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Preface

Chitin, the insoluble polymer of N-acetylglucosamine, is the most
abundant nitrogen-bearing organic compound found in nature, present in
insect exoskeletons, crustacean shells and fungal cell walls.

We have selected the most recent and sophisticated chitin-related ad-
vances in life sciences, and approached chitin from an original standpoint:
the prompt and enthusiastic response of the colleagues invited to col-
laborate is gratefully acknowledged.

The first part of this book, after a short presentation of chitin in the
environment, is devoted to chitin biosynthesis. Successively, we discuss
the biochemistry of chitin synthase and the state of knowledge of chitin
synthesis in vitro, chitin biosynthesis and structural organization in vivo,
and the chitin synthases of yeasts and fungi. The role of chitin oligosac-
charides in plant morphogenesis, and biochemical aspects of inhibitors of
chitin synthesis, are also approached. Some chitin-binding proteins are
reviewed.

The second part is devoted to chitinases, which split the g-1,4-glucosidic
bonds of chitin as, in a less pronounced manner, lysozymes also do. Bio-
chemical, structural and evolutionary aspects concerning chitinases are
discussed. Chitin-containing organisms produce chitinases, but some
organisms deprived of chitin, such as a wide variety of bacteria and higher
plants, also produce chitinases for their defence. These aspects are re-
viewed in a series of chapters. Some enzyme inhibitors are also mentioned.
Newly characterized mammalian chitinase-like proteins are presented.
Aspects concerning N-acetyl-f-D-glucosaminidases, enzymes releasing
N-acetylglucosamine monomers from chitin, are also discussed in relation
with their growing medical importance.

The third part of the book is devoted to chitosan, a family of deacetylated
chitins. The agricultural, food, cosmetic and pharmaceutical industries
more and more frequently use this polysaccharide in the form of threads,
fibers, films, gels, microspheres and liposomes. Exciting applications are
discussed in a series of chapters that emphasize the fact that chitosan ap-
plications based on its biological significance often depend on its bio-
degradability.

We are confident that this book will provide a stimulating background
for further fruitful research on chitin in the biochemical and biological
area.

January 1999 Pierre Jolles and
Riccardo A. A. Muzzarelli
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Native, industrial and fossil chitins

Riccardo A. A. Muzzarelli

Center for Innovative Biomaterials, Faculty of Medicine, University, Via Ranieri 67,
1-60100 Ancona, Italy

Summary. Countless living organisms continuously synthesize and degrade chitin enzymatical-
ly, for nutritional, morphogenetic and defensive or aggressive purposes. Chemically modified
chitins are important in the light of their biochemical significance in medicine and crop
protection; their environmentally friendly behaviour permits industrial exploitation of the huge
chitinous biomasses generated by fishing activities and biotechnology. Chitin is promptly
metabolized in sediments, and fossil chitin is not frequently encountered.

Being convinced that this book will attract many readers not fully ac-
quainted with chitin, I deem it appropriate to provide a brief introduction.
The reader is referred to a large body of information on chitin available
in a number of books: a selection is listed below [1-20].

Chitin, (1-4)-linked 2-acetamido-2-deoxy-fB-D-glucan, is widely dis-
tributed among invertebrates. At least 10 gigatons (1.10" kg) of chitin are
synthesized and degraded each year in the biosphere. It is found as a-chitin
in the calyces of hydrozoa, the eggshells of nematodes and rotifers, the
radulae of mollusks and the cuticles of arthropods, and as SB-chitin in the
shells of brachiopods and mollusks, cuttlefish bone, squid pen, and pogo-
nophora tubes. Chitin is found in exoskeletons, peritrophic membranes and
the cocoons of insects. Chitin is ubiquitous in fungi: the chitin in fungal
walls varies in crystallinity, degree of covalent bonding to other wall com-
ponents, mainly glucans, and degree of acetylation.

The polymorphic forms of chitin differ in packing and polarities of
adjacent chains in successive sheets; in the -form all chains are aligned in
parallel manner, whereas in a-chitin they are antiparallel. The molecular
order of chitin explains its physiological role and tissue characteristics, for
instance in the insect cuticle and tendon (a-chitin) and in the pen of Cepha-
lopoda (B-chitin). The grasping spines of Sagitta are made of pure a-chitin
because they should be suitably hard to hold a prey. Also, solubility and
reactivity are different.

