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Abstract Biological activities of chitosan oligosaccharides (COS) are well documented, and
numerous reports of COS production using specific and non-specific enzymes are available.
However, strategies for improving the overall yield by making it monomer free need to be
developed. Continuous enzymatic production from chitosan derived from marine wastes is
desirable and is cost-effective. Isolation of potential microbes showing chitosanase activity
from various ecological niches, gene cloning, enzyme immobilization, and fractionation/
purification of COS are some areas, where lot of work is in progress. This review covers
recent measures to improve monomer-free COS production using chitosanase/non-specific
enzymes and purification/fractionation of these molecules using ultrafiltration and column
chromatographic techniques. Various bioprocess strategies, gene cloning for enhanced
chitosanase enzyme production, and other measures for COS yield improvements have also
been covered in this review. COS derivative preparation as well as COS-coated nanoparticles
for efficient drug delivery are being focused in recent studies.

Keywords Chitosanase - Chitooligosaccharides - Immobilization - Gene expression -
Fractionation

Introduction

Chitooligosaccharides (COS) based on their biological activities have numerous applications

in various fields like medicine, cosmetics, food and drug delivery, etc. [1], but their uses in
various sectors are limited due to commercial non-availability. Chemical or enzymatic
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hydrolysis method is used for production of biologically active COS from chitosan, which is a
natural unbranched co-polymer and possess various functional properties. Chitosan structure
involves randomly distributed glucosamine (D-GlcN) and N-acetyl-D-glucosamine (GlcNAc)
residues in the linear chain which are linked to each other by 3-1,4 bonds. Sequence and
percentage of these two molecules determine the biological properties, and bioactivity of these
molecules is attributed to the presence of various functional groups like amino/acetamido at C-
2 positions and primary/secondary hydroxyl groups at C-3 and C-6 positions, respectively.
Although acid hydrolysis is used for large-scale production of COS, it is not preferred due to
lower yield (due to presence of monomers, i.e., glucosamine) and risk associated with
environmental pollution. COS produced as a result of acid hydrolysis requires multiple
protection and deprotection steps [2] and is not considered as bioactive material due to chances
of contamination and toxicity, which makes them unsuitable for use in food and pharmaceu-
tical industries. However, in vitro bioactivity of COS (produced chemically) has been reported
in some of the studies [3]. Enzymatic production of COS ensures higher yield and high degree
of polymerization as controllability of reactions is easier as compared to chemical use. Highly
specific enzyme production [4-8] depends upon the presence or absence of acetyl group on
either sides of the bond [9, 10] and shows numbers of biological activities useful for food,
cosmetics, agriculture, and pharmaceutical industries. Both chitosan specific, i.e., chitosanase,
and non-specific enzymes like proteases, cellulases, carbohydrates, lipases, etc. have been used
in free and immobilized form for COS production and have been reported from various
microbial sources (fungi, bacteria, and actinomycetes). Structure of glycosidic bonds (A-A,
A-D, D-D, D-A) present in the differently deacetylated chitosan varies, which affects the
enzymatic hydrolysis process. Chitosanases are known for hydrolyzing chitosan specifically
and are common in soil microbes [10]. Although microbial chitosanases that show excellent
performance in COS production (in terms of yield) are not available commercially for large-
scale exochitosanase (EC 3.2.1.132) and endochitosanase (EC 3.2.1.165), enzymes have been
reported from various microbial sources separately, but in most of the cases, both these
enzymes are secreted and are present in the crude form. Exo-enzyme also called exo-3-D-
glucosaminidase cleaves chitosan/COS from non-reducing end and produces glucosamine
residues, while endochitosanase enzyme attacks 3-1,4 bonds between glucosamine residues
in the partly or fully acetylated chitosan chain. It attacks on reducing end of the chitosan chain
and produce COS (dimer onwards). Even though both enzymes are desirable separately for
industrial production of different molecules (glucosamine and N-acetyl-D-glucosamine by
exochitosanase and COS by endochitosanase), presence of exochitosanase with
endochitosanase for COS production leads to lower yield due to presence of monomers along
with COS in product mixture. Though efforts are made to produce larger oligomers by
controlling the reaction, as bioactivity has been correlated with oligomer size, presence of
smaller oligomers is almost unavoidable in the process. Removal of smaller oligomers like
dimers, trimers, etc. are handled during the downstream processing and are considered as a
daunting task. Microbial chitosanase having high specific activity and good yields of COS is
selected for industrial production; potential microbial sources of chitosanase enzymes have
been reported from diverse ecological samples [9, and fermentative production has been
studied in solid and submerged conditions. Medium optimization and various inducers for
enhanced production of chitosanase enzymes have been already studied and summarized.
Chitosanase gene cloning for overexpression and as a result hyperproduction of
endochitosanase enzymes have been reported widely; on the other hand, immobilization of
chitosanase enzymes for repeated and strategic uses with various reactor designs and

