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Preface

Saccharides, also known as carbohydrates, are a group of important active mole-
cules which have great structural and functional significance for human life. 
However, the research of saccharides had lagged far behind that of nucleic acids and 
proteins for a long time. The biological functions of bioactive oligosaccharide and 
polysaccharide were not identified until the 1980s, as well as the profound impact 
of saccharides on daily life. Since then, people started to realize that carbohydrates 
were as fundamental as proteins and nucleic acids for life and the basis, develop-
ment, and application of saccharides had become a hot spot of international scien-
tific research. At present, the researches on saccharides have received unprecedented 
attentions from scientists not only in the fields of basic molecular biology, biochem-
istry, or synthetic biology but also in applied medicine, pharmacy, and food science. 
In 1988, Raymond Dwek published a review entitled “Glycobiology,” marking the 
birth of this frontier field “Glycoengineering.” Now, glycoengineering has become 
another important scientific field in life sciences after genetic engineering and pro-
tein engineering. Preparation, separation, and purification of carbohydrates, as well 
as modification and functional exploration toward them, are the core contents of 
glycoengineering.

Aminosaccharides include chitin and its derivatives, which are mainly composed 
of chitin and chitosan, chitooligosaccharides, chitin oligosaccharides, and glucos-
amine or N-acetyl-D-glucosamine. As the second most abundant natural polysac-
charides after cellulose, the biological yield of aminosaccharides is estimated to be 
about ten billion tons/year. Meanwhile, aminosaccharides are also the most abun-
dant natural organic macromolecule compounds containing nitrogen besides pro-
teins. Aminosaccharides have unique physical, chemical, and biological properties 
such as cationic polyelectrolytes, multifunctional group reactivity, antimicrobial 
activity, biocompatibility, biodegradability, etc. These amazing properties have 
attracted the attention of consumers, industries, and academic researchers in food, 
biomedical, agricultural, and other fields.

In this book, the history and recent research development of the chitooligosac-
charides/chitin oligosaccharides and its monomers are summarized, as well as their 
applications and bio-manufacture. Most importantly, the bio-manufacturing tech-
niques for production, purification, characterization, modification of chitooligosac-
charides/chitin oligosaccharides, and their monomers are addressed in detail. 
Meanwhile, according to their bioactivities and biomaterial properties, the potential 
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applications in food, biomedical, and agricultural industries were focused. Several 
new and cutting-edge insights here may help to solve problems in related industries 
and encourage further academic investigations, such as relying on synthetic biology 
to construct “intelligent” microorganisms which convert glucose into chitin/chito-
san polymers or oligomers with high efficiency. To guide and facilitate tracking of 
the important progress in the chitooligosaccharides/chitin oligosaccharides and its 
monomers, the book Oligosaccharides of Chitin and Chitosan: Bio-manufacture 
and Applications was thus proposed by Prof. Dr. Zhao Liming (East China University 
of Science and Technology, China).

In this book, Chap. 1 introduces the discovery and development of chitin/chito-
san and their degradation products, while Chap. 2 presents the current studies of the 
oligosaccharides and its monomers. These two chapters provide important back-
ground information, as well as the development and application of related technol-
ogy. In Chaps. 3, 4, 5, 6 and 7, we introduce the preparation (Chaps. 3 and 4), 
separation, purification and detection (Chap. 5), clean production (Chap. 6), and 
modification (Chap. 7) of chitooligosaccharides/chitin oligosaccharides and its 
monomers. As the most important contents, these chapters focus on fermentation or 
enzyme catalysis-based bio-manufacturing techniques of chitooligosaccharides/
chitin oligosaccharides and their monomers. Recent developments and prospects 
are described, including microbial strain screening and construction, improvement 
and optimization of fermentation as well as enzymatic catalysis process, and prod-
uct downstream processing (especially the separation and purification procedures). 
In Chaps. 8, 9, 10 and 11, the application of chitooligosaccharides/chitin oligosac-
charides and their monomer is addressed, including biological activities and poten-
tial application in food industry (Chap. 8), in biomedical materials (Chap. 9), in 
agriculture (Chap. 10), and in breeding industry (Chap. 11).

The authors of this book are from East China University of Science and 
Technology (China), Jiangnan University (China), China Ocean University (China), 
Chinese Academy of Science Dalian Physical and Chemistry Institute (China), 
Dalian Minzu University, and Chinese Academy of Sciences Institute of Process 
Engineering, all well known for their achievements in the field of chitin and its 
derivatives, enzyme and fermentation technology in functional carbohydrates, plant 
protection, and breeding. We are particularly grateful to all the authors for their 
indispensable contributions.

Shanghai, China Liming Zhao 
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1The History of Chito/Chitin 
Oligosaccharides and Its Monomer

Zhen Qin and Liming Zhao

Abstract
Chitooligosaccharides and chitin oligosaccharides are collectively referred to as 
aminooligosaccharides. The monomer of chito/chitin oligosaccharides are 
N-acetyl-D-glucosamine and glucosamine, two of the few nitrogenous sugars in 
nature. Chito/chitin oligosaccharides are mainly produced by hydrolysis from 
natural aminopolysaccharides (chitosan and chitin), which are extracted from 
crab and shrimp shells resource. Chitin and chitosan are well known as natural 
polysaccharides with abundant biological activities. Similarly, chito/chitin oligo-
saccharides also have a number of commercial uses as their biological activities. 
This chapter summarizes the history and chemical-based topics like definition, 
origin, structure, molecular weight, classification of chitin, chitosan, chito/chitin 
oligosaccharides and their monomers (N-acetyl-D-glucosamine and glucos-
amine). Due to the broad research interests and market demands, the discovery 
and development of biological activities of chito/chitin oligosaccharides are 
summarized as argument.

1.1  Introduction

1.1.1  Chitin

Chitin (C8H13O5N)n is a natural polysaccharide composed of β-1,4-linked N-acetyl- 
D-glucosamine (GlcNAc, NAG), chemical construction is shown in Fig. 1.1. Chitin 
is an abundant biopolymer on earth next to cellulose. Professor Henri Braconnot 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9402-7_1&domain=pdf
mailto:zhaoliming@ecust.edu.cn
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firstly discovered and isolated chitin from mushrooms in 1811. After that, Odier 
found the same polysaccharide in the insects’ exoskeleton and named it chitin in 
1823. Chitin can be obtained from a wild range of sources. Exoskeletons of arthro-
pods (crustaceans, insects and arachnids) and mollusks (beaks and endoskeleton of 
cephalopods) are main sources of chitin. And various microorganisms are also the 
sources of chitin, such as the cell walls polysaccharides of yeasts and fungi, and the 
spines of diatoms. However, commercially chitin product is mainly obtained from 
marine sources, e.g., crustacean shells from crabs and shrimps at present.

Like another common polysaccharide – cellulose, the structure of chitin often 
forms crystalline nanofibrils or whiskers. In terms of physiological function, chitin 
may be compared to the animal protein – keratin. Chitin has been proved to be used 
in a variety of industrial, pharmaceutical and biotechnology fields. Chitin and cel-
lulose are polysaccharides similar on the structure; chitin is a linear polymer con-
sists of β-(1,4)-N-acetyl-D-glucosamine. As the different crystalline microfibrils 
order, natural chitin occurs in three polymorphic forms: α-chitin, β-chitin and 
γ-chitin. α-Chitin is arranged in anti-parallel strands, and it is the most abundant and 
stable form found in nature. It acts as shell for insects, crabs, lobsters and shrimps, 
as well as structural skeletons in the cell walls of fungi and yeast. The β form is 
arranged in parallel chains. Consequently, β-Chitin is less stable than the α-Chitin. 
The source of different chitin is also not the same. The β-chitin has been found in 
the pens of squids, the extracellular fibers of diatoms and the spines and chaetae of 
certain annelids. γ-chitin is a mixture composed of α and β structures, which is the 
least common form. It has been found in the squid’s stomach and in the cocoons of 
two beetles.

Chitin is a nitrogenous polysaccharide which has an acetamide group 
(NH-CO-CH3) at C-2 in place of the hydroxyl group in cellulose. The pure chitin is 
white or yellowish, odorless and tasteless. Chitin exhibits excellent biodegradability 
and biocompatibility that is potential to be used in food, medicine or material indus-
tries. However, chitin is highly hydrophobic; thus, it is insoluble in water and even 
in most organic solvents. The water insolubility of chitin is one of the main limita-
tions in the large-scale application. Therefore, the research about water-soluble 
derivatives of chitin has become one of the research hotpots.

Fig. 1.1 Chitin. (a) Chemical construction of chitin; (b) Picture of chitin powder

Z. Qin and L. Zhao
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1.1.2  Chitosan

Chitosan is the product of the deacetylation reaction of chitin, which is a linear 
polysaccharide composed of β-1,4-linked D-glucosamine (GlcN) and a small 
amount of N-acetyl-D-glucosamine (Fig. 1.2). Chitosan is generally produced by a 
deacetylation reaction of treating the chitin shells of shrimp and other crustaceans 
with a basic substance such as sodium hydroxide (Fig. 1.3). Chitosan was discov-
ered as a transformation of chitin in water soluble form after chemical manipulation 
by Roughet in 1859. Later, in 1870, this transformation of chitin was named chito-
san. The nature sources of chitin include shells of crabs and shrimps. Unlike chitin, 
natural chitosan not exist in animal species, and even is rarely found in nature, 
except fungi. Both chitosan and chitin present in the cell walls synthesis of fungi, 
e.g., Zygomycetes. Moreover, chitosan has two distinct forms in the fungal cell 
wall: free form of chitosan and chitosan bound to β-glucan.

Fig. 1.2 Chitosan. (a) Chemical construction of Chitosan; (b) Picture of chitosan powder

Fig. 1.3 Forming chitosan by partial deacetylation of chitin

1 The History of Chito/Chitin Oligosaccharides and Its Monomer
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Commercial chitosan product is mostly obtained from the deacetylation of natu-
ral chitin, which is completely or partially deacetylated by treatment with acid or 
alkali solution. Structurally, chitosan is a linear polysaccharide containing copoly-
mer of β-1,4-linked D-glucosamine and N-acetyl-D-glucosamine. The degree of 
deacetylation (DD) is generally defined as the glucosamine/N-acetyl-D-glucos-
amine ratio, which goes up as chitin is converted to chitosan. Therefore, chitin and 
chitosan can be distinguished by the ratio above. When the content of N-acetyl-D- 
glucosamine is higher than that of glucosamine, the biopolymer is often called chi-
tin; otherwise, the compound is called chitosan.

The physical and chemical properties of chitosan are similar to those of chitin as 
mentioned above. Due to the positive charges of the amino groups in glucosamine, 
chitosan is the only water-soluble cationic polysaccharide commercially available. 
Because of its distinctive physicochemical characteristics such as biocompatibility, 
biodegradability and low toxicity, chitosan is considered having great potential for 
the applications in various industries. However, the higher molecular weight and 
high viscosity of chitosan restrict its specific applications. Fortunately, chitosan can 
be further hydrolyzed into its low molecular weight (MW) derivatives, which exhibit 
more biologically active and solubility than chitosan.

1.1.3  Chitooligosaccharides

Chitooligosaccharides (COS) are the degradation products of chitosan, which 
exhibit various biological activity, such as antitumor, antioxidant, immunostimula-
tory, antimicrobial and elicitors of plant immunity. Since the discovery of chitosan 
in the late 1870s, many scientists have put a lot of efforts on research of its physico-
chemical properties. Under different reaction conditions, chitooligosaccharides can 
be prepared with different physicochemical properties. According to the academic 
definition of the oligosaccharides, the degrees of polymerization (DP) of an oligo-
saccharide should be between 2 and 10. However, in industrial production and com-
mercial application, chitosan with DP degrees of polymerization (DP) less than 20 
and an average molecular weight less than 3900 Da are also classified named chi-
tooligosaccharides (or chitosan oligosaccharides, chitosan oligomer). The DD of 
chitooligosaccharides is generally higher than 75%. Chitooligosaccharides has 
three types of reactive functional groups: an amino/acetamido group, a primary 
hydroxyl group, and a secondary hydroxyl group at the C-2, C-3, and C-6 positions, 
respectively. Chitooligosaccharides and modified chitooligosaccharides are both 
found to be much easier to use in large-scale applications (Fig. 1.4).

The most important factors that affect the physicochemical properties of chi-
tooligosaccharides are DP and DD, which are also correlated with their biological 
actives. The DP, especially the corresponding molecular weight, contributes to the 
change in the physicochemical properties of chitooligosaccharides. Low DP chi-
tooligosaccharides is more soluble than chitosan (often with relatively high DP). 
Compared with chitosan, chitooligosaccharides is more easily absorbed in the intes-
tine and rapidly enters to blood circulation. Thus, molecular weight is considered to 

Z. Qin and L. Zhao
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be a major feature of chitooligosaccharides and is highly correlated with their bio-
logical activity. DD is also one of the important parameters of chitooligosaccha-
rides. The higher DD chitooligosaccharides have more free amino groups and more 
positive charges in the solution. DD is the most important parameter determining 
the solubility of chitooligosaccharides. The rate and extent of biodegradation of 
chitooligosaccharides in organisms are related to DD, and the decrease in degrada-
tion rate leads to an increase in DD (Fig. 1.5).

1.1.4  Chitin Oligosaccharides

Chitin oligosaccharides (N-acetyl COS, ChOS) are the partially degraded products 
of chitin by chemical, physical or enzymatic methods. In general, he degree of 
polymerization (DP) of chitinoligosaccharides is 2–10. The indicator of chitinoligo-
saccharides and chitooligosaccharides is the degree of deacetylation. The degree of 
acetylation of chitinoligosaccharides is generally high (>75%). Chitin oligosaccha-
rides has attracted considerable attention in recent years due to their water-solubility 
and temperature and pH stability, as well as excellent biological activities, such as 
antimicrobial, anti-tumor and hypoglycemic activities. In addition to these 

Fig. 1.4 Chemical construction of chitooligosaccharide

Fig. 1.5 Chemical 
construction of chitin 
oligosaccharides
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biological activities, ChOS are also considered as effective plant elicitors and poten-
tial angiogenic inhibitor, involving in the promotion of bifidus proliferation, the 
characteristics of which could be widely used in agricultural, food and pharmaceuti-
cal industrials. Thus, production of ChOS is a promising way for the disposal and 
recycling of enormous waste chitin materials (Fig. 1.6).

1.1.5  Glucosamine and N-acetyl-D-Glucosamine

Glucosamine (GlcN) and N-acetyl-D-glucosamine (GlcNAc) are the monomers of 
chito/chitin oligosaccharides. Glucosamine and N-acetyl-D-glucosamine are natural 
amino monosaccharides and derivatives from glucose. Glucosamine was first pre-
pared by the hydrolysis of chitin with concentrated hydrochloric acid by Georg 
Ledderhose in 1876. And the chemical construction of glucosamine was determined 
by Walter Haworth in 1939. Glucosamine/N-acetyl-D-glucosamine is not only part 
of the constitutional unit of the structural polysaccharides (chitosan and chitin), but 
also one of the most abundant bioactive monosaccharides with significant biological 
activity. Since glucosamine is the precursor for glycosaminoglycan, which is a major 
component of cartilage. Research has focused on the potential for supplemental glu-
cosamine to beneficially influence cartilage structure and alleviate arthritis. In addi-
tion, N-acetyl-D-glucosamine is a major component of the bacterial and fungal cell 
walls, which has a significant effect on the treatment of inflammatory diseases. Thus, 
glucosamine/N-acetyl-D-glucosamine have been widely used as dietary supplement 
and pharmaceutical drug for decades. In the United States, glucosamine/N- acetyl- D-
glucosamine is one of the most common dietary supplements used by adults.

For a long time, glucosamine/N-acetyl-D-glucosamine is produced commer-
cially by the enzymatic/chemical hydrolysis of crustacean exoskeletons (Fig. 1.7). 
The crab shell is first deproteinized and decalcified by acid-base treatment to obtain 
chitin. Chitin is then processed by acid hydrolysis or enzymatic hydrolysis to obtain 
N-acetyl-D-glucosamine. N-acetyl-D-glucosamine are finally deacetylated by con-
centrated alkali or enzyme to obtain glucosamine. Hydrolysis process has many 
potential problems such as environmental pollution, product allergy and shortage of 
raw material supply. Although the use of enzymes alleviated the above problems in 

Fig. 1.6 Chemical construction of glucosamine and N-acetyl-D-glucosamine
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hydrolysis process, cost and production efficiency still need to be resolved. Synthetic 
biology is a newly research field with potential to product a certain substance in cell 
by optimizing intracellular inheritance and regulating metabolic processes. Thus 
glucosamine/N-acetyl-D-glucosamine also can be produced by microbial fermenta-
tion using recombinant microorganism such as Escherichia coli and Bacillus subti-
lis. Fermentation method as an environmentally friendly process is attracting 
increasing attention. In addition, N-acetyl-D-glucosamine deacetylase has been dis-
covered in recent years and has potential for industrial preparation of glucosamine 
by enzymatic deacetylation. The enzymatic deacetylation combined fermentation 
will completely solve the pollution and the source of raw materials problem of glu-
cosamine preparation (Fig. 1.8).

1.2  Biological Activities of Chito/Chitin Oligosaccharides

1.2.1  Antimicrobial Activity

COS has antimicrobial activity and is a natural antimicrobial agent that inhibits the 
growth of various pathogenic microorganisms. COS and its derivatives were 
reported to have antimicrobial activity in the 1980s (Allan and Hadwiger 1979). 
Since then COS has received much attention due to its antimicrobial activity. The 
antimicrobial activity of COS is mainly related to its Mw, DP, DD and chemical 
modification. The antimicrobial activity of COS is superior to that of chitosan and 

Fig. 1.7 Preparation of glucosamine/N-acetyl-D-glucosamine by hydrolysis

Fig. 1.8 Preparation of glucosamine/N-acetyl-D-glucosamine by fermentation

1 The History of Chito/Chitin Oligosaccharides and Its Monomer
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chitin, and the COS with higher molecular weight shows higher antimicrobial activ-
ity. There are two main mechanisms for the inhibition of COS. One is that the COS 
itself has positive charges and can adhere to the surface of the cell, thereby affecting 
the normal metabolism of the microorganism (Chung et al. 2004; Je and Kim 2006). 
The second is that COS with a molecular weight of less than 5000 Da block the 
transcription process of DNA, thereby inhibiting the growth of microorganisms (Liu 
et al. 2001). The antimicrobial activity of COS remains to be further studied, and its 
research is of great significance. The development of new antimicrobial drugs using 
COS has great potential.

1.2.2  Antioxidant Activity

COS and its derivatives have strong reducing ability and can effectively scavenge 
hydroxyl radicals and superoxide anions. Because COS has positive charges, it pro-
vides positrons to free radical, which makes the free radical in a stable state, thus 
blocking the radical chain reaction and effectively reducing the oxidative damage. 
COS and its derivatives have stronger antioxidant activity than chitosan. The anti-
oxidant activity of COS is related to its DD, DP and MW. The smaller the molecular 
weight of COS is, the stronger its antioxidant activity will be, and the COS with low 
MW (5 kDa) has highest antioxidant capacity (Mengibar et al. 2013). The low DP 
of COS shows good antioxidant activity, and the COS of DP between 10 and 12 has 
the strongest scavenging ability (Li et al. 2012). Because of its strong antioxidant 
activity, COS can effectively remove free radicals from the body, which has 
very important research and application value.

1.2.3  Anti-inflammatory Activity

The anti-inflammatory activity of COS depends on their physicochemical proper-
ties. The MW and DP of COS have great effects on their anti-inflammatory ability. 
COS with MW lower than 10 kDa and low DP have better anti-inflammatory activ-
ity, and their anti-inflammatory activity is directly related to the dose used. Studies 
have shown that Similar proportions of monoacetylated and deacetylated oligomers 
is necessary for the mixtures of chitooligosaccharides to achieve anti-inflammatory 
effects, and it directly depends on the preparation method to which chitosan was 
submitted (Sanchez et al. 2018). The use of COS to develop new anti-inflammatory 
agents has great potential in biological and medical applications.

1.2.4  Anti-tumor/Anticancer Activity

Studies in the twentieth century have shown that COS or can effectively inhibit the 
growth of cancer cells. Highly charged COS effectively inhibits the growth of can-
cer cells (Huang et al. 2006). Mw of COS plays a key role in its anti-tumor activity, 

Z. Qin and L. Zhao
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and its tumor suppressive effect is negatively correlated with MW (Salah et  al. 
2013). The COS with low molecular weight has higher antitumor activity, and as the 
MW decreases, the tumor suppressing ability of COS is obviously enhanced. Since 
COS has significant antitumor activity and has the potential to treat cancer, the 
development of new anticancer agents using COS is of great significance. At pres-
ent, the anticancer activity and its mechanism of COS are not fully understood. 
Therefore, whether COS can be used as an anticancer agent requires further research.

1.2.5  Immunostimulatory Activities

Studies have shown that COS has immunomodulatory activities and its immuno-
logical activity is related to its molecular weight. COS promotes the secretion of NO 
and pro-inflammatory cytokines through the PI3K-Akt and the MAPK pathway as 
well as NF-κB activation (Yang et  al. 2017). NO is involved in the clearance of 
invading pathogens by macrophages, and proinflammatory cytokines are also 
involved in the destruction of pathogens. Low molecular weight chitosan can induce 
the expression and secretion of NO and proinflammatory cytokines in cells. After 
treatment with COS, the amount of NO and pro-inflammatory cytokines in the cells 
increased significantly, and the amount increased was positively correlated with the 
dose of COS used. The immunomodulatory activity of COS makes it be of great 
application value in medicine.

1.2.6  Wound Healing and Tissue Regeneration Properties

Both chitin and chitosan have functions to promote wound healing and tissue regen-
eration, which is related to their immunostimulatory activity (Okamoto et al. 2003). 
Compared with chitin, Chitinoligosaccharides and N-acetyl-D-glucosamine, chito-
san with higher deacetylation degree, chitooligosaccharides and glucosamine have 
stronger effects on fibroblast activation and can significantly stimulate the produc-
tion of fibroblasts (Minagawa et  al. 2007), thereby accelerating wound healing. 
Studies have shown that COS-modified membranes can accelerate wound healing 
while improving antibacterial ability (Luo et al. 2016). The osteogenesis effect of 
the COS membrane is comparable to that of the gelatin membrane and is considered 
to be a superior material for osteogenic differentiation of stem cells (Ratanavaraporn 
et al. 2009). COS has great application prospects in medicine, due to its ability to 
promote wound healing and tissue regeneration.

1.2.7  Hypocholesterolemic Activity

Several studies have attributed some metabolic syndrome to a high level of choles-
terol, researchers are also extensively examining the hypocholesterolemic activity 
of COS and its derivatives. COS has shown angiotensin converting enzyme (ACE) 

1 The History of Chito/Chitin Oligosaccharides and Its Monomer
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inhibiting effects because of its positive charge and its affinity towards the ACE 
functional site. Pyo-Jam et al. (Park et al. 2003) studied the ACE inhibitory activity 
of three different degrees of deacetylation COS mixtures, indicating that the rela-
tively lowest degree of deacetylation COS, which was prepared from 50% deacety-
lated chitosan, exhibited the highest ACE inhibitory activity. Zhang et al. (Zhang 
et al. 2012) investigated the hypolipidemic activities of different MW chitosan in 
rats fed high-fat diets. The studies showed that hypolipidemic activity of lower MW 
of chitosan was better than higher MW of chitosan which might be partially attrib-
uted to the increase of serum and liver LPL activities.

1.2.8  Elicitors of Plant Immunity

COS is an essential and natural plant immunity elicitor. Many studies reported that 
N-acetyl COS was the potent elicitor for rice cells, it induced a set of defense reac-
tions including depolarization of ion fluxes, membrane potential, phytoalexin syn-
thesis at extremely low concentration et  al. The effects of COS depend on their 
concentration or dosage, DP, application ways, application time, and growth period 
of plants (Liaqat and Eltem 2017). Previous research has found that the defense 
reactions of N-acetyl COS are dependent on their physicochemical properties. 
N-acetyl COS which has higher DP (DP>3) show stronger defense activities than 
the lower DP or the deacetylated COS (Yamada et al. 1993). Lan et al. used COS as 
an elicitor to enhance barley germination for improving the quality of malt (Lan 
et al. 2016). The study showed that malt quality was significantly improved by COS 
in seed priming at 1 mg/L. In addition, much previous studies have indicated that 
COS has great potential to provide biopesticides and biofertilizers (Zong et al. 2017; 
Zou et al. 2016).

1.3  Future Perspectives and Limitations

Aminooligosaccharides (chito/chitin oligosaccharides) have broad application pros-
pects as bioactive compounds in many fields. Therefore, exploring the clear 
structure- activity relationship of aminooligosaccharides, preparing aminooligosac-
charides products with specific DP or DD are the future development trends. 
Aminooligosaccharides have many possibilities for application in foods, agricul-
ture, cosmetics and medicine. It is essential to develop novel methods for large scale 
production of aminooligosaccharides products with desired characteristics. In addi-
tion, the pure standards of aminooligosaccharides are quite expensive, in fact, ami-
nooligosaccharides standards with DP higher than 6 are difficult to obtain in 
large-scale at present. For this reason, it is still a hard work to correctly analyses the 
chito/chitin oligosaccharides products mixtures with broad DP. Although aminooli-
gosaccharides related research has made great progress, it is still a difficult task to 
produce purified products with good characteristics. Therefore, the large-scale pro-
duction of purified aminooligosaccharides, proper characterization of the 

Z. Qin and L. Zhao



13

aminooligosaccharides products, the reduction in production costs and knowing the 
detail mechanism of action of aminooligosaccharides is valuable for further study.

The biopolymers, chitosan and chitin, still have a lot of usefulness and many 
application properties in the application of biological materials. However, due to 
their properties of solubility, adsorption and viscosity, the wide application of these 
glycans is limited. At the same time, chitinoligosaccharides, chitooligosaccharides 
and their derivatives exhibit their versatility, complete solubility and low viscosity 
properties, which are superior to their polymers, chitosan and chitin, in these 
respects; so COS have received widespread attention. Especially in biomedicine 
and pharmaceutical applications. This is closely related to its degree of deacety-
lation, molecular weight, degree of polymerization and cationic nature. Although 
COS have great application prospects, it is not currently possible to mass-produce 
chitooligosaccharides and single COS, and the study on the physiological activities 
of chitooligosaccharides is also limited. A novel and efficient method for the prepa-
ration of COS, the separation of chitooligosaccharides and the mechanism of action 
of COS should be the focus of further research.
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Abstract
In order to get an overview of the worldwide advance of research on chito/chitin 
oligosaccharides and its monomers, the open published literatures on Web of 
Science and Wanfang data were retrieved and analysed. It is obvious that the 
amount of studies on chitooligosaccharides rapidly grows after it overcame prob-
lems of large-scale production, and China shares the main parts of the industrial 
yield and academic research of chitooligosaccharides. However, there are still 
many crisis problems in industrial-scale preparation and green manufacture. The 
predominant application fields of chitooligosaccharides is agriculture as fertil-
izer. Nevertheless, the literatures about chitinoligosaccharides are far more less 
than that of chitooligosaccharides, and among which most focused on prepara-
tion study. It shows that the preparation technolgy of chitinoligosaccharides is 
still the bottleneck, there might be an explosive growth of research when a break-
through is made in the preparation technology.
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2.1  Introduction

Chitooligosaccharides (COS) and chitin oligosaccharides (ChOS, N-acetyl COS) 
are the derivatives of chitin, which is a long-chain polymer of N-acetyl-D- 
glucosamine existed in invertebrates and fungi (Tang et al. 2015). In 1957 (Horowitz 
et al. 1957) and 1965 (Powning and Irzykiewicz 1965), first studies about COS and 
ChOS were reported, respectively. Since then, there are more and more studies on 
them. As the only natural cationic polymer on earth, which has abundant biological 
activities, the research and application development on chitin and its’ derivatives 
became to be a hot spot of international scientific research. Since China is the main 
production country of the chitin and its derivatives in the world, we retrieved and 
analyzed not only English literatures but also Chinese ones. In this chapter, we 
mainly analyzed the open published records concerning COS and ChOS as well as 
their monomers, the data retrieved from Web of Science (http://www.isiknowledge.
com/) and Wanfang data (http://www.wanfangdata.com). Chitosan oligosaccharide/
oligochitosan/chitooligosaccharides/chito oligosaccharides and chitin oligosaccha-
ride/chitinoligosaccharides were selected as title keywords. Web of Science (previ-
ously known as Web of Knowledge) is an online subscription-based scientific 
citation indexing service originally produced by Clarivate Analytics. It provides 
over 90 million records in the world from 1900 to present. Wanfang data is one of 
the biggest databases provided journals, dissertations, academic conference pro-
ceedings, Chinese companies and their products, Chinese patents and so on. The 
statistical data of Wanfang data reflected the research level of China on chito/chitin 
oligosaccharides and its monomers.

Although the data does not cover completely, the result could represent the real 
situation. This data would benefit for the improvement of this field.

2.2  The Predominant Countries and Areas Research 
on Chito/Chitin Oligosaccharides

China, South Korea, USA, Japan and Canada provide most literatures on COS 
(Fig. 2.1a). It is notable that nearly 58% of records on Web of Science originated 
from China, result in that almost over 90% of the chitin and its derivatives of the 
world are manufactured in China. The background is that traditional preparation 
methods of chitin and chitosan are chemical extraction from shells of shrimp and 
craps as byproducts of aquatic product processing industry, which discharged large 
amount of wastewater at the early years, a lot of manufactures alone the seashore of 
China set up to produce the raw material from the byproducts. Obviously, China has 
become the most important research center of COS in the world now. As shown in 
Fig. 2.1b, the top five countries contribute to the research on ChOS are Netherlands, 
USA, Japan, China and Mexico in turn. However, there isn’t a dominant country for 
ChOS like that for COS. Research on ChOS now is still in its initial stage. It is esti-
mated that, the total annual yield of COS and ChOS is about 2000 tons in the world, 
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while about 98% of that is COS. It is said that China is the biggest glucosamine and 
N-acetyl-D-glucosamine producer according to some unpublished data. Over 70% 
of them are produced in China. The traditional source of glucosamine and N-acetyl- 
D-glucosamine is chitin.

According to the literature records from Web of Science, Nevertheless, China, 
USA and Japan contribute mainly to the research on both COS and ChOS. However, 
as the second active region of the world economy, Chinese researchers and compa-
nies paid more and more attention on the studies of chito/chitin oligosaccharides 
and its monomers, this can be concluded from the data retrieved from both Wanfang 
data and Web of Science. The top ten hot spot countries concerning COS and ChOS 
studies are shown in Fig. 2.1.

Fig. 2.1 The top 10 largest articles and patents publishing countries for COS and ChOS. (a) COS; 
(b) ChOS. Springer Nature remains neutral with regard to jurisdictional claims in published maps
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2.3  The Comparation of Articles and Patents Published 
About COS and ChOS

The number of articles and patents published might illustrate to some extent the 
abundance of basic research and industrial application. The ratio of articles and 
patents for COS on Web of Science is 33:67 (Fig. 2.2a), it means that the application 
concern is almost two times of that of basic research, which might lead to mature 
industrialization. The corresponding ratio on Wanfang data is 60:40 (Fig. 2.2b), and 
the ratio indicated that China still needs more and more basic research in this field, 
other than raw material manufacture merely, although China has already become 
the predominant research center of COS in the world now.

The ratio of articles and patents number for ChOS is 46:54 on Web of Science 
(Fig. 2.3a) and 48:52 on Wanfang data (Fig. 2.3b). Considering the less amount of 
total studies, there is still a lot of work to do on ChOS for both basic research and 
application.

Fig. 2.2 The ratio of articles and patents number concerning COS on Web of Science and Wanfang 
data. (a) Web of Science. (b) Wanfang data

Fig. 2.3 The ratio of articles and patents number concerning ChOS on Web of Science and 
Wanfang data. (a) Web of Science. (b) Wanfang data
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2.4  The Popularity Changes of Research on COS and ChOS 
Over Time

The studies had an explosive growth in 2012 for COS. After then, the amount of 
reports increased rapidly. The reason for the increase of studies amount in 2012 is 
that there were many patents published. The popularity changes trends of research 
on COS on Web of Science over time are showed in Fig. 2.4a. On Wanfang data, a 

Fig. 2.4 Popularity change of research COS on Web of Science and Wanfang data over time. (a) 
Web of Science. (b) Wanfang data
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peak appeared in 2011 (Fig. 2.4b). In this year, a company named Hainan Zhengye 
Zhongnong High Technology applied and published 37 pieces of patents. All of 
them focused on the application in plants. This phenomina also indicates that the 
application of COS in agriculture as plant immunity elictor, pepcide or fertilizer 
increased repaidly in China.

However, reports on ChOS are always tepid, and the total amount is still little on 
both Web of Science and Wanfang data since ChOS was firstly reported in 1965 
(Fig. 2.5). As mentioned above, there is still a lot of work to do on the preparation 
and application development of ChOS.

2.5  The Future Research Trends on COS and ChOS

COS has various functions such as anti-bacteria (Benhabiles et al. 2012), anti-tumor 
(Chokradjaroen et al. 2018), blood lipid (Liu et al. 2018) and nerve repair (Wang 
et al. 2016). It is widely applied in agriculture, industry, medicine and even environ-
ment conservation. The main application of COS might be in plants field (usually as 
fertilizer) according to the data from both Web of Science and Wanfang data 
(Fig. 2.6). It is usually added in soils or to plant tissues such as leaves, roots and 
seeds, as fertilizer additives. The application of COS in fertilizer can contribute to 
its various functions on plants such as enhancement of virus resistance (Jia et al. 
2016; Zhang et al. 2019), cold resistance (Kuang et al. 2009), antimicrobial infec-
tion (Jia et al. 2018; Ma et al. 2013), promoting germination and seedling growth 
(Li et al. 2019). It is said that ChOS might have more intensive effect on plants than 
COS (Yin et al. 2016). However, the reports of ChOS are significantly less than that 
of COS on both Web of Science and Wanfang data (Fig. 2.7). Preparation, modifica-
tion and characterization of COS also occupy a big share on both Web of Science 
and Wanfang data (Fig. 2.6).

Almost most of the published records referred to the COS with mixture degree 
of polymerization (DP), the preparation and application of pure monomers with 
specific DP were seldom reported. This because there still lack of the monomer 
preparation methods including enzymatic hydrolysis and separation and purifica-
tion technology, what’s more, the research and industrial-scale application about 
clean or green manufacture are seriously insufficient. There are only 178 literature 
records about COS monomers, while most of them are almost about chitobiose 
(115/178), on Web of Science. This might partly due to the easy preparation of low 
DP COS, because the present specific chitosanase developed to hydrolysis chitosan 
and chitin can obtain mix DP COS2-20 while only ChOS2, while the completely 
enzymatic hydrolysis products of chitosan are mainly COS2 (chitobiose). Another 
possible reason might contribute to the significant bioactivities of the chitobiose. 
Incredibly, there are nearly no reports on chitooctaose, chitononaose and chitode-
caose. As to Wanfang data, there is only 17 records about COS monomers pub-
lished, among that more than a third of the records are about chitohexose. Anyhow, 
industrial-scale preparation of monomers still unavailable, a long time might be 
necessary, especially COS with high DP from 6 to 10. It is important to develop 
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low-cost, environment friendly preparation methods for COS monomer considering 
research and market demands.

For ChOS, there are much fewer reports. The most records of ChOS on both Web 
of Science and Wanfang data are mainly concerning preparation methods (Fig. 2.7). 
It seems that the preparation technology is still the key problem and this greatly 
retart the development and application of ChOS. Fortunately, it would be efficiently 

Fig. 2.5 Popularity change of research on ChOS on Web of Science and Wanfang data over time. 
(a) Web of Science. (b) Wanfang data
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resolved as the improvement of synthetic biology technology and bioengineering 
technique, “intelligent” microorganisms would be constructed to transform biomass 
like glucose to ChOS. According to the data, it might be that the biological activities 
of ChOS are higher than that of COS to some extent, which mainly result in the exist 
of acetylamino in ChOS while it is amino group in COS at the same site. More 
research should be done in future to improve the preparation technology and reveal 
the mechanisms of the bioactivities.

Fig. 2.6 The research trends of COS on Web of Science and Wanfang data. (a) Web of Science. 
(b) Wanfang data
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Fig. 2.7 The research trend of ChOS on Web of Science and Wanfang data. (a) Web of Science. 
(b) Wanfang data
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Although chitin is the second most abundant biomass in the world (Ringo et al. 
2012), most of them cannot be commercially developed, and the appropriate 
resource can be used to prepare high quality COS and ChOS is quite limit. Besides 
the traditional extraction from shells of shrimp and craps by chemical method, 
direct synthesis by synthetic biology technology and enzymatic synthesis are the 
optimum options in the recent future. There were some reports related to this aspects 
such as glycosidic synthase method (Martinez et al. 2012; Midori 2008; Slámová 
et al. 2015). Chemical enzymatic synthesis based on glycosyl transferases is also a 
possible way according to chemical enzymatic synthesis of heparin oligosaccha-
rides. Although the yield and efficiency cannot satisfy the industrial-scale demands 
by now, it has great prospect and will be the future of the glycoengineering.

2.6  Conclusion

As the glycoengineering becomes a hot spot of scientific research from 1980s, the 
research on chito/chitin oligosaccharides continually increased, especially from this 
century, and the research and application development fields cover quite wide, 
application in plants, consumer goods, preparation, modification and characteriza-
tion are the top three aspects. China is the predominant producer of chitin and its 
derivatives in the world, and contribute to more than 70% of the world market. 
Nevertheless, China, USA, Japan and South Korea contribute mainly to the research 
on both COS and ChOS. Because the traditional preparation methods of chitin and 
chitosan are chemical extraction from shells of shrimp and craps as byproducts of 
aquatic product processing industry, which would discharge large amount of pol-
lutes, biomanufacturer and clean manufacture are necessary and even crucial for 
this industry in the future research and industrial-scale application, high quality 
COS or ChOS monomers are needed to developed, thus, synthetic biology, enzy-
matic transformation, and high performance separation and purification technolo-
gies are the keys. Then, there will be an explosive growth on function and application 
research and development when the bottlenecks mentioned above are broken.
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3Preparation of Chitooligosaccharides 
and Its Monomer
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Abstract
Due to the wide applications of chitooligosaccharides and its monomer in vari-
ous fields, the approaches to produce the chitooligosaccharides and its monomer 
have attracted much attention. The chemical-based approach generated a series 
of environmental pollution problems. In contrast, the enzymatic-based approach 
is able to make up this deficiency. However, the cost of the enzymes is still rela-
tive high, and the lack of fundamental understanding of the enzyme catalytic 
mechanisms hampers the preparation of chitooligosaccharides and its monomer 
by enzymatic-based approach. This review not only covers the typical chemical- 
based approach, also pays more attention to the description of the enzymatic- 
based approach used for chitooligosaccharides and its monomer generation. 
Both the nonspecific enzymes and specific enzymes are able to be utilized. 
Recently, more and more investigations are carried out to reveal the underlying 
catalytic mechanisms for the chitosanase, especially for the chitosanase GH46. 
These findings significantly facilitate the applications of chitosanase and protein- 
engineering to improve the chitosanase degradation efficiency. In addition, the 
metabolic engineering of model microorganism for microbial production of 
GlcNAc/GlcN is summarized. This review provides the viewpoints for further 
bio-manufacturing to achieve the industrial production of chitooligosaccharides 
and its monomer.
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3.1  Introduction

It is well known that the chitooligosaccharides and its monomer have various bio-
logical activities. And further studies demonstrated that the biological activities cor-
related well with the chemical structures of chitooligosaccharides, including the DP 
(Degree of polymerization) and DA (Degree of acetylation). For example, recent 
studies demonstrated that only the chitooligosaccharides with the DP>5 exhibiting 
the antibacterial activity against Staphylococcus aureus (Li et al. 2016). Therefore, 
it is urgent to carry out more and more detailed investigations for the preparations 
of chitooligosaccharides, especially for the enzymatic-based green method. In this 
context, the chitosanases are becoming the bottle neck for well-defined chitooligo-
saccharides preparation. Our group determined the first chitosanase-substrate com-
plex structure and thereby elucidated the “three-step” mechanism for the chitosan 
polymer degradation (Lyu et al. 2014, 2015). Through these fundamental studies on 
the chitosanase, our aim is to facilitate the applications of chitosanase in the well- 
defined chitooligosaccharides preparation.

