2001; Shigemasa et al., 1995]. The resulting
 carboxyalkylated derivatives have potential applications as biomedical materials and
 fungistatic agents [Biagini et al., 1991; Muzzarelli et al., 2000a].
 Carboxymethyl chitosan has attracted a lot of attention in wide range of
 biomedical applications such as wound dressings, artificial bone and skin,
 bacteriostatic agents and blood anticoagulants due to its unique chemical, physical,
 and biological properties, especially its excellent biocompatibility [Chen et al., 2004;
 Chen & Tan, 2006; Sui et al., 2004]. Carboxymethyl derivatives of chitin and
 chitosan have also shown promise for adsorbing metal ions, in tissue engineering, as
 components in cosmetics and food and for antitumor activities [Jayakumar et al.,
 2010].
 2.7.2 CHITOSAN 6-O-SULFATE
 This derivative was first syhthesized as an O-sulfated derivative and is an
 anticoagulant [Terbojevich et al., 1989]. Vikhoreva et al. synthesized chitosan
 sulphates by sulfation of low molecular weight chitosan (MW 9000-35,000 Da) by
 using oleum as sulfating agent and dimethylformamide as medium and demonstrated
 that chitosan sulphates with reduced molecular weight show a regular increase of
 anticoagulant activity, like heparins [Vikhoreva et al., 2005]. Amino groups of
 chitosan were converted into anionic centers by N-sulfation using trimethylamine-
 sulfur trioxide, which is known to effect selective N-sulfation of amino alcohols. This
 N-sulfated chitosan is a water soluble polyelectrolyte [Holme & Perlin, 1997].
 By selective O-sulfonation, N-alkyl-O-sulphate chitosan was prepared by
 treating N-octyl-chitosan with dimethylformamide and chlorosulphonic acid, which
 has an amphiphilic character and hence it can form micelles in water and can be used
 as a potential carrier for drugs, for example, taxol [Zhang et al., 2003c].
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2.7.3 ACYLATED DERIVATIVES
 A vast variety of acylation reactions of chitosan are possible by using different
 acylating agents such as aliphatic carboxylic acid chlorides (hexanoyl, dodecanoyl
 and tetradecanoyl chlorides, etc.), cyclic anhydrides and cyclic esters. The acylation
 reaction is not regioselective. N,O-acylated chitosans have been synthesized with acyl
 chlorides in methanesulfonic acid [Sashiwa et al., 2002]. The 4-chlorobutyl and
 decanoyl chloride derivatives showed higher fungidal activities than chitosan
 [Badawy et al., 2004].
 Selectively N-acylated chitosan have been obtained by Lee et al. with
 butanoic, hexanoic and benzoic anhydride under homogeneous conditions in the
 presence of methanol [Lee et al., 2004]. Such a chemical modification of chitosan was
 carried out with an objective to impart a hydrophobic nature to the hydrophilic
 chitosan backbone and to prevent particle aggregation.
 Chitosan can be modified with succinic anhydride in order to obtain a water
 soluble polymer, N-succinylchitosan. The reaction is performed under homogeneous
 conditions in the presence of pyridine and succinylation occurs to a high extent. The
 succinylation reaction consists of a condensation reaction between the polysaccharide
 amine group and the electrophilic carbonyl group of the anhydride and formation of
 an amide bond takes place with opening of the anhydride ring [Aiedeh & Taha, 1999].
 A novel water soluble derivative, O-succinyl chitosan, was synthesized by protecting
 the amino group of chitosan and then completing the O-succinylation. This modified
 chitosan shows much better solubility in water. The obtained product can be further
 chemically modified and may have potential biomedical applications [Zhang et al.,
 2003c].
 A series of acylated chitosans were synthesized by reacting chitosan with
 hexanoyl, decanoyl and lauroyl chlorides which exhibited an excellent solubility in
 organic solvents such as chloroform, benzene, pyridine and tetrahydrofuran and
 transparent films were cast from these solutions [Zong et al., 2000]. Another acylated
 chitosan was synthesized by the reaction of chitosan and stearoyl chloride which also
 exhibited an excellent solubility in organic solvents [Ma et al., 2009].
 By using carboxylic anhydrides with different chain lengths, several N-acyl
 derivatives of O-carboxymethyl chitosan were synthesized which were not soluble in
 water and their biodegradability was also decreased in comparison to the starting
 material [Hirano et al., 1992].
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2.7.4 N-METHYLENE PHOSPHONIC CHITOSANS
 These anionic derivatives have some amphoteric character and possess good
 complexing affinity for cations such as Ca2+
 and those of transition metals (Cu (II),
 Cd (II), Zn (II), etc [Heras et al., 2001; Ramos et al., 2003b]. This complexation
 protects the metal surfaces from corrosion [Wojcik, 2004]. These derivatives were
 also grafted with alkyl chains to obtain amphiphilic properties that have potential
 applications in cosmetics [Ramos et al., 2003a].
 A new water soluble chitosan derivative N-propyl-N-methylene phosphonic
 chitosan is synthesized which opens new perspectives in food, pharmaceutical and
 cosmetic fields [Zuñiga et al., 2010].