@ Springer



Appl Biochem Biotechnol (2016) 180:883-899 885

biochemical processes have been done to enhance the process efficiency. Purification and/or
fractionation of COS from reaction mixture and their future applications have also been
covered in this review. A graphical abstract of this review has been presented in Fig. 1.

Monomer-Free COS Production and Yield Improvement
Bioprocess Strategies

Acid hydrolysis using HCI is commonly used for industrial-scale COS production; however,
the presence of larger amount of monomer, i.e., glucosamine units, leads to lower yield of COS
[11]. They are also not considered as bioactive materials due to the possibility of contamination
by toxic chemical compounds that lead to a lot of environmental pollution. Product profile has
been compared after HCI hydrolysis and enzymatic degradation of chitosan (degree of
acetylation 12 %, 89.2 kDa) using commercial pectinex ultra [12]. Shorter fragments were
produced as a result of enzymatic degradation, and fractions of fully deacetylated COS were
higher as compared to chemical hydrolysis; however, COS of up to degree of polymerization
(DP) 16 were produced as a result of chemical hydrolysis, and proportion of monoacetylated
COS was found more.

Earlier, enzymatic hydrolysis of chitosan was carried out in batch reactors [13, 14], where
chitosanase enzyme from Bacillus pumilus BN-262 was mixed with 1 % chitosan (degree of
deacetylation>89 %) at 45 °C, 5.5 pH, and reaction was carried out for 1 h. Lack of enzyme
reusability, lower yield, and getting crude product (COS mixture having various degree of
polymerization) forced researchers to develop better methods for chitosan hydrolysis. Using
ultrafiltration membrane (UFM) reactor for COS production especially larger one (penta and
hexamers) has been the most common practice till date. A continuous flow stirred tank reactor
with UFM (2 and 3 kDa) [15, 16] was used for improving the yield of physiologically active
COS (pentamer and hexamers) from chitosan (degree of deacetylation (DD) 95 %).
Chitosanase from Bacillus pumilus was used for hydrolysis, and after optimization of all the
reaction parameters, 52 % yield was achieved. Chitosanase enzyme isolated from Bacillus
cereus was isolated in three fractions by column chromatography; concentration of COS was
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9.78 mg/ml, which was 48 % of total oligomers (high DP) in final product as compared to
29 % resulted from crude enzyme. Retention time was also varied in the reactor, and yield
obtained was recorded to be 61 and 69 %, respectively, with 50 and 33 min of reaction time.
Chitosanase enzyme from Streptomyces N174 along with chitinase enzyme from Pyrococcus
and Trichoderma was used for hydrolysis of whole cell of Rhizopus oligosporus NRRL2710,
cell wall of which is considered to be an abundant source of N-acetyl-D-glucosamine and D-
glucosamine. Hydrolyzed products were purified by chromatographic steps; cation exchange
as well as gel filtration and NMR and matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) of hydrolyzed products (enzymatic) resulted Glc-GIcNAc, (Glc) 2-GlcNAc,
and (GIcN) 2 as product [17]. A bipolar membrane electrodialysis system has been used for
COS production from chitosan hydrolysis (100 kDa, DD 96 %) [18], where a three-chamber
containing cell was constructed for COS production and purification. First compartment was
acidified for making chitosan soluble, second was basified for chitosanase inactivation, while
the last or third compartment was diluate for COS demineralization. This method was found to
be advantageous as all the three steps are performed in single operation and acids and bases are
regenerated in situ. A lower ash content of COS was obtained due to homopolar ion exchange
membranes; fouling did not occur in the process, and method was found to be energy efficient.
However, yield of COS was not determined in the process.

Use of Immobilized Enzymes

Enzymes in immobilized forms are easy to store, stable, facilitate continuous production,
convenient in reactor design, can be used repeatedly, and are cost-effective. These are desirable
over soluble enzymes; however, poor biocatalytic efficiency is a limiting factor for large-scale
industrial bioprocessing to compete with the traditional chemical processes. Nanomatrices like
nanoparticles (NP) and nanofibers have been used for decreasing mass transfer limitation
which is high in case of chitosan due to their highly viscous solution [19, 20].