In this chapter, we reviewed the conventional methods to generate the chitooligo-
saccharides and its monomer and compared the advantage and disadvantage of 
them. Furthermore, we focused on the review of the most recent fundamental stud-
ies of the chitosanases, including the resources, biochemical characterization, struc-
ture and function study.

3.2  Chemical Hydrolysis Methods to Generate the Oligomer

Generally, a series of chemical agents were applied for the chitosan depolymeriza-
tion, including the hydrochloric acid, nitrous acid, fluorolysis in anhydrous hydro-
gen fluoride, and the hydrogen peroxide. For example, the concentrated HCl were 
used to depolymerize the chitoan to produce the low DP GlcN oligomer (Trombotto 
et al. 2008). In earlier days, the concentrated HCl was used to produce the chitosan 
oligomer. This method is relative easy to scale-up, however, the defects include the 
low yield of chitosan oligomer with high amounts of glucosamine HCl. Obviously, 
this is not an environmental friendly method as the existence of unwanted acid 
waste. In addition, the oxidative depolymerization method was conducted using 
either the NaNO2 (Mao et al. 2004) or the hydrogen peroxide (Tian et al. 2003). The 
combination of hydrogen peroxide with FeCl3 were used to randomly depolymerize 
the chitosan (Nordtveit et al. 1994). The specific molecular weight chitosan oligo-
saccharides were obtained by the combination of hydrogen peroxide depolymeriza-
tion with selective ethanol precipitation (Tian et  al. 2003). Recently, the Galina 
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(Tishchenko et al. 2011) used the hydrogen peroxide to depolymerize the chitosan 
followed by the ammonium hydroxide precipitation with centrifugation. However, 
it was found that the chitosan oligomer was easy to aggregate and it was a time- 
consuming method.

Basically, the chemical degradation method involves hydrogen peroxide oxida-
tion, acid hydrolysis and is easy to handle. But the relative molecular weight of the 
degradation products is broadly distributed, and therefore it is difficult to separate 
and purify them. Besides, the amount of used reagents is considerable, and the post- 
treatment is highly complicated. O3, NaNO2 and H2O2 are often used to obtain chi-
tooligosaccharide as oxidants through oxidative degradation. Wu et  al. prepared 
chitooligosaccharides derived from cicada slough of Cryptotympana atrata 
Fabricius by hydrolysis using hydrogen peroxide (H2O2) (Wu et al. 2013). The opti-
mum hydrolysis conditions were as follows: time, 4 h; temperature, 65 °C; amount 
of H2O2, 2% (v/v); and pH 5. Under these conditions, the average degree of poly-
merisation decreased to similar to 4.5. Ronge Xing et al. generated three types of 
chitooligosaccharides using traditional (ZCOS), microwave irradiation (WCOS), 
and enzymatic hydrolysis (YCOS), and their monomer compositions and in vitro 
and in vivo immunomodulatory activities were measured (Xing et al. 2017). The 
chitosan powder (3 g) was applied in an Erlenmeyer flask in the presence of 2% 
acetic acid (100 mL, that is 2 mL glacial acetic acid plus 98 mL distilled water). 
Then H2O2, with the final concentration of 3%, was added to the chitosan aqueous 
solution. ZCOS was comprised of monosaccharides to pentasaccharides, with 
mainly disaccharides and trisaccharides with or without acetylation. Hongkui Zhang 
et al. developed a glucose-based solid acid catalyst (GSA) and was synthesized by 
hydrothermal carbonization (Zhang et al. 2018). Spherical, glucose-derived solid 
acid (GSA) catalyst with the -SO3H, -OH and -COOH groups, showed to be an 
efficient catalyst system for the hydrolysis of chitosan to generate D-glucosamine. 
The experimental results demonstrated that the yield of targeted product 
D-glucosamine could reach as high as 98.1% under optimal conditions (tempera-
ture: 110  °C; time: 6  h). After six catalytic cycles, no obvious deactivation was 
observed, indicating the relative high stability of the solid acid catalyst. This might 
open a relatively green route for chitosan hydrolysis based on the heterogeneous 
catalysts, instead of conventional liquid acid catalysts.

3.3  Physical Methods Used to Enhance 
the Depolymerization Efficiency

It was reported that several typical physical methods were applied to depolymerize 
the chitosan, including the microwave, ultrasonication, ultraviolet light and 
γ-irradiation (Li et al. 2016). Previous studies demonstrated that the aid of micro-
wave significantly enhances the depolymerize efficiency of chitosan by the hydro-
gen peroxide (Sun et  al. 2007). At the same reaction conditions, the usage of 
microwave reduced the depolymerization time from 4 h to less than 1 h as shown in 
Fig. 3.1. It was assumed that the microwave was able to provide the heat and destroy 
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the chitosan polymer chain structure, therefore to be able to reduce the depolymer-
iztaion time.

Regarding to the ultrasonication, it was reported that two potentially mecha-
nisms were evidenced for its enhancement of depolymerization efficiency. The first 
is a rapid and specific scission of chitosan chain and a lowering of their polydisper-
sity, and the second is the generation of short polymer chains and oligomer with 
high polydispersity (Popa-Nita et al. 2009). During the depolymerization proceed, 
it was found that pH, ionic strength had no significant influence on the depolymer-
ization. In contrast, the reactor geometry and acoustic parameters were determined 
to be highly relevant to the depolymerization. Also Xing et al. performed the salt- 
assisted acid depolymerization in the microwave irradiation field and it turned out 
that the depolymerization process was significantly accelerated by the addition of 
inorganic salts (Xing et al. 2005). In sum, considering the fact that chitosan exists in 
a very complicated structure, most detailed information of which remains unknown, 
therefore, extensive amounts of efforts need to put to explore the in-depth underly-
ing mechanism for how various physical methods were able to enhance the chitosan 
depolymerization.

The purity of COS prepared by physical degradation is much easier to be con-
trolled. Compared with conventional treatment methods used for COS preparation, 
microwave heating (MH) method can greatly shorten reaction time, enhance prod-
uct yields and reduce the use of oxidative reagents, which attracted more interest in 
recent years. Also, physical degradation has been combined with chemical degrada-
tion method or enzymatic degradation method. To improve the enzymolysis effi-
ciency of the immobilized cellulase, PAMAM was introduced by grafting it onto the 
surface of silica (Su et  al. 2013). Because the introduction of PAMAM helps to 
immobilize more cellulases, the enzymolysis efficiency was markedly improved by 
increasing PAMAM generations. Both the immobilized cellulase-G3 PAMAM- 
grafted silica and microwave radiation were used for chitosan degradation. A high 
efficiency of enzymatic hydrolysis was obtained for a pH 6.2, 7 mg/ml chitosan 
solution at 50  °C with 40  W microwave-assisted digestion for 20  min. In this 

Fig. 3.1 Effect of degradation time on degradation of chitosan (a) or on degradation of chitosan 
under microwave radiation (b)
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degradation process, cellulases exhibited a remarkable higher efficiency than a con-
ventional protocol. The method combines the advantages of PAMAM and 
microwave- assisted technology, which can be potentially applied to high- throughput 
enzyme analysis.

3.4  Enzymatic Methods Used to Generate 
the Chitooligosaccharide

With the rapid development of molecular biology, omics and structural biology, the 
application of the protein engineering with rational design significantly accelerates 
the usage of biocatalysts both in the laboratory and on the industrial scale 
(Bornscheuer et  al. 2012). Of course, the biocatalysis based on diverse enzymes 
were extensively explored on the generation of chitosan oligomer. Compared to the 
chemical and physical methods, the enzymatic method was the environmental- 
friendly and the process was easily controlled. Moreover, the oligomers could be 
generated without any further modifications. The following section will cover the 
detailed description of the enzymes involved in chitosan depolymerization.

Key enzymes can convert chitin into bioactive compounds such as chitooligosac-
charides and N-acetyl-d-glucosamine (GlcNAc), which are potential to be applied 
to the medicinal and biotechnological fields. Theses enzymes involving natural pro-
duction of chitooligosaccharides can be classified into two types: enzymes exhibit-
ing specific enzymatic hydrolysis (chitinase, chitosanase, glucanase, etc.), and 
enzymes exhibiting non-specific enzymatic hydrolysis (lysozyme, protease, lipase, 
amylase, cellulose, etc.). Compared with acid hydrolysis, enzymatic degradation is 
apparently easier to operate and monitor. More importantly, enzymatic degradation 
can generate products without additional modifications. However, the cost, avail-
ability and specificity of enzymes have limited their application and commercial 
use. To overcome these limitations, enzymes involved in chitosan hydrolysis have 
attracted much attention in recently years and chitosan hydrolysis by food grade 
enzymes has been evaluated.

3.4.1  Nonspecific Enzymes Used for the Generation 
of the Chitooligosaccharides

Non-specific activity of various enzymes on chitosan has been widely reported. 
Several types of non-specific proteolytic and polysaccharide hydrolyase were 
applied for chitosan oligomer generation. They include the papain, pepsin and pro-
nase, different types of cellulose, lysozyme. For example, the mixture of pectinase 
from Phizopus oryzae, papain from papaya latex was added into the chitosan sam-
ple. The depolymerization reaction occurs at 39 °C for 24 h. It turned out that the 
chitosan oligomer was generated with 33% the content of oligomer (dimers- 
octamers) and 54% for dimers-tetramers (Tishchenko et al. 2011). Gregor explored 
the chitosan depolymerization using the Cellobiohydrolases (EC 3.2.1.91). The 
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oligomer generated by this approach had a polymerization degree between three 
and six unites. In addition, it was observed that degree of acetylation (DA) varied 
depending on the individual enzymes used for the degradation. They found that the 
HjCBH-mediated chitosan degradation yielded oligomer with high DA, in contrast, 
the TrlCBH generated oligomer mostly without acetyl group. These differences 
indicate that each types of enzymes have the potential to generate different pools of 
oligomer with distinct properties. It is well known that the bioactivity is correlated 
well with the oligomer properties including the DP and DA, therefore this study 
provides a promising approach to generated chitosan oligomer with well-defined 
properties (Tegl et al. 2016). More recently, degradation process of chitosan by the 
pepsin was extensively optimized, and it was found that the optimized conditions 
were a 10.0 g/L chitosan concentration of pH 4.0 at 50 °C, a 110 mg/L pepsin con-
centration and depolymerization time of 70 min, and the overall depolymerization 
process of chitosan follows the pseudo-second order and Haldane models (Gohi 
et al. 2016). Vishu Kumar previously characterized the chitosan depolymerization 
by Papain (from papaya latex; EC 3.4.22.2) and Pronase (from Streptomyces gri-
seus; EC 3.4.24.31). It was found that optimum chitosan depolymerization occurred 
at pH 3.5 and 37  °C, resulting in LMMC (low molecular mass chitosan) and 
chitooligosaccharideic- monomeric mixture. The yield of the latter was 14–16% and 
14–19% respectively for papain- and Pronase-catalysed reactions. In Pronase cata-
lysed chitosanolysis, the presence of chitooligosaccharides along with only GlcNAc 
(N-acetylglucosamine) indicated the action pattern of Pronase-catalysed reaction is 
different from that of papain (Kumar et al. 2005).

More recently, the degradation of chitosan by papain and its kinetics were char-
acterized by A-Dan Pan. The optimal conditions were chitosan substrate concentra-
tion 7.98 g/L, pH 4.55, 44.42 °C and the ratio of enzyme to substrate was 0.1037. In 
addition, the kinetic data and the chitosan depolymerization behavior towards dif-
ferent initial chitosan concentrations in the presence of papain were investigated. 
Because of lower residual standard deviation, a pseudo-second-order model was 
fitted (Pan et al. 2016).

More interestingly, almost all of the cellulases produced by different kinds of 
microorganisms could be classified into biofunctional enzymes, because their enzy-
matic activities on both cellulose and chitosan. Sequence alignment indicated these 
enzymes mainly belong to glycoside hydrolase family 8 (GH-8), few belong to 
GH-5 and GH-7. Some bifunctional cellulase-chitosanases used same domain for 
binding with cellulose or chitosan, while some used different substrate binding 
domains (Xia et al. 2008).

3.4.2  Specific Enzymes Used for the Chitooligosaccharides 
Generation

Based on the cleavage mode, the chitosanase could be divided into two categories: 
exo- and endo-chitosanase. So far, most of characterized chitosanases belongs to 
endo-chitosoanase. The exo-chitosanase (exo-β-D-glucosaminidase) could degrade 
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the chitosan into D-glucosamine monosaccharides. For example, it was found that 
an exo-chitosanase (Csx A) derived from A. orientalis belonging to family 2 glyco-
side hydrolase is able to work on the non-reducing end of chitosan oligosaccharides, 
which were generated by the Csn. Further detailed structural analysis demonstrates 
that the Csx A possesses unique active site architecture compared to other GH2 
enzymes (PDB: 2VZS), which confers Csx A the capability to degrade the cationic 
substrate (van Bueren et al. 2009). More recently, the archaeal exo-D- glucosaminidase 
(GlmA) that hydrolyzes chitosan oligosaccharides into monomer glucosamine was 
discovered and characterized. GlmA, a novel enzyme, belongs to the glycosidase 
hydrolase (GH)-A superfamily-subfamily 35 based on its amino acid sequence. 
Structural comparison reveals that a monomeric form of GlmA (PDB: 5GSL) is a 
structural homolog to GH42-galactosidases. Also, the conformational change of the 
active site of a dimeric GlmA was demonstrated to enhance its hydrolysis ability 
towards smaller substrate, which is similar to that of homotrimeric GH42- 
galactosidase. And one charged residue of GlmA was responsible for differentiating 
glucosamine from galactose (Mine et  al. 2017). In addition, an exo-D- 
glucosaminidase was discovered and characterized, which derived from the anento-
mopathogenic fungus, Paecilomyces lilacinus. Detailed biochemical analysis 
demonstrated that this exo-D-glucosaminidase is a retaining enzyme (Chao et al. 
2013).

For the generation of chitooligosaccharides, the endo-chitosanases are more fre-
quently used, therefore, it is the focus of this review (In the following section, all of 
the chitosanases refer to endo-chitosanase). Since 1973, the chitosanase was discov-
ered by the Monaghan (Monaghan et al. 1973). He found that this enzyme is exclu-
sively degrade chitosan, not chitin, indicating this is a specialized chitosanase. In 
2004, the chitosanase was classified into EC3.2.1.132 by the International 
Commission of Enzymes. According to the amino acid sequence alignments, so far, 
the discovered chitosanases were found in the six glycoside hydrolase families 5, 7, 
8, 46, 75 and 80. In the nature, the chitosanase could be discovered from bacteria, 
fungi and plants. And most of the well-characterized chitosanase were from the 
bacteria, such as Bacillus sp., Serratia, sp., Janthinobacterium sp., Acinetobacter 
sp., Streptomyces sp., Microbacterium sp. (Lyu et  al. 2014). Most of the known 
chitosanases are from GH families 46, 75 and 80, which currently only contain 
chitosanases (Viens et al. 2015; Qin et al. 2018a). Below is the table (Table 3.1) that 
summarizes most of the characterized chitosanases based on the Cazy severs (http://
www.cazy.org/). However, as the endo-type catalytic mode, endo-chitosanases 
often randomly cleave β-1,4-glycosidic bond inside of chitosan substrate, and 
release a mixture of uncontrollable DP chitooligosaccharides (Qin et  al. 2018a). 
The biological activities of chitooligosaccharides are often studied using different 
random chitooligosaccharides mixtures (Li et al. 2016). It is essential to produce a 
well-defined chitooligosaccharide monomers or mixtures to study the structure- 
function relationship of chitooligosaccharides. Therefore, obtaining novel specific 
chitosanase and investigating controllable bioconversion process are highly benefi-
cial for the production of specific DP chitooligosaccharides mixture or chitooligo-
saccharide monomers in industrial scale (Qin et al. 2018b).
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Table 3.1 Summary of the characterized chitosanases (January 2019)

GH 
family

Number of the characterized 
chitosanases Resource GenBank

GH5 1 Streptomyces griseus HUT6037 BAC65342.1
GH7 1 Aspergillus aculeatus F-50 BAA25183.1
GH8 23 Bacillus cereus ATCC 14579 AAP09638.1

Bacillus cereus H-1 AAO49750.1
Bacillus cereus KNUC51 AAQ19678.1
Bacillus cereus KNUC55 AAQ75086.1
Bacillus circulans WL-12 CAA37062.1
Bacillus sp. K17 PDB ID:1V5D
Bacillus sp. KCTC 0377BP AAK07481.1
Bacillus sp. No.7-M BAB19277.1
Bacillus thuringiensis 
JAM-GG01

BAJ05248.1

Bacillus thuringiensis serovar 
alesti

ABO61887.1

Bacillus thuringiensis serovar 
canadensis

ABO61894.1

Bacillus thuringiensis serovar 
darmstadiensis

ABO61891.1

Bacillus thuringiensis serovar 
israelensis

ABO61892.1

Bacillus thuringiensis serovar 
morrisoni

ABO61890.1

Bacillus thuringiensis serovar 
san diego

ABO61888.1

Bacillus thuringiensis serovar 
sotto

ABO61893.1

Bacillus thuringiensis serovar 
thompsoni

ABO61889.1

Bacillus thuringiensis serovar 
tochigiensis

ABO61895.1

Lysobacter sp. IB-9374 BAE86850.1
Paenibacillus cookii SS-24 BAL46897.1
Paenibacillu fukuinensis D2/
IK-5

BAB64835.1

Paenibacillus sp. 1794 AFP58892.1
Paenibacillus sp. X4 AGV55649.1

GH46 26 Amycolatopsis sp. CsO-2 BAA94840.1
Bacillus amyloliquefaciens UTK BAB19276.1
Bacillus circulans MH-K1 BAA01474.2
Bacillus coagulans CK108 AAL40906.1
Bacillus sp. DAU101 ABC66094.1
Bacillus sp. KFB-CO4 AAF24188.1
Bacillus subtilis CH2 ACX55932.1

(continued)
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Table 3.1 (continued)

GH 
family

Number of the characterized 
chitosanases Resource GenBank

Bacillus subtilis subsp. subtilis 
str. 168

CAB14630.1

Bacillus subtilis V26 WP_003237265.1
Burkholderia gladioli CHB101 BAA82154.1
Janthinobacterium sp. 4239 ADB89905.1
Kitasatospora setae KM-6054 BAJ27342.1

BAJ29876.1
BAJ29883.1

Microbacterium sp. OU01 ABM91442.1
Nocardioides sp. N106 AAA63405.1
Paenibacillus ehimensis EAG1 BAA23489.1
Paenibacillus sp. BH-2005 ABC17783.1
Pseudomonas sp. A-01 BAC06189.1
Streptomyces coelicolor A3(2) CAB61194.1
Streptomyces lividans TK24 ACV74390.1
Streptomyces sp. N174 AAA19865.1
Streptomyces sp. SirexAA-E AEN13266.1
Uncultured bacterium AJA30433.1
Paramecium bursaria Chlorella 
virus 1

AAC96660.1
BAA20342.1

Paramecium bursaria Chlorella 
virus CVK2

GH75 16 Streptomyces avermitilis 
MA-4680

BAC69561.1

Aspergillus clavatus W-2 AJG44374.1
Aspergillus fumigatus Af293 EAL84291.1
Aspergillus fumigatus 
NCPF7367

CAE54966.1

Aspergillus fumigatus Y2K AAO41660.1
Aspergillus oryzae IAM2660 BAD08218.2

BAA92250.1
Aspergillus oryzae RIB40 BAE63840.1
Aspergillus sp. CJ22-326 ABZ88800.1
Beauveria bassiana AAG17940.1
Chaetomium globosum CBS 
148.51

EAQ87617.1

Fusarium solani 0114 ABX57824.1
Fusarium solani PHASEOLI 
SUF386

BAA12799.1

Gongronella sp. JG-2005 ABY77913.1
Penicillium chrysogenum AS51D ADG96019.1
Penicillium sp. D-1 AFG33049.1

(continued)
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3.4.2.1  Three Dimensional Structural Analyses for Chitosanases
To understand the underlying catalytic mechanism and substrate binding specificity, 
several crystal structure of chitosanase were determined (PDB: 1CHK, 1V5D, 
5B4S), including the complex structure with substrates (PDB: 4OLT, 4QWP). These 
determined structures provide valuable fundamental information for the applica-
tions chitosanases in the chitooligosaccharide generation.

Native Chitosanase Crystal Structure Determination
The X-ray crystal structure of chitosanase N174 is the first determined chitosanase 
structure (PDB: 1CHK) (Marcotte et al. 1996). Chitosanase N174 is one member of 
GH46 family, containing two globular domains connected by a bent backbone helix. 
The domains form a pronounced cleft, which involves the two key catalytic resi-
dues. The structure of chitosanase N174 is similar to that of bacteriophage T4 lyso-
zyme in spite of essentially no sequence homology (Fig. 3.2a). So far, the crystal 
structures from three different GH families were determined (GH8, GH46, GH80) 
(Fig.  3.2b–d), The accumulating chitosanase structures indicate that the chito-
sanases belonging to GH46 and GH80 exhibit topological similarity with chito-
sanase N174, which suggests that these proteins originate from a lysozyme-type 
scaffold. However, chitosanase ChoK is constructed based on the double-α6/
α6-barrel structure, which is significant different with other reported chitosanase 
structures (Adachi et al. 2004). This difference suggests that chitosanases with dif-
ferent tertiary structures may evolved from different structural ancestors. Also, the 
multiple sequence alignment derived from the well-characterized chitosanases dem-
onstrated that these chitosanases did not share high sequence similarity (Fig. 3.3). 
For example, the chitosanase N174 from Streptomyces N174 (PDB: 1CHK), which 
belongs to GH46, only shared less than 15% sequence identity compared to the 
chitosanase McChoA from Mitsuaria chitosanitabida with PDB accession number: 
5B4S.

Catalytic Mechanism
Two types of glycoside hydrolysis mechanisms have been described previously: 
‘retaining’ and ‘inverting’ mechanisms (Wang et al. 1994). Based on the biochemi-
cal analysis and structural characterization, most of the well-characterized chito-
sanase from GH46 follows the “inverting” mechanism, including the N174 and 
OU01 (Lyu et al. 2014). Two significant features that distinguishes these two mech-
anisms are depicted based our determined first chitosanase OU01 complex 

Table 3.1 (continued)

GH 
family

Number of the characterized 
chitosanases Resource GenBank

GH80 4 beta proteobacterium KNU3 AAP58254.1
Mitsuaria chitosanitabida 3001 BAA32084.2
Mitsuaria sp. 141 AEA29710.1
Sphingobacterium multivorum BAA82599.1
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structure: (1). the distance between two catalytic residues. For the endo-chitosanases 
that follow the “inverting” mechanism, the distance between the two key is much 
longer than that in the enzymes that follow the “retaining “mechanism. For exam-
ple, the distance between the two catalytic residues is 13.8 Å for apo chitosanase 
N174). And in our chitosanase OU01 complex structure, the distance between the 
backbone carbonyl of Asp43 and E25A is 14.3 Å. In contrast, the distance between 
the two key residues is ∼5 Å for the retaining mechanism; (2). A key water molecule 
is present but functions differently between these two catalytic mechanisms. To 

Fig. 3.2 The overall structures for several determined chitosanases. (a) Chitosanase N174 from 
Streptomyces N174 (PDB: 1CHK); (b) chitosanase ChoK from Bacillus sp. K17 (PDB: 1V5D); (c) 
chitosanase OU01 from Microbacterium sp. OU01 (PDB: 4OLT) in complex with its substrate 
((GlcN)6); (d) chitosanase McChoA from Mitsuaria chitosanitabida (PDB: 5B4S)
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retain the anomeric atom configuration, the reaction occurs in a double displace-
ment process for the “retaining” mechanism, and the key water molecule acts as a 
general base to attack the intermediate to complete the reaction from the same side. 
However, in the “inverting” mechanism, the key water molecule is activated by 
Asp43 and is supposed to attack the C−1 atom in the −1 position sugar from the 
opposite side. Elucidation of the detailed catalytic mechanism facilitates our in-
depth understanding of the chitosan depolymerization mechanisms.

3.4.2.2  Summary of the Extensively Studied Chitosanases
To explore the substrate binding mechanism for chitosanase, we solved the first 
structure of chitosanase OU01  in complex with its substrate (GlcN)6 (Lyu et  al. 
2014). The (GlcN)6 is located at the cleft formed between the upper and the lower 
lobes and formed interactions with chitosanase OU01. The six sugar units of (GlcN)6 
are numbered −3 to +3 from the non-reducing end to the reducing end and the 
cleavage reaction occurs between −1 and +1 positions. The detailed interactions 
formed between (GlcN)6 and chitosanase OU01 was analyzed. In combination with 
mutagenesis analysis, we determined the essential residues for substrate binding. 
Although the complex structure provided a clear oligosaccharide binding profile, 
the mechanism for the polymeric substrate binding is limited. Because chitosan is a 
cationic polysaccharide, the negative-charged residues around the substrate binding 
cleft are suggested to function in polymeric substrate binding. Mutagenesis analysis 

Fig. 3.3 Amino acid sequence alignment of four well-characterized chitosanases. The crystal 
structures of these four chitosanases from different GH families were determined. They include 
GH46 chitosanase N174 from Streptomyces N174 (PDB: 1CHK) and chitosanase OU01 from 
Microbacterium sp. (PDB: 4OLT), GH8 chitosanase ChoK from Bacillus sp. K17 (PDB: 1V5D); 
GH80 chitosanase McChoA from Mitsuaria chitosanitabida (PDB: 5B4S). Identical amino acids 
are shaded in gray. Two catalytic residues are marked with closed star
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showed that the substitution of Asp40 can abolish enzymatic activity towards poly-
meric substrate, whereas retain almost 70% enzymatic activity towards oligomeric 
substrate. Therefore, we conclude Asp40 functions as a polymeric substrate binding 
or recognition subsite localized out of the binding cleft (Lyu et al. 2015). Moreover, 
the enzymatic activity of the other important residues determined by the complex 
structure were analyzed using two different substrate (i.e. polymeric substrate and 
oligomeric substrate). Through the combination of structural and biochemical anal-
ysis, we proposed a three-step polymeric substrate recognition mechanism for chi-
tosanase OU01. The polymeric substrate is initially recognized by the enzyme 
through the crucial residues around −2 and −1 subsites. After the initial interaction, 
residues interact with sugars in the +1, +2, +3, and −3 subsites to further stabilize 
the substrate-enzyme. Then, the Asp40 helps to recognize the polymeric substrate 
located out of the main binding cleft (Lyu et al. 2015). These above comprehensive 
structural and functional analyses significantly facilitate the applications of chito-
sanase in generation of well-defined chito-oligosaccharides.

The Cleavage Mode Analysis for Chitosanase
Generally, enzymes that degrade carbohydrate polymers act in two different modes: 
“processive” and “non-processive” modes. For the enzymes acting in a processive 
mode, they remain associated with the substrate until every cleavable linkage in the 
chain has been hydrolyzed or until a given average number of attacks has been per-
formed. However, the enzyme-substrate complex dissociates after each reaction in 
the reactions involving the enzymes acting in a non-processive mode (Lyu et  al. 
2015).

Previous studies demonstrated some chitinases act in a processive mode. Also, 
two important structural features possessed by these chitinases are summarized: (1). 
the presence of a well-defined tunnel-like substrate binding cleft; (2). and the pres-
ence of non-polar aromatic residues in the chitin binding cleft that allows non- 
specific binding of substrate (Sorbotten et al. 2005). Obviously, this two structural 
features have not been observed in the solved structures of chitosanase. And prod-
ucts analysis as a function of the time of degradation revealed a continuum of oligo-
mers generated by chitosanses from GH46 or GH75, which demonstrated that these 
chitosanses act in a non-processive mode. In addition, the hydrolysis process con-
tains an initial rapid phase and followed by a second slower phase, namely chito-
sanases exhibit more efficient hydrolysis towards the polymeric substrate than the 
oligomeric substrate. These results are consistent with the proposed polymeric 
substrate- binding mechanism, where more specific interactions form between chi-
tosanase OU01 and polymeric substrate, compared to the oligomeric substrate. 
Further our determined complex structures provide the structural basis of non- 
processivity (PDB: 4OLT). In the apo structure, the substrate-binding cleft located 
between two lobes was observed in an open form. The substrate binding causes 
conformational changes and then results in closing the substrate binding cleft. 
Because all the residues involved in substrate recognition and catalysis are located 
in the interface between the two lobes, the closing of cleft allows the formation of 
proper orientation between substrate and chitosanase and then the occurrence of 
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catalysis. After cleavage, the chitosanase turns to an open-form along with product 
disassociation. Therefore, the chitosanase must transition from an open-closed- 
open state during catalytic cycle, which is the structural basis for enzyme-substrate 
complex dissociates after each reaction (Lyu et al. 2015).

Cleavage Specificity Analysis
In degradation of partially acetylated chitosan, chitosanases exhibit different cleav-
age site specificities. According to the earliest and most popular classification, chi-
tosanases can be divided into three subclasses to illustrate their cleavage sites 
specificities. All of them are able to cleave the GlcN-GlcN linker. Class I members 
such as chitosanase N174 is able to cleave the GlcNAc-GlcN linker as well. In con-
trast, class III chitosanase MH-K1 only cleaves the GlcN-GlcNAc linker. However, 
class II members, including Bacillus sp. K17 chitosanase, are only able to cleave the 
GlcN-GlcN linker (Saito et al. 1999). Obviously, this classification is based on spec-
ificity for sugars in the −1 and +1 sites and the subclass of one chitosanase can be 
determined by analyzing its final product. However, our structural and biochemical 
data suggest this classification is oversimplified. Product analysis indicated chito-
sanase OU01 is able to hydrolyze the polymeric chitosan into the final disaccharides 
(including DD and DA, D represents GlcN, A represents GlcNAc) and trisaccha-
rides (including DDA and DAA). Generally, several cycles of hydrolysis are 
required to generate these final products. Therefore, all of the sugars will have 
potentially been selected by virtue of the interactions that they make in the −2/−1 
sites. Our complex structure clearly showed that the interactions formed between 
the sugar in the −2 site and the residues can stabilize the positive charge from the C2 
amino group, which makes it hard to introduce an acetyl group in this site. Also, 
molecular modelling suggests that the acetyl group would make binding of GlcNAc 
at −2 site energetically unfavourable and GlcNAc can be readily accommodated in 
the −3, −1 and +1 positions with GlcN in the −2 subsite. Thus, chitosanase OU01 
shows substrate specificity for GlcN in the −2 site and we suggest that chitosanase 
OU01 should be classified as a GlcN-GlcN/GlcNAc- GlcN/GlcNAc [(−2)-(−1)-
(+1)] type chitosanase. We had reported these findings in 2014, however, we have 
not performed more detailed investigation to reassess the former classification. In 
2017, Tobias et al. published their work on reassessment of chitosanase substrate 
specificities and classification. Weikert et al. assessed the substrate specificities by 
quantitatively sequencing the oligosaccharides. They demonstrated chtiosanase 
N174 is a GlcN-GlcN/GlcNAc- GlcN/GlcNAc-GlcN/GlcNAc [(−2)-(−1)-(+1)-
(+2)] type chitosanase, which confirmed our conclusion on chitosanase OU01. 
Although our structure-based method for assessing substrate specificities had been 
ignored by Weikert et al., we believe the combination of structural analysis and their 
novel quantitative sequencing technique will promote the assessment of chitosanase 
substrate specificities (Weikert et al. 2017).
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The Chitooligosaccharides Product Analyses Generated by 
the Chitosanases
The research group from Norwegian Biopolymer Laboratory (NOBIPOL) has done 
much work on the degradation of chitosan with widely varying the fraction of acety-
lated units (FA) using chitosanases from different GH families. A GH46 chitosanase 
from Streptomyces coelicolor A3, named ScCsn46A, could extensively degrade the 
chitosans with varying FA (FA = 0.008, 0.32, 0.46, and 0.64) in a non- processive 
action mode, although to a decreasing degree of scission as FA increases (Heggset 
et  al. 2010). The most dominant product generated by ScCsn46A degrading the 
fully deacetylated chitosan (FA = 0.008) is the dimer, and the product also contains 
considerable amounts of monomer. The degradation of chitosan (FA  =  0.32) by 
ScCsn46A reveals multiphasic kinetics. At the initial degradation, ScCsn46A exhib-
its rapid degradation rate. And the reducing ends of the products obtained in the 
initial phase are almost exclusively deacetylated. With the degradation reaction pro-
ceeds, a slower second kinetic phase dominates followed by a third, even slower, 
kinetic phase. And new acetylated reducing ends appear in this slow kinetic phase. 
These observations indicate ScCsn46A exhibits different of rates of degradation for 
different sequences in the chitosan and intermediate products (Fig. 3.4). Such dif-
ference on rates of degradation is caused by different substites specificities. Through 
products analysis, the ScCsn46A has been demonstrated possessing a relatively low 
substie specificity toward acetylated/deacetylated units but with a preference for 
deacetylated units. Therefore, ScCsn46A may have advantage in preparing fully 
deacetylated oligomers, and controlling the degree of scission may contribute to 
generate an oligomer with a predicted length.

This research group also studies the degradation mode of a GH75 chitosanase 
(ScCsn75A) using similar method (Heggset et  al. 2010). Although ScCsn75A 
degrades chitosan with varying FA (FA = 0.008, 0.11, 0.31, 0.52, and 0.63) in a non- 
processive action mode similar to ScCsn46A, the catalytic properties of ScCsn75A 
differ from the properties of ScCsn46A.  For example, the dominating tetramer 
obtained during the initial phase of degradation is DDDA for ScCsn75A but DDDD 
for ScCsn46A. Product analysis indicated ScCsn75A preferred binding with acety-
lated unit (A) in subsite −1, and deacetylated units (D) in subsite −2, while absolute 
preferred binding with deacetylated unites in subsite +1. These observations sug-
gested that ScCsn75A shows higher subsite specifity than ScCsn46A. Consequently, 
the chitooligosaccharide mixtures generated by ScCsn75A are less complex than 
that generated by ScCsn46A.

These studies demonstrate that both the chain length and the chemical composi-
tion (including sequence) of chitooligosaccharides change as a function of the 
degree of scission, which is determined by the affinities of chitosanses for different 
sugar units on the substrate. Considering the fact that the bioactivities of the chi-
tooligosaccharides are relate to chains length and composition/sequence, more chi-
tosanses with varying subsite specificities are required to produce 
chitooligosaccharides with distinct sequence.
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3.4.2.3  Protein Engineering for Chitosanase and Applications 
of Chitosanase in the Chitosan Oligomer Generation

Chitooligomers derived from chitosan have a variety of bioactivities, such as anti-
microbial, antioxidant, inhibition of tumor growth and stimulation of calcium depo-
sition in bones. Moreover, the properties of the chitooligomers are correlated well 
with their degree of polymerization (DP) and acetylation (DA). Although many 
physical or chemical approaches were proposed to degrade chitosan into chitooligo-
mers, the enzymatic-based hydrolysis of chitosan is often preferred for its advan-
tage in environmental protection and products control. Therefore, the usage of 

Fig. 3.4 Time course for degradation of chitosan ScCsn46A with different FA (a FA = 0.008; b 
FA = 0.32). (Heggset et al. 2010)
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chitosanase to generate a chitooligomers with a well-defined composition is critical 
for the wide application of chitosan. Obviously, a suitable chitosanase is the deter-
minant for generation of chitooligomers with high quality. Thus, the accumulation 
of more chitosanases and in-depth knowledge of the mechanisms of substrate bind-
ing or specificities are required. Owing to the development of high-throughput 
sequencing, more sequences encoding chitosanases are available, which provides 
useful information for exploring the conserved/variable interaction patterns of chi-
tosanases. For example, Liu et  al. revealed the roles of key active-sites residues 
involved in substrate binding using structural bioinformatics and statistical analysis 
(Liu et al. 2015), which offers a guide for possible conversion among chitinolytic 
enzymes, monofunctional and multifunctional enzymes, and may also be applied to 
the rational design of chitosanases. More recently, a chito-oligosaccharides product 
GO2KA1 generated by the chitosan depolymerization using chitosanase (from 
Bacillus circulans) was found to be as the dietary supplements to help maintain the 
blood sugar level (Kim et al. 2014). The GO2KA1 product was composed of 45.1% 
dimers, 24.8% trimers, 12.8% tetramers.

The determined chitosanases structures provide structural basis for substrate 
binding. Therefore, protein-engineering of chitosanases is feasible basing on the 
increasing solved chitosanases structures. Recently, the subsite specificities of a 
chitosanase from Bacillus sp. MN, named CSN (short for BspCsnMN), are engi-
neered (Regel et al. 2018). CSN has an absolute specificity for GlcN (D) at subsite 
−2 and −1, while it can accept the dyads GlcNAc-GlcN (A-D) and GlcN-GlcN 
(D-D) at subsite +1 and +2. Although the three-dimensional of CSN had not been 
solved, the structural model of CSN can be obtained by homology modelling using 
the crystal structure of Bacillus sp. K17 chitosanase as a template. The substrate 
cleft of CSN is highly electronegative, which is the structural basis for binding the 
electropositive amino group of GlcN, especially for subsite −2. To decrease the 
affinity to GlcN at subsite −2, the acidic amino acid E309 was substituted with the 
basic amino acid arginine. Meanwhile, a hydrophilic asparagine at position 308 was 
replaced by a hydrophobic valine to increase the affinity to the hydrophobic acetyl 
group of GlcNAc. Analysis of the subsite specificities of the engineered mutants 
demonstrated that the specificity of subsite −2 was altered as intended. The muta-
tions increased the acceptance of GlcNAc at subsite −2, and the subsite specificity 
of subsite +1 was changed as well.