 2.7.5 QUATERNIZED DERIVATIVES OF CHITOSAN
 Recently, a review has been presented on the history and antimicrobial
 features of the quaternary salts of chitosan [Britto et al., 2011]. Trimethylchitosan
 ammonium iodide, a cationic derivative, obtained by quaternization of chitosan with
 methyl iodide in sodium hydroxide under controlled conditions is water soluble over
 all the practical pH range [Domard et al., 1986; Domard et al., 1987; Dung et al.,
 1994]. A large decrease of molecular weight during this reaction is observed under all
 tested conditions. This derivative has potential applications in paper making as it has
 good flocculating property with kaolin dispersions [Domard et al., 1989]. Other
 quaternized derivatives such as partial N-p-(N-methylpyridino)methylated chitosan
 chloride and partial N-4-[3-(trimethylammonio)propoxy]benzylated chitosan chloride
 have been prepared and appeared as promising biocompatible antistatic materials
 [Suzuki et al., 2000]. Another quaternized derivative N,N,N-trimethyl chitosan
 chloride with improved aqueous solubility has been synthesized and characterized by
 NMR spectroscopy [Sieval et al., 1998].
 2.7.6 SUGAR MODIFIED CHITOSANS
 By reductive N-alkylation carbohydrates can be grafted at the C-2 position on
 the chitosan backbone. Disaccharides (such as cellobiose, lactose, etc.) having a
 reducing end group have been introduced in open chain form on chitosan in the
 presence of a reductant resulting in water soluble derivatives [Hall & Yalpani, 1980;
 Yalpani & Hall, 1984]. Galactose carrying lactobionic acid was covalently coupled
 with chitosan for determining hepatocyte specificity. This galactosylated chitosan
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have shown higher viability of hepatocytes than in the presence of Ca-alginate alone
 [Chung et al., 2002]. Carbohydrates can also be introduced without ring opening on
 the C-6 position, for example, N-[2-(glycosyloxy)-ethyl] chitosan derivatives [Holme
 & Hall, 1992]. These types of modifications have generally been used to introduce
 cell specific sugars onto chitosan [D’Ayala et al., 2008]. These derivatives could be
 used for drug targeting as they are recognized by the corresponding specific lectins
 [Morimoto et al., 2002].
 Yang et al. prepared chitosan derivatives through reductive N-alkylation of
 chitosan with various mono- and disaccharides [Yang et al., 2002; Yang et al., 2005].
 N-Alkylated chitosan showed solubility at neutral and basic pH region.
 The derivatives of chitosan prepared by Maillard reaction by reacting chitosan
 and reducing sugar (glucose or glucosamine) indicated that the water solubility of
 these derivatives was significantly greater than that of native chitosan. The solubility
 of glucosamine derivative was higher than that of glucose derivative and the
 glucosamine derivative remained soluble at pH 10 [Chung et al., 2006]. Relatively
 high antibacterial activity against various microorganisms such as Staphylococcus
 aureus, Listeria monocytogenes, Bacillus cereus, Escherichia coli, Shigella
 dysenteriae, and Salmonella typhimurium was observed for the chitosan-glucosamine
 derivative as compared to native chitosan [Chung et al., 2011].
 A hydrophilic sugar moiety, gluconic acid, was attached to chitosan through
 the formation of an amide bond and it was further modified by N-acetylation in an
 alcoholic aqueous solution. These sugar bearing chitosans with the DA, ranging from
 29% to 63%, were soluble in the whole range of pH. Further, it was observed that the
 gluconyl group attached to chitosan improved its biodegradability and it was possible
 to control the biodegradability of chitosan by adjusting the amounts of gluconyl and
 N-acetyl groups in the chitosan backbone which might be useful for various
 biomedical applications [Park et al., 2003].
 2.7.7 CHITOSAN-GRAFTED COPOLYMERS
 The technique of grafting synthetic polymer to chitosan has attracted a lot of
 attention in the last few years as a new way to modify chitosan and develop tailored
 hybrid materials. Grafting chitosan is a way to improve chitosan properties such as
 formation of inclusion complexes [Chen & Wang, 2001], bacteriostatic effect [Jung et
 al., 1999] and to enhance adsorption properties [Thanou et al., 2001]. Although the
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grafting of chitosan leads to modification of its properties, it is also possible to retain
 some desirable characteristics such as mucoadhesivity, biocompatibility and
 biodegradability.
 Poly(ethylene glycol)-grafted chitosan is one of the most studied derivative in
 this category, which has the advantage of being water soluble, depending on the
 degree of grafting. Higher molecular weight PEGs at low degree of substitution gave
 higher solubility than low molecular weight PEG [Morimoto et al., 2002]. For the
 introduction of PEG, reductive amination of chitosan can also be done using PEG-
 aldehyde [Harris et al., 1984]. A methoxy poly(ethylene glycol)-grafted chitosan
 copolymer was synthesized and properly characterized in which the introduction of
 PEG into chitosan increases the solubility in aqueous solutions over a range of pH
 values (4.0-11.0) and organic solvents such as DMF, DMSO, ethanol, and acetone
 [Jeong et al., 2008].
 Chitosan/oligo(L-lactide) graft copolymer has been developed by ring opening
 polymerisation of L-lactide in DMSO at 90°C under a nitrogen atmosphere using
 Ti(OBu)4 as catalyst. The grafted copolymer showed increased hydrophilicity and
 controlled degradation rate that may have wide applications in wound dressing and in
 controlled drug delivery systems [Luckachan & Pillai, 2006]. Similarly, another water
 soluble amphiphilic chitosan derivative grafted with D,L-lactide has been synthesized
 in dimethyl sulfoxide solution in the presence of triethylamine, which has the ability
 to form polymeric micelles with hydrophobic core. So, it can be used as a promising
 delivery carrier for the entrapment and controlled release of hydrophobic drugs [Wu
 et al., 2005].