In biochemical production of COS, controlling enzymatic reaction for production of larger
oligomers is still a challenging task. However, with immobilized chitosanase (Table 1), this
problem has been solved to some extent and larger oligomers have been produced as compared
to that of soluble enzymes. Dimer to hexamers has been obtained by immobilizing chitosanase
enzyme on agar, polyacrylonitrile nanofibrous membranes (PANNFM), and NP. Chitosanase
enzyme immobilized on chitin has been used for improving the reusability and yield of higher
COS [23]. Agar or agarose gel particle-bound chitosanase has been used for pentamer and
hexamer production in batch reaction condition [22]. Multipoint attachment method was used,
and surface enzyme density, particle size, temperature, and initial substrate concentration were
found to be factors affecting the yield of desirable products (i.e., COS having higher DP).
Easier monitoring and stopping of hydrolytic reaction led to yield improvement of larger COS
(penta and hexa) from hydrolysis of viscous solution of chitosan (DD 100 %, 370 kDa) with
agar gel-immobilized catalysts. Multipoint attachment method on agar gel coated multidisc
impeller and was used in reactor design for efficient control. This device showed improved
mass transfer properties, and five batches of reaction could be achieved with 22 % yield [25].
However, method was limited by low affinity of bound enzyme for substrates, and hence, a
lower production of COS having desirable chain length was observed as compared to soluble
enzymes.

A two-step dual reactor system for continuous production of COS has been proposed [13].
In one of the reactor, immobilized enzyme was packed in the column, and it was attached with
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UFM reactor. Partially hydrolyzed chitosan (PHC) was prepared from viscous chitosan (DD
89 %) in the first reactor, and COS production took place in the UFM reactor. PHC types
varied upon changing the flow rate of chitosan substrate concentration and reduced fouling of
membranes (10 kDa). This approach was used to remove the drawback of batch reactors where
chitosan is hydrolyzed randomly to produce COS, which are further hydrolyzed to monomer
or may reduce the size of COS. Such setting reduces the chances of product inhibition, and
high DP COS is possible to be achieved.

Chitooligosaccharide Synthesis by Transglycosylation

Chitosanases and GH-18 chitinases showing glycosyltransfer activity have been used for
synthesis of COS. Streptomyces griseus HUT 6037 has been shown to produce two types of
chitosanases catalyzing glycosyl transfer reaction in the hydrolysis of COS [26]. Upon
hydrolysis of pentamer using this enzyme, tetramer, trimer, and dimer were produced and
production of monomer or glucosamine was discouraged. In another study, small yield of
chitooctamer was synthesized from mixture consisting of dimer, trimer, tetramer, pentamer,
hexamer, and heptamer. Chitosanase from B. cereus NTU FC-4 was used for catalyzing
reactions in reverse micellar microreactors formed by bis(2-ethylhexyl) sulfosuccinate
(AOT) in isooctane [27]. In all these studies, water content was found to be an important
factor in affecting the enzyme reaction, and higher oligomers acted as glycosyl acceptor.
Lysozyme and chitinase (7richoderma reesei KDR-11)-mediated chemo-enzymatic synthesis
of COS has also been reported by transglycosylation reaction [28, 29]. Ammonium sulfate
(0.85 and 30 %, respectively) has been used in the buffer for chain elongation. DP of COS was
4-9 in case of lysozyme study, and pentamer and hexamers were produced successfully when
chitinase enzyme was used. A novel chitinase D enzyme isolated recently from Serratia
proteamaculans showed both hydrolytic and transglycosylation (TG) activity [30]. This
activity has also been enhanced by mutation strategies and preparing fusion chitinase protein
[31, 32]. TG activity was improved by preparing fusion chimeras containing polycystic kidney
diseases (PKD) alone and with both PKD and chitin-binding protein (CBP); improvement in
activity was measured in terms of higher yield of COS (pentamer and hexamer) [33].

