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Abstract Nature is gifted with several nanomaterials which could be obtained
from different animal and plant sources. Cellulose, chitin and starch are abundant,
natural, renewable and biodegradable polymers. By intelligent processing tech-
niques they could be used as classical nano reinforcing fillers in polymers i.e.,
composites. They are often called whiskers.

3.1 Introduction

Nature is gifted with several nanomaterials which could be obtained from different
animal and plant sources. Cellulose, chitin and starch are abundant, natural,
renewable and biodegradable polymers. By intelligent processing techniques they
could be used as classical nano reinforcing fillers in polymers i.e., composites.
They are often called whiskers. These whiskers are almost defect free and as a
result, their properties are comparable to perfect crystals. The excellent reinforcing
properties of these natural whiskers stem from their chemical nature and hierar-
chical structure. During the past decade, many studies have been devoted to mimic
biocomposites by blending natural whiskers from waste and biomass sources with
various polymer matrices. The presence of crystalline fibrils in the chitinous
integuments has been elucidated several decades ago [1–3]. This chapter intends to
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focus on the chitin and chitosan based blends, composites and nanocomposites.
During the last few years, however, some indications appeared in the literature
about the preparation of composites made of chitin whiskers dispersed into natural
and artificial polymers. It is believed that this subject represents at this time an
opportunity for a better exploitation of chitin, as well as a challenge in view of
certain technical difficulties.

Chitin is a naturally occurring polysaccharide and is recognized by consisting
of 2-acetamido-2-deoxy- D-glucose via a b (1–4) linkage (Fig. 3.1). As the second
most abundant biopolymer after cellulose, chitin occurs in enormous number of
living organisms such as shrimps, crabs, tortoise, and insects, [4] and can also be
synthesized by a nonbiosynthetic pathway through chitinase-catalyzed polymeri-
zation of a chitobiose oxazoline derivative [5–7]. Chitosan, as the most important
derivative of chitin, can be prepared by its chemical modification. Chitin and
chitosan have many excellent properties including biocompatibility, biodegrad-
ability, non-toxicity, absorption properties, etc., and thus they can be widely used
in variety of areas such as biomedical applications, agriculture, water treatment
and cosmetics. In addition, there is a reactive amino group on the structured units
of chitosan (Fig. 3.1). The amino group makes chitosan much easier to be mod-
ified by chemical reactions than cellulose. A lot of derivatives of chitosan with
different functional properties have been synthesized by chemical modifications.
There are many reviews focusing on the properties, modifications and applications
of chitin and chitosan [8–10]. This chapter focuses on the other aspects of chitin:
chitin nanoparticles and their applications especially in reinforcing polymer
nanocomposites. Polymer nanocomposites refer to multiphase materials consisting
of a polymer matrix and nanofillers. They show distinctive properties even at
minimum loading of nanofillers, due to the nanometric size effect, in comparison

Fig. 3.1 Chemical structure of chitin and deacetylated chitin (chitosan)
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with virgin polymer and conventional polymer composites [11]. Following the
successful development of nylon-clay nanocomposites in 1985 [12], the polymer
nanocomposites have attracted a great deal of interest from both academic and
commercial point of view due to their appealing unique properties [13, 14].
Conventionally used nanofillers are inorganic compounds especially layered nano-
clays, such as montmorillonite (MMT) and layered double hydroxides (LDH), with
homogeneous dispersion in polymer matrix [15]. Renewable semi-crystalline
polysaccharides like cellulose, chitin and starch consisting of crystalline domains
and amorphous domains are possible candidates for organic nanofillers, since the
amorphous domains can be removed under certain conditions such as acidolysis
and the crystalline domains with high modulus can be isolated in nano-scale. Then
the nano-sized crystalline particles, usually known as polysaccharide nanocrystals,
can be used as reinforcing nanofillers in polymer nanocomposites. Since Favier
et al. [16] reported the use of cellulose nanocrystals as reinforcing nanofillers in
poly(styrene-co-butyl acrylate) (poly(S-co-BuA))-based nanocomposites in 1995,
the polysaccharide nanocrystals have drawn a large interest in polymer nano-
composites due to their excellent intrinsic properties such as nano-sized dimen-
sions, high surface area, biodegradability, non-toxicity, renewability, low density
and easy modification conferred by the large amount of surface hydroxyl groups
[17–20]. Some recent reviews have been reported on preparation, properties,
modifications and applications of cellulose, starch and chitin nanocrystals
[15, 17, 21–25].

3.2 Structure of Chitin

The structure of chitin is very analogous to cellulose (Fig. 3.2). They both are
supporting materials for living bodies i.e., for both plants and animals, with sizes
increasing from simple molecules and highly crystalline fibrils at the nanometer
level to composites at the micron level upward [26]. Thus, they intrinsically have

Fig. 3.2 Chemical structure of cellulose and chitin
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the potential to be converted to crystalline nanoparticles and nanofibers and to find
applications in nanocomposite fields. Chitin whisker can be prepared from chitin
isolated from chitin containing living organisms by the similar method towards
preparation of cellulose whiskers through hydrolysis in aqueous solution of strong
acids.

Marchessault et al. [27] for the first time reported a route for preparing sus-
pension of chitin crystallite particles in 1959. In this method, purified chitin was
first treated with 2.5 N hydrochloric acid solution under reflux for 1 h, the excess
acid was decanted and then distilled water was added to obtain the suspension.
They found that acid-hydrolyzed chitin spontaneously dispersed into rodlike
particles that could be concentrated to a liquid crystalline phase and self-assemble
to a cholesteric liquid crystalline phase above a certain concentration [28, 29]. The
chitins are polysaccharides and are present within numerous taxonomic groups.
However, on commercial scales chitins are usually isolated from marine crusta-
ceans, mainly because a large amount of waste is available as a by-product of food
processing. In this case, a-chitin is produced while squid pens are used to produce
b-chitin. The structure of a-chitin has been investigated more extensively than that
of either the b- or c- form, because it is the most common polymorphic form. Very
few studies have been carried out on c- chitin. It has been suggested that c- chitin
may be a distorted version of either a- or b-chitin rather than a true third poly-
morphic form [30]. In a–chitin, the chains are arranged in sheets or stacks, the
chains attaining the same direction or ‘sense’. In a- chitin, adjacent sheets along
the c axis have the same direction; the sheets are parallel, while in b-chitin
adjacent sheets along the c axis have the opposite direction, as antiparallel
arrangement. In c- chitin, every third sheet has the opposite direction to the two
preceding sheets [30]. A schematic representation of the three structures is shown
in Fig. 3.3.

The underlying chitin matrix in the crab shell and its microfibrillar structure is
shown in Fig. 3.4. This chitin is termed as a-chitin because of its crystal structure.
Treatment of this chitin with 20 % NaOH for 1–3 h at 120 �C gives a 70 %
deacetylated chitin (chitosan), which is soluble in many dilute acids. The detailed
method is given in Sect. 3.4. The repetition of this step can give deacetylation

Fig. 3.3 Three polymorphic configuration of chitin a a–Chitin, b b–Chitin, c c-Chitin
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values up to 98 %. A more reactive form of chitin is obtained from squid pens
[28, 29]. This b-chitin is easily isolated and has a looser chain packing in the
crystal, accounting for its higher reactivity and solubility in formic acid. The
isolation of b-chitin is accomplished by first washing the squid pens in 1 M HCl
for 12 h, followed by a 12 h treatment with 2 M NaOH. The final step is to heat the
pens at 100 �C for 4 h in fresh 2 M NaOH. This procedure yields 35 % chitin from
the mass of the pens. The degree of acetylation may be up to 92 %.

It is worth mentioning that crustaceans protect themselves from predators and
pathogens by secreting an acellular exoskeleton including calcite crystals within
the fibrillar organic network. The organic matrix is made of four superimposed
layers (Fig. 3.5a). The epicuticle (ep) and pigmented (pi) layers are deposited
before moult; the principal (pr) and membranous (mb) layers are deposited after
moult. The matrix, composed of chitin associated with proteins, is produced by an
underlying monolayer of epidermal cells (Fig. 3.5b). In a lower ratio, the cells also
secrete lipids mostly in the epicuticle and pigments in the pigmented layer. The
enzymes, for example alkaline phosphatase and carbonic anhydrase, are also
synthesized in relation with the control of calcification, which occurs in the two
middle layers (pi and pr) [31]. Carbonic anhydrase producing carbonate ions
shows maximum activity during the first stages of calcification just after the moult.
The enzyme enhances the precipitation of calcium carbonate; it was shown that
diamox, its inhibitor, depresses the growth rate of calcite crystals in the cuticle. In
domains where the section plane is transverse to the fibril axis, a honeycomb
pattern reveals the elementary chitin protein units (high resolution TEM). Ultrathin
section of the principal layer of the chitin-protein fibrils are seen in longitudinal,
oblique or transverse view forming well defined strands (Fig. 3.5c). The clear
central rods, a few nanometres in diameter, correspond to chitin crystallites; the
dark sheath corresponds to the binding proteins (Fig. 3.5d).

Fig. 3.4 Structures of a-chitin (a) and b-chitin (b) [215]
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3.3 Properties of Chitin Whiskers

Similar with preparation of cellulose nanocrystals, the main process for isolation
of chitin nanocrystals is also based on acid hydrolysis [32]. Disordered and low
lateral ordered regions of chitin are preferentially hydrolyzed and dissolved in the
acid solution, whereas water-insoluble, highly crystalline residues that have a
higher resistance to acid attack remain intact. Thus, following an acid hydrolysis
that removes disordered and low lateral ordered crystalline defects, chitin rodlike
whiskers are produced [16, 17]. Unlike tunicin whiskers which can only be pre-
pared by hydrolysis in strong sulfuric acid (H2SO4) solutions [16, 33], chitin
whiskers (CWs) can be prepared by hydrolysis in hydrochloric acid (HCl) solu-
tions. Revol et al. [34] and Li et al. [35] reported an approach towards preparation
of suspension of chitin crystallites through acid hydrolysis in detail. In this
approach, the purified chitin was hydrolyzed by boiling solution of 3 N HCl for

Fig. 3.5 The chitin-protein matrix of the crab cuticle. a Semi-thin section normal to the
carapace, from top to bottom: epicuticle (ep), pigmented layer (pi), principal layer (pr),
membranous layer (mb). Optical microscopy, bar = 50 lm. b Ultrathin section of the principal
layer of the cuticle and the underlying epidermal cells. TEM, bar = 5 lm. c Ultrathin section of
the principal layer, the chitin-protein fibrils are seen in longitudinal, oblique or transverse view
forming well defined strands. TEM, bar = 1 lm. d Aspect of the chitin protein fibrils observed at
high magnification in TEM; the central electron light chitin crystals are surrounded by a sheath of
contrasted proteins [31]
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90 min; after acid hydrolysis, the suspensions were diluted with deionized water
followed by centrifugation and Decantation of the supernatant; this process was
repeated several times until the suspension spontaneously transformed into a
colloidal state. The obtained crystallites were rodlike particles with average size of
200 ± 20 nm in length and 8 ± 1 nm in thickness. Because of the nanoscale size,
the acicular crystal shaped can be called as nanocrystals or whiskers. Based on
these procedures, whiskers have recently been prepared from many chitins of
different origins such as squid pen chitin, [36] riftia tubes [37], crab shells [38–40],
and shrimp shells [41–44]. The detailed information for CWs prepared from dif-
ferent origins of chitins is summarized in Table 3.1. The obtained rodlike whiskers
showed similar size in width and were all in range of 10–50 nm irrespective of
their origins and hydrolytic time. However, the lengths of the whiskers vary a lot
in the range of 150–2200 nm for different origins of chitin, which may be ascribed
to the different original sizes of the chitin particles and the diffusion controlled
nature of the acid hydrolysis. The typical morphologies and sizes (average length
and width) of dilute CW suspension observed by TEM and AFM are given in
Figs. 3.6a and 3.6b [38, 39]. The suspension contains chitin fragments consisting
of both individual microcrystals and associated or collapsed microcrystals. The
length and width of the rodlike CW can be measured from the micrographs
(Table 3.1) depending on the chitin origins. The principle towards preparation of
polysaccharide nanocrystals is on the basis of the different hydrolytic kinetics
between amorphous and crystalline domains [17]. That is to say, both the amor-
phous and the crystalline phases of polysaccharides can be hydrolyzed during
treatment with aqueous solutions of strong acid. The swelling and hydrolysis of
amorphous phases occur much faster than those of crystalline phases due to the
regular tight arrangement of molecular chains in the crystalline domains. It is well
established, documented and known that the boiling hydrochloric acid can easily
dissolve the amorphous domains of chitin [45]; however, it can also break the ether
and amide linkages of chitin [46]. So after removal of the amorphous domains,

Table 3.1 Sizes of chitin whiskers prepared from different origins

Chitin origin Hydrolytic time (hr) Chitin whisker size References

Length Width (nm)

Squid pen 1.5 150 10 [36]
Riftia tube 1.5 2200 18 [37]

1.5 240 15 [39]
1.5 500 50 [38]
6 255 31 [53]

Shrimp shell 1.5 417 33 [41, 42]
1.5 200–500 10–15 [43]
3 200–560 18–40 [55]
6 427 43 [202]
6 549 31 [217]
6 343 46 [44]
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the surface of crystallites will be attacked by the excess acid thus undergo further
hydrolysis. Then controlling hydrolytic extent of chitin is very important for the
preparation of CW with desired size and good yield. Except for the original sizes
of chitin, concentrations of HCl and hydrolysis time are the two important factors
for controlling the particle sizes and yield of chitin nanocrystals. The optimal
concentration is 2.5–3 N which was widely used in preparation of CWs from chitin
of different origins [32–34, 36–44]. The crystals of chitin are destroyed signifi-
cantly with increase of HCl concentration, and they are completely dissolved in
8.5 N or higher HCl solutions [32, 46]. When 3 N HCl was applied, the hydrolytic
time does not significantly affect the size especially cross-sectional width of the
nanocrystals, since the whiskers showed similar lateral diameters in range of 10–
50 nm within different hydrolysis times between 1.5 and 6 h, regardless of the
original chitin sources. Recently, TEMPO-mediated oxidation (2,2,6,6-tetra-
methylpiperidine-1-oxyl radical mediated oxidation) method, which succeeded in
preparing cellulose nanocrystals [47] and nanofibers [48–50], has also been suc-
cessfully applied in the preparation of chitin nanocrystals [51] and nanofibers [52].
Almost individualized chitin nanocrystals with width less than 10 nm can be
prepared from both a-chitin and b-chitin with this method based on two steps, i.e.,
oxidation followed by ultrasonic treatment.