 Graft copolymerization of vinyl monomers onto chitosan using free radical
 initiation has been widely utilized in the last two decades [Jenkins & Hudson, 2001].
 Grafting of chitosan with methyl methacrylate using Fenton’s reagent as redox
 initiator [Lagos & Reyes, 1988], hydroxyethylmethacrylate using
 azobisisobutironitrile [Bayramoğlu et al., 2003], dimethylamino ethyl methacrylate
 and N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl)ammonium using ceric
 (IV) salt as redox initiator [Liang et al., 2004; Zhang et al., 2003c] and
 N-isopropylacrylamide by γ irradiation has been done successfully.
 Polypeptides have been grafted by reaction with N-carboxyanhydrides of
 amino acids by graft copolymerization onto chitosan with the purpose of developing
 new biomaterials. The graft copolymers have different swelling ability from the
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original polymer [Aiba et al., 1985]. Polyaniline has been grafted chemically onto
 the radiation crosslinked chitosan and the resulting copolymer was found to be
 thermally stable [Ramaprasad et al., 2009].
 Polyurethane-g-chitosan has been synthesized which exhibited different
 solubility behavior as a function of degree of substitution such as partial solubility,
 gelation or swelling in dilute acetic acid and swelling in water, dimethylsulfoxide and
 acetic acid/sodium acetate [Silva et al., 2003].
 Maleic acid sodium was grafted onto hydroxypropyl chitosan and the grafted
 copolymer at high grafting percentage, showed good water solubility at various pH
 values. Antibacterial activity studies against Staphylococcus aureus and Escherichia
 coli showed that more than 99.9% of S. aureus and E. coli were killed within
 30 minutes of contact with the derivative at the concentration of 100 ng ml-1
 . The
 antibacterial activity is attributed to its strong coordination capability and amphiphilic
 structure [Xie et al., 2002].
 The properties of polycaprolactone grafted acrylic acid/chitosan (PCL-g-
 AA/chitosan) and PCL/chitosan composite were examined and compared using
 different techniques and it was found that with PCL-g-AA in the composite,
 compatibility with chitosan and the properties of the blend were both much improved.
 Both blends were biodegradable, especially at high levels of chitosan content [Wu,
 2005]. Chitosan-g-poly(OEGMA) copolymers showed significantly altered
 hydrodynamic volumes [Munro et al., 2009].
 Acrylic acid grafted chitosan prepared under microwave irradiation can absorb
 water 704 times its own dry weight proving it an effective superabsorbent resin. The
 microwave irradiation method increases the reaction rate by eight times over the
 conventional method [Huacai et al., 2006].
 Chitosan-g-poly(sodium 4-styrenesulfonate) copolymer was prepared by
 nitroxide mediated polymerization, which can self assemble into the worm like or
 spherical micelles and their ion exchange property can be controlled by adjusting
 poly(sodium 4-styrenesulfonate) graft content. The grafted copolymers have the
 potential to be used in the ion exchange for the environment protection [Jiang et al.,
 2010].
 Grafted chitosans have great utility in controlled drug release [Shantha et al.,
 1995], wound healing [Shi et al., 2006], tissue engineering [Yao et al., 2003] and
 cardiovascular applications [Mao et al., 2004a; Mao et al., 2004b].
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2.7.8 ALKYLATED CHITOSANS
 Alkylated chitosans are very important as amphiphilic polymers based on
 polysaccharides. The first derivative having these characteristics was a C-10-alkyl
 glycoside branched chitosan with high degree of substitution (DS = 1.5), which has
 temperature sensitive gelling ability. The derivative gelled when heated over 50 °C
 [Holme & Hall, 1991]. By protecting and deprotecting the C-6 position, selective N-
 and O-palmitoylation with two or three long alkyl chains per monomeric unit have
 been done.
 Using reductive amination, a series of amphiphilic derivatives were produced
 with different chain lengths (Cn from 3 to 14) and controlled DS (usually less than
 10% to maintain water solubility in acidic conditions) [Desbrières et al., 1996]. This
 reaction was also used to introduce n-lauryl chains [Muzzarelli et al., 2000b].
 Alkylated chitosans with good solubility in acidic conditions (pH<6) have a number
 of interesting properties. First, they show surface activity and improve the stability of
 the interfacial film [Babak et al., 2000; Desbrières et al., 1997b]. Secondly, they
 considerably increase the viscosity of aqueous solution due to hydrophobic inter-chain
 interactions. Specially for C-12 chain length and a DS~5%, a physical gel is obtained
 whose formation depends on the pH and salt concentration [Desbrières et al., 1997a].
 These gels result from a balance between electrostatic repulsions between the
 positively charged chitosan chains and hydrophobic attraction between long alkyl
 chains [Desbrières et al., 1996]. It is interesting to mention that alkyl chitosans are
 compatible with neutral and cationic surfactants and cationic surfactant promotes
 solubilization of alkyl chain grafted chitosan [Desbrières et al., 1997b].