Non-Specific Biocatalysts for COS Production

Chitosan is generally susceptible to a number of enzymes and carbohydrases; proteases and
lipases [34, 35] have been used for hydrolysis. Four types of randomly distributed glycosidic
bonds in chitosan affect hydrolysis process, which could be two N-acetylated units (A—A),
acetylated and deacetylated units (A—D), deacetylated and acetylated units (D—A), and two
deacetylated units (D-D). The specificity of chitosanases with respect to the cleavage of four
different glycosidic linkages in partially N-deacetylated chitosan is determined by the identity
of the reducing/non-reducing ends and degree of deacetylation of chitosan. Egg white lyso-
zyme is found to be almost exclusive toward the cleavage of glycosidic linkage between two
acetylated units, while chitosanase enzyme from Bacillus sp. is found to be highly specific
toward the deacetylated glycosidic linkages [14]. Chitinase enzyme could act on partially N-
acetylated chitosan by recognizing GInAc residues in the chitosan sequence [34]. However, a
clear distinction between chitosanase and chitinase for the hydrolysis of differentially
deacetylated chitosan is difficult. Moreover, chitosanases from different organisms also differ
in their catalytic action, and that is mainly dependent on degree of deacetylation of chitosan
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[36]. However, it has been generally observed that chitosanases obtained from microbes
produce relatively a higher yield of COS compared to chitosanases from other sources. Even
though microbial chitosanases have shown to have excellent performances in COS production,
they are too expensive to be utilized in large-scale industrial applications. Therefore, other
commercial enzymes are utilized under specific conditions to produce COS with relatively low
cost [35].

Hydrolysis of chitosan by cellulase enzyme has been well reported and has been summa-
rized [37, 38]. Some bifunctional enzymes having both cellulase and chitosanase activity have
also been reported [39, 40] to produce COS from chitosan (DD 93 %, 290 kDa) [20]. Protease,
«-amylase, pectinase, and combination of various enzymes for chitosan hydrolysis have been
used (Table 2). Chitinase, lysozyme, and cellulase enzyme combination have been used for
hydrolysis of two types of chitosan having degree of deacetylation 80 and 92 %. It was
observed that enzyme combination having lysozyme and degree of deacetylation 92 % and
above was having large molecular weight chitosan as compared to other enzyme and substrate
combination, which showed more antibacterial activity against Escherichia coli [14]. Chitosan
(DA, 26 %, mol wt 71+2 kDa) hydrolysis was also compared with various proteolytic
enzymes like pepsin, papain, and pronase, all of which resulted in low molecular weight
chitosan, COS, as well as monomer [44].

Chitosanase Enzyme

Most of the studies of gene cloning and overexpression for chitosanase have been reported
from E. coli and Pichia pastoris [9]. Recently, chitosanase gene from marine bacterium
Pseudomans QUC1 was inserted and transformed Yarrowia Polh having two copies of csn
gene secreted more enzyme than single copy [45]. Monomer-free COS (DP 2—6) was produced
from hydrolysis of chitosan (DD 95 %) with this overly expressed enzyme. Gene expression
has also been done in other cases, but very few of them have been studied for monomer-free

Table 2 Chitosan hydrolysis by non-specific biocatalysis and COS production

Enzyme Microbial source COS production References
Lipase Commercial DP of 2-6 and above (64-90 % DD, [41]
2.75 % 10°-5 x 10%)
Branchzyme free and Commercial produced by DP 2-20 with higher concentration [25]
immobilized form on cloning in Bacillus of DP 3-8 (from chitin)
agarose-glutaraldehyde subtilis
Pectinase enzyme Aspergillus niger Chitosan of molecular weight [10]
1.2-0.7x 10°
Commercial pectinase - DP 6-11 with 17 % yield (DA, 12 %, [12]
89.2 kDa)
Immobilized B. subtilis Dimer to pentamer (colloidal chitosan) [42]
neutral protease
Cellulases Lysobacter sp. Dimer, trimer, tetramer (DD 85 %) [6, 29, 38,
Commercial chitooligomers: DP 212 dimer, 43]
. trimer,
Bacillus sp. MET 1299 tetramer trimer to 11mer (colloidal
A. niger chitosan, DD 73-90)
Cellulase, alpha amylase, and - 3-10 (chitosan, DD 76 %) [35]
proteinase
— not given
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COS production, like CSNV26 gene from Bacillus subtilis [46] and ctoA gene from
Amycolatopsis [47] were cloned in E. coli; improvement in yield along with thermostability
was established. However, COS production through these overexpressed enzymes were not
determined.