TEMPO-mediated oxidation of chitin occurred in water at pH 10 in the pres-
ence of NaBr and NaClO. During oxidation, chitin was converted into water-
soluble polyuronic acid and water-insoluble particles, and the ratio of contents of
both parts can be controlled by the amount of NaClO in the system. The water-
soluble polyuronic acid products should be produced by oxidation of disordered
domains or outer space of ordered domains of chitin, and the water-insoluble
particles were the crystallites of chitin. Some hydroxyl groups of water-insoluble
particle surfaces were converted to carboxyl or carboxylated groups during oxi-
dation. When the carboxylated group containing crystallites were subjected to
ultrasonic treatment, mostly individualized chitin nanocrystals were obtained, and
the aggregation was hampered by existence of carboxylate groups on surface of the
nanocrystals. In comparison with the conventional method, TEMPO-mediated
oxidation method has many advantages: TEMPO-mediated oxidation is more
controllable by the amount of NaClO and the yield of water-insoluble particles can
reach 90 %; individualized nanocrystals with narrow width (less than 10 nm) can
be obtained; besides, no N-deacetylation of chitin occurs during TEMPO-mediated
oxidation. Figure 3.6c shows the TEM image and sizes of the obtained whiskers.
In comparison with Fig. 3.6a (conventional CW), much more individual whiskers
are formed by TEMPO method although some associated crystals could also be
observed.

More recently, individual chitin nano-whiskers have been prepared from par-
tially deacetylated a-chitin by fibril surface cationization. When CWs with degrees
of N-acetylation (DNAc) 0.74–0.70 were mechanically disintegrated in water at
pH 3–4, individualized nano-whiskers with average width and length of 6.2 ± 1.1
and 250 ± 140 nm respectively, were successfully prepared, as reported by Fan
et al. [52] the driving force for individualization of CWs is the same as that in
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TEMPO-mediated oxidation method, i.e., surface charge induced electrical
repulsion. The difference in the two methods are that TEMPO mediated oxidation
endows CW surfaces with anionic charges while cationic charges for the latter.
The TEM photograph and size of the individual CW are shown in Fig. 3.6d, some
long individual fibrils, with widths similar to those of the whiskers but lengths of
more than 500 nm were observed, which have not been reported in previous CWs
prepared by the conventional method. The properties of nano-dispersions and
casting films of a-chitin nanowhiskers/nanofibers obtained by TEMPO-mediated
oxidation method, surface cationization of partially deacetylated chitin and con-
ventional acid hydrolysis were studied and compared with those of squid-pen b-
chitin nanofibers, as reported by Fan et al. [53].

The results suggested that squid-pen b-chitin nanofiber dispersion showed the
highest shear stress and viscosity due to its highest aspect ratio, that the film of
partially deacetylated a-chitin nanowhisker/nanofiber mixture showed the highest
tensile strength and elongation at break owning to its relatively higher degree of

Fig. 3.6 TEM (a) [39] and AFM (b) [38] images of a dilute suspension of chitin whiskers and
TEM images of individual chitin whiskers obtained by TEMPO method (c) [51] and surface
cationization (d) [53]
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crystallinity combined with higher aspect ratio, and that all the samples showed
similar thermal stabilities and oxygen permeabilities.

3.4 Preparation of Nano Chitin Whisker

Before the preparation of nano chitin whisker (NCW), chitin has to be isolated
from the chitin producing parts of living animals, in which chitin does not occur
alone, whereas, chitin always coexists with some other compounds. At present, the
major sources of chitin in industry are the shell wastes of crabs and shrimps. The
shell wastes are mainly made up of chitin (20–30 %), proteins (30–40 %), calcium
carbonate (30–50 %), lipids and astaxanthin (less than 1 %) [54]. Preparation of
nano chitin whiskers involves various steps e.g., preparation of raw chitin
including isolation, demineralization, deproteinization and finally the extraction of
nano chitin whiskers. The raw chitin is obtained from crustacean shells and
mycelium of fungi following the detailed procedure given under the following
headings:

3.4.1 Isolation of Chitin

Chitin and chitosan do not occur in a pure or in an isolated form. A substantial
effort has been made to develop chemical, mechanical, and enzymatic methods to
obtain purified materials [54]. The usual method of obtaining chitin involves the
chemical treatment of shellfish wastes from the crab and shrimp industries. The
first step is to demineralize the shell with dilute hydrochloric acid at room tem-
perature. This is followed by a deproteinization step with warm dilute caustic. This
yields a partially deacetylated chitin, which may then be further deacetylated to
chitosan. In actual practice the isolation of chitin from shellfish involves the step-
by-step removal of the two major constituents of the shell, the intimately asso-
ciated proteins by deproteinization and inorganic calcium carbonate by deminer-
alization, together with small amounts of pigments, lipids and trace-metals leaving
chitin as the final residue [55]. Many methods have been proposed and used over
the years. The isolation of chitin begins with the selection of shells. Ideally, shells
of the same size and species are chosen. For shrimp shells, the comparatively thin
walls make recovery of chitin easier. The cleaning and drying of the shells fol-
lowed by thorough crushing is the next step in the process. The small shell pieces
are treated with dilute hydrochloric acid to remove calcium carbonate. Proteins as
well as other organic impurities are removed by an alkali treatment (20 % sodium
hydroxide). The pigments, primarily carotenoids are removed by extraction with
ethanol or acetone after the demineralization process. A typical procedure of
getting the raw chitin is outlined in Fig. 3.7.
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Fig. 3.7 Schematic
representations for the
preparation of raw chitin and
chitosan and chitin whiskers
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3.4.2 Demineralization

Demineralization as the term suggests is the removal of minerals, primarily cal-
cium carbonate. A mineral free chitin i.e. very low ash content chitin would be
required for applications that have very low impurity tolerance. Demineralization
is readily achieved because it involves the decomposition of calcium carbonate
into the water-soluble calcium salts with the release of carbon dioxide. The
extensively used reagent for this purpose is dilute hydrochloric acid (HCI) that
produces water-soluble calcium chloride (CaCI2). Some of the shortcomings of
using HCI are that the large volumes of CaCI2 solution must be disposed off and
being a strong acid, can cause some hydrolysis of the chitin chains thereby
reducing the molecular weight of the biopolymer. Performing demineralization at
room temperature or lower can minimize this depolymerization of chitin chains.

3.4.3 Deproteinization

In deproteinization, covalent bonds between the chitin-protein complexes have to
be destroyed. This is achieved with some difficulty especially if performed het-
erogeneously utilizing chemicals that will also depolymerize the biopolymer. The
complete removal of protein, possible from shellfish sources, is especially
important for biomedical applications. Chemical methods were the first approach
used in deproteinization. A wide range of chemicals have been tried as depro-
teinization reagents including NaOH, Na2CO3, NaHCO3, KOH, K2CO3, Ca(OH)2,
Na2SO3, NaHSO3, Ca(HSO3)2, Na3PO4 and Na2S. NaOH is the preferred reagent
on the basis of its performance and typically a 1 M NaOH solution is used with
variations in the temperature and duration of treatment parameters. The use of
NaOH invariably results in partial deacetylation of chitin and hydrolysis of the
biopolymer that lowers the molecular weight of chitin [50, 51]. Normally the
protein content in the raw chitin produced from traditional commercial sources is
around 1 %. In seeking to raise the deproteinization efficiency and an alternative to
the harsh chemical treatment other methods have emerged and are being investi-
gated. The use of proteolytic enzymes such as pepsin, papain or trypsin has been
shown to minimize deacetylation and depolymerization in the chitin isolation.
Other proteolytic enzymes such as tuna trypsin, Rhozyme-62, cod trypsin and
bacterial proteinase have also been demonstrated the removal of proteins from
crustacean shells. Bustos and Healy [56] have found that chitin obtained by
deproteinization of shrimp shell waste using proteolytic microorganisms such as
Pseudomonas maltophilia, Bacillus subtilis, Streptococcus faecium, Pediococcus
pentosaseus and Aspergillus oryzae, had a higher molecular weight compared to
chemically prepared chitin. A schematic representation for the preparation of raw
chitin and chitosan from crustacean shells and fungi is outlined in Fig. 3.7.

66 M. Zuber et al.



3.4.4 Extraction of Nano Chitin Whiskers

There are various studies in the literature which discuss the extraction of nano
chitin whiskers (NCWs) from raw sources [37–40]. Based on the procedure
reported [37], the commercial raw chitin was dispersed into a 5 wt% KOH
aqueous solution, and then boiled for 6 h with mechanical stirring to remove most
of the proteins. The resultant suspension was conditioned at ambient temperature
overnight under mechanical stirring followed by filtering and washing with dis-
tilled water for several times. Subsequently, the crude product was bleached with
17 g of NaClO2 in 1 L of water containing 0.3 M sodium acetate buffer for 6 h at
80 �C, and then fully rinsed with distilled water. The crude product was finally
dispersed into a 5 wt % KOH aqueous solution for 48 h to remove residual pro-
teins followed by centrifugation to produce protein-free chitin. The resulting
suspension was centrifuged at 3000 rpm for 20 min. Chitin whisker suspensions
were prepared by hydrolyzing the purified chitin sample with boiling solution of
3 N HCl for 1.5 h under stirring. The ratio of 3 N HCl to chitin was 30 mL/g.
After acid hydrolysis, the suspensions were diluted with distilled water followed
by centrifugation (10,000 trs/min for 5 min). This process was repeated three
times. Next, the suspensions were transferred to a dialysis bag and dialyzed for
24 h against distilled water until a pH 6 was reached. The pH was subsequently
adjusted to 3.5 by adding HCl. The dispersion of whiskers was completed by a
further 2.5 min ultrasonic treatment (B12 Branson sonifier) for every 40 mL ali-
quot. Morin and Dufresne [37] also prepared the nano chitin whiskers from Riftia.
The diameter of these whiskers was 18 nm and length around 120 nm. In another
study Gopalan and Dufresne [38] extracted nanochitin whiskers from crab shell.
They successfully extracted 100–600 nm length and 4–40 nm width nanocrystal
aggregate in the form of 500–1000 lm chitin microcrystal. Rujiravanit and
coworkers [39] have reported preparation of chitin whiskers by acid hydrolysis of
shrimp shells. The nanochitin whiskers consisted of slender rods with sharp points
that had broad distribution in size. The length of the chitin fragments ranged from
150 to 800 nm, the width ranged from 5 to 70 nm. More than 75 % of the whiskers
however, had a length below 420 nm. From the group of Zhang and coworkers
[40] nanochitin whiskers were prepared from crab shell. It was spindle shaped with
broad distribution in length (L) ranging from 100 to 650 nm and diameter (D)
ranging from 10 to 80 nm.

3.4.5 Deacetylation of Chitin into Chitosan

Chitosan is prepared by hydrolysis of acetamide groups of chitin. This is normally
conducted by severe repetitions of alkaline hydrolysis due to treatment due to the
resistance of such groups imposed by the trans arrangement of the C2-C3 sub-
stituents in the sugar ring [57]. Thermal treatments of chitin under strong aqueous
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alkali are usually needed to give partially deacetylated chitin (DA lower than
30 %), regarded as chitosan. The deacetylation of chitin into chitosan is usually
achieved by treating chitin with 50 % NaOH at 95 �C for 3 h, cooling down,
decanting off the NaOH and washing with water until neutral pH. This procedure is
normally repeated twice. Finally the chitosan is extracted with 2 % acetic acid
solution, filtered and precipitated in distilled water to give purified chitosan that is
dried and stored. In general, two different methods for preparing chitosan from
chitin with varying degree of acetylation are known. These are the heterogeneous
deacetylation of solid chitin and the homogeneous deacetylation of pre-swollen
chitin under vacuum in an aqueous medium. In both, heterogeneous and homo-
geneous conditions, the deacetylation reaction involves the use of concentrated
alkali solutions and long processing times which may vary depending on the
heterogeneous or homogeneous conditions from 1 to nearly 80 h. In practice, the
maximal degree of deacetylation that can be achieved in a single alkaline treat-
ment is about 75–85 % [58]. For better yield, during deacetylation, the conditions
must be properlycontrolled in a reasonable time so that the chitin may be
deacetylated tochitosan resulting in better yield.

Several alternative processing methods have also been developed to reduce the
long processing times and large amounts of alkali typically needed to deacetylate
chitin to an acid-soluble derivative. Examples of these include the use of suc-
cessive alkali treatments using thiophenol in DMSO [59]; thermo-mechanical
processes using a cascade reactor operated under low alkali concentration [60];
flash treatment under saturated steam [61]; use of microwave dielectric heating
[62]; and intermittent water washing [63]. There is evidence that in certain bacteria
and fungi, enzymatic deacetylation can take place [64]. Deacetylases have been
isolated from various types of fungi, namely Mucorrouxii, Aspergillus nidulans
and Colletotrichum lindemuthianium. However, the activity of these deacetylases
is severely limited by the insolubility of the chitin substrate.