Early in 2008, the chitosanase from Bacillus circulans MH-K1 (Csn) using an 
endo-type action mode was converted into an exo-chitosanase by structural simula-
tion and protein engineering as well (Yao et al. 2008). Structural comparison indi-
cated that the structure of endo-1-4-glucanase (exo-type) is similar to that of 
cellobiohydrolase (endo-type), except that two obviously additional loops from 
opposite walls of the substrate-binding cleft was observed in endo-1-4-glucanase 
but not in cellobiohydrolase. This difference was considered as the determinant for 
exo-type action mode (Fig.  3.5). Accordingly, two peptides were designed and 
inserted into Csn to prepare a chimeric chitosanase (Chim-Csn). And products anal-
ysis demonstrated the Chim-Csn was converted into an exo-type chitosanase suc-
cessfully. This study provides us more possibilities or methods to rational design a 
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chitosanase. With the accumulation of more glucoside hydrolase structures, we 
believe increasingly approaches will be proposed to rational design chitosanases 
with promising functions.

3.5  Chitooligosaccharide Generation Based 
on the Chemoenzymatic Approach

In addition, some researchers focused on the synthesis of chitooligomer via a che-
moenzymatic approach to obtain a relative higher degree of polymerization. For 
example, based on a chitinase mutant with lower hydrolytic activity, Yoshida used 
an one-pot chemoenzymatic approach through the 1,2-oxazoline derivatives of 
(GlcNAc)5 and (GlcNAc)2 to successfully achieve the (GlcNAc)7 (Yoshida et  al. 
2012). Pallinti found that a GH18 chitinase SpChiD from Serratia proteamaculans 
568 was an endo-acting processive enzyme, which was able to exhibit a hyper trans-
glycosylation (TG) activity when using the trimer and hexamer as the substrates, 
therefore, the SpChiD has potential applications for the chitooligosaccharide gen-
eration (Purushotham and Podile 2012). This enzyme SpChiD was further investi-
gated by Madhuprakash to explore its application for the chitooligosaccharide 
generation. It was found that SpChiD could be used for the defined DA (degree of 
acetylation) and PA (pattern of acetylation) chitooligosaccharide generation 
(Madhuprakash et al. 2015). Additionally, it was reported that a chitosanase from 
Bacillus cereus was used to produce the high degree polymerized chitooligosac-
charide. In the aqueous condition, it was found that this chitosanase will be able 
produce octamer from a mixture of dimer to heptamer, indicating the transglycosyl-
ation activity. Moreover, it was discovered that in the reversed microreactors formed 
by AOT (sodium bis-2-(ethylhexyl) sulfosuccinate), the ratio of high degree polym-
erized chitooligosaccharide significantly enhanced (Hsiao et al. 2008).

Fig. 3.5 Comparison of three-dimensional structures of endo- and exo-type glycoside hydrolases. 
The substrate binding clefts were boxed. (a) Endo-1,4-glucanase E2 of Thermobifida fusca YX 
(PDB: 2BOD); (b) endo-chitosanase of B. circulans MH-K1 (PDB: 1QGI); (c) cellobiohydrolase, 
i.e. exo-glucanase of Humicola insolens (PDB: 1BVW)
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3.6  Future Directions of Chitooligosaccharides Preparation

Compare to the canonical chemical methods, the enzymatic-based method is more 
environmental friendly. To make these enzymes are suitable for the large-scale chi-
tosan oligosaccharides generation, more work need to be performed to enhance the 
yield of chitosanase in the heterologous over-expression system. More importantly, 
the fundamental catalytic and substrate binding mechanisms should be elucidated, 
especially toward the new discovered chitosanases. This will facilitate the protein 
engineering design of novel chitosanase for single chitosan oligomer generation.

Although enzymatic-based method is best known and widely used for large-scale 
production of chito/chitin oligosaccharides. The source of chitin materials is 
restricted as the environmental pollution of manufacturing process and limited 
marine chitin resources. The preparation of chito/chitin oligosaccharides by enzy-
matic/biological synthesis has attracted much attention in these years. Some glyco-
syl transferases, transglycosidases/transglycosylases and glycosynthases showed 
outstanding potential for the synthesis of chito/chitin oligosaccharides by monosac-
charides. The enzymatic/biological synthesis of chito/chitin oligosaccharides by 
monosaccharides will describe in detail in the next chapter.

3.7  Monomer (Monosaccharide) Generation: Chemical 
Hydrolysis, Fermentation and Enzymatic Methods

3.7.1  Chemical Hydrolysis

The monomer of chitooligosaccharides is glucosamine (GlcN), which also has a 
variety of bioactivities, including functions in plant organogenesis and invertebrate 
embryogenesis. Glucosamine and its acetylated derivative (N-acetylglucosamine 
(GlcNAc)), both can be derived from chitin/chitosan, have been widely applied in 
food, economic feed-stocks, cosmetics, and pharmaceutical industries, especially in 
arthritis treatment (Chen et al. 2010; Nakamura 2011). Currently, the global sales of 
GlcN and GlcNAc products can reach 2 billion dollars per year. Accordingly, high 
efficiency processes for producing glucosamine are urgently needed in industry. 
Absolutely, chitin is a suitable biosource for the production of glucosamine, because 
of its abundant yield (about 100 billion tons of chitin are produced in nature every 
year). The conversion of chitin into glucosamine including chitin deacetylation and 
hydrolysis.

For the longest time, most of the commercial glucosamine is manufactured by 
chemical hydrolyzing chitin from the shells of shellfish, such as shrimp, lobsters, 
and crabs. Instead of chitin as feed-stock, some glucosamine products are manufac-
tured by fungus Aspergillus niger through fermenting corn to meet the demands of 
vegetarians and others with objections to shellfish. Generally, hydrochloric acid 
(HCl) was used to generate glucosamine from crab shell chitin. The following is a 
typical chemical hydrolysis process: Decomposition of chitin (4 kg) was carried out 
by stirring with concentrated hydrochloric acid at 45 °C and water and soda ash for 
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neutralization were added. The solution was decolored by adding 800 g of activated 
carbon and the salt filtered by electro dialyzer. The solution (10%) containing 
N-acetyl-D-glucosamine (73%) and N-acetyl chitooligosaccharide (27%) was 
obtained. Separation of N-acetyl-D-glucosamine was carried out by a RO film with 
a rate of salt blocking of 10% at 20 °C, repeatedly. The permeated liquid was col-
lected, purified using an ion exchange resin column and crystallized. N-acetyl-D- 
glucosamine of 99% purity and a melting point of 201  °C, was obtained. 
N-acetyl-D-glucosamine was subsequently deacetylated with hydrochloric acid to 
prepare D-glucosamine. With the diverse market demand for GlcN products increas-
ing, more high-quality GlcN products are required. Although amounts of GlcN 
products are manufactured by chemical hydrolysis approach per year, this method 
is always limited by variable raw material supply. In addition, the level of contami-
nants in the products cannot be ignored, because pretreatment of the raw material 
from shrimp or crab shell is complicated.

3.7.2  Enzymatic Methods

Enzymatic hydrolysis is an environmentally friendly method for the preparation of 
sugar monomer. Researchers have extensively studied the related enzyme systems 
for chitin metabolism and monomer preparation. The degradation pathway of chitin 
in bacteria and eukaryotes has been extensively studied, and the chitin catabolic 
pathways are summarized as shown in Fig. 3.6. Chitin is a natural carbohydrate 
composed of N-acetyl-D-glucosamine by β-1,4-glycosidic bond. The enzymes 
involved in a chitinolytic system are summarized as follows: endo-chitinases (EC 
3.2.1.1.4), exo-chitinases (EC 3.2.1.14), chitobiases (EC 3.2.1.30), and β-N-acetyl- 
hexosaminidases (EC 3.2.1.52). Theses enzymes work cooperatively to convert chi-
tin into N-acetyl-D-glucosamine. Endo-chitinases hydrolyze chitin into oligomers, 
such as chitotetraoses and chitotrioses. And N-acetyl-chitobioses are predominant 
in the end-products of hydrolysis of chitin by endo-chitinases. In contrast, exo- 
chitinases release N-acetyl-chitobiose without production of GlcNAc or oligomers. 
β-Nacetyl-hexosaminidases can cleave N-acetyl-chitobiose, N-acetyl-chitotriose 
and N-acetyl-chitotetraose into GlcNAc monomers.

Furthermore, in some thermophilic microorganism, (GlcNAc)2 is specifically 
deacetylated to GlcN-GlcNAc by deacetylase and then was cleaved into GlcN and 
GlcNAc by β-N-acetyl-hexosaminidases. The resulting GlcNAc monomers can fur-
ther be deacetylated into GlcN by deacetylase. In the glucosamine industrial prepa-
ration, a key reaction is deacetylated of GlcNAc to GlcN, which is catalyzed by 
chemical regents. Every year, the production of GlcN by chemical hydrolysis is 
over 29,000 tons scale. During chemical hydrolysis, harsh reaction conditions are 
required and additional separation for side products are also required. Some 
researchers identified that deacetylases can exhibit high selectively deacetylation 
activity towards GlcNAc under a mild reaction condition. The high selectively of 
deacetylase for GlcNAc over other biomolecules makes it suitable for industrial 
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GlcN production. In combination with chitinase and deacetylase, one-pot produc-
tion of glucosamine from crude solid chitin is feasible.

Exo-β-D-glucosaminidase (exo-chitosane, EC 3.2.1.165) cleaves chitosan or 
chitosan oligomers to release D-glucosamine from the non-reducing terminal suc-
cessively. Thus exo-β-D-glucosaminidase based hydrolysis is a potential 
D-glucosamine preparation method. Exo-β-D-glucosaminidase exhibits higher 
cleavage rate on chitotetraose and chitopentaose. And it can cleave GlcN-GlcNAc 
but not GlcNAc-GlcNAc.

Previous studies indicated enzymatic hydrolysis for glucosamine production is a 
promising approach (Lv et al. 2017). However, this approach is more complex than 
chemical hydrolysis, because both enzyme production and glucosamine production 
should be considered. Also, enzymatic processes still need extensive optimization 
to solve questions on low yields and incomplete conversion of chitin into its mono-
mers. To apply the enzymatic approach to the production of glucosamine, more 
studies on maintaining enzyme activity/stability and managing enzyme cost should 
be carried out.

3.7.3  Fermentation

The GlcN and GlcNAc products manufactured using natural chitin as source are 
unfriendly to vegetarians and those objective to shellfish, and may carry the poten-
tial risk of allergic reactions. GlcN and GlcNAc can also be produced by microbial 

Fig. 3.6 The metabolic pathway of chitin degradation
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fermentation using recombinant microorganism such as Escherichia coli and 
Bacillus subtilis. Fermentation method as an environmentally friendly process is 
attracting increasing attention. Metabolic engineering is a potential approach to 
increase the production of a certain substance in cell by optimizing intracellular 
inheritance and regulating metabolic processes.

These processes are chemical networks that utilize a series of biochemical reac-
tions and enzymes that allow cells to convert raw materials into molecules neces-
sary for the cell’s survival. Microbial synthesis offers an attractive alternative for 
sustainable production of desired biopolymers. The development of metabolic engi-
neering is to be able to use microorganism to generate GlcN and GlcNAc on an 
industrial scale.

The strains used for production of GlcN and GlcNAc include fungi, viz., 
Aspergillus sp. BCRC 31742 (Sitanggang et  al. 2010), recombinant Escherichia 
coli (Deng et al. 2005; Chen et al. 2012) and recombinant Bacillus subtili (Gu et al. 
2017). For production of GlcN and GlcNAc by filamentous fungal fermentation, 
GlcN (or GlcNAc) production from fungal cell walls requires acid hydrolysis and 
long fermentation periods. Compared with traditional extraction and hydrolysis 
methods, the low productivity and high cost of this method weaken its economic 
competitiveness. Besides filamentous fungal fermentation method, GlcN and 
GlcNAc can also be produced using engineered bacteria, such as Escherichia coli 
and Bacillus subtili. For example, researchers have constructed a recombinant 
Bacillus subtilis strain to produce GlcNAc by blocking the input of extracellular 
GlcNAc and the catabolism of intracellular GlcNAc, while simultaneously elimi-
nating the formation of acidic by-product lactate. Compared with E. coli, the gram- 
positive bacterium B. subtilis is considered as a generally recognized as safe (GRAS) 
organism, without exotoxin and endotoxin, no phage infection problems problem 
during the industrial fermentation. For this reason, B. subtilis system is highly 
favored over the use of E. coli system to produce GlcNAc and GlcN for food and 
medicinal products. In addition, B. subtilis is one of the most well-known Gram- 
positive microorganisms, its genome has been sequenced. And there are series of 
genetic manipulation tools available for the metabolic engineering studies of B. 
subtilis. And the regulatory mechanisms and metabolic pathways of GlcNAc/GlcN 
in B. subtilis have been extensively studied (Fig. 3.7). Thus, B. subtilis system offers 
several advantages as a possible chassis microorganism for the industrial production 
of GlcN and GlcNAc.

3.8  Conclusions

Now chitooligosaccharides can be prepared successfully by physical, chemical and 
enzyme-based methods, of which enzyme-based method is the most promising 
method used for chitooligosaccharides preparation. Because chitooligosaccharides 
exhibit remarkable biological activities, more well-defined single chitooligosaccha-
rides with high value are required in the future. However, the preparation of well- 
defined single chitooligosaccharides in large-scale is still limited. We believe 
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enzyme-based method is the key avenue for the generation of well-defined chitooli-
gosaccharides. With the development of genomics of bacterias, more and more chi-
tosanases with different properties will be discovered and characterized, which will 
accelerate the enzyme-based well-defined single chitooligosaccharides generation.
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Abstract
Functional oligosaccharides have drawing increasing attention in recent years 
due to their important biological activities. To date, more than 20 kinds of 
functional oligosaccharides have been commercially produced and widely 
used in various fields. However, industrial production of N-acetyl chitooligo-
saccharides is still not available due to that the direct degradation of chitin is 
difficult and conversion rate is low. Production of N-acetyl oligosaccharide has 
some advantages when compared with other functional oligosaccharides, such 
as maltooligoaccharide, isomaltooligosaccharide, fructooligosaccharide, man-
nooligosaccharide etc. For example, the cost of raw materials for N-acetyl oli-
gosaccharide production is nearly negligible as chitin is one of the most 
abundant regenerated biomass only next to cellulose. In addition, the conver-
sion of N-acetyl oligosaccharide from chitin can not only partially reduce the 
burden of environmental pollution caused by the disposal of waste chitin mate-
rials, but also offer a kind of functional product helpful for human health. 
Hence, some studies have been performed for efficient and environmental 
friendly production of N-acetyl oligosaccharide from chitin materials. In the 
present chapter, the major conversion methods (including chemical, physical 
and enzymatic methods) as well as several novel strategies are introduced in 
details.
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4.1  Functions of Chitin Oligosaccharides

Chitin is a β-1,4-linked linear insoluble polymer of N-acetyl-D-glucosamine 
(GlcNAc), which represents the second most abundant polysaccharide after cellu-
lose (Monge et al. 2018). More than 100 billion tons of chitin materials have been 
produced annually worldwide without utilization, the discarding of which in nature 
not only results in environmental problems, but also a waste of biomass (Wei et al. 
2017; Wakita et al. 2017). Chitin oligosaccharides (N-acetyl COSs) and GlcNAc are 
the partially degraded or completely degraded products of chitin by chemical, phys-
ical or enzymatic methods. N-acetyl COSs, especially with degree of polymeriza-
tion (DP) of 2–6, have attracted considerable attention in recent years due to their 
water-solubility and temperature and pH stability, as well as excellent biological 
activities, such as antimicrobial, anti-tumor and hypoglycemic activi-
ties (Bhattacharya et al. 2007; Wu et al. 2017). In addition to these biological activi-
ties, N-acetyl COSs are also considered as effective plant elicitors (Yin et  al. 
2016) and potent angiogenic inhibitor (Wang et al. 2007), involving in the promo-
tion of bifidus proliferation (Chen et al. 2002), the characteristics of which could be 
widely used in agricultural, food and pharmaceutical industrials (Bhattacharya et al. 
2007; Wendland et al. 2009; Suresh and Kumar 2012). Thus, production of N-acetyl 
COSs is a promising way for the disposal and recycling of enormous waste chitin 
materials.

4.2  Chemical Methods for Preparation of Chitin 
Oligosaccharides

N-acetyl COSs have historically been commercially produced via a process on the 
basis of concentrate acid hydrolysis of crude chitin materials (Jung and Park 2014). 
Commonly, the degradation of chitin by chemical method can be performed by 
strong acid hydrolysis, such as hydrochloric acid. The acid concentration and opera-
tion temperature should be carefully selected and strictly controlled. The two 
parameters must be high enough to degrade chitin sufficiently, but not too high since 
the N-acetyl COSs products could be further degraded. Suitable reaction conditions 
include 15–36% (w/v) hydrochloric acid and about 40–80 °C (Chen et al. 2010). 
Briefly, crude chitin was ground, sieved and then incubated in 12 M Conc. hydro-
chloric acid. The resulted solution is neutralized with sodium hydroxide, filtered, 
desalted and then qualitatively analyzed by thin layer chromatography (TLC) 
method. The hydrolysis products are freeze dried and the final product contains 
N-acetyl COSs. Meanwhile, the required acid could be replaced by phosphoric acid 
or hydrofluoric acid. It has been reported that chitin was suspended with 37% (w/v) 
hydrochloric acid, stirred for 2 h at 4 °C, cooled to 0 °C and the suspension was then 
adjusted to pH 7 with 50% sodium hydroxide. The suspension mixture was centri-
fuged and the supernatant was filtered using a glass filter and concentrated on a 
rotary evaporator. The obtained sample was further fractionated on a Bio-gel P2 
acrylamide column and quantitatively analyzed by high performance liquid 
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chromatography (HPLC). The fractions contain a serious of N-acetyl COSs deriva-
tives, including GlcNAc, (GlcNAc)2, (GlcNAc)3, (GlcNAc)4, (GlcNAc)5 and 
(GlcNAc)6.

GlcNAc can also be prepared by an alternative process using GlcN as the sub-
strate. Briefly, chitin is dissolved in concentrated hydrochloric acid and then heated 
in boiling water for 3 h. The drastic conditions can not only convert chitin to its 
monomer completely, but also could remove the acetyl group of GlcNAc at the 
same time. So in the process, an additional N-acetylation reaction must be per-
formed for GlcNAc production. Briefly, GlcN is dissolved in methanol solution 
(10%, w/v) and N-acetylated in acetic anhydride in the presence of a kind of ion 
exchange resin (Dowex1 in carbonate form). An overall GlcNAc yield of 43% was 
obtained after filtration and crystallization. Zhan et al. described another improved 
N-acetylation procedure, in which GlcN was N-acetylated using pyridine as a sol-
vent in the presence of acetic anhydride and tributylamine (Chen et al. 2010). The 
highest GlcNAc yield of 70% was obtained with purity high up to 99% after a series 
of purification steps.

Although chemical methods for N-acetyl COSs and GlcNAc production is con-
sidered to be an economic and sample route, the products are not deemed natural 
materials due to their chemical modifications (Sashiwa et al. 2003). Moreover, trace 
amounts of O-acetylated and di-acetylated products have also been detected by liq-
uid chromatograph-mass spectrometer (LC-MS) except N-acetylated products. 
Furthermore, gas chromatography-mass spectrometer (GC-MS) analysis revealed 
that solvent and tributylamine are also present in the products (Wang and Chang 
1997). Thus, these residual substances may attribute to bitter tastes of chemically 
produced N-acetyl COSs, which limited their commercial application in industries, 
especially in food industry (Fu et al. 2016; Yang et al. 2016a).

4.3  Physical Methods for Preparation of Chitin 
Oligosaccharides

In recent years, several alternative methods which can generate high energy micro- 
environments such as ultrasound, microwaves and ball-milling are considered to be 
complementary and promising tools for the efficient conversion of biomass (Tabasso 
et al. 2015). The localized temperatures and pressures developed in mechanochemi-
cal processes offers an effective method to induce reactivity in organic materials 
including chitin and cellulose. The approach overcomes the need for solvent and 
can efficiently destroy the crystalline structure of polysaccharides by weakening the 
network bonded by intermolecular hydrogen. It has been reported that the reduc-
tions in crystallinity are essential for chitin conversion.

Mechanochemical treatments have already exhibited great potential for environ-
mental friendly sustainable processing of chitin within biomass valorization. X-ray 
diffraction analysis revealed that crystallinity of chitin can be reduced by 50% in 2 h 
by using a ball mill in a controlled way (Fig. 4.1). Furthermore, the spectra analysis 
revealed that glycosidic linkage content decreased and N-acetyl groups retained. 
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The addition of kaolinite or natural clay in the ball mill results in a significant 
increase in the solubility of the milled materials (more than 75% water soluble prod-
ucts with kaolinite, while 35% without kaolinite). The products in this process are 
identified as N-acetyl COSs with DP 1–5 by a new quantitative matrix-assisted laser 
desorption-ionization (MALDI-TOF) mass spectrometric method  (Margoutidis 
et al. 2018). These data are in accordance with a colorimetric assay of reducing ends 
and size-exclusion chromatography (SEC). GlcNAc and (GlcNAc)2 yields of 5.1% 
and 3.9% were obtained within 6 h, respectively, which is comparable to that of 
glucose and cellobiose from cellulose degraded by the same method.

4.4  Enzymatic Methods for Preparation of Chitin 
Oligosaccharides

N-acetyl COSs can be produced by chemical and physical methods. However, con-
centrated acids used in the chemical procedure can result in a series of associated 
environmental problems (Wei et al. 2017). Besides, the yield of N-acetyl COSs by 
physical methods are still too low to be scaled up, except for the huge amount of 
energy consumption. Consequently, the mild enzymatic approach for the production 
of N-acetyl COSs is highly preferred owing to product consistency, environmental 
protection and sustainable development  (Patil and Jadhav 2014). Suitable hydro-
lytic enzymes are the key factors for enzymatic conversion of chitin. Till now, sev-
eral kinds of enzymes have been used in the hydrolysis of chitin materials for 
N-acetyl COSs production, such as chitinolytic enzymes and lipases.

Chitinolytic enzymes are the major enzymes which have been widely used for 
N-acetyl COSs production from chitin materials. On the basis of their action modes, 
chitinolytic enzymes have been classified into two categories: (1) chitinases (EC 
3.2.1.14) that randomly cleave the glycosidic bonds in internal sites of chitin; (2) 
β-N-acetylhexosaminidases (EC 3.2.1.52) that successively catalyze the removal of 
GlcNAc residues from the non-reducing end of the chitin chain backbone (Adrangi 

Fig. 4.1 XRD analysis of untreated (black signal) and milled α-chitin by 2 × 0.5″ balls for 30 
(red), 60 (green), 90 (blue) and 120 (pink) min, respectively (Margoutidis et al. 2018)
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and Faramarzi 2013). To date, a large amount of chitinolytic enzymes have been 
identified, characterized and applied with the aim of improving the hydrolysis effi-
ciency of chitin for N-acetyl COSs and GlcNAc production. Moreover, several com-
mercial non-chitinase hydrolytic enzymes have also been reported to be capable of 
hydrolyzing chitin for N-acetyl COSs and GlcNAc production, such as lipase, lyso-
zyme, pectinase, papain, glucanase and tannase (Jung and Park 2014).

4.4.1  The Pretreatments of Chitin

In order to achieve an efficient bioconversion, pretreatments constitute a key pre-
liminary step to affect the supramolecular structure of biopolymers. It consists of an 
incubation step, by analogy to the biochemical pathway on lignocellulosic biomass. 
Pretreatments have been widely described for cellulosic biomass, as it is necessary 
prior to enzymatic hydrolysis due to that chitin has strong crystallinity and insolu-
bility in an aquatic environment. For instance, chitin is normally treated with strong 
acids, such as phosphoric acid (for swollen chitin) or hydrochloric acid (for colloi-
dal chitin) to break down its crystal structure thus increasing the accessibility of the 
substrate to the degrading enzymes (Jung and Park 2014). A large panel of pretreat-
ments have been developed and applied in chitin degradation process for enzymatic 
production of N-acetyl COSs and GlcNAc, such as mechanochemical grinding, 
strong acid treatment, sub- or super-critical fluid treatment, steam explosion and 
ultrasonication etc (Osada et al. 2012). In recent years, a series of innovative and 
environmental friendly pretreatments have been applied to chitin conversion for 
N-acetyl COSs and GlcNAc production, such as treatment with high pressure 
homogenization (Wei et al. 2017), ionic liquids (Husson et al. 2017) and bacterial 
fermentation (Zhang et al. 2018).

High pressure homogenization has been proved to be an efficient pretreatment 
method for chitin conversion. Wei et al. found that high pressure homogenization 
could change the crayfish shell to exhibit a fluffy netted structure, and 3.9  g/L 
GlcNAc yield (25 g/L of crayfish shell) in a batch enzymatic reaction was achieved 
by chitinase hydrolysis when the crayfish shell was pretreated by five treatment 
cycles (with pressure 400 bar) (Fig. 4.2). The results suggested that high pressure 
homogenization may be an efficient method for enzymatic production of GlcNAc 
from crayfish shell directly.

Husson et  al. revealed that the enzyme accessibility to the chitin substrate 
increased when chitin was pretreated by a room temperature ionic liquid (1-ethyl-3- 
methyl imidazolium, [C2mim][OAc], RTIL). Ionic liquid pretreatment provided an 
efficient GlcNAc production of 185  mg/g chitin and a (GlcNAc)2 production of 
668  mg/g chitin, converted by the chitinases from Trichoderma viride and 
Streptomyces griseus, respectively. Alternatively, a promising simultaneous route 
was developed. On the basis of an one-pot enzymatic hydrolysis of chitin in  [C2mim]
[OAc]-aqueous medium, it can selectively generate GlcNAc or (GlcNAc)2 by 
decreasing the required [C2mim][OAc] amount and the number of steps (Fig. 4.3). 
Finally, the synergistic action of the two chitinases from T. viride and S. griseus was 
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Fig. 4.3 Skeleton of sequential and simultaneous strategies for the bio-catalytic conversion of 
chitin (Husson et al. 2017)

Fig. 4.2 Effects of high pressure treatment on the GlcNAc conversion efficiency from crayfish 
shells. (a) Effect of different pressures applied in five cycle; (b) effect of cycle numbers treated at 
400 bar (Wei et al. 2017)
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confirmed to be relevant to the significant increase of GlcNAc production (760 mg/g 
chitin).

In addition, bacterial fermentation can also be helpful to the N-acetyl COSs and 
GlcNAc production. Zhang et  al. reported that bacterial fermentation 
(Chitinolyticbacter meiyuanensis SYBC-H1) pretreatment made chitin powder to 
exhibit a visible fleeciness structure. Scanning electron microscopy (SEM) analysis 
further revealed that the surface of the chitin showed a fiber-like structure with 
diameter range of 10–200 nm. By using the pretreatment method, followed by an 
enzymatic reaction (6 h), the highest GlcNAc yield of 96% (19.2 g/L) was achieved 
from 20 g/L chitin. The new approach provided an efficient, mild and environmen-
tally friendly method for reducing the crystallinity of chitin. The method can 
enhance the GlcNAc conversion rate without the use of acids, oxidants or other 
chemical reagents.

4.4.2  The Enzymes Used for Preparation of Chitin 
Oligosaccharides: Chitinases 
and β-N-Acetylglucosaminidases

4.4.2.1  Classification, Structure and Catalytic Mechanism
The reported glycoside hydrolases (GH) have been collected and classified into dif-
ferent GH families on the base of their sequence homology. A continuously updated 
list of these GH families is available at CAZy database (http://www.cazy.org). Most 
of the chitinases fall into GH families 18, 19, 23 and 48 (Ueda et al. 2009; Fujita 
et al. 2006), while most of the β-N-acetylhexosaminidases are classified into GH 
families 3, 20, 84 and 116 (Yang et al. 2014; Qin et al. 2015; Ferrara et al. 2014). 
The catalytic domains of members in different GH families all fold into a common 
three-dimensional structure (Fig. 4.4). Members from GH families 20 and 84 all 
have similar (β/α)8 barrel domains (Sumida et al. 2011), while enzymes from GH 
families 19 and 23 adopt an α+β structure (Udaya Prakash et al. 2010). Differently, 

Fig. 4.4 Three-dimensional structure of several representative chitinases from different GH fami-
lies. (a) A GH family 18 chitinase from Aspergillus fumigatus displaying a (β/α)8 barrel (PDB ID: 
2XVP). (b) A GH family 19 chitinase from Carica papaya exhibiting α+β structure (PDB ID: 
3CQL). (c) A GH family 3 glucohydrolase from Hordeum vulgare having a bipartite domain con-
sisting of a (β/α)8 barrel (lower right) and an (α/β)6 sandwich (upper left) (PDB ID: 1IEQ). (d) A 
GH family 48 cellobiohydrolase from Clostridium thermocellum exhibiting an (α/α)6 barrel (PDB 
ID: 1L1Y) (Adrangi and Faramarzi 2013)
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the catalytic domains of GH family 3 enzymes display bipartite structure consisting 
of a (β/α)8 barrel followed by an (α/β)6 sandwich. However, some GH family 3 
enzymes lack of (α/β)6 sandwich. GH family 48 enzymes commonly exhibit an 
(α/α)6 barrel structure characterized by six central α-helices surrounded by six 
external α-helices (Adrangi and Faramarzi 2013).

Generally, most of chitinases are modular proteins. They contain auxiliary 
domains such as the carbohydrate-binding module (CBM), except a catalytic 
domain (Guillen et al. 2010). The CBM is helpful in enhancing the enzyme activity 
towards insoluble substrates by anchoring the enzyme to the substrate. Besides, it 
can also destroy the crystalline structure of the substrate thus leads to the formation 
of free chain ends in substrate. Similar to the catalytic modules, CBMs have also 
been classified into different homologous protein families, and they can be accessed 
at the CAZy database (http://www.cazy.org). The second feature that helpful for the 
chitinases to overcome their low accessibility to insoluble substrates is that some 
chitinolytic enzymes have a deep and narrow substrate-binding cleft lined with aro-
matic residues (Fig. 4.5) (Zakariassen et al. 2010). Such chitinases act in a proces-
sive manner. It means that once the enzyme bonds to a substrate chain, they make 
the substrate chain pass over their catalytic cleft and cut at several hydrolytic sites, 
but do not release the substrates after each cleavage. The aromatic residues play an 
important role in offering the necessary environment for the flexible binding and 
movement of the substrate via the active site. Though processive reaction is an effi-
cient strategy for the insoluble substrates hydrolysis, it usually lead to the activity 
decrease of the enzyme towards soluble or more accessible polymeric substrates.

Generally, chitinolytic enzymes catalyze the de-polymerization of their sub-
strates through two pathways viz. single- and double-displacement mechanisms. 
There are two distinct catalytic groups involved in both of the catalysis pathways. 
One is a carboxyl group which acts as a proton donor and is usually provided by a 

Fig. 4.5 Three-dimentional structure of substrate-binding cleft of processive and non-processive 
chitinases. (a) A chitinase from Serratia marcescens with processive manner (PDB ID: 1E6N). (b) 
A chitinase from Hevea brasiliensis with non-processive manner (PDB ID: 1KQY). Substrates are 
shown in stick representation (Adrangi and Faramarzi 2013)
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conserved glutamate residue at the enzyme’s active site. In some special cases, glu-
tamate residue may be substituted by aspartate residue, such as some chitinases 
from GH family 84. The other catalytic group acts as either a base (in single- 
displacement mechanism) or a nucleophile (in double-displacement mechanism). 
The latter group may be a carboxyl moiety provided by a conserved aspartate or 
glutamate residue, or may be an N-acetyl group of the sugar located in the −1 sub-
site of the enzyme (Aam et al. 2010). Subsites of the substrate are numbered from 
−n to +n, where negative signs mean the non-reducing end of the chain, while posi-
tive signs mean reducing ends, and the cleavage occurred between the −1 and +1 
subsite. The single-displacement mechanism is also known as the inverting mecha-
nism, as it leads to the inversion of the anomeric configuration of the hydrolyzed 
GlcNAc residue. The double-displacement mechanism also refers to the retaining 
mechanism, with the anomeric configuration retained.

4.4.2.2  Exploration and Properties of Chitinases 
and β-N-Acetylglucosaminidases

Discovery and explore original chitinolytic enzymes have drowned growing atten-
tion in recent years. Chitinolytic enzymes are distribute in a wide range of organ-
isms including bacteria, fungi, plants, insects and animals for different functions, 
such as morphogenesis, nutrition and defense against chitin containing pathogens. 
Many of the above mentioned organisms have several chitinolytic enzyme encoding 
genes. For example, filamentous fungi generally have 10–20 different chitinolytic 
enzyme genes, while mycoparasitic species have high up to 30 or even more such 
genes. These chitinolytic enzymes degrade chitin in a synergetic or successive man-
ner. Some higher organisms have also been reported to contain a large amount of 
chitinolytic encoding genes such as arabidopsis. However, some of these genes do 
not code active enzymes. For example, some organisms including plants, inverte-
brates and animals, express so-called chitinase-like lectins encoding genes without 
chitinolytic activity. This may be due to the substitutions in their key catalytic resi-
dues. Though these proteins retain the ability to bind chitin, they lacked of enzyme 
activity.

The molecular masses of chitinases vary widely in the range of 20–120 kDa. 
Generally, microbial chitinases have a molecular mass in the range of 20–110 kDa, 
which is similar to that of chitinases from plant (25–40 kDa), and smaller than that 
of the chitinases from insect (40–85 kDa). Depending on the sources of microorgan-
isms isolated, chitinases are found to be active over wide ranges of pH and tempera-
ture  (Yang et  al. 2016b). For example, endochitinases from Streptomyces 
violaceusniger and Streptomyces thermoviolaceus are most active at 28  °C and 
80 °C, respectively. Also, the enzyme from S. thermoviolaceus was had an optimal 
pH in the range of 8.0–10.0, while the chitinase from Stenotrophomonas malto-
philia C3 was most active in the pH range of 4.5–5. The chitinases from different 
sources also exhibited a broad range of isoelectric points (pI) from 3.0 to 10.0.

The molecular masses of microbial β-N-acetylglucosaminidases are in the range 
of 40–90  kDa. Similar to chitinases, β-N-acetylglucosaminidases from different 
microorganisms are also found to have wide ranges of optimal temperatures 
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(30–70  °C) and pH (3.5–10.0)  (Zhang et  al. 2018). For instance, β-N- 
acetylglucosaminidases from Streptomyces sp. NK5 and Trichoderma reesei have 
optimum pH values of 10.0 and 4.0, respectively, while the optimum temperatures 
of 60 and 70 °C, respectively.

4.4.2.3  Future Prospective of Chitinases 
and β-N-Acetylglucosaminidases

Many attempts have been made to enhance the catalytic properties through directed 
evolution, site directed mutagenesis and domain fusion. Through these studies, 
more information about the importance of domains, specific loops, and residues in 
chitinases and β-N-acetylglucosaminidases have been elucidated and can be har-
nessed for useful chitinase and β-N-acetylglucosaminidase application. Further 
exploration of domains and their respective functions will be of advantage in design-
ing chitinases and β-N-acetylglucosaminidases with enhanced properties. Studies 
on the interaction between chitinases and different forms of chitin can also help to 
better understand the varied antifungal properties of chitinases.

Predetermination and comparison of behaviors of various chitinases by molecu-
lar dynamics may reveal novel mechanisms of interactions. Consequently, more 
design and mutation strategies can be employed to develop chitinases with enhanced 
antifungal, hydrolytic or transglosylating properties. Finally, the fast-growing field 
of bioinformatics, the more and more computational tools and the increasing data-
bases which describe and predict structure and function of proteins can help to 
streamline engineering of chitinases in a more rational manner to yield chitinases 
with improved activity and stability specific for the various biotechnological 
applications.

4.4.3  Specific Enzymatic Methods

4.4.3.1  Preparation of GlcNAc
GlcNAc is commonly produced by the complete hydrolysis of chitin through the 
coaction of chitinases and N-acetyl-β-hexosaminidase. To date, some chitinolytic 
enzymes have been reported to be capable of hydrolyzing chitin to release GlcNAc. 
For example, the chitinase from Burkholderia cepacia TU09 was used to hydrolyze 
β-chitin and α-chitin to produce GlcNAc, and the highest yields of 85% and 80% 
were obtained, after 1 and 7 days, respectively. The chitinase from Bacillus licheni-
formis SK-1 was applied for GlcNAc and (GlcNAc)2 productions from β-chitin, and 
yields of 75% and 20% were obtained, respectively within 6 days. The Bacillus 
licheniformis SK-1 chitinase hydrolyzed α-chitin to produce GlcNAc with a conver-
sion yield of 41% (Pichyangkura et al. 2002). For GlcNAc production, β-chitin from 
squid pen is better than α-chitin from crab or shrimp shells as the substrate in most 
cases. It has been reported that N-acetyl COSs and GlcNAc were produced from 
colloidal α-chitin by a crude enzyme from Paenibacillus illinoisensis. In the above 
procedure, the GlcNAc production rate increased continuously with the increase of 
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incubation time, whereas that of N-acetyl COSs decreased, and the highest GlcNAc 
production of 62.2% (1.71 mg mL−1) was obtained after 24 h of incubation. The 
yields of (GlcNAc)2, (GlcNAc)3, (GlcNAc)7 and (GlcNAc)8 were 4.9%, 1.2%, 4.1% 
and 9.6%, respectively, at the same time (Jung et al. 2007).

Some non-chitinase enzymes have also been used to hydrolyze chitin for GlcNAc 
production. For example, crude cellulase culture from Trichoderma viride and 
Acremonium cellulolyticus were used to hydrolyze α-chitin (from crab shell) and 
β-chitin (from squid pen) for GlcNAc production, separately, and the yield of 
GlcNAc was enhanced by combination of the two types of cellulases when com-
pared that by sole enzyme (Sashiwa et al. 2003). Crystalline chitin from bee and 
α-chitin from crab shell were hydrolyzed by the crude enzyme culture from 
Trichoderma reesei, containing both cellulose and β-glucanase activities, and the 
highest GlcNAc yield of 86% was obtained after 10 days of incubation. The mixed 
enzymes of cellulose and lipase (9:1) from Aspergillus niger was applied in the 
hydrolysis of β-chitin. The GlcNAc yield increased with the increase of substrate 
concentration, while keeping the enzyme concentration constant, and the highest 
GlcNAc yield of 61% from β-chitin (10 mg mL−1) was achieved after 4 days of 
incubation. Flake type of chitin can also be used as the substrate for the N-acetyl 
COSs production, as well as swollen chitin, colloidal chitin and powder chitin. It 
has been reported that the crude enzyme extract from Aeromonas hydrophila hydro-
lyzed crab shell α-chitin flake to yield 66–77% of GlcNAc after 10 days of incuba-
tion (Sashiwa et al. 2002).