Monomer-free COS (dimer and trimer) production were best compared and studied (con-
centration of individual COS not determined) when chitosanase gene for Janthinobacterium
was expressed in E. coli. Expressed protein was able to hydrolyze chitohexamers to trimer and
dimmers, while hexamer substrate conversion by crude enzyme of Janthinobacterium resulted
in glucosamine accumulation. This phenomenon can be explained by the fact that organism
could be secreting exo-enzyme in addition to endochitosanase [48]. However, overexpressed
protein contained only endo-type-secreted enzyme protein, which resulted in the absence of
glucosamine from the product. Similarly, when csn gene form Bacillus sp. 168 was
overexpressed in E. coli, it hydrolyzed different chitosan substrates (DD 75 %) and produced
dimer to hexamer and larger COS [49]. In this study, csn gene was fused to signal peptide
sequence OmpA, and secreted enzyme showed more specific activity as well as stability over a
wide range of pH. Monomer-free chitotrimer to chitohexamer (chitosan DD, 75-17 %) could
also be produced by recombinant expressed chitosanase enzyme from another strain of
Bacillus in E. coli [50]. Chitosanase gene from Fusarium sp. was introduced in E. coli using
expression vector driven by T7 promoter, which resulted in enzyme overproduction [51], but
monomer-free COS production was not determined.

Cloned chitosanase gene isolated from microbes and expressed in another host can be
efficiently used for monomer-free COS production. High level of enzyme purification and the
absence of unwanted enzyme (exochitosanase, which leads to glucosamine production) in the
crude mixture can be used for improving the yield of COS. Overexpression of enzymes also
leads to enhanced enzyme activity per unit as well as high specific activity, which, in turn,
leads to more product yield. However, very few reports about cloning and overexpression of
chitosanase gene for determination of COS are available (Table 3), and most have been done
for the purpose of checking purification and homology with other chitosanase enzymes.

Use of marine wastes like squid pen powder, shrimp head powder, etc. has been suggested
for cost-effective production of chitosanase enzyme (Table 4). However, most of these studies
are limited to use them in growth and culture medium for screening and isolation; some
pretreatment processes like autoclaving of substrates like squid pen powder have also been
reported for enhancing the desired enzyme production [66]. Autoclaving of squid pen powder
medium at 121 °C for 120 min and incubating culture at 25 °C for 5 days led to enhanced
chitosanase enzyme by Serratia mercescens TKUO11 [64].

Intracellular chitosanase has been reported from Mucor circinelloides, which was found to
be bifunctional (lipase and chitosanase) and was able to depolymerize chitosan (DD 66-97,
121421 kDa) [67]. Liposome prepared by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) has been reported to enhance the production of chitosanase enzyme from Streptomy-
ces griseous (2.2 times enhancement of production and release) under the stress condition
(heat at 41 °C). Hydrophobicity and net charges on surface of membranes, which changes
upon enhanced interaction between cell membrane and liposome, are considered to play a role
in releases of chitosanase enzyme from cell membrane [68]. Synthetic boron containing
molecule was synthesized and was used for activation of chitosanase enzyme (showed highest
activity on 60 % deacetylated chitosan) secreted by Penicillum janthinellum D4 which could
be used for industrial processes involved in preparation of COS [69]. The enzyme was treated
with the molecule 5 min prior to the addition of the substrates, and a maximum of 160 %
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Table 3 Chitosanase gene cloning, expression vector, enzyme activity, and COS production
Microorganisms Expression vector Enzyme activity COS production profile ~ Reference
Bacillus sp. MET  E. coli Not determined No change [52]
1299
Bacillus subtilis Pichia pastoris 9000 U/mg Dimer to pentamer [43]
HD145 CTCC
AB 2010353
Pseudomonas sp.  Yarrowia lipolytica 4.3 U/ml (single copy of  Dimer to hexamer [45]
QuUCl gene)
9.0 U/ml (two copies of
gene)
Bacillus sp. S65 E. coli top 10 Not determined Not determined [53]
Janthinobacterium E. coli DH10B 500-fold more enzyme Not determined [48]
4239 production by
recombinant strain
Paenibacillus E. coli XL1 Not determined Not determined [54]
Sfukuinensis D2
Bacillus E. coli IM109 Not determined Trimer, tetramer, and [55]
thuringiensis pentamer (chitosan
(29 different DD, not given)
serovar)
Bacillus sp. KCTC  E. coli DHS¢ Not determined Not determined [56]
0377BP
Amycolatopsis E. coli Antifungal activity by Not determined [47]
Cs0-2 chitosanase enzyme
both native and cloned
B. subtilis CSNV26 E. coli top 10 High yield of 6.2 g/l, Not determined [46]
thermostability
improved
Bacillus sp. E. coli IM109 Not determined Not determined [42]
DAUI101
Bacillus sp. E. coli BL21(DE3) 140,000 U/l Dimer to hexamer and [6]
higher COS (DD
<90 %)
Fusarium solani E. coli Not determined Not determined [51]
Bacillus sp. CK4  E. coli BL21 Improved thermostability ~ Trimer to hexamer [50]
(chitosan, DD
75-17 %)
Misuaria Schizosaccharomyces  Not determined Not determined [57]
chitosanitabida pombe
B. subtilis 168 E. coli Four times more Dimer to hexamer and [49]
production of higher oligomers
chitosanase enzyme (chitosan, DD 75 %)
Nocardioides N106  Streptomyces lividans Not determined Dimer and trimer [25]
(chitosan, DD 80 %)
Aspergillus sp. E. coli Higher activity of cloned  Dimer to hexamer [58]