In the areas of fisheries, textiles, food and ecology, scientists and in-
dustry people were urged to upgrade chitin in order to exploit renewable
resources and to alleviate waste problems. Today chitins and chitosans
from different animals are commercially available.

Chitin isolates differ from each other in many respects, among which are
degree of acetylation, typically close to 0.90; elemental analysis, with
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nitrogen content typically close to 7%, and N/C ratio 0.146 for fully
acetylated chitin; molecular size; and polydispersity. The average molecu-
lar weight of chitin in vivo is probably in the order of the MDa, but chitin
isolates have lower values due to partial random depolymerization occur-
ring during chemical treatment and depigmentation steps. Polydispersity
may vary depending on such treatments as powder milling and blending of
various chitin batches.

[solated chitin is a highly ordered copolymer of 2-acetamido-2-deoxy-f-
D-glucose, the major component, and 2-amino-2-deoxy-pB-D-glucose. As a
point of difference from other abundant polysaccharides, chitin contains
nitrogen. Chitobiose, O-(2-amino-2-deoxy-f-D-glucopyranosyl)-(1-4)-2-
amino-2-deoxy-D-glucose, is the structural unit of native chitin. Bound
water is also a part of the structure.

Chitin is easily hydrolyzed by acids, but is stable to dilute alkali; in warm
concentrated alkali it is oxidized by air. Chitin hydrolysates can be prepared
by adding chitin to concentrated HCI at 4°C and stirring at 40°C. Excess
acid is then removed with ion-exchange resin, and the product is resus-
pended to prepare the so-called colloidal chitin, which remains stable for
several weeks when stored at 4°C. In the wet state it is degraded by a num-
ber of microorganisms, which produce chitinolytic enzymes or other en-
zymes with unspecific activity towards chitin. Colloidal chitin is being
used since the 1950s for the study of chitinases.

The solubility of chitin is remarkably poorer than that of cellulose be-
cause of the high crystallinity of chitin, supported by hydrogen bonds
mainly through the acetamido group. Ethanol-containing calcium chloride,
dimethylacetamide containing 5—9% LiCl (DMAc/LiCl) and N-methyl-2-
pyrrolidinone/LiCl are systems where chitin can be dissolved up to 5%.
The main chain of chitin is rigid at room temperature, so that mesomorphic
properties may be expected at a sufficiently high concentration of polymer.
Circular dichroism of Congo red bound to the chitin films, obtained by
moisture uptake from DMACc/LiCI solutions, reveals a cholesteric struc-
ture, having an organization similar to that naturally occurring in the
chitin cuticle.

Chitosans

Chitosan indicates a family of deacetylated chitins. In general, chitosans
have a nitrogen content higher than 7% and a degree of acetylation lower
than 0.40. The removal of the acetyl group is a harsh treatment usually
performed with concentrated NaOH. Protection from oxygen, with a
nitrogen purge or by addition of sodium borohydride to the alkali solution,
is necessary in order to avoid undesirable reactions such as depolymeriza-
tion and generation of reactive species. Commercial chitosans may contain
insoluble highly acetylated fractions that come from the core of the
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granules submitted to heterogeneous deacetylation. The acetyl groups in
the acid-soluble fractions are randomly distributed, whilst the insoluble
fractions contain relatively long sequences of acetylated units.

The presence of a prevailing number of 2-amino-2-deoxyglucose units in
a chitosan facilitates bringing the polymer into solution by salt formation.
Chitosan is a primary aliphatic amine that can be protonated by selected
acids, the pK of the chitosan amine being 6.3. The following salts, among
others, are water-soluble: formate, acetate, lactate, malate, citrate, glyoxy-
late, pyruvate, glycolate and ascorbate.

Despite the alteration due to deacetylation, chitosan from crab tendon
possesses a crystal structure showing an orthorhombic unit cell. The unit
cell comprises four glucosamine units; two chains pass through the unit cell
with an antiparallel packing arrangement. Main hydrogen bonds are
03---05 (intramolecular) and N2---O6 (intermolecular). The crystal
structures of salts and derivatives have also been determined, for instance
for chitosan ascorbate.

