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Abstract

Chitin-metabolizing products are of high industrial relevance in current scenario due to their wide biological applications,
relatively lower cost, greater abundance, and sustainable supply. Chitooligosaccharides have remarkably wide spectrum of
applications in therapeutics such as antitumor agents, immunomodulators, drug delivery, gene therapy, wound dressings, as
chitinase inhibitors to prevent malaria. Hypocholesterolemic and antimicrobial activities of chitooligosaccharides make them a
molecule of choice for food industry, and their functional profile depends on the physicochemical characteristics. Recently,
chitin-based nanomaterials are also gaining tremendous importance in biomedical and agricultural applications. Crystallinity and
insolubility of chitin imposes a major hurdle in the way of polymer utilization. Chemical production processes are known to
produce chitooligosaccharides with variable degree of polymerization and properties along with ecological concerns. Biological
production routes mainly involve chitinases, chitosanases, and chitin-binding proteins. Development of bio-catalytic production
routes for chitin will not only enhance the production of commercially viable chitooligosaccharides with defined molecular

properties but will also provide a means to combat marine pollution with value addition.
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Introduction

One of the major objectives of the present age of biotechnol-
ogy is heading towards production and application of a range
of bio-based specialized high-value products for emerging
bioeconomy. Biopolymers are synthesized in living organisms
by repeating, covalently bonded units of nucleotides, amino
acids, or monosaccharides. Possession of a biocompatibility,
low toxic, and environment-friendly nature leads to great in-
terest in their production and application over current synthet-
ic polymers. Chitin is considered as the second most abundant
polymer on earth with immense biotechnological potential
due to its huge prospects of structural modification which
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results in novel properties, functions, and applications (Pillai
et al. 2009). This plentiful and renewable polymer is a major
component of the cell wall of fungi, exoskeleton of crabs,
lobster, shrimps, insects, squid, and octopus (Tharanathan
and Kittur 2003). Chitin is a white, tough, inflexible, insolu-
ble, nitrogenous polysaccharide contemplated to be responsi-
ble for the surface contamination of coastal regions. It arises in
nature by way of well-ordered crystal-like microfibrils and
occurs predominantly in three crystalline polymorphs: «, 3,
and 7y that differ in the orientation of microfibrils. a-Chitin is
predominantly present in fungal cell walls, tendons, and shells
of lobster and crab, shrimp shells, and insect cuticle, formed
by the antiparallel organization of microfibrils. Sheets are ar-
ranged in parallel fashion in the (3-chitin, which is present in
pens and vestimentiferan worms. The y-chitin contains a mix-
ture of antiparallel and parallel sheets and is detected in the
insect cocoons (Rinaudo 2006). In spite of its abundance and
being biocompatible, no major industrial application of this
vastly available material has so far been developed due to its
high degree of crystallinity and insolubility in aqueous as well
as organic solvents. Subjecting it to inter-conversion to gen-
erate derivatives viz. chitosan, chitooligosaccharides (COSs),
and glucosamine with novel and improved characteristics viz.
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increased solubility and less crystallinity may augment its
commercial feasibility.

Chitosan, the polycationic biopolymer is the deacetylated
form of chitin. It is soluble in aqueous acidic media such as
dilute acetic acid and formic acid due to protonation. The
solubility of chitosan depends on its degree of crystallization
and on the distribution of the acetyl groups along with the
main chain in addition to the molecular weight (Dutta et al.
2004). Chitosan possesses three types of reactive functional
groups, an amino/acetamido group, both primary and second-
ary hydroxyl groups at the C¢, C,, and Cs positions, respec-
tively. The amino content is the main reason for the difference
between structures and physicochemical properties of chito-
san and is correlated with their chelation, flocculation, and
biological functions (Pareek et al. 2011). The high nitrogen
content (about 6.89%) makes it a commercially noticeable
compound. Besides chitin and chitosan, there is great interest
in their degradation products, i.e., COS which show a better
adsorption level in the human intestine, hence contribute in
various biomedical applications.

COSs are homo or heterooligomers of N-acetylglucosamine
and D-glucosamine units in varying proportions. Functional
properties of COSs have largely been depending on their de-
gree of polymerization (DP) along with the number and se-
quence of acetylated and deacetylated units. The biological
activity of COS increases with the escalation in DP but it is
solubility dependent (Das et al. 2013). The exceptional biotic
properties like antimicrobial activity, anticancer effect, antiox-
idant effect, and immune-stimulating activity make COS mol-
ecule of choice in the present era of biotechnology. Safety and
ease of control of the enzymatic preparation of COS is gaining
attention over the chemical preparations. The enzymatic prep-
arations utilized for COS production includes chitinases,
chitosanases, cellulases, lipases, and proteases (Xia et al.
2011). High emphasis from various groups has been given on
the enzymatic production of COS for enhanced yields along
with better control on the DP and degree of acetylation (DA) to
get improved applicability. This review is focused on the dif-
ferent aspects of improved COS production along with appli-
cations in diverse industrial sectors. Moreover, this study will
also put a light on the latest molecular and biochemical ap-
proaches in the field.