CJ22-326

chitosanase enzyme
than native

(chitosan, DD 83 %)

activation was recorded. On the contrary, a synthetic boron containing molecule with BF;K
side chain was identified as inhibitors in another study; however, it enhanced the growth of B.
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Table 4 Biochemical production of chitosanase enzyme using substrates derived from marine waste

Substrates Microbes Chitosanase activity References

Chitin Streptomyces roseolus DH 41 kDa protein [59]

Squid pen Acinetobacter calcoaceticus Two types of chitosanase CHSA1 (27 kDa) and  [60]
powder TKU024 CHSA2 (66 KDa)

Shrimp head Bacillus cereus TKU022 44 kDa [61]
powder

Shrimp shell, B. cereus TKUO18 Two chitosanases CHSB1 (44 kDa) and CHSB2 [62]
shrimp shell  poeydomonas sp. TKUO15 (22 kDa) [63]
waste

Squid pen Serratia sp. TKU020, Dimer (2.7 mg/ml) and monomer (1.3 mg/ml),  [64, 65]
powder Serratia mercescens chitosanase enzyme activity 0.14-0.16 U/ml

TKUO11

cereus TKUO13 in squid pen powder (SPP) medium [70], which was explained due to
enhanced secretion of chitinase enzyme. BioCHOS (a commercial COS mixture), a patented
product, is being used against fungal plant pathogens in Norway. It is produced by controlled
enzymatic hydrolysis of shrimp shell derived from by-product of shell fish industry (The
United Kingdom Patent Application No. 1218954.4.).

While majority of studies related to identifying novel chitosanase enzyme has been
revolving around microbial sources, it has also been reported from algal sources as well as
plants parts like roots [71] and shoots. Identifying novel sources of industrial enzymes which
can grow on cheap substrates are of commercial interest. Bamboo shoot chitosanase enzyme
was used for production of low molecular weight chitosan by hydrolysis of crab shell chitosan
[72], and cyanobacterial chitosanase has been reported from three strains of Anabaena [11]
having antifungal activity. In case of cyanobacterial chitosanase, product profile contained
chitodimer and more after hydrolysis of colloidal chitosan which confirmed the endo-nature of
purified enzyme.

Fractionation and Purification of COS

Main application of COS is considered to be for human consumption as prebiotics, medicines,
and functional foods, which require a high level of product purity [73]. Both chemical and
enzymatic method of chitosan hydrolysis gives COS mixture of varied molecular weight.
Developing a technology separating COS from reaction mixtures is still a challenging task and
requires efficient coupling of chemical engineering knowledge with membrane separation
process. Potential applications of COS required enriched fractions of these molecules having
defined molecular weight.

Ultrafiltration

COS fractionation using UFM reactor is the most frequent method reported in the literature so
far. Operational variables reportedly affecting membrane separation of chitooligosaccharides
are types of membranes, operating temperature, pH, and concentration of feed solutions.
Enzyme in free and immobilized form has been used for continuous production of COS.
COS of high molecular weight as product, prevention of undesirable hydrolysis, and

@ Springer



Appl Biochem Biotechnol (2016) 180:883-899 893

diminished product inhibition are the advantages associated with it as compared to batch
hydrolysis. Method optimization for COS fractionation using hollow fiber UFM with 3 and
2 kDa molecular weight cutoff has been reported [16]. Amount of enzyme and chitosan
concentration was optimized, and a maximum 52 % yield of COS was achieved when
calculated on the basis of fed chitosan concentration in the reactor. Immobilized chitosanase
has been used in place of free enzyme for improving the operational stability of membrane
bioreactor, and half-life of the productivity of reactor was calculated to be 50 days under the
optimized conditions [21].