Recently a microwave technique for efficient deacetylation of chitin nano-
whiskers to a chitosan nanoscaffold has also been reported [65]. A chitosan
nanoscaffold in the form of a colloidal solution was obtained from the deacety-
lation of chitin whiskers under alkaline conditions by using a microwave technique
in only 1/7 of the treatment time of the conventional method (Fig. 3.8). Fourier-

Fig. 3.8 Efficient deacetylation of chitin nanowhiskers to a chitosan nanoscaffold using
microwave technique [65]
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transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (1H
NMR) techniques confirm the degree of deacetylation to be above 90 % within
3 h. The wide-angle X-ray diffraction (WAXD) pattern clearly shows that the
highly crystalline chitin whiskers are changed to amorphous chitosan. SEM
micrographs show the aggregation of branched nanofibers, whereas the TEM
micrographs reveal the scaffold morphology.

3.4.6 Chitosan Nanoparticles Preparation

For the purpose of chitosan nanoparticles preparation, 20 mg chitosan is dissolved
in 40 ml of 2.0 % (v/v) acetic acid and 20 ml of 0.75 mg/ml tripolyphosphate TPP
is dropped into a beaker at room temperature. After that chitosan solution was
sonicated for 5 min and centrifuged for 15 min at 6000 rpm in order to obtain
chitosan nanoparticles. These chitosan nanoparticles could be stored in distilled
water; however, sonication for 10 s should be applied before a further immobili-
zation step. The morphological characterization of the chitin whisker and chitosan
nanoparticles can be evaluated by a Transmission Electron Microscopy (TEM) and
Nanosizer.

3.4.7 Depolymerization of Chitosan

The main limitations in the use of chitosan in several applications are its high
viscosity and low solubility at neutral pH. Low molecular weight (Mw) chitosans
and its oligomers can be prepared by hydrolysis of the polymer chains. For some
specific applications, these smaller molecules have been found to be much more
useful. Chitosan depolymerization can be carried out chemically, enzymatically or
physically. Chemical depolymerization (Fig. 3.9) is mainly carried out by acid

Fig. 3.9 Chemical
depolymerization of chitosan
with HNO2 [68]

3 Chitin and Chitosan Based Blends, Composites and Nanocomposites 69



hydrolysis using HCl or by oxidative reaction using HNO2 and H2O2 [66]. It has
been found to be specific in the sense that HNO2 attacks the amino group of
D-units, with subsequent cleavage of the adjacent glycosidic linkage. In case of
enzymatic depolymerization, the low molecular weight chitosan with high water
solubility can be produced by several enzymes such as chitinase, chitosanase,
gluconase and some proteases. Non-specific enzymes including lysozyme, cellu-
lase, lipase, amylase and pectinase that are capable of depolymerization of
chitosan are known [67]. In this way, regioselective depolymerization under mild
conditions is allowed. Physical depolymerization yielding dimers, trimers and
tetramers has been carried out by radiation (Co-60 gamma rays) but low yields
have been achieved [68].

3.5 Characterization of Nano Chitin Whiskers

For the determination of physicochemical characteristics of chitin and chitosan,
various methods are available in the literature for the purpose. The detailed in-
formations have been presented in the Table 3.2.

The chitin has been characterized by FTIR spectroscopy. The FTIR spectra of
original chitin have also been discussed elsewhere [96]. However, FT-IR spectra
of original chitin (Fig. 3.10) shows the broad OH stretching vibration band
appeared at 3,443 cm-1. The N–H symmetric and asymmetrical stretching
vibration bands appeared at 3,289 and 3,105 cm-1, respectively. The C–H sym-
metric and asymmetric stretching vibrations of CH2 groups were observed at 2,931
and 2,889 cm-1, respectively. The spectral region of 686–1,661 cm-1 is the
information-rich region. The faint absorptions at 1,661, 1,626 are due to C=O bond

Table 3.2 Physicochemical characteristics of chitin and chitosan and the determination methods

Sr. no. Physical characteristics Determination methods

1 Degree of deacetylation Infrared spectroscopy [87, 218, 219]
First derivative UV-spectrophotometry [220, 221]
Nuclear magnetic resonance spectroscopy (1HNMR)

and (13CNMR) [86, 87, 222, 223]
Conductometric titration [223]
Potentiometric titration [224]
Differential scanning calorimetry [225]

2 Average Mw and/or
Mw distribution

Viscosimetry [226]
Gel Permeation chromatography [227]
Light scattering [216]

3 Crystallinity X-ray Diffraction [228, 229]
4 Moisture contents Gravimetric analysis [230]
5 Ash contents Gravimetric analysis [230]
6 Protein Bradford method [231]
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and at 1,563 cm-1 is due to NH deformations. The absorption bands at 1,427,
1,377 and 1,307 cm-1 were attributed to CH2 bending vibration, CH bending
vibration and CH2 wagging, respectively. The bands appeared at 1,261 and
1,204 cm-1 are due to NH bending vibration and OH in-plane bending. The
absorption band appearing at 1,158 cm-1 is due to the asymmetric in-plane ring
deformation. The absorption bands appearing at 1,046 and 1,026 cm-1 are due to
C–O and C–C stretching vibration. The two absorption bands at 950 and 896 cm-1

are due to C–O ring vibration and ring bending. The broad intense band at
1,000–1,220 cm-1 was attributed to the ring and bridge C–O–C vibrations of
chitin-ether-type absorption. On the other hand, a weak shoulder at 710 cm-1 and
well-resolved band at 686 cm-1 are assigned to the out-of-plane bending of NH
(amide).

Transmission Electron Microscopy (TEM) is very good tool for characterizing
the structure of nanosized materials. Nair and Dufresene [70] studied the colloidal
suspension of chitin whiskers as the reinforcing phase and latex of both unvulcan-
ized and prevulcanized natural rubber as the matrix. The chitin whiskers, prepared
by acid hydrolysis of chitin from crab shell, consisted of slender parallel epiped rods
with an aspect ratio close to 16. After the two aqueous suspensions were mixed and
stirred, solid composite films were obtained either by freeze-drying and hot pressing
or by casting and evaporating the preparations. Figure 3.11 shows TEM image of
chitin whiskers obtained from crab shells.

Atomic Force Microscopy (AFM) is also another good tool for detecting the
dimension of the nano sized particles. Oksman and coworkers [71] observed that
AFM analysis of the chitin and cellulose whiskers is a good alternative to electron
microscopy, without any limitations regarding contrast and resolution. The shape
of the whiskers appeared, however, different from that observed in TEM. Scanning
Electron Microscopy (SEM) is generally employed for the more extensive mor-
phological inspection. It consists of the observation of fractured surface films at
liquid nitrogen temperature. This technique allows for conclusions about the

Fig. 3.10 FTIR spectra of chitin [96]
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homogeneity of the composite, presence of voids, dispersion level of the whiskers
within the continuous matrix, presence of aggregates, sedimentation, and possible
orientation of whiskers. Their diameter determined by SEM is much higher than
the whiskers diameter. This results from a charge concentration effect due to the
emergence of cellulose whiskers from the observed surface. Gopalan et al. [72, 73]
have extracted nano chitin whiskers from crab shell. Figure 3.11 shows a trans-
mission electron micrograph of a dilute aqueous suspension of hydrolyzed crab
shell chitin. The suspension contains chitin fragments consisting of both individual
micro crystals and associated or collapsed micro crystals. These chitin fragments
consist of slender rods with sharp ends that have a broad distribution in size.
Rujiravanit and coworkers [41] also showed the size of chitin whisker from shrimp
shells by using TEM. Michel and Dufresne [74] also showed transmission electron
micrographs of nano chitin whiskers from squid pen chitin. AFM analysis of the
whiskers was found to be a good alternative to TEM without any limitations
regarding contrast and resolution. The shape of the whiskers appeared, however,
different than that observed in TEM and FESEM.

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals
detailed information about the chemical composition and crystallographic structure
of natural and manufactured materials. Zia et al. [96] reported that the crystalline
structure of chitin with dimension a = 4.85 Å, b = 9.26 Å, c = 10.38 Å (fiber axis),
and c = 97.5�. The unit cell contains two sugar residues related by the two fold screw
axis. The structure contains extended polymer chains indicating an anti-parallel
arrangement of the chitin chain with strong intermolecular hydrogen bonding [75].
Five crystalline reflections were observed in the 2h range of 5–30� (Fig. 3.12).

The observed patterns of the crystalline peaks in the 2h range were indexed as
9.39�, 19.72�, 20.73�, 23.41� and 26.39� for the lower angle for chitin. The out-
comes of the results are in accordance with the previous findings [75–77].

Fig. 3.11 TEM image of
chitin whiskers from crab
shell [70]
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As shown in Fig. 3.12 exhibited a broad signal centered at 2h = 19.72�, which is
attributed to the GlcN sequences. Similarly, the intensity of the broad signal
centered at 2h = 9.39� due to GlcNAc sequences [78].

Very recently Mathew et al. [79] reported on the crystal studies of chitosan/
chitin crystal nanocomposites. The chitosan (a) exhibits a highly amorphous nature
with broad and ill-defined signals at 2h = 9–10� and 18–20� (Fig. 3.13). The
chitin nanocrystals (b) show a strong peak at 2h = 8.8 and 19� and shoulders at
2h = 20 and 22�, confirming its crystalline structure as a-chitin.

3.5.1 Characterization of Chitin and Chitosan for Medicinal
Applications (Medical Devices)

It is necessary to prepare several tests, grouped in preliminary, confirmatory and
other tests, for characterization of chitin and chitosan used for manufacturing of
medical devices [80]. European Pharmacopoeia as well as requirements of ISO

Fig. 3.12 XRD pattern of
chitin [96]

Fig. 3.13 X-ray analysis
data of chitosan/chitin crystal
nanocomposites
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10993-18:2005 [81] and ISO/DIS 10993-1910 [82] Standards for the determina-
tion of range of analytical characterization of chitosan must be taken into
consideration.

1. Moisture content and form identification

Usually moisture contents of chitosan vary from 5.0 to 15.0 % which results
changing with humidity and form of chitosan (flakes or powder). The form of the
biopolymer is able to give suitable information for quality. The sample of bio-
polymer should be suspended in water, filtered and dried for detection of water-
soluble contaminants.

2. Ash and protein content in chitosan

Protein and ash content of chitosan are very important parameters and those
should be investigated early in the quality assay protocol. A high quality grade
product should have less than 1 % of protein as well as ash content.

3. Insolubility, turbidity, color and UV absorption of chitosan solution

For determination of insolubility, turbidity, color and UV absorption of chitosan
1 % (w/v) solution of dried sample ought to be prepared in 1 % acetic acid
solution. When the sample is dissolved, the solution is filtered and insolubility of
the sample is determined. The insolubility of a good quality chitosan should not
exceed 0.1 %. If the appearance of the residues is different from that of chitin and
chitosan, one may consider analyzing its nature. The turbidity of 1 % sample
solution in 1 % acetic acid should be less than 15 NTU (i.e., nephelometric tur-
bidity units) and should be free from physical contamination by visual examina-
tion. The transmittance should be higher than 90 %, both at k = 400 nm and
k = 560 nm. The UV spectrum of chitosan is additionally able to provide the
other chromophoric impurities information upon the interference of other chro-
mophores. If during preliminary tests no significant deviation has been found, then
further investigations should be conducted for the confirmatory test.

4. Confirmatory test: Chromatographic and spectroscopic examinations

Acid hydrolysis of chitosan followed by the HPLC detection of the amount of
acetic acid liberated is able to give acetyl content of chitin/chitosan. Due to the
high sensitivity, availability, easiness of method and effectiveness in detection of
functional groups IR spectroscopy can give useful information about the acetyl
content of chitin/chitosan as well as possible cross-contaminations. The results of
Differential Thermogravimetric Analysis (DTA) show increased thermostability
compared to GlcNAc. Discussed biopolymer shows its main thermal process from
275 to 280 �C respectively.

5. Further confirmation tests

In general, one can assure the confirmatory test for chitosan after colorimetric
analysis since above-mentioned series of physical and chemical analysis can
clearly investigate the identity of sample. But in certain cases, one might encounter
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to check the purity of chitosan for very sensitive applications that demand very
high purity. Then, NMR spectroscopy will come into consideration as described in
ISO 10993-18:20059 and ISO/DIS 10993-1910 Standards [82].

6. Other characteristics of chitosan

The remaining parameters of chitosan should be taken into the consideration.
Molecular weight of chitosan is one of the important properties affecting chitosan
quality and reproductively of results in several medicinal applications requires
different range of molecular weights or strictly narrow range of molecular weight.
X-ray diffraction is a perfect analytical method to define the crystallinity but IR
and NMR spectra are able to provide additional data for intrepretation and
understanding sample morphology. Not only heavy metals but nitrogen, chloride,
ammonia contents in chitosan are also very important in medical applications.
Additionally, extractable residues in non-polar and polar solvents are helpful in
identifying the characteristic of investigated samples. Source for manufacture of
medical devices should be apyrogenic as well as it should not contain pathogenic
contamination. Therefore, it is useful to determine biological contamination
defined as viable aerobic microorganisms, fungi, mould and yeast content. The
bioburden level should be measured before introduction of new portion of source
for production to avoid accidental cross-contamination.