N-acetyl COSs can be used as substrates for (GlcNAc) production by exo-type 
chitinases. For example, (GlcNAc)2 was completely converted to its monomer 
GlcNAc by an exochitinase (ChiA71) from Bacillus thuringiensis with extension of 
incubation time (Thamthiankul et al. 2001). It was also completely hydrolyzed by 
the Stenotrophomonas maltophilia N-acetyl-β-hexosaminidase StmHex (Katta et al. 
2013). In addition, GlcNAc was also prepared from (GlcNAc)4 by an exochitinase 
Aeromonas hydrophila. Though this procedure is not suitable for commercial pro-
duction of monomers as oligomers are more difficult to prepare and much more 
expensive than GlcNAc, it is suitable for the elucidation of the enzyme proper-
ties (Lan et al. 2004).

Several attempts have been performed for the selective productions of GlcNAc 
and (GlcNAc)2 (Kuk et  al. 2005a). For instance, the crude enzyme culture from 
Aeromonas sp. GJ-18 contained both N-acetyl-β-hexosaminidase and N-acetyl chi-
tobiase. The N-acetyl-β-hexosaminidase was inactive at above 50 °C, while N-acetyl 
chitobiase was stable at this temperature. So the crude enzyme effectively hydro-
lyzed α-chitin to release GlcNAc at the incubation temperatures below 45 °C, while 
(GlcNAc)2 was the major product when the incubation temperatures were higher 
than 50 °C. Thus, GlcNAc and (GlcNAc)2 were selectively prepared from α-chitin 
by changing incubation temperatures. The highest yields of GlcNAc (74%) and 
(GlcNAc)2 (35%) were obtained at 45 °C and 55 °C, respectively, both after 5 days 
of incubation (Kuk et al. 2005b).
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4.4.3.2  Preparation of Chitin Oligosaccharides
(GlcNAc)2 was also obtained as the major hydrolytic product from chitin materials 
by controlling the ratio of N-acetyl-β-hexosaminidase to N-acetyl chitobiase activi-
ties of the culture broth of Aeromonas sp. After 7 days of incubation, (GlcNAc)2 
yields of 78.9% and 56.6% were obtained from swollen α-chitin and powdered 
β-chitin, respectively, by crude enzyme which had been incubated at 50  °C for 
N-acetyl-β-hexosaminidase inactivation  (Kuk et  al. 2006). Generally, most of 
(GlcNAc)2 products were released from colloidal chitin as it is water soluble and 
easy to be hydrolyzed when compared to chitin. So far, some attempts on bio- 
production of (GlcNAc)2 from colloidal chitin through enzymatic hydrolysis have 
reported. A chitinase from a marine bacterium Vibrio anguillarum was used to 
hydrolyze colloidal chitin for (GlcNAc)2 production, and the highest (GlcNAc)2 
yield of 40.3% was achieved (Takiguchi and Shimahara 1988). Besides, a commer-
cial bovine pepsin was used to degrade shrimp α-chitin for (GlcNAc)2 production, 
and the final yields of the products GlcNAc, (GlcNAc)2 and (GlcNAc)3 were 19%, 
75% and 9.5%, respectively (Ilankovan et al. 2006). A chitinase from a hyperther-
mophilic archaeon Thermococcus kodakaraensis KOD1 also hydrolyzed colloidal 
chitin to yield (GlcNAc)2 as the predominant end product  (Tanaka et  al. 2003). 
Bulk-produced crude enzyme can be used to partially hydrolyze marine biopolymer 
chitin to produce (GlcNAc)2. A pepsin with high chitinolytic activity hydrolyzed 
pepsin treated chitin at the conditions of pH 5.4 and 44 °C yielded 71.5% (GlcNAc)2 
after 24  h of incubation. A novel recombinant chitinase (PbChi70) from marine 
bacterium Paenicibacillus barengoltzii was expressed and purified to homogeneity. 
PbChi70 hydrolyzed colloidal chitin to produce 21.6 mg mL−1 (GlcNAc)2 with the 
highest yield of 89.5% (Fig. 4.6). (GlcNAc)2 was further separated to a purity of 
99% with a final yield of 61% (Yang et al. 2016b). In addition, (GlcNAc)2 can also 
be prepared by a successive microbial fermentation, firstly using Lactobacillus 
paracasei fermentation for demineralization, then Serratia marcescens 

Fig. 4.6 Effect of 
incubation time on the 
production of (GlcNAc)2 
from colloidal chitin (Yang 
et al. 2016b) by PbChi70 
from P. barengoltzii. 
Symbols: (◆) GlcNAc; 
(●) (GlcNAc)2; (△) 
(GlcNAc)3
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fermentation for deproteinization, and finally Aeromonas sp. fermentation for the 
hydrolysis of the remained chitin.

Due to the catalytic mechanisms, most of the chitinolytic enzymes hydrolyze 
chitin to generate mainly GlcNAc and (GlcNAc)2. Some chitinolytic enzymes also 
display transglycosylation ability except for the hydrolytic activity. So they have the 
ability to transfer the oligosaccharide moieties released to a suitable acceptora to 
form new glycosidic bonds. The transglycosylation activity enable these chitino-
lytic enzymes exhibits great potential in the synthesis of size- and stereo-specific 
N-acetyl COSs, or their correspondent derivatives. The transglycosylation reaction 
of glycolytic enzymes including chitosanase, chitinase and other glycosidases can 
also be used to synthesize high DP N-acetyl COSs. For example, Trichoderma 
reesei chitinase hydrolyzed (GlcNAc)4 to yield (GlcNAc)2 (55.7%) and (GlcNAc)6 
(39.6%) via a transglycosylation reaction. Akiyama et al. successfully synthesized 
N-acetyl COSs with DP 4–12 by a lysozyme-catalyzed transglycosylation reaction 
using N,N′,N″-triacetylchitotriose and N,N′,N″-tri(monochloro)acetylchitotriose as 
the substrates. The N-monochloroacetyl groups in the synthesized products were 
further removed by a base-catalyzed reaction. Hattori et al. successfully synthesize 
N-acetyl COSs with high DPs (6–15) through a lysozyme-mediated transglycosyl-
ation using (GlcNAc)3 as starting substance in an aqueous system (containing 30% 
(NH4)2SO4) (Jung and Park 2014). Partial production of N-acetyl COSs and GlcNAc 
by microbial enzymes can be found in Table 4.1.

Because of the catalytic mechanisms of most chitinolytic enzymes, chitin oligo-
saccharides mainly include (GlcNAc)2 and GlcNAc, which can be easily purified. 
However, chitin oligosaccharides produced by enzymes mainly consist of (GlcNAc)2 
and GlcNAc lead to low diversity of oligosaccharides, which limited its commercial 
application. Although chitin oligosaccharides with high DPs can be produced by 
some chitinases with transglycosylation activity, the yields still remain low. Thus, to 
overcome these inefficiencies, screening chitinases with high transglycosylation 
activity or looking for other efficient synthetic strategies for oligosaccharides pro-
duction from chitin is still of great value.

4.5  Purification and Characterization of Chitin 
Oligosaccharides

Chemical or enzymatic hydrolysis of chitin usually leads to a mixture of oligomers. 
So far, several separation and purification techniques for N-acetyl COSs production 
have been developed and widely used, such as gel filtration (Sørbotten et al. 2005), 
ultrafiltration (Lopatin et al. 2009), ion-exchange (Haebel et al. 2007), HPLC and 
TLC. Generally, preparative separation of N-acetyl COSs commonly use size exclu-
sion chromatography (SEC) methods on the basis of their molecular sizes. A SEC 
system equipped with Superdex TM30 (GE Healthcare) columns (in series) can be 
used to separate N-acetyl COSs with similar DP values in the range of 2–20 
efficiently.
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In addition, there are some easier methods for N-acetyl COSs separation. For 
example, (GlcNAc)2 can also be purified by an active charcoal column. Namely, the 
hydrolysate was firstly loaded onto an active charcoal column, and the bound sugars 
were eluted ethanol solution with a gradient of 0–40% (v/v) at a flow rate of 1 mL 
min−1. The fractions were collected and checked for purity by TLC and HPLC, 
respectively (Yang et al. 2016b). Katano et al. presented a simple and rapid method 
for separation and purification of high DP N-acetyl COSs. Briefly, 10 mg of com-
mercially available N-acetyl COSs sample consisting of (GlcNAc)n (n  =  1–7) is 
mixed with 100 μL of the 1 M hydrochloric acid. All the (GlcNAc)n compounds are 
dissolved in the aqueous solution, and then mixed with 900 μL ethyl alcohol. The 
precipitate was collected by centrifugation and qualitatively analyzed. The precipi-
tate consisted mainly (GlcNAc)n (n ≧ 5), indicating that the short-chain (GlcNAc)n 
compounds (with n ≦ 3) are quite different from the longer ones in solubility. By 
repeating the procedure, long-chain (GlcNAc)n sample (n ≧  5) with high purity 
could be prepared. The long chain (GlcNAc)n compounds would be useful in the 
study of plant pathology, as well as chitin chemistry, since the long-chain (GlcNAc)n 
compounds are known to be good elicitors (Katano et al. 2017).

Although advances for separation of N-acetyl COSs have been achieved in last 
decade, the methods for separation and analysis of native N-acetyl COSs in low 
concentrations is still scare, and most of them are semi-quantitative, requiring 
derivatization, or having a relatively high detection limit or requiring specialized 
equipment. High performance anion exchange chromatography (HPAEC) com-
bined with pulsed amperometric detection (PAD) is a useful tool for the sensitive 
detection, quantitation and separation of a wide range of underivatized carbohy-
drates. This method allows quantification and separation of a broad range of non- 
labeled carbohydrates. Munster et al. described and validated an efficient and rapid 
method for the separation and sensitive detection of non-labeled N-acetyl COSs 
with DP 1–6. In the procedure, 25  mM sodium hydroxide supplemented with 
22.2 mM sodium acetate was used as mobile phase, and (GlcNAc)1–6 could be sepa-
rated well within 6 min. Namely, the CarboPac PA-1 column is operated at 25 °C, 
solution A, B and C were 0.1 M sodium hydroxide, 0.1 M sodium hydroxide with 
0.6 M sodium acetate, and ultrapure water, respectively (van Munster et al. 2015).

The column was pretreated in five steps: (1) washing with solution A at a flow 
rate of 1 ml min−1 for 10 min; (2) washing with 100% solution B for 10 min; (3) 
washing with 3.7% B and 96.3% A for 10 min; (4) washing with 3.7% B, 21.3% A 
and 75% C for 20 min; (5) washing with solution C for 10 min to equilibrate the 
column prior to sample injection. Samples were separated by wash the column with 
solution C.  Briefly, 25 μL (GlcNAc)1–6 standards or samples containing internal 
standard (IS) (10 μM L-fucose) were injected using the auto sampler equipped with 
a sample loop. Subsequently, 225 mM sodium hydroxide was flowed at a speed of 
2 ml min−1 and mixed in the mixing coil for few seconds. Sugar detection was done 
in 16 min after injection using a standard quadruple potential waveform, and the 
concentrations of N-acetyl COSs in the samples were calculated using a calibration 
curve showing the relation between the analyte amounts and the ratios of the peak 
areas of standards prepared with known amounts of N-acetyl COSs.
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After separation of N-acetyl COSs, nuclear magnetic resonance (NMR) can be a 
traditional and efficient method for further structural identification. Meanwhile, the 
methods mentioned above, such as TLC (Fig. 4.7), HPLC (Fig. 4.8a) and HPAEC- 
PAD (Fig. 4.9) could also be simple and efficient methods for preliminary charac-
terization of N-acetyl COSs. For molecular weight analysis of N-acetyl COSs, 
MALDI-TOF mass spectrometry is a classical method (Fig.  4.8c). Briefly, the 
N-acetyl COSs sample is dissolved in the ultrapure water, and then mixed with an 
equal volume of 2, 5-dihydroxybenzoic acid (DHB) solution, and finally 0.75 μL of 
the mixture is spotted and dried at room temperature. All mass spectrometric data 
are collected on a spectrometer at 337 nm pulsed nitrogen laser (Zhang et al. 2017).

Fig. 4.7 TLC analysis (Yang et  al. 2016b)  of hydrolysis products of colloidal chitin (a) and 
N-acetyl COSs (DP 2–5) (b) by the chitinase from P. barengoltzii
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Fig. 4.8 Detection and identification of hydrolyzed products of chitin by chitinolytic enzymes. (a) 
HPLC chromatogram of N-acetyl COSs from HLP by chitinolytic enzymes; (b) Effect of hydroly-
sis time on the concentration of N-acetyl COSs from HLP by chitinolytic enzymes. (c) MALDI- 
TOF MS of N-acetyl COSs from HLP by chitinolytic enzymes (Zhang et al. 2017)

Fig. 4.9 HPAEC-PAD 
analysis of the hydrolysis 
products from N-acetyl 
COSs by a chitinase 
ChiEn1 (van Munster et al. 
2015)
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4.6  Enzymatic Synthesis of Chitin Oligosaccharide

4.6.1  Preparation of Chitin Oligosaccharide by Reverse 
Hydrolgesysis and Transglycosylation Reaction

Chitin oligosaccharide produced by chemical synthesis requires multiple protection 
and deprotection steps, and is not considered as bioactive material due to low yield 
rate and chance of toxicity. The preparation of chitin oligosaccharide by biosynthe-
sis has attracted much attention. Two kinds of enzymes, glycosyltransferase and 
glycoside hydrolase, are widely used in the biosynthesis of chitin oligosaccharide. 
In comparison with glycosyltransferases, some glycoside hydrolases, which have 
the reverse hydrolysis or transglycosylation activity, have the advantage of broad 
substrate specificity, accessibility and much cheaper substrates. In nature, glycoside 
hydrolases generally undergo glycosidic hydrolysis, the leaving group in the reac-
tion is oligosaccharide, and the nucleophile (glycosyl acceptor) is water. However, 
monosaccharides can also be used as nucleophiles to replace water, which provides 
the possibility that the reaction of glycosidase can be converted from hydrolysis to 
synthesis. Glycoside hydrolases have two modes for oligosaccharide synthesis: 
reverse hydrolysis and transglycosylation.

4.6.1.1  Reverse Hydrolysis Reaction
N-acetylglucosamine and β-N-acetylglucosaminidase are used to synthesize chitin 
oligosaccharide in reverse hydrolysis. Under the influence of leaving group, more 
reverse hydrolysis reactions use modified substrates. pNP-GlcNAc, which is easy to 
leave as the leaving group, is often used as the donor for the reverse hydrolysis reac-
tion of β-N-acetylhexosaminidase. Only few literatures directly use 
N-acetylglucosamine as substrate. Rauvolfova et  al. synthesized GlcNAc (β-1,3) 
GlcNAc, GlcNAc (β-1,4) GlcNAc and GlcNAc (β-1,6) GlcNAc with the β-N- 
acetylhexosaminidase from Penicillium funiculosum as the substrate, and the yield 
was 3.8%, 1.7% and 10.0%, respectively in 2004  (Rauvolfová et  al. 2004). The 
reverse hydrolysis reaction is thermodynamically controlled and the final yield is 
limited by equilibrium. The reverse hydrolysis is mainly affected by the following 
aspects: (I) Concentration of substrates. By adding a high concentration of 
N-acetylglucosamine, the reaction can be facilitated in the direction of synthesis and 
also show a preference on the isomer formation. When the concentration of GlcNAc 
increased from 0.5 to 1.0 M, the yields of product GlcNAc (β-1,3) GlcNAc, and 
GlcNAc (β-1,6) GlcNAc also tripled. A continued increase in substrates may back-
fire by inhibiting enzyme activity. (II) Concentration of enzyme. Appropriately 
increasing the amount of β-N-acetylglucosaminidase can increase the transforma-
tion yield within a defined range, but excessive enzyme will promote the hydrolysis 
reaction. (III) Water activity. Each glycosidase has a critical water activity. When 
the water activity is below the critical level, the activity of the enzyme will decrease, 
but a high yield can be achieved. With high water activity, the reaction speed is fast, 
but the yield decreases. In the above study, the addition of salts ((NH4)2SO4 or 
MgSO4) resulted in increasing yield and improving the regioselectivity of 
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β-N- acetylhexosaminidase. (IV) Concentration of product. Because the reaction is 
restricted by equilibrium, the reaction can also be promoted in the direction of syn-
thesis through selective adsorption of products, thus improving the total yield. (V) 
The source of enzyme. So far, β-N-acetylglucosaminidases from fungal sources and 
glycoside hydrolase family 20 have been reported for synthesis of amino oligosac-
charides, but that derived from bacteria have not been reported  (Slámová et  al. 
2015).

4.6.1.2  Transglycosylation Reaction
The transglycosylation (TG) reaction is the reaction from new glycosidic bonds 
between the donor and acceptor sugar molecules. Glycosyl-enzyme intermediate 
will be formed in the reaction of the retaining glucoside hydrolase. If water attack 
the glycosyl-enzyme intermediate, the hydrolysis reaction, or attack by a sugar 
molecular, transglycosylation reaction occurs. Longer chitin oligosaccharide can be 
produced using chitinases and chitin oligosaccharides as substrates by transglyco-
sylation reaction. According to the reports, most transglycosylation reactions are 
based on chitin oligosaccharide with DP 3–6. A chitinase-D from Serratia marces-
cens showed transglycosylation acitivity on (GlcNAc)3–6 and produced longer chain 
COSs (Aronson et al. 2006). Endochitinase of Flavobacterium johnsoniae exhib-
ited transglycosylation activity with (GlcNAc)5 and (GlcNAc)6 as sub-
strate (Vaikuntapu et al. 2018). Only Asaki Uehara et al. has reported the chitinase 
from Stenotrophomonas maltophilia could synthesize 40% trisaccharide within 3 h 
with 10% (GlcNAc)2 as substrate (Uehara et al. 2018). Easily to find, the yield of the 
product synthesized by the transglycosylation reaction is larger than reverse hydro-
lysis reaction, and the reaction time is shorter than that of reverse water (generally 
more than 4 days). In addition, the substrate specificity of chitinases in transglyco-
sylation reaction is different.

Transglycosylation reactions are controlled by kinetics, and the amount of the 
donor usually needs to reach 2–4 times that of the receptor. The yield of transglyco-
sylation is determined by the balance between the donor synthesis rate and the 
hydrolysis rate, and is controlled by the product hydrolysis (Sinha et al. 2016). In 
transglycosylation reaction process, when the reactants are exhausted and the con-
centration of products reaches the maximum. Chitinases are one of the important 
factors affecting the transglycosylation reaction, which are mainly from glycoside 
hydrolases family 18 and 19. The sources of chitinase with transglycosylation activ-
ity are extensive, e.g., Serratia marcescens, Vibrio carchariae, Stenotrophomonas 
maltophilia, Cycas revolute, Enterobacter cloacae and so on (Bhuvanachandra 
et al. 2018; Mallakuntla et al. 2017; Suginta et al. 2010; Vaikuntapu et al. 2016; 
Umemoto et al. 2016).

The site-specific mutation of key amino acids of chitinases is a promising 
approach to enhance the transglycosylation activity. Aromatic residues at glycoside 
binding sites are considered to be the key to the transglycosylation activity of GH18 
chitinases  (Martinez et al. 2012). Transglycosylation activity can be enhanced in 
chitinases mutants by removing or introducing side chains of tryptophan (Trp). 
Madhuprakash et al. confirmed that the indole rings of two adjacent Trp residues 
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create a major hindrance for the product DP4 movement towards the catalytic center 
by studying the molecular dynamics simulations of mutants G119W (Madhuprakash 
et al. 2014). Aronson et al. studied conserved amino acid mutations in the binding 
grooves of chitinase derived from Serratia marcescens (Aronson et al. 2006). The 
mutant W167A performed transglycosylation with 45% (GlcNAc)3 as substrate 
more efficiently than the wild type (8%). The above strategies serve the same pur-
pose, allowing the substrate to remain in the active site for a longer time. Other 
studies have found that the nucleophile of chitinases is the key to the transglycosyl-
ation reaction. The glycosides near the glycosidic cleavage site was mutated into 
glutamic. As a result, the mutation of D246E in AfChiB resulted the decrease of its 
chitinolytic activity and increase of its transglycosylation activity, while the muta-
tion of W246E maintained its hydrolytic activity and loss its transglycosylation 
activity at all (Lü et al. 2009). These results suggest the strategy of knocking out 
nucleophiles Asp can improve the activity of transglycosylation.

4.6.2  Preparation of Chitin Oligosaccharide by Glycosidic 
Synthase and Glycosyl Transferases

4.6.2.1  Glycosidic Synthase
Glycosidases can not only catalyze the hydrolysis of glycosidic linkages, but also 
have the ability to form new glycosidic linkages. Transglycosylation is a common 
mode of reaction, which is usually controlled by kinetics catalyzed by a regenera-
tive exoglycosidase using an activated glycoside. However, hydrolysis of the sub-
strate and the transglycosylation product reduces the yield, typically from 20% to 
40%. The classical enzymatic synthesis of glycosides has turned to specialized 
applications in the past decade, which has led to the need to the development of new 
methods such as substrate and enzymatic engineering (Honda and Kitaoka 2006).

A glycosidic synthase is a nucleophilic residue mutant of a glycoside hydrolase. 
The site-directed mutagenesis of a nucleophilic attack group of a glycoside hydro-
lase to an amino acid that does not have a nucleophilic function can destroy the first 
step of the hydrolysis reaction, which abolishes the natural hydrolysis activity. At 
the same time, using a-D-fluorinated sugar with self-capacitance ability as a glyco-
syl donor, the transglycoside reaction can be realized at the active center of the 
enzyme, which converting the glycoside hydrolase into a glycoside synthase, and 
effectively catalyzes the synthesis of glycosidic bonds. According to the different 
glycosidic synthesis mechanism, the existing glycoside synthase can be divided into 
two types: retained type and inverted type (Gloster et al. 2008). Retained glycoside 
synthase is a type of glycoside synthase engineered based on the catalytic mecha-
nism of retained glycoside hydrolase. At present, most glycoside synthase enzymes 
are mutated by retained glycoside hydrolase, but inverted glycoside hydrolysis 
enzyme modification is also an important source of glycoside synthase (Cobucci- 
Ponzano et al. 2012).

Mucor hiemalis endo-β-N-acetylglucosaminidase (Endo-M) is a GH family 85 
enzyme  (Umekawa et  al. 2008). Umekawa found that it not only catalyzes the 
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hydrolysis but also catalyzes the transglycosylation reaction, transferring the 
released sugar chains to new glycosidic bonds formed on receptors other than water. 
The mutation of Asn 175, acts like a glycoside synthase, was found to “knock out” 
the hydrolytic activity, possessing the mutant transglycosylation ability using highly 
active glucoazolamide as donor substrate. This is the first report on a sugar synthase 
from endo-β-N-acetylglucosaminase, which is carried out by a substrate-assisted 
mechanism. Martinez found that the mutations on the key catalytic amino acids of 
chitinases from two GH families can enable them ability to act as sugar synthase 
enzymes to bind oxazoline-activated donors to chitin oligosaccharide receptors 
obtained from fermentation (Martinez et al. 2012). Chitinase A1 from Bacillus cir-
culans (BcChiA1) and chitinase 42 from Trichoderma harzanium (ThChit42) were 
mutated on the three conserved carboxylic acids individually. The results suggested 
that all the amino acid residues (the general acid/base glutamate, and the two aspar-
tates defined as the putative stabilizer and its assistant) play roles in the catalysis. 
These mutants can also be considered as chitin transglycosylases as they have the 
ability to catalyze the natural chitin oligosaccharide transglycosylation reaction, but 
exhibited no hydrolytic activity any more. Slámová successfully designed a GH 
family 20 β-N-acetylhexosaminidase from a fungus, and obtained three mutants of 
the corresponding transglycosidase by single amino acid mutation at the active site 
of the enzyme (Slámová et al. 2015). The specific procedure is to change the tyro-
sine 470 that interacts with the heterocyclic reaction intermediate to asparagine phe-
nylalanine and histidine. These β-N-acetylhexosaminidase mutants were successfully 
used in the synthesis of two chitooligosaccharides with different aglycone moieties 
and no significant product hydrolysis, and the GOS products with DP 1–4 were 
purified and biochemically characterized. The synthesis method is simple and easy 
to be extended. Many typical β-N-acetyl-aminohexosaminease substrates have been 
tested as glycosyl donors, however, only pNP-GlcNAc was found to be suitable for 
higher oligomeric oligomers preparation (Bojarová et al. 2011). There is an excep-
tion that when chitotriose, a natural hexosaminidase, was used as the substrate, the 
higher oligomers were formed. This represents the first report on an exoglycosidase 
derived from transglycosidase using a substrate-assisted catalytic mechanism. In 
addition, different from the previous study using mutant chitinase and endo-β-N- 
acetylglucosaminidase, the product of the transglycosylation reaction was purified 
and characterized and further identified by NMR spectra.

At present, the research center of glycosidic synthase is in the principle verifica-
tion stage, and there are some problems to be solved, such as poor stability of sugar 
donor, low vitality, and difficulty in industrial application. However, it has become 
one of the important tools for scientists to modify the target molecules of glycosyl-
ation, in order to increase water solubility and achieve structural and biological 
diversity. The glycosidic synthetase for industrial application should have the 
advantages of good enzyme stability, high catalytic efficiency, broad substrate spec-
trum and stable and easy availability of sugar donors. However, the development 
process of each industrial enzyme needs to be continuously improved and improved. 
Therefore, the acquisition of ideal glycosidic synthase still depends on the 
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breakthrough development of related science and technology and the continuous 
efforts of scientific researchers.

4.6.2.2  Chemical Enzymatic Synthesis (Based on Glycosyl 
Transferases)

Glycosyltransferase is usually limited by the source, and difficult to isolate, purify 
and express heterogeneously. The synthesis catalyzed by this enzyme is highly spe-
cific and highly selective to both donor and receptor. Generally, nucleotide sugar 
(e.g. UDP-glucoside) is used as the donor for glycosylation reaction, which is 
expensive, difficult to prepare and cannot be obtained in large quantities. Thus, 
novel strategy, named chemical enzymatic method, based on glycosyl transferases 
was studied for synthesizing oligosaccharides in recent years. It is a new type of 
highly efficient synthesis technology based on enzyme-catalyzed synthesis and 
supplemented by chemical methods. The enzymatic synthesis has high selectivity, 
high specificity, no need for protection base operation, and high synthesis yield, 
thus greatly reducing the time and money investment. In addition, the method has a 
wet reaction condition, which reduces the risk of unsafeness and environmental pol-
lution. Chemical enzymatic synthesis combines the advantages of chemical and 
enzymatic methods, and the two complement each other, and it is expected to 
become a new ideal method for synthesizing oligosaccharides.

An example of successful research was chemical enzymatic synthesis of heparin 
oligosaccharides. Researchers simulated the synthesis pathway of heparin in vivo, 
identify key enzymes for heparin synthesis, and construct engineering bacteria that 
can produce related enzymes. Efficient synthesis of heparin oligosaccharides is car-
ried out under controlled conditions in vitro. Firstly synthesize a glycosyl donor and 
a sulfate-based donor, and then synthesize a di-hexasaccharide skeleton from a 
commercial p-nitrophenyl-β-D-glucuronide, and then chemically modify to synthe-
size different degrees of modification. Heparin oligosaccharides, due to the similar-
ity of the backbone of chitin oligosaccharides and heparin oligosaccharides, it is 
suspected that chitin oligosaccharides can be synthesized using the following 
method:

GlcNAc (N-acetylglucosamine) or GlcNTFA (N-trifluoroacetylglucosamine), 
ATP (adenosine triphosphate) and UTP (uridine triphosphate) were used as raw 
materials to synthesize glycosyl donor UDP-GlcNTFA (Uridine diphosphate-N-tri-
fluoroacetylglucosamine)/UDP-GlcNAc (Uridine diphosphate-N-acetylglucos-
amine) under the action of three recombinant enzymes NahK (N-acetyl hexosamine 
1-position kinase), GlmU (1-phospho-N-acetylglucosamine uridine transaminase) 
and PPA (Pyrophosphorylase). The commercial nitrobenzene-β-D-glucuronide 
(GlcA-pNP) was used as a starting material to synthesize a two to six sugar skeleton 
under the catalysis of glycosyltransferases KfiA and PmHS2.

The chemical enzymatic method is highly efficient, specific and simple, and the 
reaction steps are simple. After a simple purification process, a gram-grade glycosyl 
donor can be prepared, and the purity of the product is as high as 98%, which 
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provides high quality and sufficient for the synthesis of oligosaccharides. The yield 
of the oligosaccharide skeleton can be guaranteed to be about 99%. This method is 
worthy of being a new research direction for chitin oligosaccharides synthesis.

4.7  Perspectives

Though the production and economic coefficient of N-acetyl COS prepared by bio- 
production with enzymes or microbial fermentation is obviously lower than that of 
by traditional chemical methods, the bio-production is considered as a more prom-
ising route as the procedure is environmental friendly and the composition of prod-
uct is easy to be controlled. From the commercial and industrial points of view, 
preparation of crude enzymes rather than pure enzymes, including chitosanase, chi-
tinase, cellulase, lysozyme, protease, pepsin, and lipase are preferred for this pur-
pose for oligosaccharides production. It appears that synthesis by the 
transglycosylation activity of chitinolytic enzymes is another promising way for 
N-acetyl COSs and their derivatives, especially for those N-acetyl COSs with spe-
cial or desired molecules.

There is a big challenge in the bio-production of N-acetyl COSs from the raw 
chitin materials of different sources directly, including crab and shrimp shells and 
microbial cell walls. However, the production of oligosaccharides from chitin and 
crab shells are available through a mechanochemical grinding pretreatment fol-
lowed by enzymatic hydrolysis. The existence of the crystal structure in chitin and 
crab shells significantly reduced the accessibility of the chitinolytic enzymes to the 
substrates, thus resulted in low enzymatic conversion yield. Hence, breaking down 
of the crystal structure is crucial in improving the enzymatic degradation efficiency 
of chitin materials. Solubilization is the preferred choice for the destruction of chitin 
crystallinity. However, in the route the substrate must be hydrolyzed by the certain 
enzymes with special properties, as the reactions should be performed in some 
organic or heterogeneous solvent systems. Hence, identification of novel enzymes 
that possess good stability in extreme environments is of great value for N-acetyl 
COSs bio-production.

Optimization of reactor system is another strategy to overcome the low efficiency 
of enzymatic bio-production. Some pretreatments have been development and com-
bined with enzymatic methods, including boll milling, steam explosion, high pres-
sure homogenization, ionic liquids, bacterial fermentation etc. These methods have 
been confirmed to be useful ways for improving chitin degradation efficiency. For 
instance, a reactor system with a dual ultrafiltration membrane has been described 
to be able to overcome the problems of reuse of enzyme in batch reactors as well as 
the poor affinity of the enzymes to substrate in column reactor systems.

Although enzymatic method is widely used for production of chito/chitin oligo-
saccharides. The chitin polysaccharide materials are restricted as the environmental 
pollution of manufacturing process and limited marine chitin resources. Thus, some 
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novel biosynthetic pathway was investigated in recent years. Enzymatic synthesis of 
chito/chitin oligosaccharides using monosaccharides shows great potential in the 
future. The tool enzymes for the enzymatic synthesis of chito/chitin oligosaccha-
rides are glycosyl transferases, transglycosidases/transglycosylases and 
glycosynthases.
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Abstract
The bioactivities of chito/chitin oligosaccharides were closely related to their 
structures, degree of deacetylation (DD) and degree of polymerization (DP). In 
that case, separation and purification of chito/chitin oligosaccharides is highly 
beneficial for the further research and application of chito/chitin oligosaccha-
rides, which is essential for the production of high value chito/chitin oligosac-
charides in industrial scale. In addition, detection and analysis of chito/chitin 
oligosaccharides is helps to understand the structure-function relationship more 
clearly. The chito/chitin oligosaccharides with different degrees of polymeriza-
tion have different molecular weights, different charge numbers, and different 
strengths from the separation medium. The separation of chito/chitin oligosac-
charides is mainly achieved by combining membrane techniques such as ultrafil-
tration, nanofiltration and reverse osmosis together to obtain chito oligosaccharides 
with high purity and narrow interval distribution. For chito/chitin oligosaccha-
ride purification, the most common used methods are absorption chromatogra-
phy, affinity chromatography, size exclusion chromatography and ion exchange 
chromatography. For chito/chitin oligosaccharides analysis, TLC, HPLC and 
electrophoresis were used for qualitative and quantitative analysis of chito/chitin 
oligosaccharide. MS, IR, NMR and TGA were developed for the structural and 
sequence analysis according to the sample chemical structure. This chapter 
mainly reviews recent developments in separation and analysis of chito/chitin 
oligosaccharides. A variety of separation and analysis methods and examples are 
discussed.
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5.1  Introduction

The bioactivities of chito/chitin oligosaccharides were closely related to their struc-
tures, degree of deacetylation (DD) and degree of polymerization (DP). In that case, 
detection and separation of chito/chitin oligosaccharides are highly beneficial for 
the better understanding of the structure and functions relationship of chito/chitin 
oligosaccharides and production of high value chito/chitin oligosaccharides in 
industrial scale. However, due to the complex structures of chito/chitin oligosac-
charides and their similar physicochemical properties between different degrees of 
polymerization, separation and purification of chito/chitin oligosaccharides remains 
to be further developed.

The separation of chito/chitin oligosaccharides now is mainly focused on two 
aspects: using membrane technology and chromatographic technology. Membrane 
technology such as nanofiltration, reverse osmosis and electrodialysis possess huge 
advantages in separating chito/chitin oligosaccharides on large scales in narrow 
range distribution with high purities. However, it is unattainable to purify chito/
chitin oligosaccharides monomers with different DP. While chromatographic tech-
nology is relatively easy to get the monomer in specific DP with high purity but it 
has many problems when using on large-scale application. To solve the problem, 
many kinds of chromatographic technologies have been developed such as SEC, 
absorption chromatography, affinity chromatography and IEC. All these technolo-
gies made enormous contribution to the development on chito/chitin oligosaccha-
rides separation.

Different methods were usually combined together to get the specific quantity 
and structure of chito/chitin oligosaccharides. TLC, HPLC and electrophoresis 
were used for qualitative and quantitative analysis of chito/chitin oligosaccharides. 
However, in these methods, standard substance needs to be provided to compare the 
contents of COS. In that case, MS, IR, NMR and TGA were developed for the struc-
tural and sequence analysis according to the sample chemical structure.

This chapter mainly focuses on the recent developments in separation and 
analysis of chito/chitin oligosaccharides. A variety of separation and analysis meth-
ods are discussed.
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5.2  Separation and Purification of Chito/Chitin 
Oligosaccharides

COS are degraded products of chitosan and are composed of 2–10 glucosamine 
units linked by β-1, 4-O-glucoside bond (Li et al. 2016) which possess a variety of 
physiological activities. Due to the complex structures of COS and their similar 
physicochemical properties between different DP, it is very difficult to separate 
them and get the purified products. At present, the reported methods for separation 
and preparation of COS monomers are mainly by membrane and chromatographic 
technologies.

5.2.1  Separation by Membrane Technology

Membrane separation technology is a high efficiency technique used for separation, 
concentration and purification of molecules. It has been developed rapidly in the 
past 40 years and widely used in industrial fields. Compared with other separation 
technology, membrane separation has many advantages, such as no phase changes 
in process, easy and continuous operation at room temperature, simple equipment, 
low energy consumption, high separation efficiency, no secondary pollution and so 
on. Therefore, membrane separation technology has become an important high-tech 
and sustainable development technology in the twenty-first century. The principle 
of membrane separation is the separation of different substances by the selective 
permeability of membranes based on external forces. At present, membrane separa-
tion process is mainly divided into microfiltration, UF, NF, RO, ED and pervapora-
tion. A schematic diagram of several membrane separation processes is shown in 
Fig. 5.1. This technology is mainly used in the fields of food, medicine, industrial 
wastewater treatment, ultra-pure water preparation and biotechnology field. COS 
have many advantages such as good solubility, good absorption moisture, good 

Fig. 5.1 Schematic diagram of membrane separation principal
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biocompatibility, and have many functions like antibacterial, antitumor anti-cancer, 
anti-oxidation, lower cholesterol, regulating the body’s immune function, etc. The 
biological activities of COS depend on their degree of polymerization. However, the 
degree of polymerization of COS mixture prepared directly was wide in range, 
which has influence to the study of COS. Technologies that could separate different 
DP of COS are meaningful for application and further functional research. Based on 
the molecular weight and charge characteristics of COS, the current separation and 
purification methods for COS mainly include membrane separation and chromato-
graphic separation. Different types of membranes can be used for the separation of 
COS, such as UF membranes, NF membranes and RO membranes, UF can be used 
to remove macromolecular substances in the COS solution, especially the enzyme 
remaining in the chitosan solution. Small molecular substances such as salts and 
monosaccharides in the COS solution can be removed by NF or RO. Separation of 
COS by ED is a relatively novel approach. The principle of ED is the separation of 
COS on the base of electric charge under electric potential. In preparing of COS, 
UF, NF, RO and ED are the common separation methods (Table 5.1).