 N-aryl chitosan derivatives have also been synthesized by selective N-
 arylation of chitosan via Schiff bases formation with an aromatic aldehyde under
 acidic condition followed by reduction of the Schiff base intermediate with sodium
 cyanoborohydride with improved solubility in water and organic solvents [Sajomsang
 et al., 2008]. The methylated N-aryl chitosan derivatives, methylated
 N-(4-N,N-dimethylaminocinnamyl) chitosan chloride and methylated N-(4-
 pyridylmethyl) chitosan chloride were synthesized and it was found that
 mucoadhesive property was dependent on the degree of quaternization and polymer
 structure whereas the cytotoxicity was dependent on the combination of the polymer
 structure, positive charge location and molecular weight after methylation [Sajomsang
 et al., 2009].
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Water soluble chitosan derivative ethylamine hydroxyethyl chitosan has been
 synthesized and its antibacterial activity against Escherichia coli was explored by the
 optical density method [Xie et al., 2007]. An N-alkylated chitosan derivative was
 synthesized by Michael addition reaction of chitosan and hydroxyethylacryl.
 The chitosan derivatives exhibited excellent solubility in distilled water. The
 antimicrobial activity of the chitosan derivatives was decreased compared with that
 of chitosan, but it still had the ability of antimicrobial [Ma et al., 2008a]. Similarly,
 other N-alkylated chitosan derivatives were synthesized by the same process with
 various acryl reagents which exhibited different solubilities in distilled water. These
 chitosan derivatives still had antimicrobial ability [Ma et al., 2008b].
 2.7.9 CYCLODEXTRIN-LINKED CHITOSANS
 α- and β-cyclodextrin-chitosans, with relatively high degree of substitution,
 can differentially recognize and retain certain guest compounds based on their
 molecular shapes and structures. These polymers are proposed as supports for reverse
 phase adsorption or as adsorbents in controlled release systems [Sakairi et al., 1999].
 A β-cyclodextrin with a specific modification on one of the –OH groups on its small
 side has been grafted to chitosan by reductive amination. At a DS lower than 10%,
 these derivatives are water soluble in acidic conditions with loose inter chain
 interactions. The grafted cyclodextrin has shown the same association constant as the
 free cyclodextrin with small hydrophobic molecules such as adamantane, thus proving
 themselves as potential candidates for drug delivery [Auzély-Velty & Rinaudo, 2001].
 Novel synthesis of a water soluble β-cyclodextrin linked chitosan has been done by
 formation of Schiff's base between 2-O-(formylmethyl)-β-cyclodextrin and chitosan,
 followed by reduction with sodium cyanoborohydride. The product is
 soluble in water at neutral and alkaline conditions and able to form a host-guest
 complex with p-nitrophenolate [Tanida et al., 1998].
 2.7.10 CHITOSAN-DENDRIMER HYBRID
 Dendrimers are attractive molecules owing to their multifunctional properties
 and useful applications such as inhibition of viral and pathogenic cell adhesion. For
 the synthesis of a variety of chitosan-dendrimer hybrids, corresponding dendrimers
 bearing aldehyde and a spacer are reacted with chitosan by reductive N-alkylation. In
 this method, generation of reactive dendrimer is limited owing to steric hindrance, but
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no crosslinking takes place during the reaction. In the second method, binding of
 chitosan to the dendrimer surface takes place which allows use of commercially
 available amino-dendrimers such as poly(amidoamine) or poly(ethylene imine)
 dendrimers, but sometimes crosslinking occurs in this method. For example,
 tetraethylene glycol was modified and attached to sialic acid by reductive
 N-alkylation and finally attached to chitosan to obtain the hybrid [Sajomsang et al.,
 2009; Xie et al., 2007].
 A Chitosan-dendrimer hybrid prepared by the second method involves a
 derivative of chiosan, N-methoxycarbonylethylchitosan, which was used as the
 chitosan backbone and highly convergent synthesis of dendrimerized chitosan-sialic
 acid hybrid has been obtained [Sashiwa et al., 2001a]. Preliminary biological
 evaluation of analogous hyperbranched sialodendrimers has shown increased
 inhibitory properties against viral adhesion and infection [Reuter et al., 1999].
 Synthesis of dendronized chitosan-sialic acid hybrid using convergent grafting
 of preassembled dendrons built on gallic acid and tri(ethylene glycol) backbone has
 been done which have undergone for biological evaluation as inhibitors of viral
 pathogens, including the flu virus [Sashiwa et al., 2001b].
 2.7.11 CROWN ETHER BOUND CHITOSAN
 Crown ethers exhibit complexing selectivity for metal ions because they have
 particular molecular structures. Novel polymers containing properties of both crown
 ethers and chitosan form stronger complexes with metal salts and show better
 selectivity for metal ions. A N-Schiff base type crown ether bound chitosan and its
 reduced analog has been prepared and their chemical structures were characterized by
 elemental analysis, IR, X-ray, and solid state 13
 C NMR analyses, which not only have
 good adsorption capacities for noble metal ions like Pd2+
 , Au3+
 and Ag+, but also high
 selectivity for adsorption of Pd2+
 in the presence of Cu2+
 and Hg2+
 [Tang et al., 2002].