3.6 Manufacture of Chitin Nanocomposites and Blends

Morin and Dufresne [37] prepared nanocomposites from a colloidal suspension of
high aspect ratio chitin whiskers as the reinforcing phase and poly (e-caprolactone)
as the matrix. The chitin whiskers, prepared by acid hydrolysis of Riftia tubes,
consisted of slender parallel-tubed rods with an aspect ratio close to 120. Films
were obtained by both freeze-drying and hot-pressing or casting and evaporating
the preparations. Amorphous poly (styrene-co-butyl acrylate) latex was also used
as a model matrix. In another work [72] nanocomposite materials were obtained
from a colloidal suspension of chitin whiskers as the reinforcing phase and latex of
both unvulcanized and prevulcanized natural rubber as the matrix. The solid
composite films were obtained either by freeze-drying and hot-pressing or by
casting and evaporating the preparations. In another study, Lu et al. [38] prepared
environment friendly thermoplastic nanocomposites using a colloidal suspension
of chitin whiskers as a filler to reinforce soy protein isolate (SPI) plastics. SPI of
desired weight and various contents of chitin were mixed and stirred to obtain a
homogeneous dispersion. The dispersion was freeze-dried, and 30 % glycerol was
added. The resulting mixture was hot-pressed at 20 MPa at 140 �C for 10 min and
then slowly cooled to room temperature. Rujiravanit and coworkers [83] prepared
a-chitin whisker-reinforced poly (vinyl alcohol) (PVA) nanocomposite films by
solution-casting technique. Casting technique leading to the formation of films was
used for the preparation of latex based starch nanocomposites [84]. In another
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study Alonso, et al. [85] prepared chitin-silica nanocomposites by self-organiza-
tion. Self-organization processes of chemical building blocks are the basis for
many biological processes (Fig. 3.14).

The synthesis was carried out by sol–gel process techniques. The sol into a
desired shape can be ‘‘cast’’ and dried. So a nanocomposite formed from silicon
dioxide into a fully-integrated matrix of chitin rods. The mechanism is based on a
self-organized storage of chitin and weak forces of attraction between chitin and
siloxane oligomers. Different textures and morphologies are accessible by
adjusting the evaporation process or by applying external fields.

In another study Feng et al. [86] presented the structure and properties of new
thermoforming bionanocomposites based on chitin whiskers-graft-polycaprolac-
tone. The synthesized material was characterized by FTIR, SEM, TEM and XRD.
The surface and mechanical properties were also determined and discussed. Ha-
riraksapitak et al. [87] prepared a neat hyaluronan–gelatin scaffolds and chitin-
whisker-reinforced hyaluronan–gelatin scaffolds. The obtained cylindrical scaf-
folds obtained were about 10 mm in diameter and 2 mm in height, whereas the
disc-shaped scaffolds were about 1 mm in thickness; these were later cut into a
desired shape and size for the mechanical property assessment.

Eectron beam is usually used on the polymeric material to induce effects such
as chain scission (which makes the polymer chain shorter) and cross linking. The
result is a change in the properties of the polymer which is intended to extend the
range of applications for the material. The effects of irradiation may also include
changes in crystallinity as well as microstructure. Usually, the irradiation process
degrades the polymer. The irradiated polymers may sometimes be characterized
using DSC, XRD, FTIR, or SEM. In poly(vinylidene fluoride-trifluoroethylene)
copolymers, high-energy electron irradiation lowers the energy barrier for the
ferroelectric-paraelectric phase transition and reduces polarization hysteresis los-
ses in the material [88].

Electron beam irradiation is an alternate method to prepare poly(aniline)
(PANI) nanocomposite stable at ambient conditions. Ramaprasad et al. [89] syn-
thesized the chitin-polyaniline nanocomposite by electron beam irradiation method
(Fig. 3.15). The blends of chitin and PANI with PANI 30, 50, and 70 % (30P, 50P,
and 70P) were prepared by mixing 0.5 % (wt%) chitin solution and 0.5 % (wt%)
EB solution in DMA with 5 % LiCl in required proportions and irradiated with

Fig. 3.14 Self-organization and sol–gel chemistry of colloids for the formation of chitin-silica
nanocomposites [85]
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electron beam. During irradiation, the color of the solution turned blue to brown
and above 4 kGy, immediately after the irradiation of blend solution, brown
particles were obtained at the top of the solution, and after 20–30 min these
particles were uniformly distributed in solution. The FTIR spectra of PANI, chitin,
and 30P blend is presented in Fig. 3.16.

Preparations of SiO2-chitin/carbon nanotubes (CNTs) bionanocomposites have
also been reported by many researchers [90]. The use of nanomaterials such as
CNTs to fabricate matrices for biosensors is one of the most exciting approaches
because nanomaterials have a unique structure and high surface to volume ratio
[90]. The surfaces of nanomaterials can also be tailored in the molecular scale in
order to achieve various desirable properties [91]. The diverse properties of
nanocomposite materials such as unique structure and good chemical stability
enable them to provide a wide range of applications in sensor technology [92].

Fig. 3.15 Interaction
between chitin and
polyaniline [89]

Fig. 3.16 FTIR spectra of
PANI (EB), chitin and 30P
blend [89]
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Moreover, the nanocomposites do not suffer from the drawback of sensing com-
plications, synthesis complexities; have a long shelf life, and excellent perfor-
mance. In to this addition, the fundamental electronic characteristics of CNTs
could also be used to facilitate the uniform distribution within the nanocomposite
biosensing electrodes. There are many reports on integration of CNTs with sol–gel
derived SiO2-chitin to fabricate biosensors to gain synergistic action using
organic–inorganic bionanocomposites. The sol–gel SiO2-chitin is prepared by
mixing of alcoholic silica precursor such as tetraethyl orthosilicate (TEOS) and
chitin solution under magnetic stirring at room temperature. To this mixture,
homogeneously dispersed CNTs in ethanol are added. The mixture initially
comprising of two phases is made uniform by stirring vigorously until -SiO2 is
distributed evenly in the aqueous solution while the hydrolysis reaction occurs.
After certain time period, the opaque and black sol is formed (Fig. 3.17). In a
controlled process, tetraethoxysilane undergone hydrolysis and formed tetrahydr-
oxy silane (silanol) at acidic pH [93]. The resulted silanol then reacted with chitin
via a condensation reaction between the -OH groups and led to the formation of a
chitin-SiO2 composite network, in which CNTs are homogeneously dispersed.
Both CNTs and SiO2 improve the mechanical properties of the chitin-SiO2-CNTs
bio- nanocomposite, primarily CNTs enhance the electrical conductivity of the
bio- composite.

The fabrication of enzyme-SiO2-Chitin-CNT bioelectrodes have also been
reported [94]. The SiO2-chitin/CNTs sol thin film is fabricated by spreading it
uniformly onto a substrate such as ITO glass plate (i.e., indium tin oxide coatings
on glass slides) using spin coating technique and subsequently dried at room
temperature. SiO2-chitin/CNTs/substrate electrode is washed with deionized water
followed by phosphate buffer saline of pH 7.0 in order to maintain pH over the
electrode surface. SiO2-chitin/CNTs electrode is treated with aqueous glutaralde-
hyde as a cross-linker. The freshly prepared enzyme solution is uniformly spread
onto glutaraldehyde treated SiO2-chitin/CNTs electrode and is kept in a humid

Fig. 3.17 Reaction scheme for the preparation of SiO2-chitin/CNTs bionanocomposites [90]
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chamber at 4 �C for 12 h, Fig. 3.18. The enzyme-SiO2-chitin/CNTs bioelectrode is
immersed in phosphate buffer solution of pH 7.0 in order to wash out unbound
enzyme from the electrode surface.

Extensive work on detailed molecular characterization [95], XRD studies [96],
and thermal properties [96] of chitin-based polyurethane elastomers (PUEs) have
also been extensively studied and reported in the literature. In vitro biocompati-
bility and non-toxicity of chitin/1,4-butanediol blends based polyurethane elasto-
mers has also been reported elsewhere [97, 98]. Some reports are also available on
molecular characterization and shape memory properties of chitin-based shape
memory polyurethane elastomers [99, 100]. For the application of PU, their sta-
bility against terrestrial weathering is important. One of the greatest factors in the
terrestrial weathering of PUEs is ultraviolet (UV) radiation in the wave-length
range 330–410 nm. Attempts have also been made to study the effect of UV-
irradiation on surface properties of some common polymers [101–103]. Photo-
oxidative behavior and effect of chain extender length in polyurethane on photo-
oxidative stability have also been reported [104]. Surface morphology of starch
[105], cellulose [106], and chitin–humic acid [107] have also been investigated
and well documented. XRD studies and surface characteristics of UV-irradiated
and non-irradiated chitin-based polyurethane elastomers have also been presented
in different research articles [108–110]. The synthesis and characterization of
chitin based polyurethane samples have been reported using chitin as chain
extender/crosslinker [116. 132]. The synthetic scheme for the synthesis of chitin
based polyurethane is presented in Fig. 3.19.

Fig. 3.18 Schematic diagram of the fabrication of CHIT-SiO2-CNTs/ITO and ChOx/CHIT-
SiO2-MWNT/ITO electrodes

Fig. 3.19 Synthesis of chitin based polyurethane [100]
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The 1H NMR and 13C NMR spectra of final synthesized chitin based poly-
urethane (PU) samples were in accordance with proposed structures (Fig. 3.20). 1H
NMR spectra obtained for chitin based PU exhibited new peaks at 4.48 ppm which
was assigned to the proton of C1, C3 and C6 position of chitin. 13C NMR spectra
obtained for the chitin-based PU samples, exhibited peaks at 23.0 and 174 ppm,
which were attributed, respectively to the CH3 (methyl) and C=O (carbonyl) group
of chitin [111]. Moreover, the peaks located at about 56.2, 63.3, 69.6, 68.8, 77.5
and 104 ppm were attributed to C2, C6, C3, C5, C4 and C1 positions of chitin,

Fig. 3.20 a1H NMR. b 13C NMR spectra of chitin based polyurethane [95]
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respectively [112, 113], which provides evidence of involvement of chitin in final
polyurethane structure. The FTIR spectra confirm the synthesis of chitin based
polyurethane. The FTIR spectra of original chitin and polyurethane extended with
chitin are shown in Fig. 3.21a and b.

The role chitin as a material of highly ordered crystalline structure has been
reported in the study [96]. X-ray diffraction analysis was carried out in order to
find the changes of the crystalline structure upon the substitution reaction with
NCO terminated prepolymer. The X-ray diffraction studies showed that crystal-
linity mainly depends on the concentration of chitin in the polyurethane backbone,
crystallinity increased as the concentration of chitin into the final PU increased
(Fig. 3.22). The crystallinity of some polymers was clearly observed by optical
microscopic studies [114]. The results of X-ray diffraction experiments correlate
with optical microscopy findings. A crystalline polymer is distinguished from an
amorphous polymer by the presence of sharp X-ray lines superimposed on an
amorphous halo. Under an optical microscope, the presence of polycrystalline
aggregates appear as spherulites [114]. The spherulites are made of small crys-
tallites and grow from a nucleus at their centre. They consist of narrow chain
folded lamellae growing radially. Since the fibrous crystals are radial, the chains
folded with the lamellae are circumferentially oriented. From the evaluation of the
X-ray and optical microscopic studies, it has been observed that the involvement
of chitin in the PU formulation and have improved crystallinity of the final
polyurethane.

The cell culture tests were used to evaluate both cytotoxicity and cytocom-
patibility of the specimens. In the cell culture method, the performance of a cell is
investigated by comparing it with a negative control. A control is a sample
thoroughly compatible with cells and is cultured with the main samples. A material
is considered to be biocompatible, if it supports cell attachment and growth.

Fig. 3.21 FTIR spectra of
a original chitin, b NCO-
terminated pre-polymer
extended with chitin [114]
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Zuber, et al. [115] prepared chitin based polyurethane bionanocomposites
(PUBNC) by solution polymerization. The formation of well dispersed ordered
intercalated assembled layers of bentonite in PU matrix was observed. The results
revealed that pure silicate disappears in PU/bentonite nanoclay hybrid and a set of
new peaks appear corresponding to the basal spacing of PU/bentonite clay bio-
nanocomposites. Wang et al. [116] reported the synthesis of chitosan-based
nanocomposites with montmorillonite. The nanocomposites were prepared by the
solution intercalation method in which the chitosan solution was added to the clay
dispersion followed by film casting. Morphology and properties of the composites
generated with and without acetic acid residue were also compared with the pure
polymer. Figure 3.23 shows the TEM micrographs of the composites with varying
extents of montmorillonite. It was observed that the dispersion of filler was uni-
form. At low filler amounts, the morphology was of intercalated-exfoliated type.
On the other hand, increasing the filler content led to the shift of morphology to
mostly intercalate with occasional flocculation. The thermal performance of the
nanocomposites was observed to be better than that of pure polymer. Higher

Fig. 3.22 X-ray
diffractograms of
a CPU1–0 % chitin–PU,
b CPU2–25 % chitin–PU
c CPU3–50 % chitin–PU
d CPU4–75 % chitin–PU
e CPU5–100 % chitin–PU
[96]
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hardness and superior mechanical properties were also observed in the composites
as compared to pure polymer.

Darder et al. [117] also reported chitosan intercalated montmorillonite nano-
composites. Darder et al. [118] further reported on the reinforcement of chitosan
with sepiolite, which is a natural magnesium silicate with micro fibrous texture.
The study suggested a considerable interaction between hydroxyl groups
belonging to the biopolymer structure of the chitosan polymer and the silanol
groups present on the external surface of sepiolite as shown in Fig. 3.24. The
crystalline structure of sepiolite was observed to be preserved during the nano-
composite synthesis. Strong interaction between the organic and inorganic com-
ponents of the system was also confirmed with different characterization methods.
The resulting composites were thermally more stable than the pure polymer. As a
result of the strong interaction, the mechanical properties of the composites were
also superior to those of the pure polymer. Similarly, other fillers like double layer
hydroxides have also been incorporated in the polymer matrices [119].