Production of Chitooligosaccharides

Crystallinity and insolubility of chitin present a formidable
challenge towards its industrial application. Commercial fea-
sibility of chitin may be augmented by its interconversion into
COS which is one of the major degradation products of chitin
and chitosan. COS may be produced by depolymerization of
chitin or chitosan using physical and chemical hydrolysis as
well as enzymatic degradation. Physical methods of
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production include hydrothermal treatment, microwave irradi-
ation, ultra-sonication, and gamma-rays. Among the chemical
methods for the preparation of COS, acid phosphoric acid,
hydrofluoric acid, formic acid, lactic acid, and hydrogen per-
oxide for depolymerization. Chemical methods have several
limitations due to the formation of toxic secondary com-
pounds, which are difficult to remove and create higher risk
to environment because of process complexity. Moreover, the
acid hydrolysis mostly produces oligomers of low DP mainly
monomer to tetramer not the more beneficial pentamer to
heptamer (Mourya et al. 2011).

Since the last two decades, enzymatic hydrolysis of chitin
and chitosan to prepare COS (MW <10 kDa) is of much in-
terest due to the pharmaceutical, medical, agricultural, and
nutritional applications of the produced oligomers.
Enzymatic production of COS not only gives a better control
on the DP and DA but also has no negative impact on the
environment (Lodhi et al. 2014). An array of carbohydrate-
degrading enzymes specifically chitinolytic and chitosanolytic
enzymes viz. chitinase, chitosanase, lysozyme, cellulase,
pectinase, protease, lipase, and pepsin have been involved in
the bioactive oligosaccharide preparation (Jung and Park
2014). Among these enzymes, chitinase and chitosanase have
specificity to chitin and chitosan degradation respectively with
varying mode of action (Fig. 1). Chitinases mainly attack
highly N-acetylated polymers whereas chitosanases prefer
low N-acetyl content.

Chitinases in COS Production

Chitinases (E.C. 3.2.1.14) are the glycosyl hydrolases having
a molecular weight ranging from 20 to 90 kDa with capability
to degrade chitin to low-molecular-weight chitooligomers.
Among the microbial chitinases, bacterial chitinases are well
classified and mostly belong to the family 18 of the glycosyl
hydrolases with some exceptions present in family 19. The
chitin-binding domain is located either at the amino or carbox-
yl terminal in bacterial chitinases. However, most of the fun-
gal chitinases belong to the family 18 of the glycosyl hydro-
lases and shows high amino acid homology with class 111 plant
chitinases. The basic structure of the fungal chitinases consists
of five domains viz. catalytic domain, chitin-binding domain,
serine/threonine-rich domain, N-terminal signal peptide re-
gions, and C-terminal extension region (Hamid et al. 2013).
Chitinases may be divided into two major groups, i.e.,
endochitinases and exochitinases, according to the mode of
action. The former randomly split chitin at internal sites
whereas the latter have a progressive catalytic action starting
at the non-reducing end of polymer with the release of
chitobiose or glucosamine units. The endochitinases forms
the diacetylchitobiose and soluble low molecular mass oligo-
mers of GIcNAc for instance chitotriose and chitotetrose. The
exochitinases may further be distributed into two subgroups:



Mar Biotechnol (2018) 20:269-281

271

Crustacean shells
Cell wall of fungi

Organic acid and Protease producing Microorganisms

Demineralization and
Deproteinization

Chitin deacetylase
(EC 3.5.141)

Chitosan

Chitosanase (EC 3.2.1.132)

v

Chitosan oligomer

Glucosaminidase
(EC 3.2.1.52) i

Fig. 1 Production of chitin, chitosan, and chitooligosaccharides

chitobiosidases (E.C. 3.2.1.29), which are involved in catalyz-
ing the progressive release of diacetyl chitobiose starting at the
non-reducing end of the chitin microfibril and 1,4 f3-
glucosaminidases (E.C. 3.2.1.30), which cleave the oligomer-
ic products resulting from action of endochitinases and
chitobiosidases and release glucosamine monomer (Harman
et al. 1993; Sahai and Manocha 1993).

The production of N-acetylglucosamine from « chitin was
reported by II’ina et al. (Il'ina et al. 2004) through the enzy-
matic preparation-Celloviridin G20x. A 22 kDa chitinase pu-
rified from thermophilic Bacillus licheniformis strain JS
showed production of N, N"-diacetylchitobiose from colloidal
chitin as substrate (Waghmare and Ghosh 2010).
Songsiriritthigul et al. (2010) illustrated the potential of a re-
combinant endochitinase (ChiA) from B. licheniformis strain
DSM&878S5 to convert colloidal chitin to N-acetyl glucosamine.
Variants of B. licheniformis chitinase with improved catalytic
efficiency were obtained by employing directed evolution ap-
proach (Songsiriritthigul et al. 2009). The mutant chitinase

Chitinase (EC 3.2.1.14)

A 4
Chitin oligomer

N-acetyl-glucosaminidase
i (EC 3.2.1.165)