Table 5.1 Classification and characteristics of membrane separation techniques

Membrane 
separation 
technique Principle

Driving force 
(kPa)

Intercept 
component Application

Microfiltration Sieving 20–100 0.1–20 um Clarification, 
separation, removal of 
bacteria, and filtration

Ultrafiltration Sieving 100–1000 5–100 nm Concentration, grading, 
and purification of 
macromolecular 
solution

Nanofiltration Dissolving 
diffusion, 
Donnan 
effect

500–1500 >1 nm Separation, 
purification, and 
enrichment process of 
food, medicine, and 
biochemical industries

Reverse 
osmosis

Dissolving 
diffusion

1000–10,000 0.1–1 nm Concentration of low 
molecular-weight 
components and 
removal of dissolved 
salts in aqueous 
solutions

Electrodialysis Ion 
exchange

Electrochemical 
potential—
penetration

Large ions 
and water

Removal of salt and 
deacidification of 
solutions containing 
neutral components

Pervaporation Dissolving 
diffusion

Concentration 
difference

Insoluble or 
nonvolatile 
components

It is mainly used for 
volatile organic 
pollutants in the 
product separation and 
enrichment
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5.2.1.1  Ultrafiltration
UF refers to the sieve separation process under the action of pressure force. Solutes 
with size of 5–100 nm, which are mainly macromolecule compounds, antibodies 
and viruses, were separated from the mixture. UF membranes with specific molecu-
lar weight cut-offs can be selected to effectively separate solutions with different 
molecular weight ranges. Under ideal conditions, the macromolecules with large 
molecular weight are retained in the solution by the UF membrane, on the contrary, 
the desired low molecular weight molecules pass through the membrane and col-
lected in permeate. It was widely applied in the classification of oligosaccharides. In 
1999, there were studies on obtaining oligosaccharides by enzymatic method and 
then maximizing the yield of products with a DP value of 3–10 by membrane sepa-
ration. UF was successfully used to separate and prepare glucosamine oligosaccha-
rides. Dong Huizhong (Dong et al. 2014) prepared the COS from DP 6 to DP 8 by 
a UF membrane with molecular weight cut-off 3000 Da and a molecular weight 
cut- off 500 Da NF membrane, the yield and purity of the product were 73.9% and 
82.2%. Chen Jianguo (Chen 2006) prepared COS by fermentation then filtered out 
to remove the high molecular weight chitosan, chitosanase and other proteins by UF 
membrane (molecular weight cut-off, 10 kDa). Then the filtrate was filtered by UF 
membrane (molecular weight cut-off, 5 kDa and 2 kDa) to obtain COS solutions 
with different molecular weights, 5–10  kDa, 2–5  kDa and smaller than 2  kDa, 
respectively. COS were obtained by vacuum concentration and spray drying. Ngo D 
N (Ngo et al. 2009) used an UF membrane system to obtain two kinds of NA-COS 
with molecular weight 1–3  kDa (NA-COS 1–3  kDa) and below 1  kDa 
(NA-COS<1 kDa). Hu Rui (Hu 2012) used membrane to separate and purify the 
enzymatic hydrolysate of chitosan with average molecular weight of 500–1000 Da, 
the enzyme protein and unreacted chitosan were effectively rejected by the UF 
membrane, partial monosaccharide and monovalent ions are effectively rejected by 
NF membrane to achieve concentration of COS at a lower temperature by low 
energy consumption.

Recently, membrane-coupled enzymatic hydrolysis technology was widely used 
to prepare high DP oligosaccharides. In 2000, Jeon Y J (Jeon and Kim 2000) showed 
that the UF membrane reactor system can be used to produce COS by enzymatic 
hydrolysis. In addition, oligosaccharides with a relatively high DP (trimer to hex-
amer), were successfully obtained at a yield of above 80% by adjusting the perme-
ation rate. Kuroiwa T (Kuroiwa et al. 2009) studied the production of COS using a 
continuous enzyme membrane bioreactor. DP 5 and DP 6 COS were obtained in the 
penetrants at a concentration of 2.3 g/L under optimized conditions. This concentra-
tion corresponds to a 46% value of the feed substrate concentration which is very 
high. The half-life of the productivity of the bioreactor system is estimated to be 
50  days. The results showed that the proposed membrane bioreactor has great 
advantages in selectivity (yield of target product) and stable operation. The reactor 
should be useful for the actual production of high value COS. Sinha S (Sinha et al. 
2014) used an enzyme membrane reactor equipped with an UF membrane of 
3000 Da cut-off to fractionate COS produced by the purified chitosanase enzyme 
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and an improved yield of chitosan pentamer (0.1 mg/mL) and hexamer (0.6 mg/mL) 
was achieved.

5.2.1.2  Nanofiltration and Reverse Osmosis
NF refers to the process of separating and removing small molecular substances 
with molecular weight of 300–500 Da from aqueous solution. NF is a new mem-
brane separation technology, provides a selective medium between UF and reverse 
osmosis. The separation mechanism of NF is very complex; mainly contain dissolv-
ing diffusion and donnan effect. NF had applied to fractionate, concentrate and 
desalinate the sample solution. The loss of solute can be minimized. RO is the pro-
cess of separating liquid mixture under the difference of pressure on the two sides 
of membrane, which can remove dissolved salts in aqueous solutions. Their applica-
tion fields have developed from early desalination to the separation of some organic 
and inorganic substances in chemical, food, pharmaceutical and paper industries. 
Han Yongping (Han and Lin 2012) studied the purification of COS preparation liq-
uid by NF. The optimum operating conditions for the NF were 35–40 °C, 1.0 MPa, 
2.5 times diluted before NF, and 1.5 times concentrated for the intermittent constant 
volume percolation process. Under these conditions, monosaccharides, monovalent 
salt ions and most of the disaccharide from the preparation liquid were extracted, 
and the purity of the highly active COS was more than 92%, and the concentration 
of the liquid was nearly doubled. The chitin oligosaccharides, prepared by enzy-
matic hydrolysis, were classified by different molecular weights by UF and NF, and 
the salts and monosaccharides were filtered off, and then subjected to reverse osmo-
sis concentration and spray drying to obtain chitin oligosaccharides with high purity 
and low polymerization degree. The purity of chitin oligosaccharides containing DP 
2, DP 3 and DP 4 were 71.3%, 23.5% and 2.4% respectively (Qiao et al. 2010). Wei 
Xinlin prepared COS by enzymatic hydrolysis, enzymes were obtained from 
Aspergillus fumigatus BSF114. Pentamer (DP 5) and hexamer (DP 6) were isolated 
and purified from COS by the UF, NF, ethanol precipitation and the CM-Sephadex 
C-25 column (Wei et al. 2009).

5.2.1.3  Electrodialysis
When dialysis is carried out under the action of electric field, the phenomenon that 
the charged solute particles in the solution move through the membrane under elec-
tric driven force is called electrodialysis. The membrane used for ED is actually an 
ion-exchange membrane, divided into cationic exchange membrane (CEM) and 
anion exchange membrane (AEM) according to the charge. In the electrodialysis 
process, the positive membrane allows the anion to pass through and repel the cat-
ion, and the negative membrane allows the cation to pass through and repel the 
anion, which is the selective permeability of the ion exchange membrane. ED with 
UF membrane is a hybrid electro separation process combining conventional ED 
and UF membranes, which was recently tested for the separation of several single 
COS (DP 2–4) because of their cationic behavior in an acidic medium. The dimer 
showed the highest electromigration rate, followed by trimer, and then by tetramer. 
The effect of the molecular weight cut-off of the UF membrane, pH, EDUF cell 

Z. Qin et al.



89

configuration, solution flow velocity and electric field strength on the electromigra-
tion behavior of COS were studied. It was reported that the 10,000 Da MWCO UF 
membrane was the best membrane to separate of the COS tetramer (Aider et al. 
2006a). COS electromigration decreased by increasing the pH (Aider et al. 2006b). 
COS migration and separation was observed only in the cell configuration of anode- 
AEM1- UFM-AEM2-cathode, solution flow velocity was not significant, while the 
electric field strength showed a significant impact on each COS electromigration 
rate, with 2.5 V/cm, it was possible to obtain a solution composed only of DP 2 and 
DP 3 (Aider et al. 2006a, b, 2008a, b, 2009) (Fig. 5.2).

Since the structure of different DP COS is similar and the difference of molecu-
lar weight is small, it is very difficult to prepare a single polymerization degree COS 
by membrane separation technology alone. Moreover, the concentration of COS 
enzymatic solution used in most membrane separation studies is currently low, 
which is unfavorable for the efficiency of separation. Therefore, it is necessary to 
carry out further fine separation and preparation by combining techniques such as 
chromatography.

5.2.2  Separation by Chromatographic Technology

Chromatographic separation technique is an effective method for separating the tar-
get composition from mixture, which has been widely applied in pharmaceuticals, 
functional food and fine chemicals. Different compositions distribute in the station-
ary phase and mobile phase repeatedly, and pure products are acquired by different 
distribution coefficient of the two phases. The biological activities of glucosamine 
oligosaccharides depend on their degree of polymerization. However, most of the 
glucosamine oligosaccharide products are mixture with a wide range of DP. The 
functional research of glucosamine oligosaccharides was limited by the lack of 
single DP product, especially high DP glucosamine oligosaccharides (DP ≥ 4). Size 

Fig. 5.2 Schematic 
diagram of ED process
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exclusion chromatography, absorption chromatography, affinity chromatography 
and ion exchange chromatography have been applied in the separation of glucos-
amine oligosaccharides to prepare single DP or certain DP range mixture.

5.2.2.1  Size Exclusion Chromatography
Size exclusion chromatography is also called gel-filtration or gel-permeation chro-
matography. Different compositions can be separated by SEC due to different sizes 
of the molecules. Matrix of SEC were constructed from different materials, such as 
cross-linked dextran and agarose, etc. The separating properties were determined by 
size and distribution of the pore in the chromatography matrix. There were no ligand 
interactions involved. Smaller solutes can diffuse into the pore, and larger solutes 
were excluded, as a result, large molecules were eluted firstly (Fig. 5.3). SEC was 
generally applied to separate biological molecules and to determine the molecular 
weight distributions of polymers.

At present, SEC has been successfully applied in the preparation of functional 
oligosaccharides with homogeneous DP. Yang applied an extra fine column (100 × 
2.6 cm) of Bio-gel P-2 to separate inulin-oligosaccharides with more than 98% puri-
ties of different DP products (Yang et al. 2010). Glucosamine oligosaccharides were 
also successfully prepared by SEC method. Ken-ichi Amano and Eiji Ito prepared 
chitin oligosaccharides ((GlcNAc)n, n = 1–4) by a column (1.0 × 48 cm) of Bio-Gel 
P-2, with 0.15  mol/L NaCl as eluent (AMANO and ITO 1978). Masato Izume 
applied Bio-Gel P-2 (2.65 × 165 cm) and Bio-Gel P-4 (2.65 × 175 cm) columns to 
separate the enzymatic hydrolysate mixture of 10% N-acetylated chitosan, and the 
yields of (GlcNAc)5, (G1cNAc)6 and (GlcNAc)7 were 8.2%, 12.0% and 9.0% with 
more than 90% purities, respectively(Izume et  al. 1992). Sei-ichi Aiba acquired 
hexamer, pentamer, tetramer, trimer, and dimer of (GlcNAc)n with high purities 
(more than 92%) by a Toyopearl HW-40S column (5 × 68 cm) (Aiba 1994). Compare 

Fig. 5.3 Schematic 
diagram of size exclusion 
chromatography
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with chitin oligosaccharides, COS mixture were more difficult to be separated by 
SEC method because of the difference of their structure. Gao Lixia and Li Chunxi 
obtained five different single DP COS by polyacrylamide gel Bio Gel P-6 and P-6 
Fine column, and the purities of DP 3 and DP 4–7 were 95% and 90%, respectively 
(Gao et al. 2013).

5.2.2.2  Absorption Chromatography
Adsorption chromatography is often called the Liquid-solid chromatography (LSC). 
The process of separation was based on the interaction between solute and adsor-
bent. The adsorbent was active porous solid with large surface area, such as silica 
gel, alumina and activated carbon, etc. Active sites of the adsorbent could interact 
with the polar functional groups of the compound. Thus, adsorption chromatogra-
phy was well suited for the separation of polar and nonpolar molecules.

Oligosaccharides could interact with adsorbent by the formation of hydrogen 
bond. And activated charcoal, as a common adsorbent, was widely used to prepare 
oligosaccharides, such as rehmannia oligosaccharides, glucan oligosaccharides, 
agar oligosaccharides and thallus laminariae oligosaccharide, etc. chito/chitin oli-
gosaccharides could also interact with activated charcoal, but the result was not 
good. such as, Tomas Semenuk separated COS by charcoal column with Bio-Gel 
P-2 (Fine, 45–90 μm) and Bio-Gel P-4 (Fine, 45–90 μm) columns, and the results 
were shown in Table 5.2 (Semeňuk et al. 2001).

5.2.2.3  Affinity Chromatography
Affinity chromatography is a type of liquid chromatography, which based on the 
highly selective interaction between immobilized ligand and structural element of 
the target molecule. The target molecules could form reversible binding with immo-
bilized ligand of affinity chromatography materials, and the mixture could be sepa-
rated from each other by changing conditions of mobile phase. When the mixture 
flow with mobile phase, the component with affinity ligands are selectively adsorbed, 
and the rest of the impurities flow out firstly. The target products were obtained by 
using appropriate buffer to desorb. Based on the differences of the interactions 
between chelated copper (II) ions and various COS, metal affinity chromatography 
was developed to separate COS, and the purities of DP 2, DP 3 and DP 4 COS were 
95%, 95% and 90%, respectively (Le Dévédec et al. 2008).

Table 5.2 Separation of COS on charcoal column

Etoh in eluent (v/v) Composition of fraction Volume (mL)
N/A (water) Salts (>95%), GlcNAc (<5%) 500
4% GlcNAc (>95%), chitobiose (<5%) 1000
8% Chitobiose (>85%), chitotriose (<15%) 1000
10% Chitotriose (>85%), chitotetraose 1000
13% Chitotetraose (>85%), chitopentaose 

(<15%)
1000

30% Chitopentaose (70%), (GlcNAc)n, a 
= 6–9

1500
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5.2.2.4  Ion Exchange Chromatography
The stationary phases of IEC were charged groups, which could bind to ions with 
opposite charges by electrostatic interactions (Fig. 5.4). The interactions could be 
modulated by the change of ionic strength and pH. There were two different types 
of IEC, cation exchange chromatography (CEC) and anion exchange chromatogra-
phy (AEC). The functional groups of anion exchange column were mainly -NH2 
and -NH3, and the functional groups of cation exchange agent were mainly -SO3H 
and -COOH.

Ion-exchange chromatography has been widely applied to separate oligosaccha-
rides due to its high resolution, large sample load and fast flow rate (Bultel et al. 
2010; Chuang et al. 2001). COS is a kind of natural cation sugar with free amino 
groups. And different DP of COS could be acquired by IEC because of the differ-
ence numbers of amino groups. Studies showed that, CM Sepharose column were 
extensively applied in the preparation of single DP COS. XinlinWei obtained COS 
5 (DP 4, 59.84%; DP 5, 40.16%) and COS 6 (DP 5, 6.89%; DP 6, 93.11%) products 
by CM-Sephadex C-25 column (Wei et al. 2009). Kecheng Li separated COS with 
DP more than 6 from the prepared fully deacetylated chitooligomers mixture by 
CM Sepharose Fast Flow column, and obtained five fractions, mainly contained 
glucosamine oligomers with DP 6–7 (41.31%, 50.22%), DP 7–8 (22.47%, 70.13%), 
DP 9–10 (53.06%, 27.99%), DP 10–12 (18.45%, 49.36%, 22.31%), and DP >12, 
respectively (Li et al. 2012b). Highly deacetylated COS mixture were also separated 
by CM Sephadex C25 column, and the purities of DP 2–6 and DP 7 COS were over 
98% and 93%, respectively (Li et al. 2013b). COS with DP 2–12 was prepared by 
acid hydrolysis of chitosan and five fractions were separated from the prepared COS 
by CM Sephadex C-25 column. The fractions were desalted by activated charcoal 
extraction, and trimer (95.7%), tetramer and pentamer (90.9%), pentamer (85.6%), 
hexamer (89.5%) and heptamer to decamer (94.7%) were collected (Li et al. 2012a). 
Two partially acetylated chitotrioses (N-acetylchitotriose and N,N′-
diacetylchitotriose) were also separated successfully by CM Sepharose fast flow 
column (Li et al. 2013a). Strong acidic ion-exchange resin also could be applied to 
prepare single DP COS.  Xiong et  al. prepared several COS with single DP by 
Dowex 50WX8-200 (strong acidic cation-exchange resin) eluted by a linear gradi-
ent solution of HCl, and the purities of DP 2–4, DP 5 and DP 6 were above 98%, 
90% and 80%, respectively. The HCl was removed from the fractions by a charcoal 

Fig. 5.4 Schematic 
diagram of ion diffusion 
process
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column (Xiong et al. 2009). Qing Xu separated DP 2 and DP 3 COS by a home- 
made cation ion exchange resin (QY-H003) with hydrochloric acid solutions at dif-
ferent concentrations, the purities of separated chitobiose and chitotriose were 
98.06% and 96.00%, respectively (Xu et al. 2017).

5.2.3  Separation by Combination of Membrane, Electric Field 
and Chromatography

Currently, COS produced by various processes are all mixtures of DP 2–10 and even 
some monosaccharides and lower molecular weight polysaccharides. However, the 
existing COS separation and purification technology can only be used to prepare 
COS with higher purity in small quantities, which is difficult to meet the needs of 
the application and that lead to the high price. In order to solve the above problems, 
assumptions taken to build up a device which can separate and purify COS in large 
quantities by combination of these technologies.

As shown in the Fig.  5.5, the MWCO of the UF/NF membrane gradually 
decreases from anode to cathode. The COS solution is added to the first sub electro-
phoresis region. Because COS are positively charged, they migrate to the negative 
electrode after electrification. When the conductivity is no longer changed, the 
migration of COS is completed. At this point, the baffle is placed, the power is 
turned off, and the COS solution is obtained from the valve. The obtained COS solu-
tion can be put back into the first electrophoresis region for secondary separation.

If the separation effect of the existing UF/NF membrane is not ideal, the next 
step is to carry out membrane modification – membrane chromatography. To make 
up for the above, membrane chromatography is a worth considering method. 
Membrane chromatography uses a membrane with a certain pore size as a medium 
and linking ligands, separating and purifying by the interaction between membrane 
ligands and target molecules such as proteins. Compared to membranes, membrane 
chromatography has the advantage of being able to separate bio macromolecules 
with similar properties. Compared to chromatography, membrane chromatography 
has advantages of lower operating pressure, much faster mass transfer process and 
short operating weeks phase, the higher separation efficiency.

Fig. 5.5 Combination of membrane, electric field and chromatography together for COS 
separation
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The bulk modification of the membrane can be divided into physical modifica-
tion and chemical modification. Physical modification is the blending of membrane 
material with material of required functions to make the blend film and in the chem-
ical modification, first functionalize the main chain of the membrane material and 
then making the film. Membrane surface modification is performed to modify the 
surface of the membrane by introducing some functional groups.

As the membranes referred in Fig. 5.5, the properties of the membrane can be 
improved by membrane modification and so that the separation efficiency could be 
improved too. The development of modern biological engineering technology has 
put forward higher and higher requirements for the separation and purification of 
macromolecules. As a new type of biochemical separation method, Membrane 
chromatography has not been widely used in industrial production, and lack of theo-
retical model and the support of a large number of experimental data. However, it’s 
believed that with the development of the membrane technology, ligands coupling 
technology and automation control technology, membrane chromatographic separa-
tion technology in biological macromolecular separation and purification process 
will certainly play a more and more important role (Table 5.3).

5.3  Analysis of Chitooligosaccharides

The analysis of COS molecules based on contents, degree of polymerization, structure 
and sequence of molecules. The component analysis for contents and degree of 
polymerization are done by using thin layer chromatography and high performance 

Table 5.3 Classification and characteristics of membrane chromatography techniques

Membrane 
chromatography 
technology Membrane matrix Ligands Application
Affinity membrane 
chromatography 
(AMC)

Chitin, GFG, 
GMA-EDMA, 
PVA, Polydivinyl 
alcohol etc.

L-histidine, PAB, Chitin 
residue etc.

Insulin, Endotoxin, 
Immunoglobulin 
antibody etc.

Hydrophobic 
interaction 
membrane 
chromatography 
(HIMC)

Cellulose, quick 
disk, 
polyethylene etc.

Phenyl, 
hexamethylenediamine, 
dodecyl etc.

Pyrogen, bovine 
serum albumin, 
human tumor 
necrosis factor etc.

Ion-exchange 
membrane 
chromatography 
(IMC)

Cellulose, GMA, 
GMA-DEMA, 
modified 
cellulose, chitin 
etc.

DEAE, CM, EGDE, 
quaternary amino group, 
sulfonate etc.

Immunotoxin, 
oligonucleotide, 
prothrombin etc.

Multistage 
membrane 
chromatography 
(MMC)

Sartobind 
membrane, 
modified 
cellulose and 
Copolymer etc.

– Urokinase, BSA, 
IgG, Formate 
dehydrogenase etc.
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liquid chromatography. While the structural or sequence analysis that involve the 
determination of degree of acetylation or deacetylation, sequence of acetylation and 
molecular weight distribution, are analyzed by using advance methods such as mass 
spectrometry, infrared, nuclear magnetic resonance and thermal gravimetric analysis. 
According to the need and purpose of analysis, techniques are used for two type of 
analysis, qualitative and quantitative analysis and structural and sequence analysis.

5.3.1  Qualitative and Quantitative Analysis

5.3.1.1  Thin Layer Chromatography
The qualitative analysis of DP determination is usually performed by thin layer 
chromatography. TLC has its broad applications for qualitative determination or 
analysis of molecules from a solution. TLC required silica based stationary phase 
and solvent based mobile phase following by a dye solution and baking. The mole-
cules of solution migrate with mobile phase on the stationary, mobile phase consists 
on different concentration of solvents used for COS determination. The mobile 
phase differently used by scientists and the ratio of solvents maintained. The mainly 
used ratios are given in Table 5.4.

5.3.1.2  High Performance Liquid Chromatography
High performance liquid chromatography is a widely used chromatography for non- 
volatile compounds on small stationary phases with low pressure and suited for the 
analysis of low and high molecular weight compounds such as peptides and pro-
teins. HPLC is mainly combined with ultraviolet visible light wavelength spectros-
copy or mass spectrometry detection. The small stationary phase column is the core 
of high-performance liquid chromatography, showing a strong selectivity, column 
efficiency and retention mechanism, so HPLC method becomes a common tech-
nique in various separation fields, and the qualitative analysis of chromatographic 
method is used to describe the well-defined COS and obtain quantitative data. For 
the first time, chito oligosaccharide was determined using Bondapak (3.9 × 300 mm) 

Table 5.4 Mobile phase solvents

Sr# Solvents
Ratios 
(v/v) References

1 n-butanol, methanol, 25% ammonia 
solution-water

5:4:2:1 Purushotham et al. (2012) and Suma 
and Podile (2013)

2 28–30% ammonium water: water: 
isopropanol

2:4:14 Pechsrichuang et al. (2013, 2018)

3 n-butanol: methanol: 28% ammonia 
solution: H2O

10:8:4:2 Songsiriritthigul et al. (2010)

4 n-propanol–water–ammonia water 7:3:1 Li et al. (2016)
5 Isopropanol–water–ammonia 4:2:3 Li et al. (2015)
6 Isopropanol: water: ammonium 

hydroxide
15:1:7.5 Qin et al. (2018a, b)
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Column UV-210 nm detector (Ohtakara and Mitsutomi 1988), and the quantitative 
determination method of chitooligosaccharide was revealed. The HPLC was further 
classified on the basis of the material type, functioSnal group and separation mecha-
nism of column like amino chromatography column, carbohydrate column, SEC, 
high performance anion exchange chromatography column (HPAEC), hydrophilic 
interaction liquid chromatography column (HILIC) and other stationary phase 
columns.

Amino Chromatography Column
Amino columns contain amino (NH2) functional groups that involve in the retention 
and separation of desired molecules. These columns attached with detectors to ana-
lyze the desired COS molecules based on their DP as Shodex Asahipak NH2P-50-an 
amino column-used with UV detector to reveal the determination of (GlcNAc)n, 
n = 2–5 (Yoon 2005), with RI detector to determine DP 2 to DP 6 COS (Dong et al. 
2015). Corona TM CAD detector was used to determine the COS molecules with 
DP 2–7 (Xiong et al. 2009). Tosoh TSK Amide 80 used to reveal DP 1–6 and DP 
4–6 with UV and IR detectors, respectively (Ji et al. 2003; P et al. 2010). The ionic 
strength of elution solvents in the gel-filtration high performance liquid chromatog-
raphy increased to suppress the electrostatic interaction of chito oligosaccharides. 
Thus Gel based amino columns (TSK-GEL NH2-60, Tosoh) were also used for 
separation of DP 2 to DP 8 COS molecules with 60% acetonitrile eluent at of rate 
of 0.8 ml/min (Choi et al. 2002).

In our previous research, COS mixtures were analyzed by HPLC system 
(Shimadzu 20A, Shimadzu, Kyoto, Japan) equipped with evaporative light- 
scattering detector (ELSD). The COS were separated on high-performance sugar 
column (Shodex Asahipak NH2 P-50 4E, Shodex, Kyoto, Japan), eluted by acetoni-
trile and distilled water (70/30) mixture with a flow rate of 1.0 mL/min at 30 °C (Qin 
et al. 2018b). The result was showed in Fig. 5.6.

Fig. 5.6 HPLC analysis of 
COS mixture
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Size Exclusion Chromatography
Size exclusion chromatography (SEC) technique used to separate molecules based 
on size/hydrodynamic volume, that do not involve the binding of molecules with 
resins and measured by how efficiently they penetrate the pores of the stationary 
phase. This technique known as gel permeation/filtration, its gel filtration when 
mobile phase is aqueous while its gel permeation when organic phase used. It is 
based on the discrimination of individual sample components by the pores of the 
packing material, large sample molecules cannot or can only partially penetrate the 
pores and elute from the column first, whereas smaller molecules can access all or 
a larger number of pores and elute later.

Einbu et  al., separated oligosaccharides from reaction mixture using three 
Superdex™30 columns connected in series with refractive index detector. The col-
umns were eluted with 0.15 M ammonium acetate at a flow rate of 0.8 mL/min. 
While investigation the relationship between detector response and molecules 
mass, they found the linear relationship in peak area and mass of molecules injected 
and calculate the molar fractions of the different oligomers from SEC (Einbu et al. 
2007). In another study, Shodex OHpak SB-G precolumn connected in series with 
Shodex OHpak SB-802 and Shodex OHpak SB-802.5 columns (8 × 300  mm) 
investigated to determine the mass of molecules. One hundred millimolar sodium 
nitrate solution used as elution at flow rate of 0.5  mL/min with RI detector 
(Chambon et al. 2015).

Carbohydrate Column
Carbohydrate columns usually used for analysis and detection of mono and disac-
charides. It also has been applied for detection of COS. High performance carbohy-
drate column used with MeCN–Water (7:3) mobile phase at a flow rate of 1 mL/min 
and detected by UV detector at 210 nm (UV) (Tokuyasu et al. 2000).

High Performance Anion Exchange Chromatography
Ion exchange chromatography worked on the base of opposite ions/charge in sta-
tionary phase, opposite ion/charge to target molecules make this strong, efficient 
and sensitive analytical method. HPAEC technique based on high-performance 
anion exchange chromatography used with pulsed amperometric detection (HPAEC- 
PAD). It was established for the simultaneous separation and determination of glu-
cosamine (GlcN)1 and COS ranging from DP 2–6 without prior derivatization. The 
detection limits of this technique investigated as 0.003–0.016  mg/L with 0.2–
10 mg/L linear range. The analysis optimized and carried out using CarboPac-PA100 
analytical column (4 × 250 mm) with 0.2 M aqueous sodium hydroxide-water mix-
ture (10:90) elution at u 0.4 mL/min flow rate. This efficient, sensitive, and quick 
HPAEC-PAD method provided satisfactory separation and demonstrated as suitable 
for separating, identifying, and quantifying DP 1–6 within 25 min. High sensitivity, 
satisfactory linearity, precision and accuracy were achieved. This anion exchange 
based column showed high accuracy, efficiency and sensitivity so it’s useful for 
routine analysis of COS (Cao et al. 2016). This method also carried out to estimate 
other sugars from the sample. Tokuyasu, Ono et al., used this method to determine 
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the sugars with CarboPac™PA1 analytical column, eluting with 15  mM NaOH, 
connected with pulsed amperometric detector (Tokuyasu et al. 1999).

Hydrophilic Interaction Liquid Chromatography
Hydrophilic interaction liquid chromatography also an ion exchange chromatogra-
phy that provides an alternative approach to effectively separate small polar com-
pounds using polar stationary phases. Polar samples always show good solubility in 
the aqueous mobile phase used in HILIC, which overcomes the drawbacks of the 
poor solubility often encountered in NP-LC. Firstly, it was found that HILIC sta-
tionary phase possesses ion exchange chromatography retention mechanism and 
this concept was proposed by Zhu et al. (1991). HILIC/IEC is often used for the 
separation of polar and hydrophilic compounds. Jiang, M., et al, used this mecha-
nism to separate COS from DP 2 to DP 6 and calculate their molecluar weight. They 
analysed the solution on X-Amide column using two mobile phases at different 
ratios phase: A was acetonitrile, and phase B was ammonium formate aqueous solu-
tion. Maintaining the temperature at 30 °C with 1.0 mL/min flow rate, analysis was 
carried out using evaporation light-scattering detector (ELSD) (Jiang et al. 2014). 
HILIC columns with different material and functional groups were studied for spe-
cific fractions of molecules. As click maltose column was developed in HILIC mode 
applied to separate oligosaccharides (Fu et al. 2010). COS contains different DPs 
was also separated by this column with ELSD.

Recently, a new HILIC stationary phase developed by Zhai X. et al., to separate 
chitooligosachharides from DP 2 to DP 6. They grafted 3-aminophenylboronic acid 
group as a functional compound on silica in their stationary phase. This compound 
give rise a HILIC, main force for the retention behavior was hydrogen bond, and 
showed great HILIC characteristics for COS separation. The method used refractive 
index detector (RID) and a mobile phase that prepared by mixing ACN and 200 mM 
of stock ammonium formate (HCOONH4) (Zhai et al. 2018). Hence, HILIC showed 
excellent behavior with modified material for the determination of COS and their 
fractions based on their hydrophilic interactions.

5.3.1.3  Electrophoresis
Electrophoresis is a technique used to separate charged molecules under the appli-
cation of electric potential. The charged molecules move under the electric potential 
through gel or capillary stationary stage. The electrophoresis is classified as capil-
lary or gel electrophoresis based on the use of stationary method. Mostly the sac-
charides are neutral or negatively charged but COS has positive charged in acidic 
condition, this phenomenon of protonation distinguish from other saccharides, 
separation of COS using positive charge capillary can be possible. Hattori et al., 
successfully used these characteristics and study the separation of COS with posi-
tively coated capillary in acidic solution. They concluded that electrophoretic 
mobility of positively charged small oligomers depends upon the number of sac-
charide chains in acidic solution (Hattori et al. 2010).

Capillary electrophoresis (CE) is useful for COS separation because of its high 
separating resolving power, protonated charged on these molecules and small 
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amount requirement of sample and solvent. Beaudoin et  al. (2005) successfully 
quantify a sub-micromolar chitin and COS using CE with an aminopyrine–fluoro-
phore conjugation procedure and laser. However, the method required derivatization 
of samples with relatively expensive materials and equipment. After all, Blanes 
et al. (2008) developed a direct method using capillary zone electrophoresis with 
contactless conductivity detection of COS. They used 10% (v/v) acetonitrile–water 
containing 10 mM NaOH electrolyte solution (pH > 12) to separate COS, alkalinity 
of electrolyte solution cause the successful separation of negatively charged COS 
and other saccharides (El Rassi 1999). Capillary electrophoresis with capacitively 
coupled contactless conductivity detection was successfully used in the literature, to 
quantify N-acetylglucosamine and five N-acetyl-COS (C2–C6) produced after reac-
tion with a purified chitinase.

5.3.2  Structural and Sequence Analysis

COS molecules have bioactive properties and applied in biotechnological, therapeu-
tic food, pharmaceutical and agricultural fields. The structure and function of COS 
are closely related. In order to further clarify the structure and activity relationship 
of COS, to reveal the biochemical processes and expand the application of COS in 
the field of biomedicine, it is necessary to further analyze the structural components 
and sequence of them. In this chapter, several methods of structural and sequence 
characterization of COS were introduced. These methods are including mass spec-
trometry, infrared spectrometry, nuclear magnetic resonance and thermal gravimet-
ric analysis.

5.3.2.1  Mass Spectrometry
Mass spectrometry is a method of detecting mobile ions (charged atoms, molecules, 
or molecular fragments) by their gravimetric ratios using electric and magnetic 
fields. The core devices in mass spectrometry are the ion source mass analyzer and 
ion detector. The ion source can ionize the sample molecules under high vacuum 
conditions. Due to receiving high energy, ionized molecules shattered into smaller 
mass of multiple fragmentation ions and neutral particles. They obtain average 
kinetic energy under the action of accelerating electric field and enter the mass ana-
lyzer. The mass analyzer is a device that disconnects ions of different masses at the 
same time with different mass-to-charge ratio (m/e) and the separated ions then 
enter in the ion detector one by one. The detector collects and amplifies the ion 
signals, which are processed by computer and mapped into mass spectra. Various 
types of ion sources, mass analyzers, and ion detectors are applied in structural 
analysis.

Mass spectrometry is often used in combination with LC to determine the struc-
ture and composition of COS.  Ultra high performance liquid chromatography- 
electrospray ionization/mass spectrometry (UHPLC-ESI-MS) method was used in 
Stefan Cord-Landwehr’s research to quantitatively detect the sequencing of COS 
(Cordlandwehr et  al. 2017). In order to separate the modified chitin oligomer 
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products, Dionex Ultimate 3000RS UHPLC system was used combined with an 
acquity UPLC BEH Amide column include a precolumn. Chitin oligomers (DP 
1–6) were detected by UHPLC system coupled with an Amazon speed ESI-MSn 
detector. Autoflex Speed MALDI-TOF mass spectrometer equipped with a 
SmartBeamTM NdYAG-laser (355 nm) was also used to detect the oligomers gen-
erated from chitosan (Madhuprakash et al. 2015). MS was also used in our previous 
work to determine the structure of COS and the results was showed in Fig. 5.7 (Qin 
et al. 2018a).

5.3.2.2  Infrared Spectrometry
Infrared spectrometer is an instrument to analyze molecular structure and chemical 
composition by using the absorption characteristics of different wavelength infra-
red radiations. The main parts of infrared spectrometer are light source, monochro-
mator, detector and computer processing information system. According to the 
difference of the spectroscopic device, it is divided into dispersive type and inter-
ference type. Infrared spectroscopy can be used to study the structure and chemical 
bond of molecules, such as the determination of force constant and molecular sym-
metry. By using infrared spectroscopy, the bond length and bond angle of mole-
cules can be measured and the three-dimensional configuration of molecules can 

Fig. 5.7 MALDI-TOF MS analysis of different COS mixtures. (a) (GlcN)2–(GlcN)7. (b) (GlcN)2–
(GlcN)5. (c) (GlcN)2 and (GlcN)3
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be speculated. According to the force constant, the strength of chemical bond can 
be inferred, and the thermodynamic function is calculated by the simple positive 
frequency. Certain groups of different compounds or chemical bonds of the band 
wave number are basically fixed, or change in a small band range only. Therefore, 
many organic functional groups such as methyl, methylene, carbonyl, cyano, 
hydroxyl, amino and so on have a characteristic absorption in the infrared spec-
trum. By infrared spectrometry, people can determine the unknown samples, which 
exist in the organic functional groups. This laid the foundation for the final deter-
mination of the chemical structure of the unknown molecules. Fourier transform 
infrared spectroscopy (FTIR) was used to determine the degree of deacetylation 
and characterize of COS. In previous study, FTIR spectrum was used to conform 
the structures of the synthesized spectrum in compare with the peaks of absorption 
(Karagozlu et al. 2010).

5.3.2.3  Nuclear Magnetic Resonance
Nuclear magnetic resonance is a physical process in which the spin energy level 
generates Zeeman splitting under the action of the external magnetic field of the 
nucleus with non-zero magnetic moment, and the resonance absorbs a certain fre-
quency of radiofrequency radiation. NMR spectroscopy is a branch of spectroscopy 
that’s resonance frequency was within the radio frequency band, and the corre-
sponding transition by the nuclear spin on the nuclear Zeeman energy level.

1H NMR Spectroscopy
1H NMR is an application of NMR spectroscopy to embody the effect of 1H in 
molecules. It can be used to determine the molecular structure. When a sample 
contains hydrogen, especially the isotope 1H, the NMR hydrogen spectrum can be 
used to determine the molecular structure. In previous study, structural analysis of 
purified chitosan were also analyzed by 1H NMR spectra recorded on a 300 MHz 
Bruker Advance Spectrometer (Sánchez et al. 2017)

13C NMR Spectroscopy
Most organic molecules are composed of carbon atoms, and 13C NMR is a useful 
tool for studying organic molecular structures. Since the natural abundance of 13C 
is only accounted for 1.108%, and the 12C with the greater natural abundance did 
not have nuclear magnetic resonance signal. 13C NMR signal containing carbon 
compound was very weak, which led to the extremely limited application of 13C 
NMR. It was not became a practical test method until the advent of pulse fourier 
transform spectrometer. In recent years, 13C NMR technology and its application 
have developed rapidly. It has been widely used in various fields of organic chem-
istry, research on molecular structure, configuration and conformation, research on 
synthetic polymer, natural polymer and dynamic process, and has become an indis-
pensable analytical tool in chemistry, biology, medicine and chemical industry. In 
detecting the structure of COS, 13Carbon (13C) NMR spectra was used to conform 
that the gallic acid was successfully conjugate onto COS from the aromatic carbon 
(Sang et al. 2017).
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15N NMR Spectroscopy
15N NMR spectrum is a form of NMR spectrum used to detect samples containing 
15N. For example, 15N NMR spectroscopy was used to detect the degree of 
acetylation for chitin/chitosan samples. In previous study, a spectrometer operating 
at 30–35 MHz equipped with cross-polarization (CP) magic-angle spinning 
nitrogen NMR (CP-MAS 15N NMR) has been used to record the spectra of chitin/
chitosan samples. The CP technique is used to transfer the polarization from the 
abundant 1H to the rare 15N nuclei thus enhancing the signals (Alvarenga 2011).

5.3.2.4  Thermal Gravimetric Analysis
Thermal gravimetric analysis is a thermal technique that measures the relation 
between the mass of the sample and the temperature changes under controlled pro-
gram to study the thermal stability and composition of the material. TGA is a com-
mon detection method in both research and development and quality control. 
Thermo-gravimetric analysis is often used in combination with other analysis meth-
ods, in actual material analysis to conduct comprehensive thermal analysis and 
accurately analyze materials. Thermo-gravimetric analyzer used to examine the 
thermal properties of COS and chitosan. Analyses are performed using powder sam-
ple in a nitrogen gas atmosphere in platinum crucibles from room temperature to 
600 °C (Hsiao et al. 2008).

5.4  Summary

It was difficult to separate single DP products from each other, due to the similarity 
of structure and molecular weight. The functional research of COS was limited by 
the lack of raw material, especially high DP product. Thus, efficient separation and 
purification technologies of COS were necessary.