Fig. 3.23 TEM micrographs of chitosan nanocomposites with a 2.5 wt % filler, b 5 wt % filler,
c 5 wt % filler as well as acetic acid residue, and d 10 wt % filler [116]
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3.6.1 Chitosan Based Nanocomposites

Recently, much attention has been paid to chitosan as a potential polysaccharide
resource due to its excellent properties [120–124]. The polymorphism of chitosan
has also been studied, extensively and different conclusions have been drawnunder
different study conditions. Nanocomposites based on the intercalation of chitosan
in Na+ montmorillonite are known to be robust and stable three-dimensional
materials, since the interaction of the biopolymer with the clay substrate strongly
reduces its film-forming tendency. When the chitosan amount exceeds the cationic
exchange capacity (CEC) of the clay, the biopolymer is intercalated as a bilayer in
the clay interlayer space by means of cationic exchange and hydrogen bonding
processes. It was assumed that the excess of –NH3

+ groups, which do not interact
electrostatically with the negatively charged sites of the clay, is balanced with the
acetate ions from the initial chitosan solution, providing the bidimensional
nanostructured material with anionic exchange sites (–NH3

+X). Since chitosan–
montmorillonite nanocomposites exhibited good functional and mechanical
properties, they were employed in the construction of bulk-modified sensors for
the detection of anions [125]. In another study, ionotropic crosslinking method-
ology was used to synthesize chitosan-tripolyphosphate chelating resin beads to
fabricate zero-valent copper-chitosan nanocomposites. The copper nanoparticles
were dispersed on chitosan-tripolyphosphate beads, and were thus able to maintain
appropriate dispersion and stability, which greatly improved their applicability.
The fabrication process contains two steps: using chitosan-tripolyphosphate beads

Fig. 3.24 Representation of
the chitosan adsorption on
sepiolite surface [118]
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to adsorb Cu(II) ions, followed by chemical reduction to reduce Cu(II) ions to
zero-valent copper [126]. Huang et al. [127] synthesized various metal–chitosan
nanocomposites including silver (Ag), gold (Au), platinum (Pt), and palladium
(Pd) in aqueous solutions. Metal nanoparticles were formed by reduction of cor-
responding metal salts with NaBH4 in the presence of chitosan. Cu2O/CS nano-
composites are prepared by electrochemical deposition. By the joint analysis of
photocatalytic performance of Cu2O/CS nanocomposites with variant mass ratios
of Cu2O in the decoloration of reactive brilliant red X-3B, and the chelation
capability of CS and found that when the mass ratio of Cu2O in the Cu2O/CS
nanocomposites is 50 %, the composites provide with a new feasibility to elimi-
nate the pollutants by visible light irradiation in the advanced treatment of drinking
water [128]. The growth of hydroxyapatite (HA) on gelatin–chitosan composite
capped gold nanoparticles was done for the first time by employing wet precipi-
tation methods and obtained good yields of HA. High Resolution Transmission
Electron Microscope images (HRTEM) of GC–Au–HA nanocomposites showed
the size of nanocomposite about 50 nm [129]. Chitosan and chemically modified
chitosan (CMC) were chosen matrices for synthesizing and stabilizing the gold,
silver and platinum nanoparticles [130]. It was observed that CMC was poor
choice as the nanoparticle aggregation and also lack of free amines limited the
extent of polymer crosslinking. Lui and Huang in their work on nanocomposites of
genipin (excellent natural cross-linker for proteins, collagen, gelatin,and chitosan)
crosslinked chitosan silver nanoparticles concluded that silver nanoparticles
affect the material characteristics, biological activity and antimicrobial activity.
Enhanced micro-structural property of the nanocomposites reduced the biodeg-
radation rate under enzymatic digestion [130].

Molecularly imprinted polymer (MIP) represents a new class of materials that
have artificially created receptor structures. This potential technology is a method
for making selective binding sites in synthetic polymers by using a molecular
template. MIPs have steric and chemical memory toward the template and hence
could be used to rebind it (Fig. 3.25).

Fig. 3.25 Schematic representation of imprinted chitosan-based matrix preparation [130]
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3.6.2 Bionanocomposites: From New Sources to New Processes

In recent years a number of research studies on the synthesis of clay-based
nanocomposites have been reported [112]. Nanocomposites, by virtue of the inter-
actions between the organic and inorganic components, can have different mor-
phologies [131]. In the intercalated morphology, the clay layers are still ordered.
However, the exfoliated or delaminated morphology provides maximum benefit as
the filler is completely delaminated and the platelet ordering is lost. This mor-
phology has maximum interfacial contact with the polymer; thus, polymer proper-
ties like mechanical performance, barrier properties and biodegradability are
significantly affected. Nanocomposites have also been prepared by different syn-
thetic routes [132, 133]. In situ polymerization for preparation of nanocomposites, as
described in the earlier section, is based on the swelling of the clay in the monomer
followed by polymerizing the monomer in the presence of clay, thus trapping the
delaminated clay in the polymer structure. Melt intercalations, also described ear-
lier, is the method where the preformed high molecular weight polymer can be
directly used for the synthesis of the polymer nanocomposite. In this case, the
polymer is melted at high temperature, and the filler is slowly added to this melt
under shearing in the compounder. The filler platelets are sheared during com-
pounding and kneading in the compounder and thus are well mixed with the polymer
phase. Another method for synthesizing polymer nanocomposites is solvent inter-
calation. In this case, the polymer is dissolved in the same solvent in which the clay is
dispersed. Evaporation of the solvent leads to entrapment of the polymer chains in
between the filler platelets. One can also synthesize thermoset polymer nanocom-
posites by this route. The prepolymer is dissolved in the solvent in which the filler is
dispersed. The crosslinking is then initiated by the addition of the crosslinker. The
simultaneous evaporation of solvent and crosslinking of the polymer matrix leads to
delaminated filler in the polymer matrix. A more comprehensive review has been
reported by Bordes et al. [134].

3.6.3 Polymer/Chitin Whisker Bionanocomposites Processing

Similar to cellulose nanocrystals, chitin whiskers also showed high values of
different modulii. The longitudinal modulus and transverse modulus of the CW are
150 and 15 GPa, respectively. Thus, CWs can be used as potential nanofillers in
reinforcing polymer nanocomposites. Following the use of cellulose nanocrystals
in reinforcing poly(styrene-co-butyl acrylate) (poly(S-co-BuA))-based nanocom-
posites in 1995, the application of polysaccharide nanocrystals in reinforcing
polymer nanocomposites have attracted a great deal of interests due to their
appealing intrinsic properties [135–139]. Paillet et al. [36] first time reported the
use of CWs in reinforcing thermoplastic nanocomposites in 2001, the same
polymer, poly(S-co-BuA), was used as the matrix for the nanocomposites.
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Thereafter, CWs have been increasingly used in many other polymer matrices.
Following processing steps are involved in the manufacturing of polymer/chitin
whisker bio nanocomposites.

1. Casting and evaporating technique

The processing techniques have an important influence on the final properties of
nanocomposites. The techniques that are employed should take into account the
intrinsic properties of CWs, the nature of polymer matrix, and the desired final
properties of the composites. Good dispersibility of CWs in polymer matrix is the
prerequisite to prepare high performance polymer/CW nanocomposites. So for
uniform composition CWs are homogenously dispersed in water and are usually
obtained as aqueous suspensions. Thus, water is the best medium for preparation
of CWs reinforced nanocomposites, and most investigations preferred to use
water-soluble, water-dispersible and latex-form polymers as the polymer matrixes
to make nanocomposites. In the process, as shown in Fig. 3.26, the polymer
aqueous solution or dispersion was first mixed with CW aqueous suspension to
obtain homogenous dispersion which was then casted onto a container; afterwards,
the nanocomposites with CWs incorporated into polymer matrix were obtained by
evaporation of water, this method is so-called casting and evaporating technique.

Most of the recent reported polymer/CW nanocomposites were prepared by this
method. The reported polymer matrixes contain poly(styrene-co-butyl acrylate)
[36], poly(caprolactone) [37], natural rubber [39, 140, 141], soy protein isolate [38],
poly(vinyl alcohol) [42, 44], chitosan [41, 141], silk fibroin, [142], alginate [44],
starch [143], hyaluronan–gelatin [55], and waterborne polyurethane [144, 145].

Fig. 3.26 Casting-evaporating procedures for preparation of polymer/CW nanocomposites
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2. Freeze-drying and hot-pressing technique

Another method called freeze-drying and hot-pressing has also been used to
prepare polymer/CW nanocomposites [37, 39, 40]. In this method, the blends of
polymer and CW were also prepared in water medium to get well-dispersed
aqueous mixtures, which were then freeze-dried to give nanocomposite powders,
and the powders were consequently processed into specimen by hot-pressing. This
method can be used only when a thermoplastic polymer is used as the matrix. If
those polymers which would undergo crosslinking or have lower decomposition
temperature than their melting temperature were used as the matrix polymers, their
CW based nanocomposites cannot be prepared by this method since they are
unable to be hot-pressed. Such polymers include waterborne polyurethane [144],
vulcanized rubber [39, 141], chitosan [41, 141], and poly(vinyl alcohol) [42]. Their
CW filled nanocomposites were predominantly prepared by casting and evapo-
rating method. Polymer/CW nanocomposites produced by the two techniques
usually showed different physical properties due to the different morphology of the
composite and the fact that different interactions between whiskers can establish
[37, 39, 141]. The distribution morphologies of CW in polymer matrix may be
different for the composites obtained by casting and evaporating and freeze-drying
and hot-pressing methods although aqueous mediums were used for the two
techniques. The cryo-fractured surfaces for unvulcanized natural rubber/CW
nanocomposties prepared by the two methods were comparatively observed by
SEM as reported by Nair et al. [39] The SEM micrographs are shown in Fig. 3.27.
In Fig. 3.27a, the CWs appear as white dots, which are distributed evenly
throughout the evaporated unvulcanized natural rubber matrix.

It seems there is no significant difference between Figs. 3.27a (casted and
evaporated film) and 3.27b (freeze-dried and hot-pressed film), however, there are
broader smooth unfilled regions in Fig. 3.27b, which is an indication of poorer
whisker distribution in freeze-dried and hot-pressed composites. The reason for the
relatively poorer distribution might be ascribed to the self aggregation of CW
during hot-pressing. So, casting-evaporating technique is a more effective way to
prepare well-dispersed CW nanocomposites.

Fig. 3.27 Scanning electron micrographs of the cryo-fractured surfaces of unvulcanized natural
rubber/CW obtained by casting and evaporating (a) and freeze-drying and hot-pressing (b) [39]
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3. Polymer grafting

A solvent free technique, ‘‘graft from’’ strategy, was reported to prepare chitin
whisker-graft polycaprolactone (CW-g-PCL) nanocomposites [146] CW powders
were first obtained by lyophilization of CWs suspension. The CW-g-PCL nano-
composites were prepared by bulk ring-opening polymerization of caprolactone in
the presence of CWs of which the surface hydroxyl groups work as initiation sites.
The resulting products can be shaped by thermoforming. The shortcoming of this
technique is that the amount of CWs is limited (less than 2 wt%) since high-
molecular-weight PCL is unobtainable when the content of CWs is too high. Thus,
strong reinforcement may not be anticipated with such small content of CWs.

4. Non-aqueous solvent dispersion technique

Same as other traditional nanoparticles, polysaccharide nanocrystals are also
easy to self-aggregate and even form the agglomerates in micrometer scale. The
self-aggregation reduces positive function of nanocrystals in nanocomposites
[146]. There are a large number of hydroxyl groups on the surface of the poly-
saccharide nanocrystals, which make them hydrophilic. These hydroxyl groups
endow two characteristics with polysaccharide nanocrystals. On one hand, they
make polysaccharide nanocrystals thermodynamically immiscible with most of
hydrophobic polymers; thus, it is difficult to achieve well dispersed nanocom-
posites through simple melt compounding of hydrophobic polymers with poly-
saccharide nanocrystals. PCL/CW nanocomposites were reported to be processed
by melt compounding of poly(caprolactone) and freeze-dried CW, however, the
morphology of the nanocomposite has not been shown thus the dispersion of
whiskers in the polymer matrix cannot be evaluated [4]. On the other hand, these
hydroxyl groups are very reactive thus make their modification very easy by
various surface chemical reactions which are able to improve the hydrophobicity
of polysaccharide nanocrystals [147, 148]. With improved hydrophobicity, these
nanocrystals can disperse in non-aqueous solvents and be more compatible with
hydrophobic polymers [149]. Therefore, melt compounding and non-aqueous
solution mixing techniques are possible for preparing well dispersed polymer/
polysaccharide nanocrystals reinforced nanocomposites. After surface hydropho-
bic modification, CWs can form a good dispersion in non-aqueous solvent, then,
nanocomposites can be prepared in non-aqueous medium. The surface of crab
shell CWs were chemically modified using different reactive compounds such as
alkenyl succinic anhydride (ASA), phyenyl isocyanate (PI), and isopropenyl-a, a’-
dimethylbenzyl (TMI). Figure 3.28 shows TEM images of CWs before and after
modification. After surface chemical modification with ASA and PI, the appear-
ance of the chitin fragments changed to be entangled, and individual whiskers
were difficult to observe. The surface modified CWs can disperse in toluene and
form stable dispersion, whereas, unmodified CWs cannot disperse in toluene. The
natural rubber/CWs nanocomposites were prepared using toluene as a medium.
The removal of toluene resulted in nanocomposites films in which CWs and
natural rubber matrix showed improved adhesion [141].
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5. Extrusion and impregnation

Very few studies have been reported concerning the processing of polysac-
charide nanocrystal-reinforced nanocomposites by extrusion methods. The
hydrophilic nature of polysaccharides causes irreversible agglomeration during
drying and aggregation in non-polar matrices because of the formation of addi-
tional hydrogen bonds between amorphous parts of the nanoparticles. Therefore,
the preparation of cellulose whiskers reinforced poly lactic acid (PLA) nano-
composites by melt extrusion was carried out by pumping the suspension of
nanocrystals into the polymer melt during the extrusion process [150]. An attempt
to use PVA as a compatibilizer for promoting the dispersion of cellulose whiskers
within the PLA matrix was reported [151]. Organic acid chlorides-grafted cellu-
lose whiskers were extruded with LDPE [152]. The homogeneity of the ensuing
nanocomposite was found to increase with the length of the grafted chains.