N-acetylglucosamine

was reported to have high catalytic potential for bioconversion
of chitin to COS. Wang et al. (2012) reported the production of
a range of COS with varying DP (chitobiose, 0.44 mg ml™";
chitotriose, 0.08 mg ml™'; chitotetraose, 0.09 mg ml™"; and
chitopentaose, 0.43 mg ml™") from chitinase I and chitinase II
employing purified chitinases from the culture supernatant of
B. cereus TKUO027 with shrimp head powder as the substrate.
Yang et al. (2016) observed the highest conversion yield of
COS viz. 89.5% (w/w) from colloidal chitin by employing
recombinant enzyme (70 kDa) from Paenicibacillus
barengoltzii. Recently, Kumar et al. (2017) reported COS con-
version potentiality of the extracellular chitinase produced
from thermophilic Humicola grisea. The researchers also stat-
ed that 1.43-fold enhancement in chitinase production has
been achieved through optimization of the nutritional vari-
ables by the employment of response surface methodology.
Ueda et al. (2017) reported the production of N-acetyl-
chitobiose by a 60 kDa chitinase derived from recombinant
Eisenia fetida. Phylogenetic analyses revealed that the

@ Springer



272

Mar Biotechnol (2018) 20:269-281

E. fetida chitinase is an amphioxus chitotriosidase-like protein
exhibiting maximum catalytic activity at 60 °C. Bacterium
Chitiniphilus 1.Z32 was investigated for the conversion of
chitin extracted from the larvae of housefly into COS
(Zhang et al. 2017). The study illustrated that the maximum
production of (GlcNAc)s (51.2 g ml™!) and (GIcNAc)s
(36.1 ug ml™") was achieved following hydrolysis for 72
and 84 h, respectively.

Chitosanase in COS Production

Chitosanase (EC 3.2.1.132) catalyzes the endohydrolysis of (3-
1,4 glycosidic linkage between D-glucosamine residues of chi-
tosan (Lombard et al. 2014). Chitosanases are mainly grouped
in family 46 of the glycoside hydrolase class on the basis of
sequence. Apart from this family, 3, 5, 7, 8, 75, and 80 also
includes enzymes with chitosanase activities. Chitosanase acts
on the reducing end of chitosan molecule and produces COS
exclusively as the end product. Based on the specificity of the
cleavage positions for the partially acetylated chitosan,
chitosanases can be classified into three distinct subclasses
viz. subclass I, II, and III. Subclass I chitosanases can split both
GlcN—GIeN and GIeNAc—GIeN linkages, while subclass 11
enzymes could only cleave GIcN-GIcN linkages. Subclass 11
chitosanases are capable of splitting both GlcN-GIcN and
GlcN-GIcNAc linkages (Viens et al. 2015). Numerous re-
searchers have reported the ability of chitosanase to hydrolyze
chitosan for the production of COS. Nidheesh et al. (2015)
reported 4.43 mM of chitooligomers production from the hy-
drolysis of colloidal chitosan by using chitosanase purified
from the Purpureocillium lilacinum CFRNTI2 strain. de
Assis et al. (2010) studied the COS production from enzymatic
hydrolysis of chitosan from the fungus Metarhizium
anisopliae. The study reported the production of diverse COS
species (chitobiose, 0.2 mg mlfl; chitotriose 0.19 mg mlfl;
chitotetraose, 0.06 mg ml chitopentaose, 0.04 mg mlfl;
and chitohexaose, 0.004 mg mlfl). A 45 kDa chitosanase from
Bacillus sp. strain KCTC 0377BP has been reported to produce
COS ranging from chitotriose to chitooctaose using chitosan as
the substrate. GH46 chitosanase from B. subtilis was expressed
in Escherichia coli by fusing the gene encoding mature
chitosanase to the Escherichia coli ompA signal peptide se-
quence and further evaluated for the production of COS
(Pechsrichuang et al. 2013). The authors reported the complete
conversion of chitosan hexamer to a mixture of (GIcN),,
(GlcN)s, and (GIcN), following incubation for an hour at
30 °C. Su et al. (2017) also reported enhancement in
chitosanase production through recombinant B. subtilis PTS
and statistical optimization of fermentation medium followed
by COS production. The TLC analysis revealed the presence of
dimer, trimer, and tetramer chitosan oligosaccharides. Sanchez
et al. (Sanchez et al. 2017) studied the effect of production
process of COS on physicochemical characteristics and
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antibacterial activity. The authors employed two different pro-
cesses for COS preparation. The first process involved hydro-
lysis of chitosan by commercially available chitosanase from
Streptomyces griseus while in the second process, a two-stage
hydrolysis strategy was adopted (chemical one followed by
chitosanase). The study illustrated that the COS produced by
the first method exhibited better antibacterial potential against
E. coli and Listeria monocytogenes as compared to the COS
generated via second process in spite of the fact that more
deacetylated COSs have been produced by later procedure.