Combined method of UF and nanofiltration (NF) have also been used for COS separation
[16]. Larger molecules like suspended solids and insoluble molecules were removed using
0.22 um membrane and were followed by UFM (1 kDa). Permeate collected after this process
was further separated by NF with the hollow fiber material. Precipitation was done by adding
threefold volume of ethanol to the permeate solution after adjusting the pH 8.3. Precipitate was
lyophilized after centrifugation and further purified by CM Sephadex C-25 column
chromatography.

UF combined with electrodialysis of varying pH has also been used for potentially selective
and specific separation of COS (dimer, trimer, and tetramer) from each other [74]. UFM with
10 kDa cutoff was used, and pH of the medium was varied for different rate of
electromigration and was optimized further. Configuration of electrodialysis UFM affected
the separation, and migration was observed in only one configuration (anode-AEM1-UFM-
AEM2-cathode). Rate of migration was dependent on pH of the medium and processing time.
Highest rate of migration was observed between pH 4.0 to 6.0. Protonation and deprotonation
of amine group of COS varied with change in pH of the medium, which, in turn, affects the
electrophoretic mobility of each oligomer and consequently retardation of other oligomers.
Yield of dimer was found to be best at pH 7.0 after 2 h.

Column Chromatography

Charcoal-celite as column chromatography material has been used to separate mixture of
monosaccharides, disaccharides, trisaccharides, and tetrasaccharides of chitosan and chitin
oligosaccharides [75, 76]. Mixture was readily separated into individual component when
eluted with ethanol-water mixture, and for recovering particular fraction, different combina-
tions were used. Toyopearl HW-40S column (5% 68 cm), CM Sephadex C-25 column, and
Dowex (H") ion exchange chromatography have been used for separation of COS having DP
(2-12) and DP (2-6), respectively [3, 77].

Size exclusion chromatography like three XK26 column packed with SuperdexTM>°
coupled in a series having overall dimension of 2.6 x 180 cm with ammonium acetate buffer
as mobile phase [4] has been used for COS separation. In each run, 100 mg of chitosan
hydrolyzates was used with RI detector for signal detection. Fractions (3 to 12 mer) were
collected and identified by MALDI-TOF MS. Salt of fractions was removed by dialysis and
stored after lyophilization.

Immobilized metal affinity chromatography (IMAC) on the basis of differences in the
interactions of chelated copper(Il) ions has also been used for separation of COS [78].
Chromatographic support polyhydroxylic in nature was functionalized by iminodiacetate
(IDA), carboxymethyl aspartate (CM-AsP), and tris(carboxymethyl) ethylenediamine (Tris
TED). Enrichment and separation of COS was found to be up to 95 % for dimer and trimer and
90 % for tetramer; yield variation was found to be 60-95 %. Recently, a mixed mode
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chromatography using hydrophilic interaction and weak cation exchange column has also been
used [79]. A weak cation exchanger WCX was used for separation, while hydrophilic
interaction liquid chromatography (HILIC) column has been used for separation on the basis
of hydrophobic interaction. Mixed column method provided better resolution than any of the
method alone, and COS separated were trimer, tetramer, and pentamer in nature.

Membrane fouling problem is associated with UFM and ion exchange columns, so other
methods like solvent extraction and encapsulation technology have also been used for COS
filtration. Need of expensive equipment and lack of large-scale preparations are drawbacks
associated with size exclusion and ultrafiltration membranes, and COS up to tetramer only
could be isolated with metal affinity chromatography.

Solvent Fractionation

Selective fractionation of COS in methanol/water has been reported [12, 80]. Neutralized
fraction of COS is precipitated with methanol in the concentration of 70, 80, and 90 % (v/v),
and each precipitate was centrifuged, washed with corresponding methanol fraction, and was
dried under vacuum. Concentration of supernatant is done under reduced pressure. Hydroly-
sate treatment with acetone-water was used to improve separation of COS of DP below and
above 6. Two fractions were separated after treatment with acetone: one with DP 3 to 5 and the
other from 6 to 11. Their yield was calculated around 30 and 55 %, respectively. COS
fractionation in aqueous solutions containing various ratios of methanol has been used for
recovering COS of different molecular weight (TW200528465(A)-2005-09-01, LIN CHIA-
WEN).