Chitosan can be obtained from fungi, easily cultured on simple nutrients.
Chitosan is present in the cell wall of Mucorales and can be isolated from the
accompanying glucans by extraction with either acetic acid or alkali, the lat-
ter being preferred when glucans are to be dissolved. The final molecular
weight is in the order of 500 kDa, and the degree of acetylation is around 0.10.

Chitin and chitosan derivatives

In the past, chitin has been often considered as an intractable biopolymer
due to the difficulties encountered in dissolving and reacting it. As soon as
the molecular association is prevented or depressed, chitin lends itself to
many reactions, affording a wide choice of modified chitins. On chitosan,
the reactions of the primary amino group and primary and secondary
hydroxyl groups can be easily performed. The chemical modifications of
chitin and chitosan, carried out under mild conditions in order to protect
glycoside and acetamido linkages, yield more soluble polymers. The latter
have higher biodegradability in animal bodies and physical properties of
interest for applications in the solid state or in solution.

Chitin treated with NaOH yields alkali chitin, a widely used unstable
intermediate which reacts with 2-chloroethanol to yield O-(2-hydroxy-
ethyl) chitin, known as glycol chitin: this material was probably the first
derivative to find practical use and to be recommended as a substrate for
lysozyme. The reaction of alkali chitin with sodium monochloroacetate
gives O-carboxymethyl chitin sodium salt, soluble in water. The latter com-
pound has been and still is one of the protagonists of chitin chemistry,
together with N-carboxymethyl chitosan; both have found applications in a
variety of fields. Chitosan can be reacetylated with acetic anhydride to
obtain water-soluble partially reacetylated chitin. Countless chitin deri-
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vatives have so far been prepared; the present trend is to exert control over
the modification reactions in order to achieve the best performance or to
enhance the biological significance. For example, upon regiospecific
oxidation, chitin yields 6-oxychitin, a fully water-soluble compound [21];
regioselective synthesis affords chitin sulfates endowed with anti-HI'V-1
activity [22].

Fossil chitin

Whilst chitinous materials are relatively resistant to degradation under cer-
tain conditions, for instance suspension in seawater, and desert sand, they
are promptly degraded in other environments such as ocean sediments.

A huge number of mineralized skeletal structures containing chitin-
protein complexes settle into deep-sea sediments: there, extraction of
organic matter is performed by fungi, algae and bacteria, which use it as a
nutrient. Extracellularly secreted enzymes hydrolyze the organic polymers
of the skeletal remains colonized by the microorganisms. Because those
chitinases seem to be particularly stable and effective under deep-sea con-
ditions, sediments contain little chitin.

Detection of chitin in fossils is not frequent: there are reports of fossil
chitin in pogonophora, and insect wings from amber, but fossils of
crustacea were found to contain only traces of chitin, and no chitinlike
microfibrils were detected by electron microscopy.

Terrestrial arthropods have a fossil record that reaches back to 420
megayears ago (Upper Silurian): their remains are preserved as cuticle
fragments. Arachnids were found preserved by precipitation of silica; mil-
lipeds occur as calcified remains; coleoptera fossils were recovered from
buried peat. The fossil cuticles revealed alkanes and alkenes, indicating
substitution of chitin by more resistant organic compounds [23—25].

Chitin is not generally preserved as such, but some of the most specta-
cular examples of soft part preservation involve replication in calcium
phosphate: apatite minerals inhibit the decay of organic compounds. Al-
though proteins have a short survival time even within CaCOs crystals, it is
possible that phosphate salts provide protection from degradation. Repli-
cation of soft tissues is more rapid in calcium phosphate than in any other
mineral, and therefore preserves the highest fidelity in detail, such as in the
case of insect eyes. Interestingly, chitin associations with calcium phos-
phate are being studied today for bone regeneration purposes.

Conclusion

Chitin is amply distributed in the biosphere where it constitutes the
exoskeletons of many organisms, but also provides delicate structures and
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tissues such as the flying apparatus of insects, and tendons of crustaceans.
Chitin nitrogen is recycled by biodegradation operated by microbial genera
which exist in just about every conceivable environment. Chitin therefore
represents a widely distributed organic compound of nitrogen.

The nitrogen present in chitin imparts unique properties to this class of
polysaccharides. Goods manufactured from chitin are environmentally
important items; chitosan solutions are used to recover proteins and to
preserve cereal seeds, or to prepare biomaterials such as wound dressings
and biodegradable packaging.
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