Chitin-Binding Proteins

Employment of fundamentally slow processive enzymes can
be concentrated by improving the substrate accessibility due to
the utilization of CBPs and substrate-disrupting accessory pro-
teins or domains (Vaaje-Kolstad et al. 2005a). CBP plays a
significant dual role in the chitin degradation mechanisms. It
may either enhance the substrate availability due to the disrup-
tion of crystalline structure or aids in the microbial attachment.
According to the carbohydrate active enzymes database (http://
www.cazy.org/), the carbohydrate active enzyme protein
domains with chitin-binding properties are classified into fam-
ilies 1,2, 12, 14, 18, 19, and 33. Among these, families 14, 18,
and 33 contain the non-catalytic CBPs. Family 14 and 18 CBPs
are chiefly present in fungi and family 33 CBPs generally be-
long to bacteria and viruses (Lombard et al. 2014). Suzuki et al.
(2002) reported the synergism of chitinases and CBP21 of
Serratia marcescens 2170. The study reported the role of
CBP21 in chitin degradation in addition to the three chitinases
(chi), i.e., chiA, chiB, and chiC1. Vaaje-Kolstad et al. (2005b)
also studied the crystal structure and binding properties of
CBP21 of S. marcescens. By site-directed mutagenesis and
subsequent binding studies, they showed that the single-point
mutation lowered the affinity of CBP21 for (3-chitin. The es-
sentiality of non-catalytic CBP21 in chitin degradation from S.
marcescens was also proved by Vaaje-Kolstad et al. (2005a).
CBP synergistic activity with chitinases has been studied by
Das et al. (2013). The authors reported the presence of family
33 CBPs, i.e., CBP21, CBP28, and CBP50, in the genome
sequence of S. proteamaculans 568. Among these CBPs,
CBP21 and CBP50 show synergism with chitinases. Manjeet
et al. (2013) observed that B. thuringiensis serovar kurstaki
chitinases and S. proteamaculans chitinases B exhibit
synergism with family 33 CBPs in the hydrolysis of chitin.
Khoushab and Yamabhai (2010) reviewed and explained the
role of CBPs in increasing the efficiency of chitinolytic en-
zymes. The review also summarized a repertoire of CBPs ob-
tained from different sources viz. from bacteria, silkworms, and
plants. Khoushab et al. (2012) also reported peptide-assisted
synthesis of chitin-based nanomaterials. The chitin-binding
peptides used were selected through phase display technology.
The peptides can induce colloidal chitin and chitohexaose to
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form polymeric networks at comparatively higher temperatures
(up to 42 °C). Biocompatibility, relatively smaller size, and ease
of modification of chitin-binding peptides will open up a new
era of chitin research for development of specifically function-
alized chitin nanomaterials. The substrate-disrupting protein-
CBPs can be considered as the novel tool to improve the sub-
strate accessibility by specific affinity to crystalline structure
and thus contribute to more efficient enzymatic chitin degrada-
tion that leads to the enhanced bioactive COS production.

Catalytic Mechanism

The binding mechanism of the carbohydrate substrate to their
enzymes is difficult to analyze due to the speedy hydrolysis of
the substrates. There are many carbohydrate-hydrolyzing en-
zymes that share similar domains. Most of the microbial
chitinases belong to family 18 glycosidases among which
chitinases from S. marcescence have been extensively studied.
The enzymes contain four domains, i.e., N-terminal signal se-
quence, a catalytic domain, a serine/threonine-rich region, and a
C-terminal chitin-binding domain. Family 18 chitinases pos-
sess a typical (o/3) eight-barrel structure composed of eight
«-helices and {3-sheets. It also contains an N-terminal f3-
strand-rich domain and a small («x+ 3) domain. These
chitinases have the ability to degrade chitin with retention of
stereochemistry at the anomeric carbon. The overall mecha-
nism of chitonolysis involves firstly cleavage of the sugar chain
followed by the formation of an oxazolinium ion and lastly
hydrolysis of the ion (Fukamizo 2000; Van Aalten et al.
2001). Based on the X-ray crystal structures of chitinases and
their complexes with substrate analogues, Fukamizo (2000) has
discussed the catalytic mechanism of family 18 and family 46
chitosanases and showed that family 46 chitosanases has two
carboxyl groups at the catalytic center. In this family of
chitosanases, catalysis takes place through a single displace-
ment mechanism. On the other hand, family 18 chitinases have
one catalytic carboxylate as a proton donor with a substrate-
assisted catalytic reaction.

Purification and Characterization of COS

COS purification is mainly done by using a non-volatile mixture
separation technique, i.e., thin-layer chromatography (TLC),
followed by one of the most reliant analytical technique of sepa-
ration, identification, and quantification viz. high performance
liquid chromatography (HPLC). Songsiriritthigul et al. (2010)
illustrated the utilization of TLC for the analysis of the COS.
The authors analyzed the conversion of colloidal chitin to N-
acetyl glucosamine atpH 4.0, 6.0,and 9.0 (50 °C). Nidheesh etal.
(2015) purified chitosan hydrolysates by using HPLC and report-
ed the presence of chitosan-trimer and chitosan-tetramer. Yang
et al. (2016) reported N,N-diacetyl chitobiose about 89.5%
through HPLC-ELSD equipped with a Cosmosil Sugar-D

column (4.61*250 mm). Wang et al. (2012) also used HPLC
equipped with Nucleosil 5 NH, column (4.6 *250 mm) and re-
ported the concentrations of chitobiose, chitotriose,
chitotetraose, and chitopentose as 0.44, 0.08, 0.09, and
0.43 mg/ml, respectively. The most reliable technique for COS
characterization is mass spectrometry. It measures the character-
istics of individual molecules on the basis of their mass to charge
ratio (m/z). Wang et al. (2012) showed the MALDI-TOF MS
spectra of the COS in which ions with m/z ratio 608 contains
GlcN-(GleNAc),, m/z ratio 650 contains (GIcNAc);, m/z ratio
811 contains GIcN-(GIlcNAc)s, and m/z ratio 1014 contain
GlcN-(GIeNAc),.