 Crosslinked crown ether bound chitosans were syhthesized by reacting chitosan with
 4,4’-dibromobenzo-18-crown-6-crown ether, the crosslinked product between 6-OH
 and NH2 was obtained. The product included heterogeneous crosslinked structures
 between 6-OH and 6-OH, or NH2 and NH2, which can be avoided by using
 benzylidene protected chitosan producing homogeneous crosslinked structures. These
 products may be useful for the separation and preconcentration of heavy and precious
 metal ions in aqueous environment [Wan et al., 2002].
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Calixarenes, the third best host molecules after cyclodextrins and crown
 ethers, have outstanding complexation ability towards ions, organic molecules, etc.
 Calixarene-modified chitosan possess different adsorption properties as compared to
 original chitosan, especially towards Ag+ and Hg
 2+. As compared to unmodified
 chitosan, these derivatives are easier to use as adsorbents as they do not dissolve in
 common organic solvents and can be powdered easily also [Li et al., 2003].
 Several cross-linking reagents such as glutaraldehyde, genipin, ethylene
 glycol, diglycidyl ether and tripolyphosphate have also been used for crosslinking of
 chitosan. Various derivatives of chitosan have been summarized in Table 2.3.
 Table 2.3 Various derivatives of chitosan and their applications
 Sr.
 No.
 Derivative Applications References
 1. Carboxymethyl chitosan Water soluble derivative,
 Biocompatible, Controlled
 drug delivering systems,
 Wound dressing, Artificial
 bone and skin, Bacteriostatic,
 Anticoagulant, Tissue
 engineering, Adsorbent,
 Fungistatic, Microspheres
 Aiping et al.,
 2006;
 Jayakumar et
 al., 2010; Liu
 et al., 2007;
 Muzzarelli et
 al., 2000a
 2. Disubstituted
 N-carboxymethyl chitosan
 Ion complexation Dung et al.,
 1994
 3. N-(Carboxymethylidene)
 chitosan
 Chelating agent Muzzarelli et
 al., 1982
 4. (1-Carboxyethyl) chitosan Improved solubility Shigemasa et
 al., 1995
 5. N-Carboxybutyl chitosan Wound healing Biagini et al.,
 1991
 6. N-Phosphonomethyl chitosan Fungistatic Muzzarelli et
 al., 2000a
 7. Methylpyrrolidinone
 chitosan
 Fungistatic Muzzarelli et
 al., 2000a
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Sr.
 No.
 Derivative Applications References
 8. Chitosan 6-O-sulfate Anticoagulant Terbojevich et
 al., 1989
 9. N-Sulfated chitosan Water soluble polyelectrolyte Holme &
 Perlin, 1997
 10. Acetyl chitosan Water soluble derivative Sashiwa et al.,
 2002
 11. 4-Chlorobutyl chitosan Higher fungicidal activity than
 chitosan
 Badawy et al.,
 2004
 12. Decanoyl chitosan Soluble in organic solvents,
 Film formation, Higher
 fungicidal activity than
 chitosan
 Badawy et al.,
 2004; Zong et
 al., 2004
 13. Butanoyl chitosan Nanoparticle formation Lee et al.,
 2004
 14. Hexanoyl chitosan Soluble in organic solvents,
 Film formation, Nanoparticle
 formation
 Lee et al.,
 2004; Zong et
 al., 2004
 15. Benzoyl chitosan Nanoparticle formation Lee et al.,
 2004
 16. N-Succinyl chitosan Water soluble, Matrix
 formation
 Aiedeh &
 Taha, 1999
 17. O-Succinyl chitosan Water soluble, Biomedical
 applications
 Zhang et al.,
 2003b
 18. Lauroyl chitosan Soluble in organic solvents,
 Film formation
 Zong et al.,
 2004
 19. Stearoyl chitosan Excellent solubility in
 organic solvents
 Ma et al.,
 2009
 20. N-Methylene phosphonic
 chitosan
 Complexing agent, Water
 soluble chitosan-isoniazid
 hemisuccinate prodrug
 formation
 Rando et al.,
 2004; Wojcik,
 2004
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Sr.
 No.
 Derivative Applications References
 21. N-Propyl-N-methylene
 phosphonic chitosan
 Applications in food,
 pharmaceuticals and
 cosmetics
 Zuniga et al.,
 2010
 22. Trimethylchitosan
 ammonium iodide
 Water soluble, Flocculant Domard et al.,
 1989
 23. N-p-(N-Methylpyridino)
 methylated chitosan chloride
 Biocompatible antistatic Suzuki et al.,
 2000
 24. N-4-[3-(Trimethylammonio)
 propoxy]benzylated chitosan
 chloride
 Biocompatible antistatic Suzuki et al.,
 2000
 25. N,N,N-Trimethyl chitosan
 chloride
 Improved aqueous solubility,
 Permeation enhancer
 Sieval et al.,
 1998; Thanou
 et al., 2000
 26. N-[2-(Glycosyloxy)-ethyl]
 chitosan
 Introduction of cell specific
 sugars onto chitosan, Drug
 targeting
 Holme &
 Hall, 1992;
 Morimoto et
 al., 2002
 27. N-alkylated monosaccharide
 chitosan derivatives
 Solubility at neutral and basic
 pH, Antibacterial
 Yang et al.,
 2002; Yang et
 al., 2005
 28. N-alkylated disaccharide
 chitosan derivatives
 Solubility at neutral and basic
 pH, Antibacterial
 Yang et al.,
 2002; Yang et
 al., 2005
 29. Glucose derivative of
 chitosan
 Water soluble Chung et al.,
 2006
 30. Glucosamine derivative of
 chitosan
 Water soluble, Antibacterial Chung et al.,
 2006; Chung
 et al., 2011
 31. Mono(2-methacryloyl
 oxyethyl) acid phosphate
 grafted chitosan
 Antimicrobial Jung et al.,
 1999
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Sr.