Membrane and chromatographic technology played an important role in separa-
tion technology. UF, NF, RO and ED were successfully applied in the separation of 
COS mixture. Because the separation capacity was limited, membrane technology 
was used to narrow the distribution of molecular weight, remove the impurities, 
desalt and concentrate of product, etc. At present, single DP COS could be obtained 
by chromatographic technology, which obtained size exclusion chromatography, 
absorption chromatography, affinity chromatography and ion exchange chromatog-
raphy, etc. While, the purities of COS decreased with the increment of DP. Moreover, 
the application was limited by the lower yield and productivity. In the future, more 
in-depth research of separation technology are needed for the production of single 
DP COS, especially to combine different technologies to design new system for 
purification of single DP COS. Purification of single DP products will lead to the 
new innovations toward the applications and functions of COS.
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Abstract
Chitin/chito oligosaccharides and its monomer are the depolymerized derivatives 
of chitin/chitosan with favorable watersolubility and functional biological activi-
ties, which are promisingly applied in the pharmaceutical, food, cosmetics and 
agricultural fields. Traditionally, methods operated for the chitin and its deriva-
tives are chemical processes using corrosive reagents (such as HCl and NaOH), 
which are acquainted to arouse environmental pollution and additional costs. 
Nowadays, enterprises are emerging new environment-friendly and clean tech-
nologies. Cleaner production is an efficient strategy for resource conservation, 
corporate conductivity and emission reduction, which manages industrial pollu-
tion problems. In this chapter, we summarize the current production situation in 
chitin industry and introduce methods for cleaner production of chitin, chito/
chitin oligosaccharides and its monomer. The concise implementation proce-
dures of cleaner production of chitin and its derivatives have been included. The 
sustainable development of cleaner production would enable effective, clean, 
economic, and controllable process for chitin and its derivatives industry.

Keywords
Cleaner production · Sustainable development · Chitin · Oligosaccharide · 
Monomer
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6.1  Introduction

Hydrolysis of chitin/chitosan for producing chitin/chitosan oligosaccharides can be 
realized by using physical, chemical and enzymatic methods. Acid hydrolysis was 
the most widely used traditional method, despite its suboptimal features, including 
hard controlling, low quality of production, and environmental pollution.

In the past, chitin/chitosan oligosaccharides production with no regard for envi-
ronmental consequences usually caused serious troubles, such as water and air pol-
lution, soil erosion, global warming, ozone depletion and acid rain. Nowadays, 
attitudes towards those problems have been switched from environmental control, 
such as pollution prevention and management, to creation of more sustainable 
methods of production. Under the circumstances that economic growth and the con-
tradiction between population, resources and environment are increasingly promi-
nent, it is the only way to develop to correctly handle the relationship between man 
and nature and continue to promote sustainable development. Cleaner production is 
gradually becoming the theme of healthy development of the chitin/chitosan 
industry.

Recently, gentle and easily controllable enzymatic hydrolysis of chitin and chi-
tosan has been exploited as an alternative method. Chitosan depolymerized by 
strong acids (HCl) hydrolysis and commercial enzymatic degradation have been 
previously compared (Cabrera and Cutsem 2005). The fragments produced by these 
two methods differed in the degree of polymerization and acetylation, indicating 
that the enzymatic procedure produced smaller molecules with a higher proportion 
of fully deacetylated chitooligomers. Here we provide thorough analysis and 
scheme of emerging cleaner procedures and technologies for the green production 
in chitin and its derivatives industry.

6.2  Current Situation About Cleaner Production of Chito/
Chitin Oligosaccharides and Its Monomer

6.2.1  Concept of Cleaner Production

Cleaner production has been put into effect for several years all over the world, 
which has been proved to be an efficient tool for resource conservation, corporate 
conductivity and emission reduction (Kjaerheim 2005). Thereby, it is also a strategy 
for ensuring sustainability and improving environmental performance, the concept 
is shown in Fig. 6.1.

With the implementation of Agenda 21, developed by the United Nations 
Conference on Environment and Development (UNCED) in Rio de Janeiro, Brazil 
in 1992, a green industrial revolution took place worldwide. Cleaner production is a 
corresponding to the theme of “Continuous improvement”.

As for cleaner production, one of the pioneering European initiatives was given 
birth by Austria in 1992 by the Ministry for Transports, Innovation and Technology 
(BMVIT). This generated two initiatives: Prepare and Eco Profit. “PIUS”, another 
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initiative was set up in Germany in 1999. Since 1994, the United Nations Industrial 
Development Organization (UNIDO) ran the National Cleaner Production Centre 
Programme with centres in Central America, South America, Africa, Asia, and 
Europe (Sakr and Sena 2017). Then, cleaner production as a sustainable strategy has 
been widely advocated and executed.

The main objectives of cleaner production are to (Schaltegger et al. 2008):

• Minimization of the use, as well as optimization of the reuse and recycling of 
hazardous and non-hazardous materials.

• More efficient processing for material use, to reduce input amount and non- 
desired output amount.

• Risk minimization and improvement of human capital through worker hygiene 
and safety programs.

• Higher monetary returns by lowering energy consumption, decreasing material 
costs and reducing handling costs. As for this, often capital investment is 
necessary.

Cleaner production is a new kind of development tactics, which demands varied 
related theories and technologies, throughout the life cycle of the product in all 
aspects to take “preventive” measures, the production technology and processes, 
business management and product and other matters logistics, energy, information 
and other factors combine, and optimize the operation mode to achieve the mini-
mum environmental impact of energy use the least resources, the best pattern of 
management and the higher level of economic growth.

Cleaner Production Audit is the process of systematic analysis and evaluation of 
the running production process by auditors in accordance with certain procedures. 
Cleaner production Audit is a major technical method and tool for enterprises to 
implement cleaner production, and is also the basis for implementing cleaner pro-
duction (Zhou et al. 2010).

Cleaner production audit includes the core part of organizing production or pri-
ority sectors, achieving quantitative monitoring of pollution caused by a bid to iden-
tify high-consumption, high pollution and further adopt relative strategies to exploit 
programs to lower and prevent pollutants from the source.

Fig. 6.1 Concept of cleaner production
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Certain types of cleaner production strategies are shown below:

• To reinforce the production process control as well as management, the general 
thing is low cost programs.

• To make some changes with respect to raw materials, which meet several require-
ments, such as non-toxic materials and environmentally-friendly materials, it is 
expected that reasonable proportion of investment will further perfect the trans-
mission measurement method, and take full advantage of resources and energy, 
achieving comprehensive utilization or recycling use of raw and auxiliary 
materials.

• Improved products, to enhance the product yield and quality, to reduce material 
and energy consumption and to make changes in product design or product pack-
aging, finally to improve product life and alleviate product toxicity as well as 
environmental hazards.

• Make technological and innovative improvements in order to optimize the pro-
cess route to better automatic control and updated equipment.

• The recycling use of material and waste.

6.2.2  Current Situation of Production of Chito/Chitin 
Oligosaccharides and Its Monomer

Chito/chitin oligosaccharides and its monomer as derivatives of chitin, were also 
called aminosaccharide. Currently, the sorts of chitin/chitosan derivatives products 
reached approximately 40, including glucosamine, glucosamine sulfate, chitooligo-
saccharide (COS), N-acetyl-D-glucosamine, etc. Glucosamine is the main aminosac-
charide product in commercial, which is produced by chemical treatment traditionally. 
Statistics showed that the chitin production enterprises in China dropped from hun-
dreds to nearly 100 in the past 20 years due to environmental issues. Nevertheless, 
the demand and production capacity of chitosan derivatives constantly increased.

The United States, the European Union, Japan, South Korea, Chinese Taipei, 
other nations and regions, in which the annual demand exceeds 250,000 tons, are 
main manufacturers and consumers of oligosaccharide products, with the demand 
for chitosan oligosaccharide of about 60,000 tons (food grade). Chitosan oligosac-
charide 20,000  tons, pharmaceutical grade chitosan oligosaccharide 10,000  tons, 
chitosan oligosaccharide for health food series 15,000 tons, chitosan oligosaccha-
ride for bio-pesticide series 15,000 tons, chitosan oligosaccharide for feed immuni-
zation 10,000  tons. In European, American, Korean and Japanese, most 
manufacturers use oligosaccharides directly in fields of upmarket production, 
including drugs, health food, pesticides, cosmetics, etc. China is the major exporter 
of glucosamine products, accounting for 80% of the world production, and plays a 
pivotal role in the chitin industry. In China, it exported over 6000 tons glucosamine 
products, consuming 10,000  tons chitin in 2005. Although it has been greatly 
improved in the production technology, equipment and management level of glu-
cosamine derivatives products in recent years, there is still a gap from the require-
ments of cleaner production.
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The cleaner production of amino saccharide products is through the innovation 
and optimization of the traditional production process to improve the yield of prod-
ucts. The acidic waste is recycled and utilized to reduce material and energy con-
sumption and minimize the environmental pollutants.

At present, there is few reports related to cleaner production of chito/chitin oli-
gosaccharide and its monomer, the content of this chapter is evaluated and discussed 
in conjunction with the corresponding policies and regulations and a few examples 
of enterprises.

6.2.3  Significance of Cleaner Production of Chitin and Its 
Derivatives

Cleaner production of chitin is the hub of sustainability of chitin industrial develop-
ment. At present in China, the materials and energy requirement for every ton of 
chitin production consist of 28–35 t waste from crustaceans, 0.5 t alkali, 8.5 t 30% 
(wt) HCl, 250–300 t water, 1.5 t coal, etc. Besides, the cost on terminal wastewater 
treatment amount to 50,000 RMB per ton. The composition of waste water in chitin 
production is presented in Table 6.1. For producing 1 t COS, it is calculated that 
100–130 t water were consumed, resulting in 80–110 t waste water pouring into the 
environment. The great consumption of materials and energy and the vast cost of 
environmental treatment induce bottleneck for chitin and its derivatives industry 
development.

By means of adopting the concept of cleaner production, the cleaner production 
of chitin and its derivatives renovates conventional process of chitin production and 
exploits a wide range of processes (including pretreatment of raw materials, acid- 
base waste closed loop process, boiling alkali recovery, etc.) in a bid to achieve 
recycling of byproducts (protein, hydrochloric acid and calcium chloride) from raw 
materials and higher usage rate of energy, reducing waste emission during the pro-
cess of production and achieving the cleaner production (Ortolano et al. 2012).

More importantly, the environment is usually bound up with economic develop-
ment. In other word, benign environment will boost economic development, better 
social activities and support economic activities so that it can further provide the 
necessary resources and energy, and achieve sustainable development. Therefore, 
carrying out research on cleaner production of chitin and its derivatives is of great 

Table 6.1 Waste water composition in chitin production

Item
Acid waste 
water

Alkaline waste 
water

Washing 
water

Total waste 
water

COD/(mg/L) 40,000–52,000 70,000–85,000 2500–3500 5000–12,000
SS/(mg/L) 3000–4700 4000–5800 3000–3600 2000
pH 1–2 10–12 5–6 1–2
Chroma 200–400 200–400 100–200 50–100
Waste water/
(t/d)

40 10 250 300
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significance for realizing the sustainable development of chitin industry, pulling the 
processing industry and protecting the environment (Wang 1999).

6.3  Cleaner Production of Chitin

Generally, chitin in crustacean byproducts is tightly linked with proteins and miner-
als. Chemical methods for processing shrimp waste using strong acid and alkali for 
deproteinization and demineralization have been long used in industries. However, 
those conventional methods usually lead to hazardous and considerable energy con-
suming and result in environmental pollution (Gortari and Hours 2013). The previ-
ous mode of end-pipe treatment of chitin production wastewater based on 
physicochemical treatment could not meet the requirements of cleaner production, 
which inhibits the development of chitin industry.

6.3.1  Technological Keys of Cleaner Production of Chitin

The technological keys of cleaner production needed to be unraveled emergently 
are as follows.

The first one is the screening and refinement of the cleaner production of chitin. 
The way to do this is to turn end-of-pipe control treatment into incipient, all- 
dimensional, whole-process control, extend single physical-chemistry process to 
comprehensive treatment incorporating biology-chemistry process, physics- 
chemistry, and recycling of waste water and resources into one process, transform 
multivariate and intersecting phase into single-partition allocation, which paves the 
way for the recycling of resources and the following biology-chemistry process of 
waste water. Ahead of this way, the problem that waste water from chitin production 
cannot be handled with biology-chemistry approaches because of multiple- 
dimensional mix, high OD value and high content of chlorine root ions persist all 
the time.

The second one is the pretreatment process of raw materials. To be specific, It is 
to pretreat raw materials so as to put an damper on protein’s and water’s entry into 
boiling process of alkali.

The third one is to develop reduction or even zero-emission technology for boil-
ing alkali liquor. The main method is the recovery of affluent proteins, degradation 
products, astaxanthin and grease from boiling alkali liquor, which could fundamen-
tally weaken the emission of organic waste, effectively allow for turning waste into 
wealth, and eventually decrease the difficulties of terminal waste treatment.

The fourth one is the development of acid-soaked micro-emission technology. In 
other word, it makes the recycling of acid-soaked waste liquor possible.

The fifth one is comprehensive utilization of waste water. It is required that waste 
water can reach the standard of discharge and be reused effectively by means of 
natural settling, physical processing, chemical processing and biological 
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processing. The breakthrough by the cleaning process of chitin production is 
expected to solve the worldwide problem haunting over it for decades because of 
waste water processing and at the meantime make the mass recycling of animal 
protein and other resources possible, which eventually boosting economy and ben-
efiting society evidently.

The last or the most important and prospective one is the synthetic biology tech-
nology, which can be manufactured in huge scale by fermentation of microbes with 
glucose as raw material. This way completely institutes the chemical method and 
utilizes the glucose instead of shells. The key point of this fermentation way is the 
construction of the suitable microbe.

It is estimated that, for an enterprise planning to yield 100 t chitin per year, if it 
puts the cleaner process of chitin production into practice, its economic benefit from 
the cleaner production will balloon much more than the expense on waste-water 
processing, the cost of waste-water processing will dropped to 1.0–1.5 RMB from 
5 RMB, the mass of recycled protein solid reaches to 150–200 t, hydrochloric acid 
saved from it totals 100–200 t, the water conserved from it grosses 15,000 t. All 
those can be explained by reducing waste and energy vastly and further our compe-
tiveness of chitin field among nations.

6.3.2  Implementation Process of Cleaner Production Project 
of Chitin

Through previous research progress and market investigation, this section mainly 
carries out the following five aspects to achieve cleaner production:

 (a) Optimization of production process

The production process of the alkali-cooking after acid leaching in traditional 
process is adjusted to acid leaching after alkali boiling. It can effectively avoid the 
problem of multi-cross mixture of protein in chitin of byproducts and its degrada-
tion products, astaxanthin and lipids with acid leaching. Besides, it can create favor-
able conditions for recovery of acid leaching solution and biochemical treatment of 
subsequent waste water. The bottleneck that originally restricted the treatment of 
biochemical technology could be solved.

 (b) Increasing the pretreatment process for raw materials

Through pretreatment of the raw materials, including washing and pressing 
dehydration, less protein, water and other substances can be added into the alkali 
boiling process, which will reduce alkali consumption, energy consumption and 
washing wastewater in the alkali cooking process.
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 (c) Recovery of a large amount of protein, astaxanthin and lipids in the alkali boiled 
waste water

The alkali boiled waste liquid to be discharged is neutralized with the acid liquid, 
and the protein in the alkali cooking liquid which is combined with astaxanthin is 
recovered. The product obtained can be used as a high-quality protein feed additive. 
This not only effectively reduces emissions of organic matter, but also turns waste 
into treasure. Furthermore, it can bring economic benefits, as well as reduce the dif-
ficulty of treatment of integrated wastewater.

 (d) Recycling of the acid leaching solution

The previous mode of not reusing the acid leaching solution will result in a large 
amount of acid solution to be controlled, energy consuming and resources wasting. 
In the present technology, it can reuse the acid leaching solution by distilling, cool-
ing and crystallizing the acid liquid to recover the CaCl2 product. At the same time, 
the distillate can be used to neutralize alkali waste liquid, while the remaining liquid 
of the distillation can be collected for the next round of recovery.

 (e) Innovative treatment with integrated wastewater

The integrated wastewater is treated by natural sedimentation, separation and 
supernatant recovery, and the rest can be treated by anaerobic or aerobic fermenta-
tion, and then discharged after flocculation or oxidation.

Besides, membrane technology including alkali-tolerant nanofiltration mem-
brane (NFM) and continuous volumetric diafiltration (CVD) has been applied to 
separate and concentrate alkali wastewater discharged from chitin-processing selec-
tively (Li et al. 2014; Zhao et al. 2013, 2014) (Figs. 6.2 and 6.3).

6.3.3  Scheme of Cleaner Production

The final cleaner chitin production plan in factories was presented in Table 6.2.

6.3.4  Biotechnologies: Fermentation

Fermentation of crustacean byproducts with protease- or organic acid-producing 
bacteria can isolate the solid fraction of chitin from liquor containing several kinds 
of components, such as shrimp proteins, minerals, pigments, and other components 
(Prameela et al. 2010). In addition, the remained solid fraction after deproteiniza-
tion is traditionally subjected to organic acid (citric acid) treatment for removing 
minerals and yielding pure chitin.

With the development of biotechnologies, production lines based on fermenta-
tion have been set in few factories in China. The processes have been shown in 
Figs. 6.4 and 6.5.
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The differences between chemical methods and fermentation technology in chitin 
production have been generally compared and analyzed, and results were presented 
in Table 6.3 (Guo et al. 2019). One thousand kilograms chitin were obtained from 
around 10,000 kg (wet weight) shrimp heads. Traditionally, the quantities of strong 
acids and alkalis were applied in the removal of protein and minerals for chitin. 
According to Percot et al., 0.25 M HCl (solid: liquid = 1/40 (w/v)) was applied to 
achieve complete demineralization within 15 min at room temperature. At 70 °C, 
deproteinization can be easily achieved in 1  M NaOH within 24  h (Percot et  al. 
2003). It was calculated that 6700 L concentrated HCl and 1300 kg NaOH were 
consumed, resulting in over 310 t waste water pouring into the environment. It is 
certain that this is inappropriate with respect to economic and environmental consid-
erations. While there is 2230 kg organic acid consumption and much less production 
of harmful effluent wastewater, close to 133 L water was added in fermentation pro-
cess. Moreover, lower temperature and looser requirement for equipment with the 
corrosion of strong acid and bases were demanded in fermentation technology, strict 
requirement for equipment with the corrosion of strong acid and bases.

Comprehensively, it indicated that fermentation, as a novel biotechnology is an 
economic and cleaner process for chitin extraction from crustacean byproducts.

6.4  Methods for Cleaner Production of Chito/Chitin 
Oligosaccharide and Its Monomer

Sustainable development challenges the traditional attitude of companies. Either by 
the profits, services and products they will evaluate or by the impacts they will exert 
on individuals, collectives or environment. Conjectures usually put forward threats 

Fig. 6.2 Flow chart of alkali cooking in cleaner production

Fig. 6.3 Flow chart of acid leaching in cleaner production
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Table 6.2 Scheme of cleaner chitin production

Description Scheme Aim Expense
Raw materials Extract with green solvents, such 

as CO2 supercritical fluid
Recover astaxanthin and lipids High

Raw materials 1. Grind and wash material with 
washing water

1. Precipitation of a portion of 
protein and lipids, less acid 
and alkali use

Low

2. Dry the shell 2. Less the water in shell to be 
cooked by alkali

3. Flocculate the washing water 
and separate the precipitate

3. Recover part of protein in 
material, increase the value of 
products

Alkali 
cooking

1. Dry the shell after washing, 
and then cook with alkali

1. Less the amount of 
alkali use

Low

2. Alkali cooking prior to acid 
leaching(for shrimp head/shell)

2. Separate most protein and 
lipids, less the amount of 
acid use in the next procedure

3. Acid leaching prior to alkali 
cooking (for crab head/shell)

3. Separate most mineral and 
recover CaCl2 products as 
much as possible, less the 
amount of alkali in the next 
procedure

Waste water 
after alkali 
cooking

1. High-concentration waste 
liquid is used as the recycling 
alkali

1–2. Reduce the waste water, 
save water

None

2. The low-concentration waste 
liquid is neutralized with the acid 
leaching waste liquid, and then 
used to clean the raw materials

Acid leaching 1. Dry the shell after washing, 
and then leach with acid

1. Less the amount of acid Low

2. The initial volume of the acid 
is as small as possible

2–3. Reduce loss of acid
4. Save water

3. Then supplement low 
concentration acid or high- 
concentration acidic waste water

5–6. Recover CO2

4. Use acidic waste water to 
neutralize the alkaline waste
5. Collect the gas production 
(CO2) and compress into liquid
6. Refine CO2

Waste water 
after acid 
leaching

Neutralize with the alkaline 
waste liquid, and then used to 
clean the raw materials

Reduce the waste water, save 
water

Low

Integrated 
wastewater

Biochemical treatment, such as 
fermentation, flocculation and 
oxidation

Reuse the wastewater Medium

Residue Use as fertilizer Less waste of resources Low
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and opportunities. Increasing numbers of evidences are proving companies which 
are acquiring a more sustainable approach are having more positive advantages. 
There rewards are determined by the areas they are focusing on, the strategies they 
are carrying out and the phase of evolution. Furthermore, increasing demands are 
asking companies to take full responsibilities for their social, environmental and 
economic performances:

Fig. 6.4 Flow chart of chitin production

Fig. 6.5 Photo of production workshop
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• Advanced communication technologies allowing for the quick transmission of 
data and information regarding what are occurring in the world, comprising the 
deed of different kinds of companies.

• A deeper understanding that companies and social conduct usually give birth to 
the business threat, especially to brand name and reputation, but also to capital 
use, functional competence.

• Increasing governmental engagement and activities.
• Reinforcing the authority of international companies – more authority will lead 

to greater responsibility.
• Growing consciousness that corporate responsibility is closely linked to com-

portment and action in the supply chain.

6.4.1  Method for Cleaner Production of Glucosamine and Its 
Derivatives

Glucosamine production refers to process that chitin, after hydrolyzed by hydro-
chloric acid and other necessary procedures, changes into glucosamine hydrochlo-
ride, glucosamine sulfate, N-acetyl glucosamine and other aminosaccharide 
derivatives (Mao et  al. 2017). As a major exporter of aminosaccharide products, 
which accounts for 80% worldwide yield, China is an indispensable part of the 
world in chitin field. However, recently China has improved its production technol-
ogy, facilities and management to the aminosaccharide production, cleaner process 
still seems to appear a long term.

By the system of cleaner production during the process of production of amino-
saccharide renovates conventional process of amino saccharide production and 
exploits a wide range of processes in order to achieve a variety of aims. Such as 
higher recycling ration of products, better reuse of wastewater, lower raw material 
and energy consumption and even the minimum impact to environment. Its techno-
logical cruxes needed to be unraveled emergently are as follows.

At first, screen and refine the technologies in aminosaccharide production. In the 
past, pitfalls exist in aminosaccharide production long include, using ration of 
hydrochloric acid fails to reach to 1/3 its input, and the hydrochloric and caramel 
along with acid reaction weigh heavily on products. Besides, some problems are 

Table 6.3 Differences of material parameters between traditional method and fermentation

Index Traditional method Fermentation
Chitin production (kg) 1000 1000
NaOH consumption (kg) 1300 0
HCl consumption (L) 6700 0
Organic acids (kg) 0 2230
Water consumption (t) 310 133
Period (h) 12.2 16
The highest temperature in process 
(°C)

70 50
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also proved from vacuum evaporation and concentration for mother liquor. It con-
tains increasing energy consumption, considerable operation fees, low recycling 
ratio and the bad impact on environment because of low-concentration emission of 
acid waste. Next, the attempt of adopting active carbon to decolorize the products 
failed due to high cost, energy consumption and bad impact on environment.

Secondly, new technologies should be exploited. Researchers are thinking 
whether specialized ion-exchange facility is available for the recycling of products 
and acid waste. Were it to work, we should vastly reduce energy consumption, alle-
viate labor intensity and promote quality and recycling ratio. In addition, a potential 
purification technology by nanofiltration (NF) separation is a tool for COS with 
specific polymerization degree and monosaccharides (Dong et al. 2014; Lei et al. 
2018; Zhang et al. 2016).

Thirdly, develop recycling technology by reusing low-concentration acid waste 
after certain processing.

The final one is to tap crude-product ion-exchange technological potentials. It 
not only allows for decolorizing product with high efficiency, but makes the recy-
cling of decolorized resin possible.

6.4.2  Process Analysis for Cleaner Production of Glucosamine

The evaluation mainly analyzes the cleaner production process of the project from 
the aspects of raw and auxiliary materials and energy, techniques and processes, 
waste treatment measures, environmental management and so on (Fig. 6.6).

Fig. 6.6 Process analysis of the project
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6.4.2.1  Raw Materials and Energy
The raw materials involved in the project are basic chemical materials such as 
hydrochloric acid and alcohol. Most of these materials are corrosive or inflamma-
ble. Therefore, the evaluation of cleaner production level mainly depends on the 
quality, storage and management of raw and auxiliary materials. Raw and auxiliary 
materials should be selected with low impurities and high purity of chemical raw 
materials in order to reduce the amount of pollutants produced in the production 
process. The storage and transportation equipment raw and auxiliary materials 
should be selected with good sealing performance of production equipment, to min-
imize the loss of materials without organization. The raw and auxiliary materials 
management should be standardizing, and adopting personnel responsibility sys-
tem. Thereby the raw and auxiliary materials of the project can meet the require-
ments of cleaner production.

The energy consumption of this project is mainly steam, water and electricity. 
Therefore, in the design of the project, energy-saving equipment should be selected 
as much as possible to improve the utilization of water resources.

The project has a specific warehouse for the storage of raw materials. Meanwhile 
the office, production and raw materials area has been divided into blocks to man-
age, reducing the incidence of accidents and the storage and making raw and auxil-
iary materials more in line with the requirements of safe production.

6.4.2.2  Technology Process
Cleaner production is a process of controlling the whole process of production, 
including saving materials and energy, and reducing their emissions and toxicity as 
far as possible before discharging the waste produced from production process, and 
implementing comprehensive utilization of pollutants so as to make waste reuse.

 (a) Production process

Hydrochloric acid hydrolysis, plant extraction and solid preparation are applied 
to produce glucosamine. Currently, the equipments used in these mature production 
process are easy to install and operate, but the raw and auxiliary materials used are 
strong corrosive, volatile and flammable. Thus, reducing equipment corrosion and 
flammable and volatile materials is the primary solution in this process.

 (b) Equipment and process control

The production equipment should be advanced, including washing machine, cut-
ting machine, one-step granulator, automatic packing machine and centrifuge, 
meanwhile the inefficient and waste should be eliminated. Automatic control sys-
tem in instruments should be adopted to control temperature and pressure automati-
cally, and automatic data acquisition system is used to centralize and display the 
relevant parameters in the control scheme. This system can give full play to the 
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potential ability of process and equipment, stabilize process operation and reduce 
man-made errors. It is not only beneficial to strengthen output control, improve 
product quality and reduce energy consumption, but also reduce the labor intensity 
of operators. Specifically, the advanced production equipment are selected to 
improve the conversion rate of raw materials, which is conducive to the production 
of the post-sequence section, and reduce the amount of pollutants for the sake of 
environmental protection.

In addition, it is vital that employing the best proportion of raw materials and 
using temperature and pressure control equipment to stabilize production, improve 
product quality and avoid serious waste of raw materials. Besides, installment of 
waste gas absorption devices and waste liquid storage facilities should be executed 
to avert waste emission (Fig. 6.7).

 (c) Pollution control

The waste gas (HCl) produced in the process is suggested to treat by two-stage 
falling film absorption tower. The alcohol is recovered by alcohol recovery tower. In 
addition, the recovered or treated products can be sold as byproducts. It can not only 
create certain additional economic benefits, but also greatly reduce the discharge of 
air pollutants. Bag collector is used to treat the crush dust and boiler exhaust gas 
utilizes Venturi water film dust removal technology to improve the removal rate of 
soot and SO2 and reduce the discharge of air pollutants.

Boiler waste water can be reused for boiler dust removal to reduce the consump-
tion of fresh water. Furthermore, the produced residual liquor containing alcohol 
can be mixed into coal for incineration to achieve circular economy, and waste 
water discharge after treatment by the sewage treatment station to reduce the waste 
water pollutants.

Fig. 6.7 Photo of equipments
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 (d) Energy consumption

Since there is no cleaner production norm in China, there is comparison of 
cleaner production compared with the same industry enterprises in the material con-
sumption, energy consumption and sewage discharge level. The list is shown in 
Table 6.4.

6.4.2.3  Environmental Management
Developing cleaner production is a new creative concept that continuously applies 
environmental prevention strategies into the process of production, services and 
products in order to increase eco-efficiency and reduce man-made risks. From 
1980s, global environmental pollution and ecological damage intensified with the 
increasing development of economic construction. As a result, the economic devel-
opment has been restricted because of the shortage of resources and energy. 
Gradually, people have realized the limitation to environment protection by the 
treatment of controlling pollution. While taking the environmental impact of prod-
ucts and production processes into consideration, it may be more effective to elimi-
nate pollution adopting measures such as improving production processes and 
strengthening management. Consequently, the practice of cleaner production 
emerged and popularized around the world.

The principle of cleaner production is prevention, which claims strengthening 
management and technological progress in the chain of designing products to selec-
tion of raw materials, process routes, facilities, waste comprehensive utilization as 
well as operation management (Klemeš et al. 2012). The idea of prevention reaches 

Table 6.4 List of material balance, energy consumption and pollution emission levels

Production line Item Unit
Cleaner 
production

General level in 
China

Glucosamine Hydrochloric 
acid

Kg/one unit 
product

1650 1800

Ethanol Kg/one unit 
product

3300 3500

Plant extracts Ethanol Kg/one unit 
product

5000 6000

Energy 
consumption

Steam Kg/one unit 
product

20.8 20.8

Electricity Kw·h/one unit 
product

33 40

Coal t/one unit product 2.92 3
Water t/one unit product 104 120

Pollutant 
emission

Waste water m3/one unit 
product

47.2 37

COD Kg/one unit 
product

3.2 3.6

X. Mao et al.



123

the purpose of improving material utilization and reducing or even eliminating the 
generation of pollutants.

Cleaner production reflects an intensive growth pattern. Enterprises need make 
such integration:

• Adjust product structure
• Exploit new production technology
• Optimize the condition of production condition
• Perfect technical level of equipment.
• Strengthen management,
• Enhance employee capacity
• Achieve energy conservation and emission reduction
• Reduce pollution
• Increase efficiency
• Allocate resources reasonably

Cleaner production reflects the combination of environmental and economic 
benefits. Traditional end-of-pipe pollution treatment will cause high investment, 
high operating cost and difficult governance, while cleaner production can avoid the 
shortcoming and facilitate the enthusiasm of enterprises to prevent industrial 
pollution.

6.4.2.4  Services and Management
In practice, all kinds of organizations are promising to make economic profits by 
adopting cleaner production – the primary and manufacturing sectors, as well as 
services and knowledge-based organizations. Whilst the emphasis to date has 
widely been on the manufacturing sector, there are also millions of organizations 
around the world providing services and management activities, which are also 
critical in examining moves towards securing sustainable outcomes for businesses 
and society (Severo et al. 2018).

Enterprises can make adjustments in services and management by introducing 
cleaner production.

• Develop management regulations and operational guidelines that facilitate 
cleaner production

• Choose employees with experience and high-level skill, and conduct strict pre- 
job training for them.

• Strengthen employees’ awareness of cleaner production
• Improve a positive attitude towards change and improvement
• Create a “learning organization”
• Enhance relationship between a company and its neighbors as well as between a 

company and authorities
• Improve occupational health and safety
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• Develop incentives and penalties for cleaner production and increase employee 
engagement in cleaner production

• Promote communication between employees, between companies and their sup-
pliers and between companies and their customers (“Greening the supply chain”)

6.4.2.5  Scheme of Cleaner Production
Based on the analysis of production process above, a scheme of cleaner production 
of glucosamine has been implemented as Table 6.5 shown.

Table 6.5 Scheme of cleaner production

The type of 
project Content Significance and benefits
Raw and 
auxiliary 
materials

Use pure materials Reduce waste emissions
Use low-sulfur coal
Adopt high-grade medicinal materials with 
less impurities

Less impurity production

Strengthen the storage management of raw 
materials

Increase productivity

Technology and 
equipment

Use energy-efficient equipment 
(electromechanical equipment, transformers, 
insulation materials, safety valves, etc.)

Reduce power consumption, 
save energy and costs

Use sealed equipment and production 
technology

Reduce emissions of exhaust 
gases

Drain rain and sewage, and recycle 
wastewater to reduce the amount of fresh 
water

Reduce pollutant emissions

Change advanced centrifuge equipment Improve productivity and 
product quality

Recycling 
resources

Recycle HCl by secondary falling film 
absorption to gain byproducts for profits

Save raw materials and 
reduce water resources

Recycle condensate produced in drying 
steam into boiler for steam production

Reduce wastewater 
discharge and save water

Comprehensively utilize of selected 
medicinal materials waste

Reduce solid waste 
emissions

Boiler sewage is reused for dust removal in 
boiler

Reduce wastewater 
discharge and save water

Pollution 
control 
measures

Adopts “neutralization & A/O process” for 
wastewater treatment

Reduce the environmental 
impact of wastewater and 
ensure the stability of 
wastewater

Absorb the exhaust gas from the suction 
filtration, concentration and secondary 
filtration section by water circulation

Reduce the environmental 
impact of waste gas 
produced by HCl

Set recovery device for alcohol Reduce alcohol consumption 
and save production costs

Equipment Use automatic control equipment Save energy, material 
consumption and save 
production costs

(continued)
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6.5  Future Challenges and Trends in Cleaner Production

Methods applied for the industrial chitin/chitosan oligosaccharide are chemical pro-
cedures using corrosive reagents, which are inevitable to cause environmental pol-
lution and resource wastage and increase the additional costs. However, novel 
environment-friendly and cleaner technologies in laboratory-scale remain to be fur-
ther emerged in future.

The biotechnologies referred in previous discussions are potential to efficient 
production with lower cost, reduced labor, and greater safety than traditional meth-
ods (acid hydrolysis). However, to date, there are limitations and outstanding bottle-
necks in developing biotechnologies into industrial scale. The technical challenges 
of biotransformation, enzymatic synthesis and fermentation methods include lim-
ited reuse and stability of enzymes, difficulty in sustaining continuous reactions, 
and small total sample capacities, and high efficiency “intelligent” microorganisms 
construction. Therefore, in-depth study on “intelligent” microorganisms construc-
tion, enzyme immobilization, rational enzyme design, solid-state fermentation, and 
continuous mixing bioreactor systems are required to achieve biocatalyst reactions 
with high efficiency, stability, specificity, and total yield.

Table 6.5 (continued)

The type of 
project Content Significance and benefits
Production 
process 
management

Organize systematic job training for 
employees

Improve the skills of staff 
and produce efficiently

Strengthen the maintenance of equipment Save costs
Strengthen the whole process management 
of raw material transportation, quality 
inspection, measurement and storage

Reduce material loss

Add automatic control instruments and 
strengthen measurement management

Improve the yield of 
product, save energy and 
reduce consumption

Adjust the pipeline layout of water, steam 
and electricity to strengthen its measurement 
and testing

Save energy and improve 
product quality

Continuous 
cleaner 
production

Strengthen the cleaner production of the 
whole site and conduct regular auditing 
work

Raise the level of cleaner 
production

Develop a continuous cleaner production 
plan so that cleaner production can be 
carried out in an organized and planned 
manner in the enterprises

Continuously improve 
cleaner production level
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6.6  Conclusion

The trend toward sustainable development of environment and economy has resulted 
in large-scale discussions on the cleaner production of chitin/chitosan oligosaccha-
ride. Combination of environmental and economic benefits, process adjustment, 
byproducts recycling and integrated control based on current technology should be 
conducted to achieve cleaner production.

In particular, in recent years, biotechnologies have become the mainstream of 
future research and manufacture instead of hazardous chemical routes. A simple, 
fast, effective, clean, economic, and controllable bioprocess for the chitin/chitosan 
oligosaccharide production needs to be further investigated.

Moreover, adapting laboratory-scale biotechnological methods for ecologically 
safe industrial-scale bio-manufacture of oligosaccharides from chitin/chitosan is a 
major challenge of future research.
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7Modification of Chitosan/Chitin and Its 
Oligosaccharides

Xiaoli Liu and Qixing Jiang

Abstract
In view of rapidly growing interest in the amino polysaccharide chitosan/chitin 
and its oligosaccharides as functional biopolymer, a recent progress of basic and 
application studies in chitosan/chitin oligosaccharides chemistry is reviewed as 
well as some basic aspects of this specialty biomass resource. A special emphasis 
is placed on the controlled modification reactions to prepare chitin derivatives 
with well-defined structures and thereby to construct sophisticated molecular 
architecture having various advanced functions. The reactions discussed here 
include acylation, quaternary ammonium salt, carboxyalkylation, graft copoly-
merization, quaternary salt formation, Schiff base formation, reductive alkyla-
tion, microwave modification. For conducting modification reactions in a facile 
and controlled manner, some soluble chitosan/chitin oligosaccharides derivatives 
are convenient. To fully explore the high potential of these specialty biopoly-
mers, basic and application researches are being made extensively.

Keywords
Polymer modification · Chitosan/chitin oligosaccharides · Biopolymers

7.1  Introduction

Chitosan/chitin and its oligosaccharides, which are considered the most promising, 
flexible source for the preparation of advanced antibacterial biopolymers, are being 
investigated by several groups (Konwar et  al. 2016). These materials are 
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biodegradable, have low toxicity and are compatible with mammals’ tissues. One 
characteristic of the chitosan/chitin and its oligosaccharide is that they possess cat-
ionic sites (positively charged amino groups) that have affinity towards negative 
sites of the cell walls.

In spite of their advantageous properties, their relatively low biological activity 
and solubility have limited their applications. Three reactive groups are found in 
chitosan/chitin and its oligosaccharide (amino group at C2, secondary OH group at 
C3, and primary OH group at C6), which make this molecule behave in a unique 
way. They can be conveniently derivatized and can be readily derivative to improve 
the biological activity and solubility (Liu et al. 2014). Several synthetic strategies 
have been introduced where the C2 amino group, C6 position and C3 position OH 
groups of polymer are the strongest activity common target for modification 
(Geisberger et al. 2013; Huang et al. 2013b) Thus, different COS derivatives were 
synthesized by acylation, alkylation, Schiff base formation (Badawy and Rabea 
2014), reductive alkylation, carboxy alkylation, heterocyclic aldehydes (Sahariah 
et  al. 2014), quaternary reaction, and the carboxymethyl reaction (Bodnar and 
Perreault 2015; He et al. 2015). These derivatives showed then improved antibacte-
rial properties. In is necessary to have effective preparative procedures for synthe-
sizing well-defined structures in order to create novel types of polysaccharide-bases 
new materials with specific functions. So, the efforts have been focused on the 
development of well-controlled, high-yield derivation reactions under mild condi-
tions. Some important reactions are discussed in the next sections.

7.2  Acylation

The acylation of chitosan/chitin oligosaccharide derivative is the earliest reaction in 
the chemical modification of them. Chito/chitin oligosaccharide can be introduced 
aliphatic or aromatic acyl groups of different molecular weight on macromolecular 
chain through the reaction of acyl chloride or anhydride. There are both hydroxyl 
and amino groups in the molecular chain of chitosan. Therefore, the acylation reac-
tion can not only produce ester on hydroxyl group (O-acylation) but also on amino 
group (N-acylation) to form amide. The introduction of acyl group can destroy the 
hydrogen bond between chitosan/chitin oligosaccharide and its macromolecules, 
change the crystal structure of chitosan/chitin oligosaccharide, and enhance the 
solubility in common organic solvents.