Chitosan and COS-Based Nanobiotechnology

In the contemporary era of nanobiotechnology, chitin and its
derivative-based nanomaterials are gaining significant consid-
eration for biomedical applications (Fig. 2) (Manivasagan and
Oh 2016; Elieh-Ali-Komi and Hamblin 2016). Biodegradable
polymeric nanoparticles as well as metal nanoparticles decorat-
ed with biopolymers have been commonly used as drug deliv-
ery carriers as they own outstanding bioavailability, better en-
capsulation, controlled release, and less toxic properties
(Kumari et al. 2010; Rai et al. 2015). The chitosan and COS-
based nanomaterials exhibited improved physical and chemical
properties viz. high surface area, porosity, tensile strength, con-
ductivity, and mechanical properties that make them highly
beneficial in drug delivery, gene delivery, and wound healing
(Shukla et al. 2013; Elgadir et al. 2015). The composite net-
work of chitosan nanofibers loaded with gold nanoparticles can
improve the performance of cholesterol biosensors, fabricated
by immobilizing cholesterol oxidase onto the composite net-
work (Gomathi et al. 2011). Kono and Teshirogi (2015) have
reported cyclodextrin-grafted chitosan hydrogel for drug deliv-
ery. The study reported utilization of carboxymethyl chitosan
and carboxymethyl (3-chitosan for the preparation of hydrogels
using carbodiimide as crosslinker. The surface modification of
nanoparticles through polymeric protective agents can play a
key role in drug delivery and targeting as the surface-protected
nanoparticles cannot be recognized by the reticuloendothelial
system (Mogosanu et al. 2016). Manivasagan et al. (2016) syn-
thesized biocompatible paclitaxel-loaded gold nanoparticles
using chitosan oligosaccharides as reducing and stabilizing
agents. The prepared biocompatible nanoparticles loaded with
paclitaxel were used in drug delivery and photoacoustic imag-
ing of cancer cells. Antidiabetic ability of chitosan nanoparti-
cles loaded with Stevia rebaudiana leaf extract has been studied
in streptozotocin-induced diabetes mellitus rat models (Perumal
et al. 2016). Chitosan nanoparticles fabricated using sodium
tripolyphosphate as crosslinking agent were used to load
letrozole for sustained release of the drug during cancer che-
motherapy (Gomathi et al. 2017). The prepared formulation
was biocompatible as well as hemocompatible. Li et al.
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Fig. 2 Production and application of COS-based nanomaterials

(2017) synthesized chitosan oligosaccharide silver nanofibers
by using polyvinyl alcohol through an electrospinning tech-
nique. The study presented that the prepared nanofibers pro-
mote fibroblast proliferation, collagen synthesis, and cell
adherence. Ramezanzade et al. (2017) reported employment
of chitosan-coated nanoliposomes as a carrier for antioxidant
peptides derived from Oncorhynchus mykiss. Skin gelatin hy-
drolysates were encapsulated in chitosan-coated nanoliposomes
with mean size in the range of 163.4-234 nm. The study showed
that the antioxidant activity of peptide fractions (molecular
mass < 30 kDa) was at maximum in case of nanoliposomes
coated with 0.4% (w/v) chitosan. Wang et al. (2017) synthesized
and utilized hyaluronic acid-coated chitosan nanoparticles to en-
hance delivery of chemotherapeutic drug 5-fluorouracil into tu-
mor cells, overexpressing CD44. In another study, Subhapradha
and Shanmugam et al. (Subhapradha and Shanmugam 2017)
fabricated [3-chitosan nanoparticles and studied their anticancer
potential against human hepatoma cells. The study reported that
[3-chitosan nanoparticles were showed optimum inhibitory ac-
tion when employed at concentration of 30 g ml".

Applications of Chitooligosaccharides

Chitin-derived oligosaccharides are observed to have applica-
bility in diverse sectors viz. medicine, food, biotechnology,
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agriculture, and wastewater treatment (Table 1). Among these,
COSs find widespread applications in the biomedical field viz.
antimicrobial, anticancer, antioxidant, an anticoagulant agent,
wound healing, immunomodulation, osteoconductivity,
antihyperlipidermic functioning, apoptosis induction, hypo-
glycemic, chemoprevention, enzyme inhibition, drug delivery
(Hamed et al. 2016; Muanprasat and Chatsudthipong 2017,
Olicon-Hernandez et al. 2017). These biological applications
of COS are mainly attributed to their low molecular weight
that enables them to be easily absorbed through the intestine
and quickly get into the blood flow.

Medicine

COSs have been molecules of interest for the last two decades
due to their reported abilities in the field of medicine that include
drugs against asthma; as antibacterial and antifungal agent, anti-
metastasis, and anticancer; wound-dressing materials; for in-
creasing bone-strength; as anti-malaria; and as a vector in gene
therapy and diabetics. However, the molecular mechanism be-
hind these biological activities is largely unknown.