 No.
 Derivative Applications References
 32. β-Cyclodextrin grafted
 chitosan
 Inclusion complex formation
 with radioactive iodine
 Chen &
 Wang, 2001
 33. Gluconic acid derivative of
 chitosan
 Soluble in whole range of pH,
 Biodegradable
 Park et al.,
 2003a
 34. Vinylsulfonic acid sodium
 salt grafted chitosan
 Antimicrobial Jung et al.,
 1999
 35. Mono-carboxymethylated
 chitosan
 Permeation enhancer across
 intestinal epithelia
 Thanou et al.,
 2001
 36. Poly(ethylene glycol) grafted
 chitosan
 Water soluble Harris et al.,
 1984
 37. Methoxy poly(ethylene
 glycol) grafted chitosan
 Soluble at pH range 4.0-11.0
 and in organic solvents
 Jeong et al.,
 2008
 38. Chitosan/oligo(L-lactide)
 graft copolymer
 Increased hydrophilicity,
 Wound dressing, Controlled
 drug delivery systems
 Luckachan &
 Pillai, 2006
 39. D,L-Lactide grafted chitosan Water soluble, Formation of
 polymeric micelles, Drug
 delivery carrier
 Wu et al.,
 2005
 40. Methyl methacrylate grafted
 chitosan
 Compatibilizer Lagos &
 Reyes, 1988;
 Liu et al.,
 2005
 41. Hydroxyethylmethacrylate
 grafted chitosan
 Membrane formtion Bayramoglu
 et al., 2003
 42. Dimethylamino ethyl
 methacrylate grafted chitosan
 Improved thermal stability,
 Improved hydrophilicity,
 Polymeric surfactant property
 Liang et al.,
 2004
 43. N,N-Dimethyl-N-
 methacryloxyethyl-N-(3-
 sulfopropyl)ammonium
 grafted chitosan
 Thermal properties Zhang et al.,
 2003a
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Sr.
 No.
 Derivative Applications References
 44. N-Isopropylacrylamide
 grafted chitosan
 Hydrogel formation Hong et al.,
 2005
 45. Polyurethane-g-chitosan Gel formation Silva et al.,
 2003
 46. Polypeptides grafted chitosan Biomaterial Aiba et al.,
 1985
 47. Polyaniline grafted chitosan Thermally stable polymer Ramaprasad
 et al., 2009
 48. Maleic acid sodium grafted
 hydroxypropyl chitosan
 Good water solubility,
 Antibacterial
 Xie et al.,
 2002
 49. Polycaprolactone grafted
 acrylic acid/chitosan
 Biodegradable Wu, 2005
 50. Chitosan-graft-
 poly(OEGMA) copolymers
 Alteration in hydrodynamic
 volume
 Munro et al.,
 2009
 51. Acrylic acid grafted chitosan Superabsorbent Huacai et al.,
 2006
 52. Chitosan-g-poly(sodium 4-
 styrenesulfonate) copolymer
 Micelle formation, Ion
 exchange capability
 Jiang et al.,
 2010
 53. Poly(chitosan-g-L-lactic
 acid)
 Tissue engineeing Yao et al.,
 2003
 54. Polyethylene grafted chitosan Cardiovascular applications Mao et al.,
 2004a
 55. C-10-alkyl glycoside
 branched chitosan
 Temperature sensitive gelling
 ability
 Holme &
 Hall, 1991
 56. Alkylated chitosan (Cn from
 3 to 14)
 Hydrophobic, Gel formation Desbrieres et
 al., 1996
 57. n-Lauryl-carboxymethyl
 chitosan
 Micelle formation, Carrier for
 hydrophobic anticancer drugs
 Miwa et al.¸
 1998
 58. N-Dimethylaminopropyl
 chitosan
 As percolation bed material Muzzarelli et
 al., 2000b
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Sr.
 No.
 Derivative Applications References
 59. N-Aryl chitosan derivatives Improved solubility in water
 and organic solvents
 Sajomsang et
 al., 2008
 60. Methylated N-aryl chitosan
 derivatives
 Mucoadhesive Sajomsang et
 al., 2009
 61. Methylated N-(4-N,N-
 dimethylaminocinnamyl)
 chitosan chloride
 Mucoadhesive, Antifungal Sajomsang et
 al., 2009;
 Sajomsang et
 al., 2012
 62. Methylated
 N-(4-pyridylmethyl)
 chitosan chloride
 Mucoadhesive Sajomsang et
 al., 2009
 63. Ethylamine hydroxyethyl
 chitosan
 Water soluble, Antibacterial Xie et al.,
 2007
 64. Hydroxyethylacryl chitosan Water soluble, Antimicrobial Ma et al.,
 2008a
 65. α-Cyclodextrin-chitosan Support for reverse-phase
 adsorption, Adsorbent in
 controlled release systems
 Sakairi et al.,
 1999
 66. β-Cyclodextrin-chitosan Support for reverse-phase
 adsorption, Adsorbent in
 controlled release systems
 Sakairi et al.,
 1999
 67. Modified β-cyclodextrin
 grafted chitosan
 Drug delivery Auzely-Velty
 & Rinaudo,
 2001
 68. 2-O-(Formylmethyl)-β-
 cyclodextrin linked chitosan
 Soluble in water at neutral and
 alkaline conditions, Complex
 formation
 Tanida et al.,
 1998
 69. Dendronized chitosan-sialic
 acid hybrid built on gallic
 acid and tri(ethylene glycol)
 backbone
 Inhibitor of viral pathogens Sashiwa et al.,
 2001b
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Sr.