An attempt to use a recently patented concept (Dispersed Nano-Objects Pro-
tective Encapsulation—DOPE process) intended to disperse carbon nanotubes in
polymeric matrices was reported. Physically cross-linked alginate capsules were
successfully formed in the presence of either cellulose whiskers or microfibrillated
cellulose [153]. The resulting capsules were extruded with a thermoplastic
material. Another possible processing technique of nanocomposites using cellu-
losic nanoparticles in the dry state present in the filtration of the aqueous sus-
pension to obtain a film or dried mat of particles followed by immersion in a

Fig. 3.28 Transmission electron micrographs of a dilute suspension of a unmodified, b ASA
modified, and c PI-modified chitin whiskers [141]
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polymer solution. The impregnation of the dried mat was performed under
vacuum. Composites were processed by filling the cavities with transparent ther-
mosetting resins such as phenol formaldehyde [154, 155], epoxy 178], acrylic
[155–158] and melamine formaldehyde [159].

Nonwoven mats of cellulose microfibrils were also used to prepare polyure-
thane composite materials via film stacking method [160]. Water-redispersible
nanofibrillated cellulose in powder form was recently prepared from refined
bleached beech pulp by carboxymethylation and mechanical disintegration [161].
However, the carboxymethylated sample displayed a loss of crystallinity and
strong decrease in thermal stability limiting its use for nanocomposite processing.

6. Electrospinning

Electrostatic fiber spinning or ‘‘electrospinning’’ is a versatile method to pre-
pare fibers with diameters ranging from several microns down to below 100 nm
through the action of electrostatic forces. It uses an electrical charge to draw a
positively charged polymer solution from an orifice to a collector. Electrospinning
shares characteristics of both electrospraying and conventional solution dry
spinning of fibers. The process is non-invasive and does not require the use of
coagulation chemistry or high temperatures to produce solid threads from solution.
This makes the process particularly suited for the production of fibres using large
and complex molecules. Bacterial cellulose whiskers were incorporated into POE
nanofibers with a diameter of less than 1 lm by the electrospining process to
enhance the mechanical properties of the electrospun fibers [162]. The whiskers
were found to be globally well embedded and aligned inside the fibers, even
though they were partially aggregated. Electrospun polystyrene (PS) [163], PCL
[164] and PVA [165] microfibers reinforced with cellulose nanocrystals were
obtained by electrospinning. Nonionic surfactant sorbitan monostearate was used
to improve the dispersion of the particles in the hydrophobic PS matrix.

7. Multilayer films

The layer-by-layer assembly (LBL) is a method by which thin films particularly
of oppositely charged layers are deposited. Thin film LBL assembly technique can
also be utilized for nanoparticles. In general the LBL assembly is described as
sequential adsorption of positive or negative charged species by alternatively
dipping into the solutions. The excess or remaining solution after each adsorption
step is rinsed with solvent and thus a thin layer of charged species on the surface
ready for next adsorption step is obtained. There are many advantages of the LBL
assembly technique and these include simplicity, universality and thickness con-
trol in nanoscale. Further the LBL assembly process does not require highly pure
components and sophisticated hardware. For almost all-aqueous dispersion of even
high molecular weight species, it is easy to find an LBL pair that can be useful for
building thin layer. In each adsorption step, either a monolayer or a sub monolayer
of the species is obtained and, therefore the number of adsorption steps needed for
a particular nanoscale layer can be determined. The use of the LBL technique is
expected to maximize the interaction between cellulose whiskers and a polar
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Fig. 3.29 Synthetic routes for the synthesis of polymer/chitin nanocomposites
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polymeric matrix, such as chitosan [166]. It also allows the incorporation of high
amounts of cellulose whiskers, presenting a dense and homogeneous distribution
in each layer. Podsiadlo et al. [167] reported the preparation of cellulose whiskers
multilayer composites with a polycation, poly-(dimethyldiallylammonium chlo-
ride) (PDDA), using the LBL technique. The authors concluded that the multilayer
films presented high uniformity and dense packing of nanocrystals.

Orientated self-assembled films were also prepared using a strong magnetic film
[168] or spin coating technique [169]. The preparation of thin films composed of
alternating layers of orientated rigid cellulose whiskers and flexible polycation
chains was reported [170]. Alignment of the rod-like nanocrystals was achieved
using anisotropic suspensions of cellulose whiskers. Green composites based on
cellulose nanocrystals/xyloglucan multilayers have been prepared using the non-
electrostatic cellulose-hemicellulose interaction [171]. The thin films were char-
acterized using neutron reflectivity experiments and AFM observations. More
recently, biodegradable nanocomposites were obtained from LBL technique using
highly deacetylated chitosan and cellulose whiskers [166]. Hydrogen bonds and
electrostatic interactions between the negatively charged sulfate groups on the
surface of nanoparticles and the ammonium groups of chitosan were the driving
forces for the growth of the multilayered films. A high density and homogeneous
distribution of cellulose nanocrystals adsorbed on each chitosan layer, each bilayer
being around 7 nm thick, were reported. Self-organized films were also obtained
using only charge-stabilized dispersions of celluloses nanoparticles with opposite
charges [172] from the LBL technique.

The overall processing for the polymer chitin whiskers nanocomposites is
outlined in Fig. 3.29.

3.7 Characterization of Chitin Nanocomposites and Blends

The properties of high performance chitin filled natural rubber (NR) nanocom-
posites were carefully analyzed by Gopalan et al. [72]. It was concluded that the
whiskers form a rigid network in the NR matrix which is assumed to be governed
by a percolation mechanism. A percolated filler–filler net work is formed by
hydrogen bonding interaction between chitin particles above the percolation
threshold. The values of diffusion coefficient, bound rubber content, and relative
weight loss also supported the presence of a three-dimensional chitin network
within the NR matrix. The mechanical behavior of the composites gives additional
insight and evidence for this fact. Rujiravanit and coworkers [42] studied thermal
stability of the chitin nanocomposites by TGA. The presence of the whiskers did
not affect much the thermal stability and the apparent degree of crystallinity of the
chitosan matrix. The tensile strength of a-chitin whisker-reinforced chitosan films
increased from that of the pure chitosan film with initial increase in the whisker
content to reach a maximum at the whisker content of 2.96 wt% and decreased
gradually with further increase in the whisker content, while the percentage of
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elongation at break decreased from that of the pure chitosan with initial increase in
the whisker content and leveled off when the whisker content was greater than or
equal to 2.96 wt %. The crystallinity of the PVA/chitin nanocomposites; the
presence of the whiskers did not have any effect on the crystallinity of the PVA
matrix [42]. They suggested that the cast PVA film was essentially amorphous for
the a-chitin whiskers, their WAXD pattern exhibits two major scattering peaks at
2h angles of about 9 and 19�, respectively, for the resulting a-chitin whisker
reinforced PVA films. The WAXD patterns were intermediate to those of the pure
components with the strong scattering peaks of a-chitin whiskers (i.e. at about 9
and 19�) being more pronounced with increasing whisker content. To verify
whether or not incorporation of a-chitin whiskers into PVA resulted in an increase
in the crystallinity of the PVA matrix, FT-IR spectra were considered. The peak at
1144 cm-1 (C–O of doubly H-bonded OH in crystalline regions) was useful for
indication of the crystallinity of PVA. Apparently, the relative intensity of this
peak was not found to increase with increasing whisker content, indicating that
incorporation of a-chitin whiskers did not have an effect on the crystallinity of the
PVA matrix. Lu et al. [38] described that the chitin filled SPI composites showed
an increase in Young’s modulus and tensile strength from 26 to 158 MPa and 3.3
to 8.4 MPa with increasing chitin contents from 0 to 20 wt%. As the chitin
whiskers increase in the SPI matrix, the composites showed greater water-resis-
tance. The improvement in all of the properties of these novel SPI/chitin whisker
nanocomposites may be ascribed to three-dimensional networks of intermolecular
hydrogen bonding interactions between filler and filler and between filler and SPI
matrix. Spriupayo and co-workers [42] have determined the TGA thermograms of
pure PVA, a-chitin whiskers, and a-chitin whisker-reinforced PVA nanocompos-
ites films having whisker content of 14.8 and 29.6 wt %, respectively. All of the
samples showed initial weight loss at about 60–80 �C, due to the loss of moisture
upon heating. The moisture content in these samples was almost similar (i.e. about
8 %). According to the derivative TGA curves, pure PVA film exhibited a major
degradation peak at 274 �C while as prepared a-chitin whiskers showed a major
degradation peak at 347 �C curve (d)). The major degradation peaks for PVA films
reinforced with 14.8 and 29.6 wt% a-chitin whiskers were intermediate to those of
the pure components, with the thermal stability of the nanocomposite films
increased with increasing a-chitin whisker content.

In another study, the bare and enzyme immobilized SiO2-chitin/CNTs bio-
nanocomposite was characterized with Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) and cyclic voltammetry (CV). In the
FTIR spectra, the infrared peaks of chitin in SiO2-chitin become wider and sharper
due to overlap of functional groups of chitin and SiO2, i.e., stretching vibration
bands of Si–O–Si, Si–O–C and C–O bond. In addition, two new peaks appear at
1,300 and 785 cm-1 pertaining to stretching vibration of C–Si and bending
vibration of C–H corresponding to CH3-Si group [173]. On incorporation of CNTs
in CH-SiO2 hybrid, the infrared band corresponding to SiO2 becomes broader and
a new infrared band appears at 890 cm-1 revealing presence of CNTs that affects
vibration mode of chitin and SiO2 resulting in the formation of SiO2-chitin/CNTs
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bio- nanocomposite. After immobilization of enzyme, FTIR bands corresponding
to -NH/-OH group in nanobiocomposite become broader suggesting interaction
between amino and hydroxyl group of chitin. However, presence of peaks at 1,672
and 1,442 cm-1 (corresponding to amide bands) indicates immobilization of
enzymes. The surface morphology of SiO2-chitin/CNTs reveals the monodispersed
rope like structure of CNTs surrounded with globular appearance of SiO2 particles
into chitin matrix indicating that CNTs and SiO2 are uniformly dispersed into the
backbone of chitin. So it can be speculated that CNTs are rapped with chitin and
SiO2 via electrostatic interactions. The surface morphology of SiO2-chitin/CNTs
nanobiocomposite further changes after the immobilization of enzyme revealing
attachment of enzymes over the electrode surface. Feng et al. [174] reported the
structure and properties of new thermoforming bionanocomposites based on chitin
whisker-graft-polycaprolactone (chitin-g-PCL).

FTIR spectra of the chitin-g-PCL(III) and chitin powders are depicted in
Fig. 3.30. The spectrum of pure chitin was compared with that of spectrum of-
chitin-g-PCL, the prominent change observed after grafting process was the
appearance of one distinct peak located at 1727.5 cm-1 assigned to ester-carbonyl
group of grafted PCL chains. It indicated that the PCL and chitin were successfully
linked together. The SEM and TEM images of CW and CW-g-PCL(III) nano-
particles are presented in Figs. 3.31 and 3.32 respectively.

Ramaprasad et al. [89] synthesized the chitin-polyaniline nanocomposite by
electron beam irradiation method. UV–Vis spectra showed the decrease in the
intensity of peak at 630 nm due to formation of low-energy electron beam (LEB)
during irradiation. IR analysis showed the interaction between chitin and PANI.
SEM micrograph showed the formation of chitin-PANI nanocomposite. XRD
analysis confirmed the formation PANI particles in the blend solution.

Electrical study showed the increase in the conductivity due to irradiation up to
certain level and then conductivity decreases. TGA analysis showed that blends

Fig. 3.30 FTIR spectra of
the CW and CW-g-PCL(III)
powders, where the CW-g-
PCL(III) is used as the
representative of grafted CW
[174]
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are more stable after irradiation. Finally, the formation of PANI particle during
irradiation in the blend solution is due to the presence of chitin, where as no
particle formation is observed in pure PANI solution irradiated with electron
beam. The detailed presentation of effect of radiation on chitin and PANI is
presented in Fig. 3.33.

Zia et al. [115] presented that nanostructure and morphological pattern of
chitin/bentonite clay based polyurethane bionanocomposites. The clay dispersion
within chitin was characterized by both XRD and optical microscopy (OM), which
is the most frequently, used and approachable methods to study the structure of
nanocomposites. There are one acetamide (–NHCOCH3) group at C-2 position and
two (two hydroxy (–OH)) groups at C-3 (C3–OH) and C-6 (C6–OH) positions on
chitin chains which can serve as the coordination and reaction sites [95]. The
crystalline structure of chitin has been reported by many researchers [96].

Fig. 3.31 SEM image of fractured surface for the thermoforming CW-g-PCL(III) sheet as the
representative of all the sheets [174]

Fig. 3.32 TEM images of the CW and CW-g-PCL(III) nanoparticles, where the CW-g-PCL(III)
is used as the representative of grafted CW [174]
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3.7.1 Properties of Polymer/CW Nanocomposites

1. Mechanical properties

Tensile testing of single crystalline metallic microwhiskers can also be studied
following the experimental tensile testing constructed by Brenner and (b) results of
whisker fracture strength as a function of whisker size, showed the clear size
dependence (Fig. 3.34). The chitin whiskers are usually incorporated into polymer
matrix to prepare CWs reinforced polymer nanocomposite. Thus, the mechanical

Fig. 3.33 Effect of radiation onto chitin and polyaniline [89]
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properties are of the first importance for CW reinforced nanocomposites. The
improvement in mechanical properties especially modulus has been achieved in
many polymer/CW systems. There are several factors which affect the reinforcing
effect of polymer/CW nanocomposites, including the glass transition temperature
of polymer matrix, the aspect ratio (L/D ratio) of CWs, the loading of CW, and
nanocomposite processing techniques. Taking poly(S-co-BuA)/CW system for an
example [175], at temperature range lower than Tg of poly(S-co-BuA), the
increase in storage shear modulus was very limited with CW obtained from squid
pen chitin introduced or increased; however, when the temperature increased to
higher than Tg of poly(S-co-BuA), the relaxed modulus of the nanocomposites
increased significantly when the loading of CW was more than 10 wt%, and more
than 25 and 160 times improvement in modulus were achieved when CW loadings
were 10 and 20 wt% at *300 K (Tg ? 25 �C), respectively. It was found that
when CW loading was less than 5 wt%, almost no reinforcement occurred for
poly(S-co-BuA)/CW nanocomposite. The reinforcing effect of the CW is much
less pronounced than the one observed for tunicin whisker filled composites.