Tumor Growth Inhibition The antitumor potential of COS has
been explored since 1970 by various groups of researchers.
Cationic and structural properties viz. molecular weight and
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DDA pose effects on the tumor cell growth. COS with a mo-
lecular weight ranging from 1.5 to 5.5 kDa could effectively
inhibit the growth of Sarcoma 180 solid (S180) or Uterine
cervix carcinoma No. 14 (U14) tumor in BALB/c mice refer-
ence. S180 tumor cell growth in mice may be inhibited by the
water-soluble COS mixture of tetramer and pentamer after
oral and intraperitoneal administration. The antitumor proper-
ties of COS have been observed to be related to their inhibi-
tory effects on angiogenesis, i.e., the formation of new capil-
lary blood vessels from already existing ones (Jeon and Kim
2002; Prashanth and Tharanathan 2005; Wang et al. 2007,
Xiong et al. 2009). According to Xiong et al. (2009),
chitohexaose was observed as the most effective inhibitor,
whereas Wang et al. (2007) reported that 81% N-acetylated
COS are the most effective agents in preventing angiogenesis
both in vitro and in vivo. Recently, COSs have been observed
to inhibit cell proliferation in human gastric cancer cell lines
(Luo et al. 2016). Recently, chitosan- and COS-based
nanomedicines are gaining much more attention in cancer
research. Wu et al. (2016) fabricated a nanodrug delivery sys-
tem using biotinylated carboxymethyl chitosan and calcium
carbonate for co-delivery of an antitumor drug (doxorubicin
hydrochloride) and a drug resistance inhibitor (tariquidar) to
overcome multidrug resistance in cancer chemotherapy.
Manivasagan et al. (2017) reported chitosan-polypyrrole
nanocomposites as a novel means for photoacoustic
imaging-guided photothermal ablation of breast cancer.

Wound Healing COS can accelerate the wound healing process
by enhancing functions of inflammatory and repairing cells.
Chitohexaose both N-acetylated and deacetylated have been
reported to be effective wound healing agents. The healing
potential of COS can be attributed to their ability to form
biocompatible ordered tissue-like structures and their hemostat-
ic effects. COS had been observed to accelerate wound healing
alone as well as with polyvinyl alcohol sponges (You et al.
2004). Biocompatibility of COS with nanofibrous membranes
adds to their potentiality as wound-dressing agents (Aam et al.
2010; Wang et al. 2011; You et al. 2004). Sathiyaseelan et al.
(2017) has developed nanocomposite sponges by employing
fungal chitosan (from Cunninghamella elegans), aloe vera ex-
tract, and Cuscuta reflexa-mediated silver nanoparticles. The
aloe vera extract reduced the toxicity of silver nanoparticles
used in the nanocomposite. The synthesized nanocomposite
had potentiality as an effective wound-dressing material and
exhibited remarkable antibacterial activity against E. coli,
B. subtilis, S. aureus, and Klebsiella pneumoniae. Sandri
et al. (2017) synthesized a nanocomposite from halloysite
and chitosan oligosaccharides for the treatment of chronic
wounds. The researchers investigated the healing capacity of
the nanocomposite in murine model and found that the pre-
pared nanocomposite was able to promote skin reepithelization
and reorganization.
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Immunostimulation

Animal response against the microbial invasion is initiated by
the non-specific immune system due to immunostimulants by
increasing the defending activity of macrophages and neutro-
phils. Immunostimulants may bind specifically with the cell
surface receptor proteins of phagocytes or lymphocytes that
evoke stimulation for the production of immune response
compounds, i.e., interferons, interleukin, and complement
proteins (Kim and Rajapakse 2005; Kim et al. 2006). COSs
have been well documented as immunostimulating agents due
to their potential to enhance the migratory activity of macro-
phages. Oral administration may exert effects on specific cell-
mediated immunity. N-acetylated chitohexaose has shown to
possess cell proliferating activity on mouse lymphocytes (Wu
and Tsai 2004). The study also concluded that the immune-
enhancing activity of COS is due to their ability to increase
serum levels of IgG and IgM. COS could also activate the
macrophages to trigger immunity by enhancing the activity
of inducible nitric oxide synthase that results in the accumu-
lation of nitrous oxide and TGF-« (Han et al. 2005). Dou et al.
(2007) reported that COS can also regulate the activation of
neutrophils, the active phagocytic cells that enhance the pro-
duction of oxygen and nitrogen intermediates. In the study,
researchers showed that COS at concentrations ranging from
50 to 150 pg/ml is capable of reducing phorbol myristate
acetate-induced neutrophil activation.