7.2.1  Chitin Acylated Derivative

The intra- and inter-molecular hydrogen bonds of chitin are hard to break by molecular 
solvents, and there is a strong micelle structure. Hence, the acylation reaction is very 
difficult to react. Generally, use anhydride as acylation reagent, the corresponding 
strong acid as a solvent or catalyst. There are more than ten kinds of reaction methods 
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reported. The main difference of these methods is the use of different solvents and cata-
lytic conditions. Chitin and chitosan can introduce aliphatic or aromatic acyl groups of 
different molecular weight on macromolecular chains by reacting with acyl chloride 
and anhydride. Acylation reaction can be carried out on hydroxyl group (O-acylation) 
or amino group (N-acylation). The presence of acyl groups can destroy inter- and intra-
molecular hydrogen bonds of chitin and its derivatives, change its crystalline structure, 
and make the resulting products soluble in organic solvents.

Chitin is not soluble in organic solvents normally used for acetylation, and the 
reaction is very slow under heterogeneous conditions (Singh et al. 2012). Extensive 
acetylation may be realized only under strong conditions; for example, acetylation 
of chitin was achieved with acetic anhydride and hydrogen chloride (Pillai et al. 
2009).

Acetic anhydride achieves complete acetylation of chitin in the solvent methane-
sulphonic acid (Kurita 2006). The reaction mixture was heterogeneous initially, but 
the acetylated derivative went into solution as the degree of acetylation increased.

Another solvent system (trichloroacetic acid +1,2-dichloroethane) dissolves chi-
tin and acetylation is done in solution. All these strongly acidic solvents cause par-
tial degradation of the polymer backbone. Also, trichloroacetic acid chlorinates 
chitin (though to a low extent) (Huang et al. 2013a).

β-chitin swells in many solvents like methanol, although it is insoluble in most 
of them. Thus, the amino groups in β-chitin (Scheme 1) react with acetic anhydride 
in methanol giving poly (N-acetyl D-glucosamine), with no free amino groups. 
Under these conditions α-chitin cannot be acetylated. Also, β-chitin could be readily 
and totally acetylated in pyridine with acetic anhydride and the catalyst 
4- dimethylaminopyridine (Fig.  7.1) (Kurita 2001). These results indicate that 
β-chitin may be used to conquer the problems caused by the intractability of α-chitin. 
Thus, it is a more versatile starting material than the more common α-chitin (Kurita 
et al. 1994).

Chitin and chitosan may be derivatized with a variety of acylation reactions. 
Products soluble in chloroform may be synthesized with chlorides of long chain 
aliphatic carboxylic acids like hexanoyl, dodecanoyl, and tetradecanoyl chlorides. 
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as the catalyst. (Modified from Kurita 2001)
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Such products show a degree of acylation of 3 (Fujii 1980). Fourier Transform 
Infrared Spectroscopy (FTIR) and thermal analyses data have revealed that chitosan 
with a higher degree of deacetylation was more susceptible for acylation owing to a 
decrease in hydrogen bonding. Derivatives of chitosan prepared with lactones 
(cyclic esters) like β-propiolactone or γ-butirolactone produce derivatives with 
N-hydroxyalkanoyl groups (Loubaki et al. 1989).

In the acetylation reaction, early studies used dry HCl and saturated acetic anhy-
dride to acetylate chitin, but the reaction time was long and the degradation of poly-
mer was a serious problem. It was found that strong acid solvents such as HCl, 
HCIO4, methane sulfonic acid and mixed solvents such as dichloroethane trioxy 
acetate, N, N-dimethyl acetamide, anhydrous LiCl were suitable for the reaction of 
chitin. In recent years, it has been found that meso sulfonic acid can be acylated 
instead of HCI. For the acylation reaction of chitin, masonic acid is both a solvent 
and a catalyst. The reaction can be carried out in homogeneous phase, and the acyla-
tion degree of the product is high. Mixed solvents such as dichloroethane trioxy 
acetate and lithium chloride N. N-dimethylacetamide can dissolve chitin directly 
and make the reaction in a homogeneous phase thus the derivatives with high degree 
of substitution and uniform distribution can be prepared. Hirano et al. (Hirano and 
Zhang 2000) reported that the filament surface and inside chitosan fibers were 
N-acylated by reaction with different carboxylic acid anhydrides at room tempera-
ture in methanol. It was demonstrated that the mechanical properties of chitin fila-
ments such as tenacity and elongation was little affected by N-acylation. Treatment 
of chitin fiber and chitin–cellulose mixed fiber with 40% NaOH at 95–100 °C for 
4 h in suspension afforded a chitosan fiber and a novel cellulose–chitosan mixed 
fiber, respectively. Novel N-acetyl, N-propionyl, N-butyryl, N-hexanoyl, and 
N-octanoyl chitosan fibers were obtained. The fibers were not soluble in water, 
acidic, or basic solutions.

The characteristic absorption band of amide I band at 1660 cm−1 and 1628 cm−1. 
The amide II band, amide III, and CH3-CO vibrational absorption band were also 
found in 1557 cm−1, 1313 cm−1 and 1379 cm−1, respectively, in Chitin. Characteristic 
absorption bands are also found at 1158  cm−1 and 895  cm−1. Comparing the IR 
spectra of chitin and acetylated chitin, it was found that the characteristic absorption 
band of C=O stretching vibration of ester bond appeared in the infrared spectra of 
acetylated chitin at 1743 cm−1, 1230 cm−1 and 1380 cm−1, and with the increase of 
the amount of acetic anhydride. Its strength is gradually increasing. The disappear-
ance of the characteristic absorption band at 895  cm−1 of the carbohydrate unit 
linked to the β-(1,4) glycoside bond of chitin further indicates that the acetylation 
reaction destroys the ordered structure of the chitin chain. This can be further con-
firmed by the fact that acetylated chitin dissolves in 88% formic acid but chitin does 
not dissolve in formic acid.

Benzylated, hex acylated, decyl, dodecanoylated and a series of p-substituted 
benzylated chitin were also successfully prepared by using the corresponding acyl 
chloride and chitin system. Acylation degree depends on the amount of acyl chlo-
ride, usually to obtain high degree of substitution products, need to add excessive 
reactants. In general, 1  mol acetylglucosamine was required with 4–6  mol (acyl 
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chloride or anhydride), and the reaction conditions were still stirred at 0 °C for 2 h 
and overnight at −20 °C. The influence of reaction conditions on the reaction is 
listed in the following table (Table  7.1) with the example of dodecanoylation. 
Because of the steric resistance effect, it is difficult to obtain the high substitution 
product with the increase of the chain length of the substituent. The complete acyla-
tion product can be obtained by boiling reaction of excessive hexyl chloride, decyl 
chloride or dodecyl chloride in anhydrous pyridine chloroform.

7.2.2  Chitosan Acylated Derivative

Chitosan acylation reaction is easier than chitin, generally no catalyst, the reaction 
medium commonly used methanol or ethanol. The early acylation of chitosan was 
carried out in anhydride or acyl chloride. The reaction conditions were mild, but the 
reaction time was long, and the degradation of polymer was serious. Like the acyla-
tion of chitin, mesylate is also a good solvent for the acylation of chitosan, and has 
a higher acylation degree of the product. Chitosan can be dissolved in acetic acid 
solution, adding the same amount of methanol does not precipitate. Therefore, acyl-
ated chitosan can be prepared by acetic acid-methanol solvent. Acylated chitosan 
reaction usually takes place on the amino to obtain the N-acylated products, but the 
reaction cannot be completely selectively on the amino group, and the o-acylated 
chitosan will also take place, but the formation of O-acylated chitosan is more dif-
ficult. In general, the straight chain aliphatic derivatives (formyl, acetyl, hexanoyl, 
dodecyl, tetradecyl, etc.) can be prepared in methanol or pyridine/chloroform sol-
vents. The branched aliphatic acyl derivatives (N-isobutyl, N-trimethyl acetyl, 
N-isoamyl) can react in formamide solution. Aromatic acyl rowers (benzoyl, benzo- 
sulfonyl, etc.) are often prepared in methylene sulfonic acid solvents. The acylation 
degree of chitosan obtained is more than 1.8, and most of them are dissolved in a 

Table 7.1 The relationship between reaction conditions and acylation degree

Sample
The amount of dodecyl 
chloridea Reaction condition

Degree of dodecyl 
chloride

1 0.6 0 °C, 2 h+ −20 °C, 12 h 0.15

2 1 0 °C, 2 h+ −20 °C, 12 h 0.8

3 5 0 °C, 2 h+ −20 °C, 12 h 1.5

4 5 10 °C, 2 h+ −20 °C, 12 h 1.1

5 3 0 °C, 4 h+ −20 °C, 12 h 1.5

6 2 0 °C, 2 h+ −20 °C, 12 h 1.7

7 4 0 °C, 3 h+ −20 °C, 12 h 1.7

3’ / Shunt precipitationb 1.9
6’ / Shunt precipitationb 1.9

aThe amount of dodecanoyl chloride is equal to the amount of N-acetylglucosamine units
b3′ and 6′ is obtained by freezing the fractionation product of hot methanol
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variety of organic solvents (Jenkins and Hudson 2001). The structural formula of 
fully acylated chitosan derivatives is shown in Fig. 7.2.

7.2.2.1  N-acylated Chitosan Derivative
The structure and degree of substitution of N-acyl chitosan have important effects 
on its properties. For N-acyl chitosan containing saturated fat chains, the length and 
degree of substitution of N-acyl fat chains are important factors determining its 
biological function, biodegradability and selective aggregation of certain cancer 
cells. Therefore, it is of great significance to study the preparation and control of the 
extent of substitution in biomedical materials.

Concerning the preparation of derivatives with definite structure and functional 
materials with better properties by chitosan, it is very important to find a method to 
control the reaction easily. In recent years, the selective reaction of N-phthalic chi-
tosan has attracted much attention.

In 1930, Karrer first prepared N-acyl chitosan by reaction of chitosan and anhy-
dride at high temperature (Karrer and White 1930). Hirano improved the method by 
adding formamide, methanol, tetrahydrofuran and other solvents into the system to 
improve the yield and degree of substitution of N-acyl chitosan (Hirano et al. 1976). 
Kurita took acetic acid and acetone as the media and added maleic anhydride to 
prepare N-maleylated chitosan, which is a kind of excellent water-soluble N-acylated 
chitosan (Kurita et al. 1982).

One of the major functions of N-acylation modification of chitosan is to prepare 
chitosan acetylated by 50%. When the extent of acetylation or of deacetylation of 
chitosan is 50%, the amino and acetylamino groups in the sugar chain are in a com-
pletely irregular arrangement, and chitosan is completely water-soluble. The com-
pletely water-soluble chitosan by adding pyridine to acetic acid-ethanol system and 
controlling the ratio of chitosan to acetic anhydride 1:2.

The N-acylation modification of chitosan not only improves its solubility in 
water, but also improves its forming and processing properties, and expands the 
application range of chitosan. Kaifu K prepared chitin with butylated chitin, and 
found that the compound had good anticoagulant activity and could be used in med-
ical materials (Kaifu et al. 1981). N- formylated chitosan, N- acetylated chitosan 
and chitin mixed into fiber, can be used for surgical sutures, sutures of this kind of 
tensile strength and retention rate are better than the absorption of polyethyl lactide 
suture Dexon. Chitosan N-maleated at various extents had higher disinfectant power 
and moisturizing performance than hyaluronic acid. Meanwhile, the price of such 
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compounds was much lower than that of very expensive hyaluronic acid products at 
present.

In acetic acid solution or in high swelling pyridine gel, the reverse point of N 
acetylation is easy to occur in chitosan, and 50% N-acetylated chitosan may be 
obtained adjusting the process conditions. Because it can form gel in organic sol-
vent, it has better reactivity activity. Therefore, it can also be used as raw material 
for secondary modification. If the soluble chitin aqueous solution is mixed with 
pyridine, Dimethyl Formamide (DMF) or like solvents, a highly swelled gel can be 
obtained. N-acylation reaction can occur with amino groups using phthalic anhy-
dride and tetracarboxylic anhydride (Kurita et al. 1982). Acylation reaction in acetic 
acid/methanol medium, the concentration of acetic acid has a significant effect on 
the degree of substitution of N-acyl group of chitosan. Chitosan has a higher degree 
of N-acetyl substitution at low acetic acid concentration. With the increase of acetic 
acid concentration, the degree of N-acetyl substitution decreases gradually. When 
the concentration of acetic acid increases to 10%, the degree of substitution is 
almost no longer affected by the change of acetic acid concentration. The acetic acid 
concentration effect on the degree of substitution of N-acyl groups showed a similar 
regularity in the N-propionyl, N-butyryl and N-hexyl reactions of chitosan. A 
nucleophilic addition-elimination mechanism occurs in the N-acylation of chitosan 
with anhydride. The degree of substitution of N-acyl group is determined by the 
nucleophilic ability of amino group and the space shielding of amino group in chi-
tosan polycationic polymer chain. When the concentration of acetic acid is low, the 
degree of amination is lower, and its nucleophilic property is relatively strong. The 
repulsive effect of protonated amino groups at low concentration makes the polyca-
tionic polymer chains more extensive, resulting in less special shielding of amino 
groups. Therefore, the N-acyl reaction is easy to occur and has a high degree of 
substitution of N-acyl group. With the increase of the concentration of acetic acid, 
the degree of protonation of amino groups deepens, the concentration of acetate ion 
increases accordingly and the opposite electric field is formed around the chain of 
chitosan polycationic polymer, which weakens the repulsive action between proton-
ated amino groups in the chain. The chain expansion is weakened, the polymer 
chain becomes more curled up and has a greater shielding effect on the amino group, 
so the N-acyl group reaction is relatively difficult to occur, and the degree of substi-
tution of N-acyl group is relatively low.

Generally, the methods of preparing acetylated chitosan (total acetylated chitin) 
are as follows: A dispersion of fully dried 1 g chitosan powder in 150 mL methanol 
was prepared, and excessive acetic anhydride was added. The mixture was stirred 
for 16  h at room temperature, filtered, washed with methanol twice, soaked in 
50 mL 0.5 mol/L ethanol and KOH solution for 16 h, then filtered, washed fully 
with methanol, dehydrated with ether and dried in air, the yield was quantitative. 
This method of preparation is important because it is difficult to prepare fully acety-
lated chitin from chitin, and chitin is decomposed, which is much easier to prepare 
from chitosan and the product has better properties and lower cost.

Chitosan was suspended in DMF, heated to 120–130 °C, and reacted with exces-
sive phthalic anhydride, the phthalates formylation product can be dissolved in 
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dimethylsulfoxide (DMSO) (Fig. 7.3) (Liu et al. 2004). Some O-phthalic acylation 
also takes place in this reaction, but phthalic amide is sensitive to alkaloids. In the 
presence of methanol and sodium, transesterification occurs, and the departure of 
O-acyl groups only produces N-phthalic.

The degree of substitution of acylated chitosan derivatives depends directly of 
the ratio of the added substances. When the other reaction conditions remain 
unchanged, the sample whose degree of substitution is more than 0.38 can be dis-
solved in water by changing the mass ratio of the material. Because the hydrogen 
bond between chitosan molecules makes it insoluble in water, the 2-carboxyl- 
benzoyl group leads to the destruction of the dense grade structure of chitosan mol-
ecules, which greatly reduces the crystallinity and almost becomes amorphous.

The higher the degree of substitution, the more amorphous phase, and the better 
the solubility. The experimental results show that the higher the mass ratio, the 
higher the degree of substitution, and the higher the intrinsic viscosity and relative 
molecular weight. The reason is that the acylation reaction can be carried out in the 
solution system with high viscosity due to the presence of pyridine. However, the 
intrinsic viscosity and the relative molecular weight of the product decreased obvi-
ously when the ratio of the added material was 2, and the color of the product deep-
ened. That’s because the chain of chitosan molecules breaks as the reaction goes on. 
The more anhydride, the more acidic the reaction medium, the greater the degree of 
sucrose chain breakage. According to Mark Houwink equation, the relative molecu-
lar weight of the product is proportional to the intrinsic viscosity of the product. 
Therefore, when the ratio of the added material is 1.25, the high viscosity of phthalic 
chitosan is obtained, and the relative molecular weight of the sample is the largest.

7.2.2.2  O-Acylated Chitosan Derivative
In the study of acylation of chitosan, the chemical structure of acyl group has great 
influence on the O-acylation reaction of acylated organisms. The degree of substitu-
tion of large volume acyl group is generally less than 0.5, otherwise it takes a long 
time to obtain a higher degree of substitution. It is difficult to obtain O-acylated 
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chitosan because the amino group is more reactive than the hydroxyl group, and the 
acylation reaction first occurs on amino group. Therefore, the amino groups of chi-
tosan are usually protected by benzaldehyde, then acylated under mild conditions, 
and then the protective groups are removed after the reaction (Aytemir and Ozcelik 
2011).

Acylated chitosan reactions usually occur on amino groups. However, the reac-
tion cannot be completely selective on the amino group, there will also be an 
O-acylation reaction (Rúnarsson et al. 2010). N-acetylation of chitosan occurs eas-
ily in highly swelling pyridine gels or in water/acetic acid solutions. With a careful 
control of the reaction conditions, 50% N- acetylated chitosan can be obtained. 
Because it can form gel in organic solvent and has good reactivity, it can also be 
used as the raw material for secondary modification. The addition of an aqueous 
solution of chitin (soluble in water) is added to solvents like pyridine and dimethyl-
formamide, a highly swelling gel can be obtained, and N-acylation reaction can 
occur with amino groups using phthalic anhydride and tetracarboxylic anhydride.

N-phthalic chitosan can undergo many selective modification reactions under 
homogeneous conditions (Fig.  7.4). For example, in pyridine, the C6 hydroxyl 
group first performs triphenyl methylation reaction, and after the reaction is com-
plete, C3 performs acetylation reaction, and finally C6 removes the triphenylmethyl 
group to obtain the free hydroxyl group (Ning Ma 2004). These reactions can be 
carried out smoothly and quantitatively in the solvent (Li et  al. 2011). Thus, 
N-phthalic acid group plays a protective role in the selective substitution reaction of 
amino group.

Triphenylmethyl chitosan can form sulfonate, and C2 and C3 sulfonated chitosan 
derivatives can be obtained after triphenylmethyl is removed. When triphenylmethyl 
chitin derivative was sulfated, the derivative of O-sulfonic acid could only be 
obtained at C3 position. The derivative showed strong antiviral activity and had a 
good inhibitory effect on AIDS virus. The O- sulfonate chitin at C6 has 
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anticoagulant function. It can be seen that the effect of sulfonate derivatives on 
AIDS virus is related to the sulfonate groups at specific sites, rather than the degree 
of substitution (Nishimura et al. 1998).

In the acylation reaction of chitosan, the adsorption of metal ions is not the higher 
the degree of substitution, the better the performance. The lower the extent of sub-
stitution of acetylated chitosan, the higher the adsorption amount of Cu (II). This is 
because the presence of a small amount of acyl group, on the one hand, will destroy 
the crystal structure of chitosan, and on the other hand, occupy less position of func-
tional group amino group, so the adsorption of metal increases. The effect of nonyl 
groups is more pronounced than that of acetyl groups, because nonyl groups are 
larger in size and more hydrophobic (Sahariah et al. 2015).

Octanal, benzoyl and lauroyl chitosan derivatives were prepared from acetic acid 
aqueous solution and methanol mixed solvent with corresponding acyl chloride. 
The gel is a good adsorbent of amino acids and has a higher adsorption capacity for 
L-type amino acids than D-type amino acids. This gel can be used as the stationary 
phase of liquid chromatography to effectively split the optical isomers of amino 
acids, and the lower the degree of substitution, the better the separation effect. At a 
lower temperature, chitosan reacts with benzoyl chloride to obtain benzylated chi-
tosan (Uragami et al. 2016). It is made into a thin film which can be used to separate 
the mixture of phenyl cyclohexylamine.

7.2.2.3  N, O-Acylated Chitosan Derivative
The swelling completely deacetylated chitosan was added to the pyridine solution 
of phthalic anhydride, the N-, and O-phthalic acid chitosan was obtained with a total 
degree of substitution between 0.25 and 1.81. The chitosan was dissolved in 
dimethyl sulfoxide, dichloroacetic acid and formic acid to form a solubilized liquid 
crystal, and its critical concentration was basically unaffected by the change of the 
degree of substitution.

6-triphenylmethyl chitosan is soluble in organic solvents and can be obtained by 
removing phthalic acid group with hydrazine, so it is an important raw material for 
reaction. If the reaction conditions are controlled, hexadecyl chitosan derivatives 
with double substitution and trisubstitution can be prepared. The product can be 
further sulfonated, which is a kind of amphiphilic molecule that can form Langmuir 
layer (Shin-Ichiro et al. 1993).

Ten millimoles Chitosan was dissolved in 20 mL methane sulfonic acid at room 
temperature, and then acyl chloride was added for 1 h. After stirring for 5 h at room 
temperature, the reaction was terminated by adding 30 g of crushed ice. The excess 
acid was removed by dialysis (1 day), and NaHCO3 was added to neutral pH. Finally, 
the mixture was additionally dialyzed for at least 3 days and freeze-dried to obtain 
N, O-acyl chitosan (Badawy et  al. 2004; Ning Ma 2004). The synthesis route is 
shown in Fig. 7.5.

Acylated chitosan with long fat chain was prepared by the reaction of dodecyl 
chloride, tetradecyl chloride and hexadecyl chloride with chitosan using chloroform 
and pyridine as the reaction medium. The results showed that under the condition of 
high pyridine/chloroform volume ratio, the average acylation degree of the initial 
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products was high, and the acylation degree decreased with the decrease of the vol-
ume ratio. This is because the boiling point of different solvent ratio is different, and 
the reflux temperature is high under the condition of high pyridine/chloroform vol-
ume ratio, which is conducive to the acylation reaction.

7.2.3  Solubility of Acylated Products

The acyl groups in acylated chitin and its derivatives destroys the oxygen bond 
between the macromolecules of chitin and its derivatives, change their crystal struc-
ture and improve the solubility of chitin. By acylation, the solubility of acylated 
products in organic solvents was improved, especially in carboxylic acids like meth-
anoic acid and dichloroacetic acid. Some products with high acylation degree were 
also soluble in common organic solvents, such as high substituted chitin benzylated 
in phenylmethanol/dimethyl sulfoxide; Highly substituted chitin can be dissolved in 
benzene, phenol, tetrahydrofuran and dichloromethane. In addition, the process-
ability of acylated chitin and its derivatives has been greatly improved.

Various acyl chitin/chitosan derivatives are widely used in textile, pharmaceuti-
cal, cosmetics, environmental protection and materials due to their good water- 
solubility and other properties. However, the acylated chitosan was prepared by 
heterogeneous or homogeneous reactions. In heterogeneous reactions, solvents 
such as acetone, dimethylformamide and dimethyl sulfoxide have the disadvantage 
that many preparation processes require inorganic acid or alkali-breaking catalysts. 
Catalyst cannot be reused. The salt produced is difficult to separate from the prod-
uct, and the equipment is corroded and polluted seriously. The disposal capacity of 
the three wastes is large: it is difficult to realize the control of the target product and 
the product is uneven. It has brought many difficulties to industrial production. 
Homogeneous reaction. The main use of acetic acid as solvent, some also added 
formamide/methanol, formamide/ethanol, methanol, ethanol, pyridine and other 
organic solvents. The disadvantages are that the reaction time is long, the reaction 
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process is easy to form a gel, and the post-treatment is complex, which leads to the 
breakdown of the chitosan skeleton and reduction of the molecular weight. 
Therefore, it has become an urgent problem in the further processing of chitosan to 
find a green solvent that can effectively dissolve chitosan and make the preparation 
of its derivatives under the condition of homogeneous reaction.

7.3  Alkylation

Under different reaction conditions, chemical modification of chitin/chitosan can 
produce N-, O- and N, O-substitutions products. Chitosan can be modified by halo-
genated alkanes with different carbon chain lengths to prepare ethyl chitosan, butyl 
chitosan, octyl chitosan and hexadecyl chitosan. The alkylation reaction of chitosan 
occurs mainly in -NH2, substitutions can also occur at C3 and C6 OH. In the O- site 
alkylation reaction, the reaction conditions are harsh because chitin has strong inter-
molecular forces. Therefore, most of the alkylation reactions were reported by chi-
tosan. In the alkylation of chitosan, the reaction time, reaction temperature, reaction 
medium, the amount of alkali and amount of modifier directly affect the physical 
and chemical properties of the modified products. The hydrogen bond between mol-
ecules was significantly weakened when chitosan was introduced into alkyl groups. 
Therefore, the biological properties of burnt chitosan could be dissolved in water.

However, if the alkyl chain was too long, its derivatives were not completely 
soluble in water or even in acidic aqueous solution.

7.3.1  Chitin Alkylation Derivative

The alkylation of chitin takes place on hydroxyl groups. Chitin alkali is the interme-
diate of the alkylation reaction of chitin, which is usually made by the reaction of 
chitin and concentrated NaOH solution at low temperature, and then the alkylation 
product is generated by the reaction of chitin alkali with halogenated hydrocarbon 
or sulfuric acid ester (Kurita et al. 2002). Reaction between chitin base and chloro-
ethane in autoclave, ethyl chitin with a substitution extent higher than 1 and soluble 
in a variety of organic solvents can be prepared, and the product can be used to 
control the release of sustained-release capsules.

Chitin remains stable in nature because it is soluble only fluorinated solvents, N, 
N-dimethylacetamide/LiCl, and methanol/CaCl2. Meanwhile, randomly 50% 
deacetylated chitin and chitin derivatives with tosyl, iodol, trimethylsilyl, and gly-
cosyl groups show solubility in water and organic solvents (Kurita et al. 2002). The 
process of N – alkylation has potential for preparation of simple chitin derivatives 
with higher solubility and lower crystallinity. The structure bonded to C2 is similar 
to that of N, N-dimethylacetamide (DMAC), which is an excellent solvent for many 
substances. Many experiments were done to make polymers by ring-opening 
polymerization of 2-oxazolines, which have DMAC units in their backbone.
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At low temperature, alkali chitin was prepared by treating chitin with NaOH/ 
sodium dodecyl sulfate, and then reacted with haloalkanes of different lengths to 
obtain alkylated chitin products. The degree of dissolution and expansion of the 
product in water depends on the length and volume of the alkyl carbon chain. Partial 
destruction of chitin molecular crystal structure is the main reason for the increase 
of hydrophilicity. Alkyl chitin fiber was prepared by injecting alkylated chitin into 
the mixed solution of formic acid/dioxo acetic acid and then injecting human ethyl 
acetate into the nozzle. The hygroscopicity of the fiber is much higher than that of 
chitin or N-acetyl chitosan fiber. The results show that the hydroxyl group at the C6 
position is more prone to alkylation than the hydroxyl group at the C3 position. The 
chitin and benzyl chloride in 0–5 °C for 1 h reaction, then the reaction at room tem-
perature 20 h benzyl chitin can be obtained from the door (Ravi Kumar 2000).

The process of reaction can be accelerated by microwave treatment. Chitin is 
treated with hexadecyltrimethylammonium bromide and NaOH to prepare alkali-
fied chitin, and then added bromo-n-butane into the alkylated chitin, which is well 
mixed and placed in the center of microwave oven. After radiation at a certain power 
for a certain time, the reaction mixture was cooled and neutralized with dilute acetic 
acid until the pH was neuter. After washing with distilled water for many times until 
the detection of dehydration of acetone and drying to constant weight. Octyl chitin, 
decyl chitin, dodecyl chitin and hexadecylformin can be prepared by the same 
method (Dong 2001). The preparation process is shown in Fig. 7.6.

Derivatives of chitin may be prepared by treatment of alkali chitin with alkene 
oxides. For the preparation of hydroxyethyl chitin (also known as glycol chitin), 
ethylene oxide is the reagent. Side reactions occur, like the N-deacetylation of chitin 
and the graft copolymerization of ethylene oxide under the alkaline conditions. 
Hydroxyethyl chitin is soluble in water and is used for the assay of chitinolytic 
enzymes. The reaction with propylene oxide gives hydroxypropyl chitin and its 
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course depends upon the pH. The substitution occurs preferentially at the hydroxyl 
groups in alkaline medium and at the amino groups in neutral medium. Hydroxy 
alkylations with 2-chloroethanol (giving the same product as ethylene oxide) and 
3-chloropropane-1,2-diol were also reported. With N, N-diethylaminomethyl chlo-
ride, diethylaminomethyl chitin was produced.

7.3.2  Chitosan Alkylation Derivative

Alkylation can be carried out on the hydroxyl group of chitosan (O-alkylation) or 
the amino group of chitosan (N-alkylation). N-alkylation is more likely to occur. 
Chitin base usually reacts with halogenated hydrocarbon or sulfuric acid ester to 
form alkylation product. Ethyl chitosan, Butyl chitosan, Octyl chitosan and hexa-
decyl chitosan can be prepared by modifying chitosan with halogenated alkanes of 
different chain lengths (Zargar et al. 2015). Alkylation of chitosan mainly occurs on 
-NH2 of C2, and substitution reactions can also occur on -OH of C3 and C6.

In the alkylation of chitosan, the reaction time, reaction temperature, reaction 
medium, amount of alkali and amount of modifier directly affect the physical and 
chemical properties of the modified products. In general, in order to produce high 
degree of substitution and high viscosity of derivatives, the reaction time is 2–4 h, 
the reaction temperature with degree of 40–60 °C advisable (Popescu et al. 2016).

7.3.2.1  O-Alkylated Chitosan Derivative
O-alkylation generally has three methods: Schiff base method, N-phthalic acid 
method, metal template synthesis method. These three methods are the first to pro-
tect the amino group, in O-alkylation reaction, and then remove the protective 
group, has been alkylation products. Alkylated chitosan has the characteristics of 
liquid crystal, good film-forming property, good adsorption and chelating ability for 
metal ions, and has been widely used in medicine, environmental protection, textile 
and other fields. Chitin or chitosan reacts with monochloroacetic acid under alka-
line conditions to form O-carboxymethylation. The reaction is greatly affected by 
temperature and alkali concentration. Some researchers used chitosan as raw mate-
rial to prepare carboxymethyl chitosan with different degree of substitution. The 
results showed that the best preparation conditions were: reaction time 4 h, mass 
ratio of chloroacetic acid-sodium hydroxide 9:10, and the addition of 2% sodium 
dodecyl sulfate and a small amount of sodium borohydride. Schiff base amino pro-
tection method is that chitosan is reacted with aldehydes to form Schiff base, then 
alkylated by haloalkane, and the protective group is removed in alkyd solution, 
which is only substituted at O position. Schiff bases derived from chitosan may be 
prepared by reaction of the available amino groups of chitosan with aldehydes or 
ketones. This reaction occurs readily in a composed of water, methanol, and acetic 
acid. Initially the mixture is homogeneous, but a gel is often formed due to the low 
solubility of these derivatives (Ravi Kumar 2000). A glass transition was observed 
with the product from decanal due to the long side chain (Kurita et al. 2005). In 
neutral or basic solutions, the imine linkage C=N is to a degree stable. In acid 
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medium, however, it is readily hydrolyzed. Thus, when it is desired to chemically 
modify the free hydroxy groups, the reaction with aldehydes or ketones is useful for 
the protection de amino groups. Glutaraldehyde (1,5-Pentanedial) is often used as a 
cross-linking agent for chitosan. Regioselective N-substitution of these imine link-
ages may be accomplished with the reagent sodium borohydride or sodium cyano-
borohydride. Introduction of sugar groups was realized by reductive alkylation by 
sugars like glucose, galactose, N-acetylglucosamine, lactose and cellobiose 
(Matzuoka et al. 2000). These branched chitosan derivatives were soluble in water 
and/or dilute acids, and this solution had interesting properties.

7.3.2.2  N-Alkylated Chitosan Derivative
N-alkylated chitosan is usually synthesized by reaction of aldehydes with -NH2 in 
chitosan molecules to form Schiff base and then reduced by NaBH3CN or NaBH4 to 
obtain target derivatives. Ethanylated chitosan can be obtained by reaction of acet-
aldehyde with chitosan after reduction (Kurita 2001) (Fig. 7.7). The derivatives of 
methyl, ethyl, propyl and aromatic compounds were induced by this method, and 
have good adsorption or chelating ability to various metal ions (Avadi et al. 2005; 
Bratskaya et al. 2012; Sangeetha et al. 2015).

Because of their amphiphilic properties, long chain N-alkylated chitosan deriva-
tives can be prepared by self-assembled pharmaceutical microcapsules, but modi-
fied by Schiff base reaction with higher fatty acid aldehyde, because of the two-phase 
reaction, the degree of substitution is low. The substitution degree of n-alkylated 
chitosan can be improved by adding sodium decalkyl sulfonate. But there are also 
problems of long reaction time and low efficiency. The method of microwave irra-
diation can make the reaction faster and more efficient. After stirring and dissolving 
chitosan at 40 °C, the pH is adjusted to about 7 by NaOH solution, and then the 
30 min alkalization is continuously stirred, and the acetic acid solution with 5% 
volume fraction is added. After stirring at 40 °C for 1 h, lauric aldehyde and catalyst 
sodium decyl sulfonate were added in turn, and microwave reaction was carried out 
for a certain time after full stirring and dissolving. pH was modified with NaOH 
solution, then reduced with 10% NaBH solution, and then stirred for 2–3 h, acetone 
precipitated, and oil was overheated. N-dodecylated chitosan was obtained by wash-
ing with water and acetone.

7.3.2.3  N, O-Alkylated Chitosan Derivative
Under alkaline conditions, chitosan can react directly with halogenated alkyl to 
prepare derivatives that can be substituted at N, O-position at the same time. The 
solubility of the product is different with different reaction conditions. The reaction 
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process involves adding chitosan to isopropanol containing NaOH, stirring for 
30 min, adding halogenated alkanes, adjusting pH to neutral for 4 h, precipitation, 
filtration, washing and drying.

The deacetylated chitosan, benzaldehyde and anhydrous methanol were added to 
the three bottles, under magnetic stirring at room temperature reaction after 20 h 
suction filter flocculent white solid, placed in a Soxhlet extractor using anhydrous 
methanol extraction 4 h, with steaming water washing, solids with NaBH4 reduc-
tion, after filtering, vacuum drying to light yellow solid N,O- benzyl chitosan (Ravi 
Kumar 2000).

7.4  Quaternary Ammonium Salt

The study of quaternary ammonium salt of chitin/chitosan is an important direction 
of chemical modification of chitin/chitosan. The quaternary ammonium salt reac-
tion can be carried out on the amino and hydroxyl groups of chitin/chitosan. Due to 
the high steric hindrance and strong hydration ability of the quaternary ammonium 
salt group introduced, the hydrogen bond between chitin/chitosan molecules can be 
weakened to a large extent, thus increasing the solubility in water. In addition, the 
properties of chitin/chitosan derivatives can be improved by quaternary ammonium 
salting, making the chitin/chitosan derivatives an ideal advanced material.

7.4.1  Chitin Quaternary Ammonium Salt Derivative

Chitin reacted with water-soluble glycidyl trimethylammonium chloride to produce 
quaternary ammonium salt to treat staple fiber monofilament. After 1 month’s use of 
the fabric, the weight loss rate of Staphylococcus epidermidis was 9.8–100% 
(Bhatnagar and Sillanpää 2009). The quaternary ammonium salt chitin which is 
substituted on the C6-site of chitin can maintain the original ion characteristic of 
chitin. In water system, hydroxypropyl trimethyl chitin derivatives can be prepared 
by continuous constant temperature stirring reaction at 80 °C for 24 h. By compar-
ing the reaction activity of α-chitin with β-chitin, it is found that the substitution 
degree of quaternary ammonium salt derivatives obtained from different crystalline 
chitin under the same reaction conditions is quite different. The product substitution 
degree in solid phase and liquid phase of β-chitin hydroxypropyl trimethyl quater-
nary ammonium salt is higher than that in solid phase and liquid phase of α-chitin 
hydroxypropyl trimethyl quaternary ammonium salt, and the product substitution 
degree in biological liquid phase of the same crystal chitin quaternary ammonium 
salt is higher than that in solid phase. Therefore, the reaction activity of β -chitin is 
higher than that of a-chitin.
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7.4.2  Chitosan Quaternary Ammonium Salt Derivative

The study of quaternary ammonium salt of chitosan is an important direction of the 
molecular functional alterations of chitosan. Due to a better water solubility than 
chitosan and its unique properties such as surface activity, it has been paid more and 
more attention recently. The quaternization of chitosan can be divided into the fol-
lowing three methods: (1) according to the properties of chitosan soluble in various 
dilute organic acids, chitosan was dissolved in acetic acid, which was formed by salt 
chain quaternary ammonium salt. (2) chitosan reacts with alkyl halides such as 
methyl iodide to form N, N-trimethyl ammonium salts of chitosan; (3) chitosan 
reacts with quaternary ammonium compounds. At present, the latter two methods 
are more widely used in the quaternary ammonium process of chitosan.

The quaternary ammonium salt of chitosan is a kind of amphoteric polymer. In 
general, chitosan with more than 25% substitution can be soluble in water. Chitosan 
quaternary ammonium salt can be obtained by the reaction of excess haloalkane 
with chitosan. Because of the high activity of iodoalkane, it is a common halogena-
tion reagent. Chitosan quaternary ammonium salts can also be synthesized by reac-
tion of chitosan with aldehyde, then reduced by NaBH3CN or NaBH4, and then 
synthesized by iodomethane reaction. The typical synthesis route is shown in 
Fig. 7.8.

Chitosan reacts with aldehyde to get Schiff base, which is reduced by NaBH4, 
and then reacts with excess iodine methane to get chitosan quaternary ammonium 
salt, and studies its antibacterial activity. The bacteriostatic experiments of 
Escherichia coli were carried out with 0.25% and 0.50% quaternary ammonium 
chitosan, respectively. It was found that the bacteriostatic ability of Escherichia coli 
increased with the increase of the concentration of quaternary ammonium salt, and 
its acid solution was superior to the aqueous solution (Jia et al. 2001). In this case, 
the quaternary ammonium salt containing hydroxyl group was obtained using qua-
ternary ammonium salt containing epoxy alkanes as the reactant with chitosan. 
Hydroxypropyl trimethylammonium chloride chitosan was synthesized with glyc-
idyl trimethylammonium chloride and chitosan, and its water solubility increased 
with the increase of degree of substitution. Quaternary ammonium chitosan deriva-
tives with different carbon chain lengths can also be prepared by using ethyl sulfate. 
The quaternary ammonium degree of N- methyl quaternary ammonium salt can 
reach 35%, and the physical and chemical properties of chitosan quaternary ammo-
nium salt can be improved obviously. The quaternary ammonium salt obtained by 
the reaction of glycidyl trimethylamine halide with chitosan can be used in 
shampoo.
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7.5  Carboxyalkylation

So far, among the reported derivatives of chitin/chitosan, carboxylated chitin/chito-
san is the earliest and the most studied, because the introduction of carboxyl group 
can obtain fully water-soluble polymers on the one hand, and more importantly, 
amphoteric chitosan derivatives containing anions on the other hand. The reaction 
of chitin/chitosan with chloroalkanic acid or glyoxylic acid can introduce carboxy-
alkyl groups on the hydroxyl or amino groups of chitin/chitosan. The reductive 
alkylation of chitosan produces N-carboxymethyl derivatives that have a well- 
defined structure, because this reaction is regioselective at the amino group. This is 
in contrast with the above-mentioned conventional preparations like those with 
chloroacetic acid that give not-well-defined structures. Thus, the reductive alkyla-
tion is necessary for the inclusion of carboxymethyl groups in the chitosan 
structure.