 No.
 Derivative Applications References
 70. Dendrimerized chitosan-
 sialic acid hybrid
 Inhibition against viral
 adhesion and infection
 Reuter et al.,
 1999; Sashiwa
 et al., 2001a
 71. Crosslinked chitosan Microspheres, Gastrointestinal
 drug delivery systems, Bead
 formation, Nanoparticles
 Hejazi &
 Amiji, 2003;
 Kumbar et al.,
 2002; Shu &
 Zhu, 2000
 72. Chitosan derivatives
 containing benzo-21-crown-7
 Good adsorbent property Tang et al.,
 2002
 73. Crown ether crosslinked
 chitosan
 Separation of metal ions in
 aqueous environment
 Wan et al.,
 2002
 74. Calixarene-modified chitosan Adsorbent Li et al., 2003
 75. Chitosan-thioglycolic acid
 conjugate
 Highly mucoadhesive,
 Permeation enhancer,
 In situ gelling behavior
 Bernkop-
 Schnürch et
 al., 2004;
 Grabovac et
 al., 2005
 76. Chitosan-cysteine conjugate Mucoadhesive, Permeation
 enhancer, In situ gelling
 behavior
 Bernkop-
 Schnürch et
 al., 2004
 77. Chitosan glutathione
 conjugate
 Mucoadhesive, Permeation
 enhancer, In situ gelling
 behavior
 Bernkop-
 Schnürch et
 al., 2004
 78. Chitosan-4-thiobutyl-amidine
 conjugates
 Highly mucoadhesive,
 Permeation enhancer,
 In situ gelling behavior
 Bernkop-
 Schnürch et
 al., 2004;
 Grabovac et
 al., 2005
 79. Chitosan-polycaprolactone
 blend
 Controlled delivery of
 ofloxacin
 Sahoo et al.,
 2010
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 No.
 Derivative Applications References
 80. Lactosaminated N-succinyl-
 chitosan
 Liver specific drug carrier Kato et al.,
 2001
 81. Galactosylated chitosan Synthetic extracellular matrix
 for hepatocyte attachment,
 Hepatocyte targeted gene
 carrier
 Park et al.,
 2000; Park et
 al., 2003b
 82. Stearic acid grafted chitosan
 oligosaccharide
 Micelle formation for
 pulmonary drug delivery
 Hu et al.,
 2006
 83. Folate-grafted chitosan Nanoparticles Fernandes et
 al., 2008
 84. N-(2-Hydroxyl)propyl-3-
 trimethyl ammonium
 chitosan chloride
 Water soluble, Nanoparticles,
 Controlled release of proteins
 Xu et al.,
 2003
 85. N,N,N-Trimethyl chitosan
 chloride-g-poly(N-
 isopropylacrylamide)
 copolymer
 Thermoresponsive
 gene carrier
 Mao et al.,
 2007
 86. Imidazole acetic acid
 modified chitosan
 Delivery of nucleic acids Roy et al.,
 2008
 87. 6-Amino-6-deoxy-chitosan Gene carrier Xu et al.,
 2010
 88. Deoxycholic acid coupled
 chitosan
 Gene carrier Xu et al.,
 2010
 89. Mannosylated chitosan Gene carrier Xu et al.,
 2010
 90. Calcium-chitosan composite Coating in joint prostheses Lee et al.,
 2009
 91. Chitosan-alginate hybrid
 scaffold
 Bone tissue engineering Li et al., 2005
 92. Chitosan–L-glutamic acid
 aerogel derivative
 Water soluble, Biomedical
 applications
 Singh et al.,
 2009
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 Derivative Applications References
 93. Chitosan-hyaluronic acid
 based composite
 Biocompatible,
 Biodegradable, Cartilage
 tissue engineering
 Tan et al.,
 2009
 94. Chitosan-alginate
 polyelectrolyte complex
 Membrane formation, Wound
 dressing
 Wang et al.,
 2002
 95. Chitosan-grafted PET
 (Poly(ethylene
 terephthalate))
 Antibacterial Huh et al.,
 2001
 96. Chitosan acetate Bactericidal Liu et al.,
 2004
 97. Carboxymethyl chitosan-
 graft-Poly(N-acryloyl,
 N′-cyanoacetohydrazide)
 Copolymer
 Antimicrobial Mohamed &
 Abd El-
 Ghany, 2012
 98. Chitosan–copper complexes Antitumor activity Zheng et al.,
 2006
 99. Chitosan-5-Fluorouracil
 conjugates
 Prodrug Ouchi et al.,
 1998
 100. Peptide containing the Tyr-
 Ile-Gly-Ser-Arg sequence-
 chitosan conjugate
 Anticancer Nishiyama et
 al., 2000
 101. N-Succinyl chitosan -
 Mitomycin C conjugate
 Water soluble prodrug Song et al.,
 1993
 102. Half N-acetylated chitosan Water soluble, Antioxidant Feng et al.,
 2007
 103. Sulfanilamide derivative of
 chitosan
 Antioxidant Zhong et al.,
 2007
 104. Sulfanilamide derivative of
 chitosan sulfate
 Antioxidant Zhong et al.,
 2007
 105. 1,3,5-Thiadiazine-2-thione
 derivative of chitosan
 Antioxidant Ji et al., 2007
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 No.