Antioxidant Activity

Oxidation of biomolecules by the reactive oxygen species
(ROS), i.e., hydrogen peroxide, hydroxyl radicals, and super-
oxide anions produced during the normal metabolism results
in oxidative stress. Combating oxidative stress is performed
by the cell following synthesis of antioxidant agents viz. cat-
alase, superoxide dismutase, glutathione peroxidase, and
thioredoxins. Excessive generation of ROS due to the inability
of cellular defense mechanisms results in aging, cancer, wrin-
kle formation, rheumatoid arthritis, and inflammation. In the
recent years, ample findings in medicinal research showed
usage of N-acetyl COS with MW up to 3 kDa for balancing
the oxidative and reductive state inside the body. According to
a research conducted by Fernandes et al. (2010), the mixture
of COS (MW 3 and 5 kDa) with 80-85% degree of
deacetylation is capable of reducing hemolysis and DNA
damage by inhibiting hydrogen peroxide and 2,2'-azobis (2-
amidinopropane) hydrochloride radicals. Je et al. (2004) re-
ported that COS (90 kDa) prepared from 90% deacetylated
chitosan showed notable radical scavenging activity. The
scavenging activity of COS is also dependent on the degree
of substitution. Increase in the degree of substitution of N-
carboxymethyl COS led to decrease in scavenging activity
(Sun et al. 2008). Ngo et al. (2011) observed the antioxidant
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activity of gallete COS showed decreased reactive oxygen
species-induced activation of the nuclear transcription factor.
Recently, the antioxidant activity of COS has been exploited
to enhance flavor stability in beer (Yang et al. 2017). Addition
of COS (0.001-0.01%) in stale beer averted the formation of
staling compounds and scavenge radicals. Decreased produc-
tion of 5-hydroxymethylfurfural, trans-2-nonenal, and
phenylacetaldehyde by 105, 360, and 27% respectively was
also observed upon addition of COS.

Antimicrobial Activity

The antimicrobial activity of COS against different groups of
microorganisms, such as bacteria, yeast, and fungi, has re-
ceived significant attention in the scientific community in re-
cent years. The antimicrobial activity of COS is the conse-
quence of factors like DP, level of deacetylation, type of mi-
croorganisms, and physiochemical properties. COS can alter
permeability characteristics of the microbial cell membrane
and further check the admission of materials or cause leakage
of cell constituents that finally leads to the death of bacteria
(Chung et al. 2004; Park et al. 2004). Electron microscopic
studies of bacterial cells by Choi et al. (2001) also proved that
COSs act on the bacterial envelop and kill the organism as the
consequence of membrane disruption. Positively charged
COSs also inhibit bacterial cell growth by binding to their cell
wall. The mechanism that lies behind the growth inhibiting
activity of COS depends on the interaction between positively
charged amino group (C-2 position) of the glucosamine
monomer with negatively charged carboxylic acid group pres-
ent at bacterial cell surface. This interaction led to formation of
polyelectrolyte complexes that act as an impermeable layer
around the cell and suppress the metabolic activity of bacteria
by blocking nutrient penetration through the cell wall. The
charge distribution on the bacterial cell wall also plays a cru-
cial role in the antibacterial activity of COS (Chung et al.
2004). Hydrophilicity and negative charge distribution on
the bacterial cell surface have been observed to be closely
related. The adsorption of COS to the cell surface is in the
order of higher to lower negatively charged Gram-negative
bacteria (Gerasimenko et al. 2004; Kim et al. 2003).
Chitosan nanoparticles loaded with leaf extract of Ocimum
basilicum exhibited antibacterial properties against Gram-
positive B. valllsmortis and Gram-negative E. coli. The spher-
ical nanoparticle was in the size range of 135—729 nm (Rasaee
et al. 2016). Recently, Luo et al. (2017) investigated the anti-
bacterial potential and cytocompatibility of COS-modified
polyurethane membrane. Antibacterial activity of the COS-
polyurethane membrane was significantly enhanced against
E. coli and S. aureus. The study also concluded that the
COS-functionalized polyurethane membrane was more bene-
ficial to the adhesion and proliferation of NH-3T3 cells as
compared to the normal polyurethane membrane.

The antifungal potential of COS has been comparatively less
investigated. There has been a growing interest in the antifungal
activity of COS due to its application in the agriculture sector
against phytopathogenic fungi (Rahman et al. 2015). The anti-
fungal activity of COS is mainly owing to their interaction with
lipids in the plasma membrane that leads to morphological
changes and the cell surface disruption which occurs due to
their polycationic nature that allows them to react with nega-
tively charged groups on the fungal surface. The formation of
polyelectrolyte complexes between COS and negatively
charged groups on the surface of the cell interferes with the
normal growth and physiological functions of fungi (Hirano
and Nagao 1989; Palma-Guerrero et al. 2009; Park et al. 2008).

Agriculture

The potential of COS in the field of agriculture has been studied
tremendously in the last two decades for plant growth and
protection. These bioactive oligosaccharides show a wide range
of biological activities in plants, and so their use in agriculture
may be very promising for the problems such as disease resis-
tance to bactericides, fungicides, and high cost of developing
new products (Falcon-Rodriguez et al. 2012). COS at low con-
centration acts as the plant growth regulator whereas at higher
concentration shows the protective activity. COS had also been
investigated for inducing innate immunity in plants (Das et al.
2013), enhancing plant physiological responses (Katiyar et al.
2015), mineral accumulation for plant growth (Chatelain et al.
2014), and as a potential disease vaccine (Yin et al. 2010). In
the recent years, chitosan-based nanomaterials have been ex-
tensively researched for the development of controlled delivery
systems for slow and sustainable release of agrochemicals or
genetic materials viz. pesticides, fertilizers, herbicides, and
micronutrients (Kashyap et al. 2015). Phu et al. (2017) fabri-
cated chitosan nanosilica by the dispersion of nanosilica in
oligochitosan solution and investigated its foliar effect on soy-
bean seed yield. Seventeen percent enhancement in the yield
was observed with respect to control.