Applications of COS

Uses of bioactive COS in various sectors have been updated from time to time [1, 81].
Applications of COS for growth of plants like corn (US document identifier US
20130079225 Al), soybean (US document identifier US 20130090236 A1), and other plants
by treating seeds with COS during germination (US document identifier US 20130079224 A1)
or by initiating early flowering or by increasing number of buds (US document identifier US
20070027032 A1) and other agricultural purposes have been patented. COS of molecular
weight (1-3, 3-5, and 5-10 KDa) has also been patented as an active ingredient in anti-ageing
cosmetic composition (US document identifier US 20130345168A1) which protects skin
against UV damage. Recently, chemical modification and replacement of active functional
groups have provided immense material to be used in various fields as biological properties of
modified COS depend on their molecular weight and functional groups. Interesting biological
properties from these derivatives of COS have been reported over unmodified molecules [82].

Amino ethyl group has been added at C-2 position (amine group), and hydroxyl group at C-
6 position have been replaced; dimethyl amino ethyl and diethyl amino ethyl derivatives have
also been synthesized to alter the biological activities. Carboxylated COS (CCOS), derived by
introducing carboxyl groups at amino position, were studied for their effect on MMP-9
expression on human fibrosarcoma cells [83]. Angiotensin-converting enzyme (ACE) inhibi-
tion studies of synthesized CCOS were done and were found to be beneficial due to enhanced
binding ability of COS to the obligatory active site of the enzyme [84]. Gallic acid-conjugated
derivatives of COS (G-COS) were prepared and studied for its effect on intracellular free
radical generation [85]. Both gallic acid and COS were dissolved in methanol, and solutions
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were added to each other; precipitate was formed, and freeze dried G-COS was stored. It was
found to be a potent scavenger of free radicals that prevented oxidative damages to DNA/
cellular biomolecules and increased level of intracellular antioxidant, enzymes in living cells.
Phenolic acid-conjugated COS showed strong antioxidant activities, and acids like p-coumaric
acids, p-hydroxybenzoic acid, protocatechuic acids were used for synthesis of these derivatives
[86]. Different degree of substituted sulfated COS was prepared [87] by dissolving chitosan in
formamide and adding chlorosulfonic acid. Protective effect of sulfated COS on H,0O,-induced
damage was studied on MING cells; enhanced viability of damaged cells has been reported by
showing antioxidant effects. Antioxidant effect of sulfated COS has also been reported on
Chang cells [88] and H,0O,-induced oxidative damaged cells; protective effect on liver and
DNA against oxidative stress has also been reported.

Chitosan is positively charged and are known to have mucoadhesive properties due to
negative charges present on mucosa. Doxorubicin, a potent anticancer drug, is known for its
severe side effects. So, to improve its effectiveness as antitumor drug, solid lipid NP (SLN)-
based carrier has been developed for drug delivery. COS shows excellent performance in
sustained drug releases and bioavailability properties, thus being seen having a lot of potential
as NP drug carrier and for SLN coating [89]. Nanostructure lipid carrier (NLC) carrying
flurbiprofen drug coated with COS has been studied for ocular drug delivery [33]. COS has
also been shown as potential drug carrier of zidovudine for renal delivery [61].

COS Research: Future Perspective

Despite making a lot of headways in the research related to bioactive COS, getting them in
purified form with defined degree of deacetylation and exact known sequence of monomers
(acetylated and deacetylated) is still a distant dream. Future research related to COS will tend
toward getting highly purified fractions of COS with proper characterization (native and
derivatized) to be used in food, pharmaceuticals, and cosmetic industries (downstream pro-
cessing). Yield improvement using overexpressed chitosanase enzyme, production, along with
purification and cost analysis will be explored for COS commercialization. Recent

80 @ Biochemical production/chitosanase research
70 COS derivatives/biological activities
Drug delivery
60 B COS bioactivities
B others
X 50
=
3 40
&
30
20+ — —
10- - - =
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Fig. 2 Graphical presentation of research studies conducted in various areas of chitooligosaccharides: biochem-
ical production, bioactivities, derivatives, and their uses in drug delivery. “Others” included studies other than
these and were not significant to be included as a separate study
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biochemical strategies indicate that enzyme/protein engineering, reactor designing, and use of
immobilized novel biocatalysts are the keys. Exploration of bioactivities related to COS will
never be stopped (Fig. 2) as industry is looking for novel bioactive molecules and still new
activities are being discovered in sectors like food, pharma, and cosmetics. Among future
applications, use of COS for drug delivery has shown potential, and lots of studies have been
reported recently.
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