 Derivative Applications References
 106. Eugenol-grafted chitosan Enhanced and sustained
 antioxidant activity
 Jung et al.,
 2006
 107. Chitosan-gallic acid
 conjugate
 Water soluble, Antioxidant Pasanphan &
 Chirachanchai,
 2008
 108. N-Aminoethyl chitosan Antioxidant Je & Kim,
 2006b
 109. 2-(Hydrazine-
 thiosemicarbazone)-chitosan
 Antioxidant Zhong et al.,
 2010
 110. 2-(Phenylhydrazine-
 thiosemicarbazone)-chitosan
 Antioxidant Zhong et al.,
 2010
 111. Chitosan-g-caffeic acid Good antioxidant activity Aytekin et al.,
 2011
 112. Disaccharide (lactose,
 maltose or cellobiose)
 chitosan derivatives
 Antioxidant Lin & Chou,
 2004
 113. Quaternary ammonium
 chitosan sulfate
 Improved anticoagulant
 activity
 Fan et al.,
 2012
 114. N-Sulfonated chitosan Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 115. N-Sulfobenzoyl chitosan Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 116. Dimethylpiperazine chitosan Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 117. Trimethylpiperazine chitosan Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 118. Acyl thiourea chitosans Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 119. Substituted
 N-naphthalimide-chitosan
 derivatives
 Fluorescent property Munro et al.,
 2008
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 120. Iron oxide nanoparticles-
 chitosan composite
 Glucose biosensor Kaushik et al.,
 2008
 121. Amidoximated chitosan Enhanced adsorption capacity Kang et al.,
 1996
 122. Chitosan N-betainates Antimicrobial against plant
 pathogens
 Badawy &
 Rabea, 2011
 123. Chitosan/titanium dioxide
 nanocomposite
 Pervaporation membranes Yang et al.,
 2009b
 124. Chitosan resin derivatized
 with 3,4-dihydroxybenzoic
 acid
 Sample pretreatment for
 inductively coupled plasma-
 mass spectrometry
 Katarina et
 al., 2008
 125. Chitosan resin functionalized
 with histidine
 Sample pretreatment for
 inductively coupled plasma-
 mass spectrometry
 Katarina et
 al., 2008
 2.8 APPLICATIONS OF CHITOSAN AND CHITOSAN
 DERIVATIVES
 Chitosan, the most important derivative of chitin has been widely utilized for
 its numerous and extensive applications in pharmaceuticals, biomedicine, drug
 delivery, waste water treatment, food, agriculture, biomedical field, cosmetics, fiber
 industry, etc [Crini & Badot, 2008; Dutta et al., 2009; Kumar, 2000; Martino et al.,
 2005; Pillai et al., 2009; Shahidi et al., 1999; Thacharodi & Rao, 1995]. The
 uniqueness with chitosan is that it is the only pseudo natural cationic polymer. Its film
 forming properties and biological activity promises many new applications. The
 cosmetics, pharmaceutical and biomedical are the most important fields where the
 specificity of chitosan offers the greatest promise [Kumar et al., 2004].
 Chitosan finds a variety of applications in the form of hydrogels, films, fibers
 or sponges in the biomedical area for which biocompatilibity is essential. Chitosan is
 much easier to use than chitin, but the stability of chitosan materials is generally
 lower owing to their more hydrophilic character and, especially, pH sensitivity. To
 control both their mechanical and chemical properties, various techniques as
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mentioned for chitin have been used. Many chitosan hydrogels have been prepared by
 treatment with multivalent anions such as glycerolphosphate [Chenite et al., 2000],
 oxalic acid [Hirano et al., 1990] and tripolyphosphate [Desai & Park, 2005].
 Various blends and composites such as chitosan/cellulose fibers [Hosokawa et
 al., 1990], chitosan/polyamide 6 [Ko et al., 1997], chitosan/polyelthylene glycol
 [Mucha et al., 1999], chitosan/polyvinylpyrrolidone and chitosan/polyvinyl alcohol
 [Abou-Aiad et al., 2006] have been prepared. The addition of carbon nanotubes to
 chitosan film resulted in reinforcement of the film and the formed composite
 exhibited a large increase of tensile modulus with incorporation of only 0.8% of
 multiwalled carbon nanotubes [Wang et al., 2005]. The advantage of chitosan in such
 materials besides its biodegradability and antibacterial activity is its hydrophilicity by
 virtue of the presence of the polar groups which are able to form secondary
 interactions (–OH and –NH2 groups involved in hydrogen bonds with other
 polymers). The most promising developments at present are in pharmaceutical and
 biomedical areas and to a smaller extent in cosmetics. Derivatization of chitin and
 chitosan has generated great interest in pharmaceutical and biomedical applications of
 chitosan and some of its derivatives.
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