Fig. 3.34 Tensile testing of single crystalline metallic microwhiskers [175]
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The differences in reinforcing effect of the two kinds of whiskers are ascribed to
their different aspect ratios.

The reinforcing effect strongly depends on the aspect ratio of nanocrystals, and
higher aspect ratio usually brings about greater reinforcement as been proved in
comparative study of starch and cellulose nanocrystals [176]. The aspect ratio for
tunicin whisker is around 50–200 [19], but that of squid pen chitin whisker is only
about 15. When riftia tubes CWs with aspect ratio of 120 was used as nanofillers
for poly(S-co-BuA), a significant modulus increase was observed even with only
1 wt% whisker loading [37]. The effects of processing methods on the mechanical
properties of natural rubber/crab shell CW nanocomposites were investigated in
detail by Nair et al. [39, 140]. The nanocomposites with unvulcanized natural
rubber as the polymer matrix were prepared by two techniques, freeze-drying and
hot-pressing method and casting and evaporating method. The samples prepared
by casting and evaporating method showed higher reinforcing efficiency than those
prepared by freeze-drying and hot-pressing method. It is believed that a three-
dimensional CWs network was formed driving by the strong hydrogen bonding
during evaporation method, as been proved by swelling behavior of composite
films. The three dimensional network of cellulose whiskers was also reported to be
formed during preparation of poly(Sco-BuA)/CW and Mcl-PHA/CW nanocom-
posites by evaporation methods [17, 33]. The tensile properties of polymer matrix
could be changed greatly by incorporation of CWs. Generally speaking, the tensile
strength and Young’s modulus could be improved at the cost of ductility. The CW
loading plays an important role in the improvement of tensile properties of the
nanocomposites. The optimum loadings are various for different polymer matrices
and CW origins and usually less than 5 wt% since CW tends to aggregate with
higher CW content, which will lead to negative effects on the mechanical prop-
erties. For poly (vinyl alcohol)/CW and chitosan/CW nanocomposites, the highest
tensile strength was obtained with CW loading at 2.96 wt% [41, 42]. The maxi-
mum tensile strength for glycerol plasticized-potato starch (GPS)/CW [143]
waterborne polyurethane/CW [145] and hyaluronan–gelatin/CW [55] nanocom-
posites happened at the CW loading of 5, 3, and 2 wt%, respectively. The elon-
gation at break of all the related nanocomposites gradually decreased with increase
of CW loading. CWs were also reported to reinforce polymer nanocomposites/
nanofibers. The polymer/CW nanocomposites nanofibers are prepared by elec-
trospinning or wet spinning of mixture of water soluble polymer aqueous solution
and CW suspension. PVA/CW nanocomposite fiber mats with different amounts of
CW were prepared by electronspinning, and the Young’s modulus of the nano-
composite fiber mat was 4–8 times higher than that of neat PVA fiber mat. The
storage modulus of PVA nanofiber mat increased with CW loading in the con-
sidered range. Alginate/CW nanocomposite fibers with 0.5–2.0 wt% CW were
prepared by wet spinning. The incorporation of such low amount of CW in the
nanocomposite fibers improved the mechanical properties significantly due to
possible specific interactions, i.e., hydrogen bonding and electrostatic interactions,
between the alginate molecules and the homogeneously dispersed CWs [44]. The
surface modification of CW could also affect the mechanical properties of
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polymer/CW nanocomposites. The crab shell CW was reported to be treated with
PI, ASA and TMI separately and then incorporated into natural rubber matrix. The
interactions between natural rubber matrix and CW increased by the surface
treatment of CW, however, rubber/modified CW showed poorer mechanical
properties compared to rubber/unmodified CW composites. The poorer reinforcing
effect may be ascribed to lack of formation of whisker network after surface
modification which would reduce the driving force of network formation and
hydrogen bonding [141].

On the basis of the influence factors of reinforcing efficiency when using CW as
reinforcing filler, we can conclude that high reinforcing effects are easier to be
obtained when low Tg polymers such as natural rubber and polycaprolactone were
used as matrixes and that the reinforcing efficiency increased with aspect ratio of
CW, which were similar to other nanocomposites consisting of polymer and
inorganic nanofillers [177]. Although surface hydrophobic modification of CW
could improve compatibility with polymers, the reinforcing effect could not be
simultaneously improved since whisker network is difficult to be formed after
surface modification.

2. Swelling behavior

The interaction of polymeric materials with solvents is a problem from tech-
nological points of view, since the dimensions and physical properties of materials
may be changed due to the penetration of solvents into specimens. A rigid cel-
lulose network can be formed within polymer matrix by three-dimensional
hydrogen bonding between cellulose whiskers during the films formation, which is
very helpful for hindering diffusion of solvent in the polymer matrix, thus improve
solvent resistance of polymer/CW nanocomposites. Although the hydrogen
bonding of chitin is somewhat weaker than cellulose, a similar rigid network can
also be formed during the preparation of polymer/CW nanocomposites by casting-
evaporation method. The swelling of vulcanized natural rubber/chitin whisker
(PCH) nanocomposites, prepared by casting-evaporation, in toluene were inves-
tigated by Dufresne et al [39]. The toluene uptake of the PCH nanocomposites is
rapid in the initial zone (t\ 5 h), afterwards, the sorption rate decreases leading to
a plateau, corresponding to equilibrium absorption. The equilibrium toluene
uptake value of neat vulcanized natural rubber was 488 %, which gradually
decreases to 413, 331, 282, and 239 % for the PCH nanocomposites with CW
loading of 5, 10, 15 and 20 % respectively. The diffusion coefficient of toluene
gradually decreases with increasing the loading of CW, down to 4.4 9 10-8 cm2

s-1 for 20 % loading. The results were ascribed to the increased stiffness of chitin
network and interactions between VNR and CW with increase of CW loading.
Water resistance of hydrophilic polymers can also be improved by incorporation of
CW to form nanocomposites. The water swelling of glycerol plasticized soy
protein isolate/chitin whiskers (SPI/CW) nanocomposites was investigated by Lu
et al. [38]. The water uptake SPI sheet was about 40 %, whereas that of the SPI/
chitin nanocomposites decreases with increasing CW content, e.g., only about
23 % for SPI-30 composite, suggesting an improvement of water resistance. The
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diffusion coefficient of water in SPI/CW nanocomposites was much lower than in
SPI sheet. The results were also attributed to the formation of stronger chitin
network with increase of CW content. The water absorption of other CW filled
nanocomposites such as PVA/CW [42] and CS/CW [41] was also studied and
similar results were obtained with incorporation and increasing loading of CW.

3. Barrier properties

Barrier properties increase shelf life period by protecting the inside product
from deteriorations through oxidation, humidity or bacteria [16]. Polymer nano-
composites with well-dispersed nano-clay showed improved barrier properties
compared with the neat polymer matrix. Starch nanocrystal showing platelet
morphology similar to clay nanosheet can improve barrier properties of polymer
matrix by forming nanocomposites [16, 178, 179]. Although cellulose whisker
shows rodlike morphology, the improvement in barrier properties was also
observed for polymer/CW nanocomposite [49, 180]. CW possesses similar mor-
phology to cellulose whisker. The barrier properties of polymer/CW nanocom-
posites have not been investigated widely. Only Chang et al. [143] investigated the
water vapor permeability (WVP) of glycerol plasticized starch/chitin nanoparticle
(GPS/CNP) composites. WVP of GPS reached a peak value when the CNP content
increased from 1 to 3 w %. The improvement in water vapor barrier by incor-
poration CNP was ascribed to the tortuous path for water molecules to pass
through the composites [181].

4. Thermal properties

It has been reported that the glass transition temperature (Tg) of host polymers
seems independent of CW concentration [37]; however, the Tg value of the host
polymer was usually lower than those of their CW nanocomposites prepared by
casting-evaporation technique [37, 145]. The increased Tg was ascribed to the fact
that the existence of high specific area of CW in the composites would restrict the
molecular mobility of polymer chains. For CW-g-PCL copolymer nanocompos-
ites, the a-relaxation temperature determined by DMA gradually increased with
increase of CW concentration, indicating that the segment mobility of PCL
gradually decreased with CW concentration [146]. The melting point temperature
(Tm) was also reported to be independent of the CW concentration for PCL/CW
nanocomposites; however, the enthalpic changes at melting transition (DHm) and
the deduced degree of crystallinity (xc) of PCL in nanocomposites were system-
ically lower than those of neat PCL, which might be due to the fact that CWs
might slow down the crystallization kinetics of PCL [37, 40]. Nevertheless, the Tm
and DHm of CW-g-PCL copolymer nanocomposites almost keep unchanged with
CW concentration in the range of 1 *1.42 wt% has been reported by Feng [146].
The thermal stability of polymer/CW nanocomposites has been investigated
occasionally. Most studies suggested that incorporation of CWs into polymer
matrix improves thermal stability of the matrix very slightly especially when the
content of CW was less than 10 % [41, 42, 55]. Some published references
indicated that the onset decomposition temperature gradually increased with CW
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content [40]. Limited researches demonstrated that the quite visible distinct
increase in thermal stability could be achieved when the content of CW was high
enough, for example 30 wt%, the improvement in thermal stability was ascribed to
the increased matrix-CW interaction and the formed CW network with increase of
CW content [144].

5. Other properties

Because of the reinforcing effect, CWs were incorporated into some potential
biomedical materials, such as hydrogels and scaffolds, in which the materials have
to possess non-cytotoxicity. When CW was incorporated into silk fibroin to form
reinforced nanocomposite sponges, it not only improved the dimensional stability
but also promote the cell spreading on the nanocomposite materials [142]. Zhang
et al. [182] introduced three different polysaccharide nanocrystals into cyclodex-
trin/polymer inclusion supramolecular hydrogels to enhance mechanical strength
and regulate drug release behavior of the hydrogels, and the in vitro cell viability
of the extracted leached media from the nanocomposite and native hydrogels was
evaluated by the MTT Cell Proliferation Assay using the L929 cell line. The
results showed that incorporation of chitin whisker as well as cellulose and starch
nanocrystals did not increase the cytotoxicity of the nanocomposite materials since
they showed similar cell viability with native hydrogel. Hariraksapitak et al. [55]
incorporated CW into hyaluronan–gelatin to manufacture reinforced nanocom-
posite scaffolds and investigated their cytotoxicity. The results suggested that with
10 wt% CW incorporated in the nanocomposite scaffold showed the greatest cell
viability even higher than native scaffold. All the results suggested that CW is
non-toxic and can be used in biomedical materials. One of the advantages of
polysaccharide nanocrystals over inorganic nanofiller in reinforcing polymer
nanocomposites is their biodegradability, which makes them very competitive
particularly in reinforcing biodegradable thermoplastics since fully biodegradable
nanocomposites can be produced. Watthanaphanit et al. [44] incorporated CW into
alginate to produce reinforced nanocomposite fibers by wet spinning process. The
biodegradation of the nanocomposite fibers was investigated in Tris–HCl buffer
solution containing lysozyme and the results suggested that the addition of the
CWs in the nanocomposite fibers could accelerate the biodegradation process.

3.8 Applications of Chitin and Their Nanocomposites
and Blendes

3.8.1 Applications of Chitin Whicker and Chitosan Nano-Fibers

The blood compatibility of chitin and chitosan remains a prime aspect almost
20 years after Hirano reported his studies on chitosan and its acyl derivatives in
1985 [183]. A resurgence of these initial studies was reported by Lee et al. [184]
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who confirmed the blood compatibility properties of N-acylchitosans. An N-
acylation of 20–50 % was achieved and their susceptibility to lysozyme degra-
dation was found to be comparable to acetyl-chitosan. Recent reports by Hirano
et al. [185] concentrate on the production of chitosan collagen fibers that again
were chemically modified and evaluated for their blood compatibility. The
chitosan fiber was improved when collagen was added to chitosan as well as when
the resultant chitosan-collagen fibers were N-derivatized. Anti-thrombogenic
activity was obtained for collagen coated on N-acyl derivatized fibers similar to
the results obtained in 1985. The chitosan fibers offer the potential of being fab-
ricated into blood vessels and their blood compatibility results demonstrated in the
recent work predicts well for applications where hemocompatibility is sought.
Another noteworthy variation is the preparation of chitosan material that is sub-
sequently chemically modified with an azide functionality to impart UV activation.
Ishihara et al. [186] prepared a UV sensitive chitosan material that was crosslinked
with lactose moieties to improve water solubility. The material, intended as a
bioadhesive, was found to be non-cytotoxic and shown to have adhesive strength
comparable to fibrin glue [187].