Plant Immunity Different from animals, plants are sessile and
therefore they have developed sophisticated mechanisms to
adapt to a range of biotic (fungi, bacteria, and insects) and
abiotic (wounding, salinity, drought, salt, and cold) stresses.
Plants initiate various defense responses viz. hypersensitive
responses, production of phytoalexins, and reinforcement of
cell walls to combat stress conditions (Yin et al. 2010). A
plant’s immune system defends it from infection by other or-
ganisms and abiotic stress in a non-specific manner.
Antimicrobial properties and plant innate immunity elicitation
activities attribute to the ability of COS in enhancing the plant
immunity. Potential of COS as immune-activator depends on
several factors viz. molecular weight, DDA, solubility, concen-
tration, positive charge density, chelating capacity, chemical
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modification, and type of microorganisms (Katiyar et al. 2015).
Low-molecular-weight chitosan has been reported to control
postharvest diseases of fruits as pear, strawberry, tomato, etc.
(Badawy and Rabea 2009). Kulikov et al. (2006) observed the
antiviral activity of COS against tobacco mosaic virus. Vander
et al. (1998) reported that N-acetyl oligomer (DoP7) stimulated
peroxidase activity for lignin biosynthesis. COSs have been
known to stimulate other systems, i.e., transduction, cascades,
and the elicitor-responsive genes that are involved in resistance
of plants to various infections. COSs also play a role as plant
defense booster by triggering various morphological and phys-
iological responses. COSs have also been proved to be effective
on several plant-disease interactions and can be used in
cooperation with other pesticides and biological agents. Yin
et al. (2013) showed that innate immunity was triggered by
providing resistance to rapeseed against Sclerotinia
sclerotiorum. Kheiri et al. (2017) reported the fusarium head
blight disease controlling efficiency of the chitosan and chito-
san nanoparticles in wheat crop. The chitosan nanoparticles
were able to reduce the growth of the disease causative agent
Fusarium graminearum up to 77.5% at 5000 ppm concentra-
tion. Recently, Dzung et al. (2017) have reported the induction
of anthracnose disease resistance (caused by Colletrichum
gloeosporioides) on chili fruit through the application of
oligochitosan-nanosilica hybrid material. The study suggested
that the foliar application of oligochitosan-nanosilca at concen-
tration of 60-60 mg I ' was most effective to reduce the sever-
ity of the disease up to 22.2%.

Plant Growth and Development COSs also have great poten-
tial for improving plant growth and development in the con-
text of germination capacity, root length, plant height, increase
in root activity, seedling size, shoot growth, and hastened
flowering time (Falcon-Rodriguez et al. 2012). Chatelain
et al. (2014) reported the alteration power of COS in root
length, mineral accumulation, and shoot biomass. The study
showed that the plants have high mineral accumulation
capacity when treated with COS at high concentration.
Schultze and Kondorosi (1996) suggested the role of
lipochitooligosaccharides (LCOS), i.e., a nod signal excreted
by Rhizobia to promote the plant growth by inducing the
development of symbiotic root nodules in leguminous plants.
The plant growth and development properties of LCOS had
also been proved by Schwinghamer et al. (2014). The authors
showed that chitopentaose containing LCOS may increase the
germination by 76%. Vasconcelos (2014) also supported the
effect of COS in crop development as well as in
phytoremediation. Recently, nanochitin has been reported to
improve tobacco stem length, stem girth, leaf number, and leaf
area (Zhou et al. 2017). The study reported that nanochitin
(0.001%) showed synergistic effects on inhibition of tobacco
root rot when mixed with metalaxyl mancozeb and
thiophanate methyl fungicides. In another study, Zong et al.
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(2017) reported the enhancement in cadmium tolerance of
Brassica rapa by the exogenous utilization of COS. The study
illustrated that the spraying of COS onto leaves resulted in the
increase of plant growth and leaf chlorophyll contents whereas
decrease in the malondialdehyde and Cd** levels.

Conclusion

Degradation of chitin and chitosan to produce COS has been
studied for years, and a number of reports are available for
biological production as well. However, still, the success is
rather limited due to the high crystalline index of the parent
polymer and variable properties (affinity, stability, and
processivity) of the enzyme system employed. Direct fermen-
tation of chitinous waste has also been exploited to get high
yields of COS production, yet there is still plenty of room for
improvement. Crystallinity of chitin needs to be overcome to
improve its bioconversion and increase its commercial value.
Employment of mono-enzyme system has not been proved to
be a successful one. Synergistic action of dual enzyme sys-
tems may be explored to increase the catalytic efficiency of
conversion. Concomitant employment of both CBPs and
chitinases may provide novel direction towards production
of these bioactive oligosaccharides. Scaling up of the produc-
tion process may generate high yields of versatile polymer.
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