In order for chitin and chitosan to take their place as approved biomedical
materials, two principal issues, biocompatibility and sterility, must be resolved
[188]. These matters should be briefly discussed to reinforce their significance.
Ikada and Tomihita [189] studied the degradation of chitin and chitosan films by
lysozyme action and subcutaneous implant in a rat model. The rate of in vivo
degradation was high for chitin reduction as the degree of deacetylation increased.
Interestingly, the authors noted mild tissue reaction to chitosan. Similarly, Onishi
and Machida [190] investigated the in vivo biodegradation of water-soluble
chitosan using a mouse model. The approximately 50 % deacetylated material was
found to be readily degraded and cleared by the animal suggesting no concerns in
bioaccumulation. Other workers have looked at the effect of chitin and chitosan on
biological systems. Tanaka et al. [191] found that when chitin and chitosan were
administered orally or injected intra-peritoneally into a mice model, chitosan
invoked a bigger reaction compared to chitin. Mori et al. [192] using cell culture
assay, reported that chitin did not produce an acceleratory effect on L929 mouse
fibroblasts proliferation. It was noted, however, that chitosan appeared to exhibit
an inhibitory effect, attributing to the interaction of chitosan with growth factors
thereby immobilizing the growth factors. This is in contrast to the report by
Prasitsilp et al. [193] who found that a high degree of deacetylation in chitosan was
more favorable for supporting cell growth, proliferation and attachment. This
behavior was attributed to the electropositive nature of the amino group permitting
interactions between chitosan and cells. It is clear that chitosan’s effect on cell
proliferation requires further study. Taking a different viewpoint, Fujinaga et al.
[194] have chosen to study the effect of chitosan on wound healings. They found
that chitosan accelerated the infiltration of polymorphonuclear (PMN) cells at the
wound site. PMN also stimulated the production of osteopontin that promotes cell
attachment, essential in tissue reorganization at the wound site. Okamoto et al.
[195] found that chitin; neither chitosan nor glucosamine (chitosan monomer)
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affected the proliferation of mouse 3T6 fetal fibroblasts or HUVEC (human
umbilical vascular endothelial cells). However, the migration of cells, important
during tissue reorganization, was affected by chitosan and glucosamine, warrant-
ing further study as to the effects of these biopolymers for wound healing appli-
cations. The authors suggest that further work should be performed to elucidate the
mechanisms that chitin and chitosan invoke during wound healing [196]. Chitosan
products intended for parenteral administration and those in contact with wounds
will have to be sterilized before use. Common methods for the sterilization of
pharmaceutical and medical products include exposure to dry heat, saturated
steam, and ethylene oxide or c radiation. Before any of these methods are endorsed
for the sterilization of chitosan products, their effects on the properties and end
performance of the polymer will have to be documented.

Lim et al. [197] have been active in evaluating the effects of dry heat, saturated
steam and c-irradiation on chitosan based membranes. Ethylene oxide was not
evaluated as it involves a chemical reactant that may be more reactive with
chitosan to generate by-products and warranted a separate and specifically
designed study. Exposure to dry heat resulted in lower aqueous solubility for
chitosan and in extreme cases, insolubility in acidic aqueous media. This was
found to be related to interchain crosslink formation involving the NH2 groups in
chitosan. A reduction of 60 % in tensile strength and 53 % reduction in the strain
at break point were also experienced [198]. Saturated steam was also found to
significantly accelerate the rate and extent of thermal events in chitosan. Chitosan
became water insoluble and lost 80 % of its original tensile strength retaining only
28 % of the original strain at break point. The c- irradiation caused main chain
scission events in chitosan [199]. Chitosan membranes irradiated with 2.5 M-rad
in air experienced a 58 % increase in tensile strength and a 22–33 % decrease in
the swelling index of the membrane. Applying anoxic conditions during irradiation
significantly reduced the changes to membrane properties. On the basis of these
findings, it may be concluded that c-irradiation at 2.5 M-rad under anoxic con-
ditions provides the best means of sterilization for chitosan products. This study is
in contrast to the findings by Rao and Sharma, [200] who recommended steam
autoclaving although irradiation was not included in their study. The long-term
storage effects have also to be thoroughly investigated as it will have implications
on the integrity of chitin and chitosan materials [201]. Therefore, there remains a
lot of scope to explore in the area of sterilization and storage before the method of
sterilization and storage conditions can be optimized.

3.8.2 Applications of Chitin Nanocomposites and Blends

New products are anticipated to be produced and the related physical properties for
diverse applications need to be further investigated to take full advantage of the
inexpensive and abundant annually occurring natural product, which coincides
with sustainable development of human society. Recently, nano fibrous scaffolds
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based on chitin or chitosan have potential applications in tissue engineering.
Tissue engineering is one of the most exciting interdisciplinary and multidisci-
plinary research areas today, and there has been exponential growth in the number
of research publications in this area in recent years. It involves the use of living
cells, manipulated through their extracellular environment or combined process to
develop biological substitutes for implantation into the body and/or to foster
remodeling of tissues in some active manners. It was reported that CWs can be
used as raw materials to produce chitosan nanoscaffolds [202–204]. Phongying
et al. [202] found that three times treatment of CWs by 40 % w/v NaOH aqueous
solution at 150 �C for 7 h for each time would generate chitosan with degree of
deacetylation of as high as 98 %. The micrographs from scanning electron
microscope (SEM) and transmission electron microscope (TEM) confirm that the
short fiber of CWs develop itself to be a network in nano-scale of chitosan or
chitosan nanoscaffold by the alkali treatment. The aggregation and packing mor-
phology of CW and morphology of chitosan nanoscaffolds are shown in Fig. 3.35.
The chitosan nanoscaffolds showed porous structure with the pore diameter of
*200 nm. The produced nanoscaffolds are assumed to be nontoxic since the
treatments were carried out in aqueous solution and the polymer matrix was
natural polysaccharide, thus, are able to be used as tissue engineering materials.
Because of non-toxicity, biocompatibility and biodegradability, CWs themselves
or modified products have the potential to be used in many food and biomedical
related areas.

Chitin nanofibers were found to promote cell attachment and spreading of
normal human keratinocytes and fibroblasts compared to chitin microfibers [205].
This may be a consequence of the high surface area available for cell attachment
due to their three-dimensional features and high surface area to volume ratios,
which are favorable parameters for cell attachment, growth, and proliferation. The
cell studies conducted on chitin/poly(glycolic acid) (chitin/PGA) [206] and chitin/
silk fibroin (SF) [207] fibrous mats proved that a matrix consisting of 25 % PGA or
SF and 75 % chitin had the best results. The chitin/PGA fibers had a bovine serum
albumin coating and are considered as a good candidate for use in tissue-

Fig. 3.35 SEM micrographs of a chitin flakes (920,000), b chitosan flakes (920,000) [216]
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engineering scaffold because normal human epidermal fibroblasts (NHEF)
attached and spread. The chitin/SF fibrous mats had the highest spreading of
NHEF and normal human epidermal keratinocytes (NHEK). Therefore, this
scaffold is suggested for wound tissue engineering applications. Shalumon et al.
[208] developed carboxymethyl cellulose/polyvinyl alcohol (CMC/PVA) blend
nanofibrous scaffold for tissue engineering applications. The prepared nanofibers
were bioactive and biocompatible. Cytotoxicity and cell attachment studies of the
nanofibrous scaffold indicate that the nanofibrous CMC/PVA scaffolds can be
safely used for tissue engineering applications. Bhattarai et al. [209] reported that
the chitosan/polyethylene oxide (PEO) nanofibrous scaffolds promoted the
attachment of human osteoblasts and chondrocytes and maintained characteristic
cell morphology and viability throughout the period of study. This nanofibrous
matrix is of particular interest in tissue engineering for controlled drug release and
tissue remodeling. Similarly, Subramaniyan et al. [210] prepared chitosan/PEO
nanofibers for cartilage tissue engineering. Cells were attached to the chitosan/
PEO nanofiber mats slowly in the fist week. After 10 days, the more cells were
attached on the surface of the nanofibers. These results indicated that the elec-
trospun chitosan/PEO mats have been used for cartilage tissue repair. Mo et al.
[211] also reported the smooth muscle cells attachment to the electrospun chito-
san/collagen nanofibers after 30 days of culture.

The biological evaluations of chitosan/hydroxyapatite (HAp) nanfibrous com-
posite scaffolds have been reported [212]. The chitosan/HAp nanofibrous scaffolds
have significantly stimulated the bone forming ability as shown by the cell pro-
liferation, mineral deposition, and morphology observation, due to the excellent
osteoconductivity of HAp compared to the controlled chitosan. The results
obtained from this study highlight the great potential of using the chitosan/HAp
nanocomposite nanofibers for bone tissue engineering applications. A biocom-
posite of HAp with electrospun nanofibrous scaffolds was prepared by using
chitosan/PVA and N-CECS/PVA for tissue engineering applications [213]. The
cell studies showed that the L929 cell culture revealed the attachment and growth
of mouse fibroblast on the surface of biocomposite scaffolds. Similarly, the
potential use of the N-CECS/PVA electrospun fiber mats as scaffolding materials
for skin regeneration was evaluated in vitro using L929 [214]. Indirect cytotoxicity
assessment of the fiber mats indicated that the N-CECS/PVA electrospun mat was
nontoxic to the L929 cell. Cell culture results showed that fibrous mats were good
in promoting the cell attachment and proliferation. This novel electrospun matrix
would be used as potential wound dressing for skin regeneration.

Liver tissue engineering requires a perfect extracellular matrix (ECM) for
primary hepatocytes culture to maintain high level of liver-specific functions and
desirable mechanical stability. Feng et al. [214] developed novel galactose/chitin
(GC) nanofibers with surface galactose ligands to enhance the bioactivity and
mechanical stability of primary hepatocytes in culture. The GC nanofibrous
scaffolds displayed slow degradation and suitable mechanical properties as an
ECM for hepatocytes according to the evaluation of disintegration and Young’s
modulus testing. The hepatocytes cultured on GC nanofibrous scaffold formed
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stably immobilized 3D flat aggregates and exhibited superior cell bioactivity with
higher levels of liver-specific function maintenance in terms of albumin secretion,
urea synthesis and cytochrome P-450 enzyme than 3D spheroid aggregates formed
on GC films. These results suggested that the GC-based nanofibrous scaffolds
could be useful for various applications such as bioartificial liver-assist devices
and tissue engineering for liver regeneration as primary hepatocytes culture
substrates.

The plant and animal nanofibers (derived from waste and biomass) are uniformly
mixed with resins and other polymers like plastics and rubbers to create natural based
composite materials. A variety of plant fibers with high tensile strength can be used
including kenaf, industrial hemp, flax, jute, sisal, coir etc. Fibers can be combined with
traditional resins or newer plant based resins. The resulting component is a plant based
alternative for many traditional steel and fiberglass applications. Advantages of bio-
nanocomposites over traditional composites are reduced weight, increased flexibility,
greater moldability, reduced cost, sound insulation and renewable nature. For envi-
ronmental awareness and the international demand for green technology, nanobio-
composites have the potential to replace present petrochemical-based materials. They
represent an important element of future waste disposal strategies. In true bionano-
composites, both the reinforcing material such as a natural fiber and the matrix are
biodegradable. Cellulose, chitin and starch are the most abundant organic compounds in
nature; they are also inexpensive, biodegradable, and renewable. They obviously
receive a great attention for non-food applications. The use of natural fibers instead of
traditional reinforcement materials, such as glass fibers, carbon, and talc, provides
several advantages including low density, low cost, good specific mechanical proper-
ties, reduced tool wear, and biodegradability. These important applications include
packaging, environment-friendly biodegradable composites, biomedical composites
for drug/gene delivery, tissue engineering applications and cosmetic orthodontics. They
often mimic the structures of the living materials involved in the process in addition to
the strengthening properties of the matrix that was used but still providing biocom-
patibility, e.g. in creating scaffolds in bone tissue engineering.

3.9 Conclusion and Future Prospective

This chapter has demonstrated the utility of chitin and chitosan as potential
materials for various implant applications and some of the challenges in demon-
strating biocompatibility as well as sterility that must be addressed. The eventual
realizations of real implants await the take-up of these materials on a more
commercial basis that would see the introduction of chitin-based implantable
devices. Chitin and its deacetylated derivative, chitosan, are non-toxic, biode-
gradable biopolymers currently being developed for use in biomedical applications
such as tissue engineering scaffolds, wound dressings, separation membranes,
antibacterial coatings, stent coatings, and sensors. Nano fibrous scaffolds based on
chitin or chitosan have potential applications in tissue engineering. Electrospun
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chitin and chitosan nano fibrous scaffolds would be used to produce tissue engi-
neering scaffolds with improved cytocompatibility, which could mimic the native
extracellular matrix (ECM). The preparation and tissue engineering applications of
chitin and chitosan based nanofibers has also been summarized. Additional studies
are necessary before clinical applications and for commercialization of the chitin
and chitosan based nanofibers. This chapter will help to bring about newer inno-
vative ideas for chitin andchitosan nanofibers for tissue engineering and other
biomedical applications inthe future. Chitin and chitosan seem to be excellent
dressing materials for the wound healing. The recent progress of chitin and
chitosan-based fibrous materials, hydrogels, membranes, scaffolds and sponges in
wound dressing has been overviewed. In the area of wound management, the use
of chitin, chitosan and its derivative is immense.

As renewable and biodegradable nanoparticles, chitin whiskers are attracting and
will continuously draw attention from both academic and industrial fields. Similar to
cellulose whisker, with so many advantages over conventional inorganic nanoparticles
such as low density, non-toxicity, biodegradability, biocompatibility and easy surface
modification and functionalization, chitin whiskers, within or without modification,
are supposed to find extensive application in many areas such as reinforcing nano-
composites, cosmetic, food industry, drug delivery, tissue engineering. However,
recent studies have mainly focused on the preparation and applications of nanocom-
posite based on chitin whiskers; less attention has been paid on other application areas.
For the future studies, more attention should be focused on developing novel appli-
cations of chitin whiskers. Even for the chitin reinforced nanocomposites, there will
still be a lot of valuable works to be done for future research, for example, developing
new simple and effective processing methods so as to commercialize high performance
polymer/chitin whisker composites, producing polymer nanocomposites filled with
individual chitin whiskers which would create much more reinforcing efficiency than
the conventional chitin whisker due to the high aspect ratio of individual chitin
whisker. Then, great endeavors are necessary to make this area more prosperous and
fruitful. In a word, there are abundant of opportunities combined with challenges in
chitin whisker related scientific and industrial fields.
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