7.5.1  Chitin Carboxymethyl Derivative

Chitin was first frozen in NaOH solution overnight, and then reacted with chloro-
acetic acid to prepare carboxymethyl chitin. The reaction process is shown in 
Fig. 7.9. After fully swelling chitin in dimethyl sulfoxide, carboxymethylation of 
chitin was carried out under the alkaline strip, carboxymethylated chitin sodium salt 
was obtained. If the product is further stripped of the acyl group, carboxymethylated 
chitosan is obtained. Factors such as reaction temperature, concentration of alkali 
and reaction time have great influence on the physicochemical properties of car-
boxymethyl chitin products (Sini et al. 2005).

At room temperature, carboxymethyl chitin can be prepared by the reaction of 
monochloroacetic acid with chitin for 72 h. There are many hydroxyl groups, ace-
tyl amino groups and small amounts of amino groups in the repeated monolayers 
of chitin molecules, which can form intramolecular and inter-molecular hydrogen 
bonds. As a result, the aggregation state structure is close and the crystallinity is 
higher. In the process of chitin carboxymethylation, chitin was dissolved by con-
centrated alkali. Because of the action of NaOH and water, the oxygen bond 
between molecules was destroyed, and the crystal plane distance was increased, 
which made the carboxymethylation substitution reaction easy. After the reaction, 
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the -CH2COONa group was induced to the molecular repeating unit, which reduced 
the crystallinity of the whole molecule. The higher the degree of substitution, the 
more -CH2COONa, the lower crystallinity of carboxymethyl chitin has better 
moisture retention, surface absorption and certain bacteriostatic effect.

The reaction of chitin with chloroacetic acid and a strong alkali like sodium 
hydroxide occurs similarly to the carboxymethylation of cellulose. The reaction is 
favored by using isopropanol as a cosolvent. The preferred position for substitution 
is the C6 hydroxyl group of chitin, as was confirmed by hydrolysis. N-deacetylation 
occurs at the same time, so the polymer product contains free amino and carboxyl 
groups. Aqueous alkali dissolves this polymer, carboxymethylated chitin.

7.5.2  Chitosan Carboxymethyl Derivative

Carboxymethyl substitution can take place on the hydroxyl groups of C3, C6, and 
amino groups of C2 positions of chitosan. The substitution product on the hydroxyl 
group is called O-carboxymethyl chitosan, the substitution product on the amino 
group is called N-carboxymethyl chitosan, and the substitution product on the 
amino and hydroxyl groups is called N, O-carboxymethyl chitosan. Because of ste-
ric hindrance effect of C3 site and intermolecular hydrogen bond between C3 and C2, 
it is difficult for C3 site to have substitution reaction, while C6 site O carboxymethyl 
chitosan is the main one. For C6-OH and C2-NH2, the substitution activity of car-
boxymethyl on the hydroxyl group is higher than that of the amino group under 
alkaline conditions. Only when the degree of substitution is close to 1 and higher 
than 1, substitution will occur on the amino group at the same time to form N, 
O-carboxymethyl chitosan. The degree of substitution of carboxymethyl was deter-
mined by potentiometric titration. The preferred order of substitution was C6−OH 
>C3−OH>C2−NH2, as shown by the results. Therefore, different carboxymethyl-
ated chitosan derivatives can be preferentially synthesized changing the conditions 
(Wu 2017) (Fig. 7.10).

7.5.2.1  O-Carboxymethyl Chitosan
O-carboxymethyl chitosan preparation is usually based on chitin as raw material, 
the first preparation of O-carboxymethyl chitin, and then the deacetylation reaction, 
the final generation of O-carboxymethyl chitosan. The specific preparation method 
is that chitin is immersed in 40–60% NaOH solution, soaked at a certain tempera-
ture for a few hours, then slowly added chloroacetic acid in the stirring process. The 
reaction was carried out at 70 °C for 0.5–5 h, the mass ratio of acid and base was 
controlled at 1.2–1.61:1, and the reaction mixture was kept at 0–80 °C for 36 h, then 
neutralized with HCI or acetic acid. The separated product was washed with 75% 
ethanol solution and dried at 60 °C. The preparation process of O-carboxymethyl 
chitosan is shown in Fig. 7.11.

This preparation method has less pollution, but the reaction medium needs to be 
changed twice in the preparation process, and the properties of carboxymethyl chi-
tosan products are not uniform. O-carboxymethyl chitosan can also be prepared by 
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direct reaction of chitosan and chloroacetic acid. Carboxymethyl chitosan with uni-
form properties, high molecular weight and high viscosity can be prepared by batch 
reaction in a medium.

In the KOH isopropanol system, the chitosan derivative was prepared by the 
reaction of chitosan and chloroacetic acid. The effect of temperature on the structure 
of the product was related to the mass ratio of chitosan to chloroacetic acid. When 
the mass ratio of chitosan to oxyacetic acid and KOH to chloroacetic acid was 2:1 
and 2.3:1, respectively, the O-carboxymethyl chitosan with high degree of substitu-
tion could be prepared by reaction at room temperature for 5 h. The preparation 
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method is simple, rapid, low reagent dosage, low product cost, suitable for a certain 
scale of production (LogithKumar et al. 2016).

The promoting effect of ultrasonic wave on heterogeneous reaction is related to 
the “cavity effect” produced by ultrasonic wave, which forms a high energy center 
in the reaction system that can initiate or accelerate the reaction. And the secondary 
effects of ultrasonic such as mechanical oscillation, diffusion, emulsification, crush-
ing are also conducive to the full mixing of reactants, greatly promoting the reaction 
(Wang et al. 2018). This method is of great significance for large-scale production 
of water-soluble chitosan derivatives. Water soluble O-carboxymethyl chitosan can 
also be prepared by ultrasonic radiation. When other reaction conditions are the 
same, the degree of substitution and reaction time of carboxymethyl can be signifi-
cantly increased by ultrasonic radiation than by mechanical stirring.

The carboxymethyl groups included as substituents in the chitosan chain will be 
negative charged in basic media. Similarly to the synthesis of carboxymethyl cel-
lulose, the derivatization of chitosan is done with alkalis chitosan and chloroacetic 
acid (Li et al. 2011). The derivatization is favored with the addition of a suitable 
organic solvent. When the derivatized polymer chain is hydrolyzed, the study of the 
structure of the monomers obtained indicates that carboxymethylation proceeds 
preferentially at C6. The strongly alkaline conditions, however, cause an important 
degree of N-deacetylation (that may reach a value of 0.5), resulting in the formation 
of polymers with amino and carboxyl groups (Kurita 2001) (Fig. 7.12). In addition, 
the free amino groups formed may suffer themselves carboxymethylation. Given 
the uncertainties in the structure of the polymer formed, it is difficult to discuss the 
resulting structure property relationships. However, carboxymethyl chitin is still 
useful as an easy to prepare derivative. Its utilization is possible in many areas, and 
applications as a biomaterial, for example as a drug carrier, have been proposed 
(Zargar et al. 2015)

7.5.2.2  N-Carboxymethyl Chitosan
Schiff base was obtained by reaction of glyoxylic acid with the C2 amino group of 
chitosan in acidic medium. Then N-carboxymethyl chitosan was reduced by NaBH4 
to obtain N-carboxymethyl chitosan. The specific method is that chitosan was dis-
solved in glyoxylic acid aqueous solution, Schiff base is formed, pH was adjusted 
to 6 with NaOH, then stirred with sodium borate at room temperature for several 
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Fig. 7.12 Synthesis of amphoteric chitosan polymers. (Modified from Kurita 2001)

7 Modification of Chitosan/Chitin and Its Oligosaccharides



150

hours, Schiff base is reduced and the reaction solution is poured into ethanol. White 
precipitates will be precipitated, filtered, washed with anhydrous ethanol and ace-
tone, then dried in vacuum to produce N-carboxymethylated chitosan from white 
powder (Muzzarelli et al. 1982). The reaction process is shown in Fig. 7.13. The 
characteristic of the reaction is that it does not need to be heated and the reaction is 
easy to carry out, but the post-treatment is cumbersome. Therefore, on the basis of 
the above method, N carboxymethyl chitosan can also be prepared by adding glacial 
acetic acid to dissolve the raw material and then adding glyoxylic acid to the reac-
tion (Kurita 2006).

The synthesis of N-carboxyalkyl derivatives was done by the reaction of chitosan 
with pyruvate, β-hydroxypyruvate, α-ketoglutaric acid and 2-carbonylpropionic 
acid under similar conditions. N-carboxybutyl chitosan can be prepared from levu-
linic acid (Singh and Ray 2000) (Fig.  7.14). Under certain conditions, 
5- methylpyrrolidone chitosan can also be obtained. N-carboxybutyl chitosan and 
5-methylpyrrolidone chitosan have good bioactivity and compatibility (Wang et al. 
2018). Therefore, as a new biological material, it has been used as a coating agent 
for wound healing and a growth-promoting agent for tissue repair (Kurita 2006).

It is generally prepared by aldehyde reaction. Glyoxylic acid as carboxymethyl-
ation reagent to synthesize N-carboxymethyl chitosan with high and low viscosity 
from chitosan with different viscosity. The results showed that n-carboxymethyl 
chitosan with high and low viscosity could be used as intestinal absorption promoter 
for anionic macromolecules (Thanou et al. 2001).

N-carboxymethyl chitosan can prevent tissue adhesion, gel or membrane used in 
surgical wounds, can prevent blood from clotting on the tissue surface, thus prevent-
ing adhesion. N-carboxymethyl chitosan curing enzyme may be used in the treat-
ment of leukemia. N-carboxymethyl chitosan can inhibit spore’s germination and 
fungal spores’ formation of toxic fungi in plants and thus reduce the formation of 
aflatoxin which is harmful to human body. These properties are not found in N, O- 
carboxymethyl chitosan and O-carboxymethyl chitosan. The carboxyl and amino 
groups in N-carboxymethyl chitosan can also coordinate with metal ions to form 
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stable complexes, which have been applied in environmental protection and chemi-
cal industry.

7.5.2.3  N, O-Carboxymethyl Chitosan
N, O-carboxymethyl chitosan can be prepared by direct reaction of chitosan and 
chloroacetic acid (Lin et al. 2005) (Fig.7.15).

According to the structure analysis of monomer obtained from hydrolysis, car-
boxymethylation mainly occurs on C6. But because the reaction is in the strong 
alkali, both deacetylation side reaction and N-carboxymethylation reaction occur. 
Especially when products with higher degree of substitution are obtained, or when 
the reaction time is longer, the appearance of N-site products will be more obvious, 
and the reaction process will be easily affected by temperature fluctuations. Although 
the biological structure obtained by this method is not very clear, it is still one of the 
most widely used chitosan derivatives. Chloroacetic acid can be substituted with 
C6-site or C2-position amino group of chitosan in alkaline condition, so the final 
product is a mixture of methyl chitosan and N, O-carboxymethyl chitosan.

At present, the research of water-soluble N, O-carboxymethyl chitosan is gener-
ally in the presence of alkali, using chloroacetic acid to modify chitosan carboxy-
methylation, but because of the poor solubility of chitosan, it has a direct impact on 
the reaction results. Therefore, N, O-carboxymethyl chitosan can be prepared by 
phase transfer catalyst (Rahmani et  al. 2016). On the basis of investigating the 
effects of catalyst type, reaction temperature, reaction time and ratio of water to 
alcohol on the substitution and solubility of carboxymethyl chitosan, it was found 
that the reaction temperature was 55 °C with triethyl benzyl ammonium chloride as 
catalyst. When the reaction time was 4 h and the ratio of water to alcohol was 1:4 
(volume ratio), the degree of substitution of carboxymethyl chitosan could reach 1. 
12 (Acet et al. 2018; Rahmani et al. 2016).
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7.6  Graft Copolymerization

Graft copolymerization is not a theme that has been largely researched with chitin 
and chitosan. The field, however, is rapidly expanding, and there is a strong increase 
in the activity in the number of publications and papers during the last decade. 
Recently, reviews have been published. Methods for polymer synthesis and analysis 
are presently being developed, specifically methods for the efficient modification of 
chitin. With this kind of reaction, specially designed polymers can be created, tai-
lored for different purposes. The properties of graft copolymers can be controlled by 
the number and properties (structure and length) of the grafted chains. Possible 
applications are separations (analytical and preparative), water purification, cation 
adsorption, agriculture, and many others. Graft copolymerization is one of the most 
promising methods for chitin/chitosan modification. Under certain conditions, C6 
primary hydroxyl group, C3 secondary hydroxyl group and C2 amino group of chi-
tin/chitosan can be grafted into the side chain of polymer, thus the application range 
of chitin/chitosan can be widened. By changing the structure, chain length and the 
number of branched chains, the properties of chitin/chitosan could be maintained 
and the solubility, temperature resistance and brittleness of chitin/chitosan could be 
improved. At present, chitin/chitosan graft copolymers have been applied in many 
fields such as tissue engineering materials, medical materials, adsorbents, floccu-
lants, ion exchange resins and biodegradable plastics. There are two main ways to 
graft copolymerization of chitin/chitosan:

 (a) The production of free radicals on the polymer skeleton of chitin/chitosan initi-
ated another monomer polymerization. For example, the graft copolymeriza-
tion of acrylic acid and methacrylic acid onto chitosan was initiated by cerium 
ammonium nitrate.

 (b) By coupling the reactive functional groups on the chitin/chitosan polymer chain 
with other polymer chains, such as the graft copolymer of chitosan and polyeth-
ylene glycol. The types of graft copolymerization of chitin/chitosan include 
free radical graft copolymerization, coupling graft copolymerization, ion graft-
ing copolymerization and orientation graft copolymerization.

7.6.1  Grafting onto Chitin

Cerium (IV) a reagent useful for grafting onto cellulose, may also be used for doing 
the same with chitin. Chitin in aqueous suspension was grafted with acrylic acid and 
acrylamide (vinyl monomers). The resulting polymers showed increased solubili-
ties and swelling. Those grafted with polyacrylate were soluble in dichloroacetic 
acid, and those grafted with polyacrylamide swelled in this solvent. Both these 
polymers were more hygroscopic than chitin (Aly and El-Bisi 2018).

Two similar monomers, methyl methacrylate and methyl acrylate, were also 
grafted into chitin. The swelling behavior of the methyl methacrylate derivative 
depended upon the percentage of grafting. Above 400%, the swelling became 
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pronounced to give transparent gels from which films could be cast (Kurita 2001). 
The differential scanning calorimetry method was used to find the glass transition 
temperature (130  °C) of the grafted derivative. Methyl methacrylate was grafted 
with tributylborane in water with low efficiency. Another grafting method is with 
redox initiators (Thanou et al. 2001).

The grafting of styrene on chitin is initiated byγ-Ray irradiation in the presence 
of water (as is done with cellulose) with low yields. Another method is photo- 
induced initiation, which was used with methyl methacrylate and chitin or oxychitin 
(oxidized chitin). DMF could be used to shorten the induction period and increase 
the percent grafting. Graft copolymerization induced by light in the absence of cata-
lysts was smooth compared with that in the presence of 2,2-azobisisobutyronitrile 
or hydrogen peroxide (Jenkins and Hudson 2002).

7.6.2  Grafting onto Chitosan

Graft copolymerization with chitosan is generally done with the reagents 2,2′-azo-
bisisobutyronitrile, Ce(IV), or a radical-generating redox system.

At present, the graft copolymerization of chitosan and vinyl monomer initiated 
by Ce(IV) salt has been studied. The graft polymerization of chitosan and alkene 
monomers was studied by adding ammonium cerium nitrate or ammonium cerium 
sulfate in the presence of water in heterogeneous conditions (Setia 2018). Studies 
have shown that Ce(IV) is a highly effective initiator with mild conditions, and the 
main influencing factors are reaction time, reaction temperature, monomer ratio and 
initiator concentration, etc. If the initiator is below a certain content, the reaction 
can hardly be carried out, because chitosan is a reducing polysaccharide, and its 
reductive terminal group consumes a quantitative initiator. Only above this amount 
can the graft copolymerization be initiated. The initiation mechanism of graft copo-
lymerization of chitosan and ethylene-monomer initiated by Ce(IV) can be estab-
lished by kinetic study and polymer chain structure analysis (Wei et al. 1993). The 
process is shown in Fig. 7.16.

Persulfate such as potassium persulfate and ammonium persulfate are common 
initiators and are also important free radical initiators for grafting vinyl monomer 
onto natural polymers. With potassium persulfate and ammonium persulfate as ini-
tiators, the reaction conditions were mild, the operation process was simple, the 
reagent was cheap, and there was no residue in the graft copolymer. However, there 
are still many controversies about the initiation mechanism of the mechanical initia-
tors in the reaction process. When the graft copolymerization of methyl methacry-
late and chitosan is initiated by potassium persulfate, the viscosity of the solution 
decreases significantly, which may be because the graft copolymerization follows 
the following initiation mechanism: first, S2O8

2− decomposed into SO4
− under heat-

ing. Because the free radical is close to the C4 of the pyran ring, the hydrogen atom 
which stores the C4 position transfers the free radical to C4, which leads to the 
breaking of the C-O-C bond in the main chain of chitosan. Chitosan is decomposed 
into two parts: some containing carbonyl terminal and the other containing free 
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radicals in the disconnected position. The formation of macromolecular free radi-
cals leads to monomer polymerization. It can be seen that potassium persulfate is 
not only the initiator but also the degradation agent of chitosan molecular chain in 
the reaction. During the reaction, chitosan is not only the reactant, but also can be 
used as surfactant to accelerate the reaction. However, the end carbonyl group 
formed by the disconnection of the main chain can also inhibit the reaction by ter-
minating the free radical. At the same time, if the degradation degree of chitosan is 
high, the negatively charged S2O8

2− and SO4
−. It is easy to be surrounded by posi-

tively charged chitosan segments, resulting in a “cage effect”, which reduces the 
reaction rate (Shoda et al. 2016).

Styrene can also be grafted onto chitosan powder or film by γ-Ray irradiation. 
The adsorption of chitosan-g-polystyrene copolymer on bromine is better than chi-
tosan itself. Compared with chitosan film, the copolymer film has less swelling and 
better ductility in water. When the graft copolymerization of hydroxyethyl methyl 
acrylate and chitosan film was initiated by 60Co γ-ray irradiation, it was found that 
the tensile strength of the copolymer film decreased with the increase of graft ratio, 
but the thermal stability of the film was improved (Huang et al. 2013c). The copo-
lymer has good blood compatibility. After the graft copolymerization of chitosan 
with N-dimethylaminoethyl methacrylate, the tensile strength, crystallinity and 
expansion ratio of the product decreased with the increase of grafting rate, but the 
thermal stability was improved after the graft copolymerization of chitosan and 
N-dimethylaminoethyl methacrylate initiated by 60Co γ-ray irradiation (Bardajee 
et al. 2012).
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Fig. 7.16 Ce4+ -initiated graft copolymerization of chitosan and vinyl monomer
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7.7  Microwave Modification

Microwave is an electromagnetic wave with a frequency of about 300–300 GHz and 
a wavelength of 1 mm–1 m. It lies between the infrared radiation (spectrum) of the 
electromagnetic spectrum and the radio waves. The civil frequency is between 
2450 MHz and 915 MHz. The radar has a band between 1 and 25 cm and the rest is 
used for telecommunication transmission. In the late 1980s, microwave radiation 
was widely developed as a new organic synthesis technology with the function of 
promoting organic reaction. Gedye and Griguere (Gedye et al. 1986) compared with 
conventional conditions in the microwave oven, vinegar, hydrolysis, oxidation and 
the result of the substitution reaction, found that permanganate potassium oxidation 
of toluene in the microwave oven for the reaction of benzoic acid is five times as fast 
as conventional reflux, and 4-cyano phenolate and the reaction of benzyl chloride is 
240 times faster, the discovery is the sign of microwave synthesis of organic chem-
istry began. From 1986 to the following decades, the research on Microwave 
Induced Organic Reaction has developed into a new and attractive field-MORE 
chemistry (Microwave Induced Organic Reaction Enhancement Chemistry). 
Because microwave radiation heating technology has the advantages of fast heating 
speed, high efficiency, strong permeability and even heating, the grafting reaction 
induced by microwave radiation has become the latest technology for the synthesis 
of grafted copolymers. In addition, in the grafting reaction initiated by microwave 
irradiation, the microwave irradiation can only stimulate the polar bonds of organic 
compounds, causing the polar bonds to break and form free radicals. And the C-C 
bond, which is the backbone of the organic chain, is a non-polar bond and will not 
be excited by microwaves. Microwave irradiation modification method has the 
advantages of short reaction time, simple operation and high grafting rate.

Chitin/chitosan can be used as a carrier for chromatography or enzyme fixation. 
Vanillin grafted chitosan was synthesized by microwave irradiation and the prod-
ucts were reduced to study the adsorption of Ni2+, Cr6+ and Mn2+. The adsorption 
capacity of modified Chitin/Chitosan on Ni2+, Mn2+ and Cr6+ was significantly 
improved compared with that of chitosan, and the adsorption capacity of the modi-
fied chitosan on the three metal ions could reach 116.2, 63.83 and 47.27 mg. g−1, 
respectively. Another example is Pd(II) catalyst supported by chitosan Schiff base 
applied to the microwave assisted Suzuki coupling reactions of aryl halides with 
phenyl boronic acids, in the absence of solvents, for 4 min at 50 °C. The catalyst 
loading was low (0.02 mol%) and can be used again, without loss of activity, up to 
seven times. Also, the values of turnover number and turnover frequency were 
greater than in previous similar studies (Baran et al. 2016).

7.8  Modification of Chitosan Oligosaccharide

Functional groups related to chemical properties on the molecular chain of (COS) 
include C6 primary hydroxyl group on the glucosamine unit, C3 secondary hydroxyl 
group, C2 amino or acetylamino group, and glycoanhydride bond. Among them, C3 
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secondary hydroxyl group, C6 primary hydroxyl group and C2 amino group are the 
ideal sites for chemical modification of COS. COS is easily soluble in water and 
organic solvents, and is prone to various chemical reactions. At present, there are 
few reports about modification of COS, but most of them focus on the improvement 
of related activities. Therefore, new active groups can be introduced through molec-
ular design to form various functional derivatives, so as to broaden the application 
range of COS and improve their biological properties. At present, studies on chemi-
cal modification of COS mainly include the following reaction types, such as car-
boxymethylation, alkylation, quaternization, etherification, Schiff base, 
esterification, hydrolysis and graft copolymerization. COS was modified with kojic 
acid (Liu et al. 2014, 2018a, b), have shown no toxicity and can be used as a food 
preservative, and the antibacterial activity of these COS derivatives has been effec-
tively improved. Because of its unusual properties, COS shows great potential to be 
a biopolymer to improve the performance of polyurethanes. Base on the good water 
solubility of COS, Jia groups prepared novel hemocompatible waterborne polyure-
thanes using COS as an extender via the self-emulsion polymerization method 
(Ravi Kumar 2000). The COS-based waterborne polyurethanes emulsion showed 
satisfactory freeze/thaw stability, and the films cast from the emulsions exhibited 
excellent mechanical properties and good anticoagulating character. The active 
amino and hydroxyl groups contained in the structure of COS/polyurethanes could 
carry out further modification, which made it an excellent candidate for wide appli-
cation in biomedical field. Stearic acid (SA) grafted chitosan oligosaccharide 
(COS–SA), which was synthesized by an 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC)-mediated coupling reaction, was demonstrated to form micelle 
like structure by self-aggregation in aqueous solution (Hu et al. 2006). The critical 
micelle concentration (CMC) of CSO–SA with 15.4% amino substituted degree of 
COS was about 0.035 mg/mL. The low cytotoxicity of the present COS–SA micel-
lar vector, having an unhampered superior DNA condensation capacity, may be 
beneficial for non-virus gene transfer carrier.

7.9  Conclusions

It is now demonstrated that chitin/chitosan are functional biopolymers with poten-
tial for many important applications. Also, there is a huge annual generation. 
However, their utilization has not been extensively developed. This can be explained 
by the intractable nature of these materials. Considering their molecular structures 
with amino and hydroxyl groups, controlled reactions could be used to produce 
advanced designs with specified properties. Extensive studies have been done with 
this purpose. It must be pointed out that the understanding of the chemistry of these 
polysaccharides at a fundamental level is having a rapid progress. Thus, many appli-
cations have been suggested, like in toiletry, water absorption and moisture reten-
tion, in medicines, in viricidal, bactericidal and fungicidal applications, biomedical 
materials, supports for enzyme reagents, cation adsorbents, and in agriculture.
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Abstract
Currently, the number of natural products associated with possible health bene-
fits with regard their functional effects are increasing rapidly. Previous studies 
have indicated that chitooligosaccharides (COS) possess numerous beneficial 
properties such as antibacterial, anti-diabetic, immunity-enhancing, anti-obesity, 
and anti-tumor advantages. In this chapter, the protective effects of COS were 
presented in various models, and their critical underlying molecular mecha-
nisms, as well as their prevention and intervention effects, were summarized. 
Moreover, COS display significant diversity regarding its utilization in the food 
industry, and their extraordinary benefits exceed that of chitosan. The advantages 
presented by COS not only relate to extending the shelf-life of food and retaining 
its quality but also possess nutraceutical properties that are beneficial in func-
tional daily supplements and food for special medical purposes (FSMP). Based 
on the current studies, the various and potential application of COS in the food 
industry was also summarized in this chapter. Furthermore, the limitations 
derived from the existing research was illustrated, and additional possibilities 
were considered for the active intervention and development of a new application 
direction.
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8.1  Introduction

Chronic diseases such as diabetes mellitus, cardiovascular disease, some types of 
cancer, and more showed high morbidity and mortality in worldwide (World Health 
Organization 2014). The molecular mechanism of these diseases represents multi-
faceted problems. The initiation of these diseases can be associated with unhealthy 
habits, lacking of exercise, family history and mutations in regulatory gene path-
ways, and more (Franz 2016; Sechler et  al. 2013; Spaans and Goss 2014). 
Traditionally, therapy for chronic diseases is necessary for medication to be taken 
for extended periods of time, potentially leading to dependency and various other 
side effects, and inevitably reducing in life quality of patients (Adefegha 2018; 
Costa et al. 2017a; Gangemi et al. 2016). Therefore, the prevention of chronic dis-
ease largely depends on the successful formulation of safe, efficient and high- quality 
treatment under this condition.

Recently, phytochemical combined therapy methods have received a great deal 
of attention. Chitooligosaccharides (COS) and other derivatives from chitin and chi-
tosan generally exhibit characteristics of low molecular weight, high water solubil-
ity, high bioavailability, and various biological activities (Muanprasat and 
Chatsudthipong 2017; Zou et al. 2016a), all of which have attracted the attention of 
consumers, industries and academic researchers. In the first section of this chapter, 
we summarized COS possess numerous beneficial properties such as anti-bacterial, 
anti-diabetic, immunity-enhancing, anti-obesity, and anti-tumor advantages, etc. as 
well as their critical underlying molecular mechanisms.

The reported scientific evidence could form a link between phytochemical and 
human health status. Food products like functional foods, food supplements, nutra-
ceuticals and FSMP which contained COS and other derivatives from chitin and 
chitosan are designed to satisfice the new therapeutic alternatives for the prevention 
of chronic diseases in the developed societies. Additionally, COS and other deriva-
tives from chitin and chitosan also could be used as antistaling agent due to their 
excellent anti-bacterial properties (Liaqat and Eltem 2018). In the second section of 
this chapter, we concluded the application of COS and other derivatives from chitin 
and chitosan in food industry such as preservation, dietary supplements and 
FSMP. The scope of this chapter is aimed to clarifying the framework of their bio-
logical activities and potential application in food industry. Especially, it could give 
a better understanding for their biological activities and potential applications in 
chronic diseases intervention and management.

8.2  Biological Activities of COS

8.2.1  The Anti-oxidative Activity of COS

Numerous pathological and physiological processes require the effective operation 
of reactive oxygen species (ROS) and free radicals (Di Meo et al. 2016). Therefore, 
it was evident that COS relied on a concentration-dependent technique to remove 
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various unwanted impurities including hydrogen peroxide, alkyl radicals, superox-
ide radicals, carbon-centered radicals, hydroxyl radicals, and 2,2-diphenyl-1- 
picrylhydrazyl (DPPH) free radicals (Je et al. 2004a, b; Li et al. 2012a, b; Park et al. 
2003). Each report presented different conclusions on which degree of polymeriza-
tion (DP) or molecular weight (MW) of COS possessed the optimal antioxidant 
capacity (Table 8.1). Chen et al. found that both chitobiose and chitotriose could 
scavenge hydroxyl radicals, but only chitobiose is able to scavenge superoxide radi-
cals (Chen et  al. 2003). Park et  al. claimed that COS possess a strong ability to 
scavenge hydroxyl and superoxide radicals, while it is less able to scavenge alkyl 
and DPPH radicals. Furthermore, COS with an average MW of 1–3 kDa displays 
the highest capacity for scavenging radicals among Mw of below 1, 3–5, and 
5–10 kDa (Park et al. 2003). Je et al. claimed that COS (Mw 1–5 kDa) exhibits the 
highest scavenging activity on DPPH, hydroxyl, superoxide, and carbon-centered 
radicals among COS with Mw below 1 and 5–10  kDa (Je et  al. 2004a, b). 
Furthermore, Chang et  al. obtained six different degraded chitosans (Mw 156.0, 
72.1, 29.2, 7.1, 3.3, and 2.2 kDa), and found that the scavenging activity on hydro-
gen peroxide and DPPH radicals appeared significantly higher in conjunction with 
a decline in MW (Chang et al. 2018). Li et al. found that COS with low DP had 
displayed a higher scavenging capacity of hydroxyl radicals and in reducing power 
when compared to high DP levels. In contrast, the superoxide radical scavenging 
activity of COS exhibited high levels when the DP increased (Li et al. 2012b). The 
reason for the diverse effects of various antioxidants might be related to the resource 
variety of the raw materials.

More intensive research relating to cell-level experiments proved that COS pos-
sesses antioxidant abilities. In B16F1 murine melanoma cells, COS not only pro-
vides protection against the oxidative damage of purified genomic DNA but also 
inhibits nitric oxide (NO) induced by lipopolysaccharide (LPS). Additionally, COS 
down-regulates the nuclear factor kappa-B (NF-κB) gene expression caused by 
H2O2, but had no significant effect on the glutathione (GSH) level (Mendis et al. 
2007). In the ECV304 human umbilical vein endothelial cells, COS restores the 
H2O2 induced damage, reducing ROS and the production of lipid peroxidation. 
Furthermore, the activities of endogenous antioxidants were restored, including 
those of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). 
Additionally, the levels of NO and nitric oxide synthase (NOS) increased as well 
(Liu et al. 2009). Similarly, COS protected the P22 bacteriophage against deactiva-
tion and the erythrocytes against hemolysis by scavenging H2O2

− and AAPH− radi-
cals (Fernandes et al. 2010a). In the pancreatic islet cells in rats with diabetes caused 
by streptozotocin, COS improved the activity of SOD and decreased the malondial-
dehyde (MDA) content (Yuan et al. 2009). The nuclear factor erythroid-2-related 
factor-2 (Nrf2) signaling is an essential intracellular technique to defend against 
oxidative stress. Meanwhile, the transcriptional activation of a Nrf2 route was uti-
lized for the induction of several antioxidant genes including SOD, hemeoxygen-
ase1 (HO-1), and NAD(P)H dehydrogenase [quinone] 1 into ethanol-stimulated 
L02 cells. This process allowed COS to impede the manifestation of lipid peroxida-
tion and ROS, as well as the depletion of GSH (Luo et al. 2014a). Similarly, the 
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Nrf2 related pathway alteration was further verified in Cu2+-induced SH-SY5Y 
human neuroblastoma cells (Huang et al. 2015a).

COS are hydrolyzed products of chitosan which is a deacetylated form of chitin, 
meaning some types of COS are partly deacetylated (ChOS). ChOS displayed the 
ability to scavenge hydroxyl, superoxide, and DPPH radicals (Salgaonkar et  al. 
2015). In HL-60 human myeloid cells and Raw 264.7 mouse macrophages, NA-COS 
was able to inhibit Myeloperoxidase (MPO) activity, protein oxidation and DNA 
oxidation, and increase the GSH level (Ngo et al. 2008, 2009). However, the anti-
oxidant capacity of COS is higher than that of NA-COS (Chen et al. 2003). Hydroxyl 
and amine groups within the chitosan molecule were responsible for the radical 
scavenging activities. Therefore, higher deacetylated chitosan led to greater antioxi-
dant capacity.

Animal experiments were conducted based on in vitro studies. COS protected 
rats and mice from CCl4-induced lipid peroxidation and 2,3,7,8-tetrachlorodibenzo- 
p-dioxin-induced lipid peroxidation, and was related to its antioxidant capacity 
(Chen et al. 2005). In a high-fat diet (HFD)-mouse model, COS not only increased 
the levels of SOD, catalase (CAT), and GSH-Px in the stomach, liver, and serum of 
mice but also improved the intestinal integrity (Qu and Han 2016). Furthermore, in 
the broiler and weaned pigs model, a similar conclusion was obtained in Li et al. 
(2017b) and Wan et al. (2017).

In a word, COS was able to alter the ROS metabolism in mitochondria, and the 
potential mechanism is summarized in Fig. 8.1. COS could quench the additional 
ROS formation and promote simultaneous oxygen eliminating enzyme activity such 
as SOD, CAT and GSH-Px.

8.2.2  The Anti-inflammatory Activity of COS

COS is regarded as a potential immunostimulatory compound for use in anti- 
inflammatory activated macrophages, microglia cells in vitro and modulated mul-
tiple signaling pathways in animal inflammation models (Table 8.2).

Macrophages played a vital role in the immune system. They could phagocytose 
and kill intracellular parasites, bacteria, tumor cells, and dead cells. Moreover, mac-
rophages could exert influence on the body’s immune defense, homeostasis, and 
surveillance (Franken et  al. 2016; Schwartz and Hirschberg 1995). COS could 
decrease tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), NO, inducible nitric 
oxide synthase (iNOS), cyclooxygenase 2 (COX-2), and prostaglandin (PGE2) in 
LPS-induced RAW 264.7 macrophage cells (Lee et al. 2009c; Yoon et al. 2007). 
Furthermore, Ma et  al. indicated that COS decreased IL-6 and TNF-α in LPS- 
induced macrophages by repressing not only the phosphorylation of p38, extracel-
lular signal regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), 
phosphoinositide 3-kinase (PI3K), and protein kinase B (Akt) but also the activation 
of NF-κB and AP-1 (Ma et al. 2011). According to Hyung, J.H. et al., COS was 
responsible for the expression of HO-1, as well as the reduction of COX-2 and 
iNOS in RAW264.7 cells activated by LPS.  Furthermore, the activation of the 
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nuclear translocation of Nrf2, exerted an arbitrary effect on this process. It is reason-
able to assume that the Nrf2 activation could be ascribed to the COS incited phos-
phorylation of ERK1/2, JNK, and p38 MAPK (Hyung et al. 2016). Notably, both 
sulfated COS (SCOS) and highly n-acetylated COS exhibited anti-inflammatory 
properties. SCOS inhibited IL-6/TNF-α in LPS-induced RAW264.7 macrophage 
cells via mitogen-activated protein kinase (MAPKs) pathways, which were depen-
dent on NF-κB activation (Kim et al. 2014c). Highly N-acetylated COS not only 
decreased IL-6, TNF-α, ROS, and NO, but also inhibited the phosphorylation of 
PI3K and Akt in LPS-induced RAW 264.7 macrophage cells (Xu et al. 2017a).

Microglial cells are members of the mononuclear phagocytic cell family and are 
widely recognized as the primary immune effector in the central nervous system. 
Microglia and its mediated neuro-inflammation are essential to the treatment of cen-
tral nervous system injury and disease (Rothhammer et al. 2018; Streit et al. 1998). In 
LPS-induced BV2 microglia cells, COS attenuated the productions of NO and PGE2 
by inhibiting iNOS and COX-2 expressions, while TNF-α, IL-6 and IL-1β were 
decreased by suppressing the phosphorylation of JNK and p38 MAPK (Qiao et al. 
2011). Furthermore, in LPS-induced N9 microglial cells, COS decreased NO by sup-
pressing iNOS expression and inhibited not only phosphorylation of p38 MAPK and 
ERK1/2, but also the activation of nuclear NF-κB and AP-1 (Wei et al. 2012).

Intermembrane

COS

COS

COS

Mitochondria

Fig. 8.1 The mechanism leading to ROS metabolism alteration via COS. The mono-electronic 
reduction of O2 is responsible for the formation of superoxide radical anions (O2), a process that 
primarily occurs at Complexes I and III of the respiratory chain. Dismutation via Cu, Zn-SOD and 
Mn-SOD is responsible for converting O2 into H2O2 in the intermembrane space and in the matrix, 
respectively. GSH is employed to enable enzymes such as mitochondrial CAT or thiol peroxidases 
like GSH-Px to remove H2O2. (The figure was modified from Kowaltowski et al. 2009)
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Moreover, various additional immune cells displayed inflammatory properties, 
which were successfully impeded by COS.  Considering basophilic leukemia 
RBL-2H3 cells in rats, both the cytokine production and antigen-induced degranu-
lation were suppressed by COS (Chung et al. 2012). In calcium ionophore A23187 
plus phorbol 12-myristate 13-acetate (PMA)-induced RBL-2H3 rat basophilic leu-
kemia cells, COS decreased various types of cytokines including TNF-α, IL-1β, 
IL-4 and IL-6 by suppressing the MEK/ERK and p38 kinase (Vo et al. 2011).

Besides the immune-related cell models described above, both the endothelial 
cell model and the intestinal epithelial model are commonly used in models related 
to in vitro inflammatory cells. Liu et al. found that COS decreased IL-6  in LPS- 
induced HUVECs via the p38 MAPK pathway independent from NF-κB activation, 
as well as via the ERK1/2 pathway which relied on the activation of NF-κB (Liu 
et al. 2010). Moreover, COS attenuates LPS-induced vascular endothelial inflam-
mation through the obstruction of MAPK phosphorylation and successfully in 
reducing ICAM-1 and E-Selectin. Furthermore, NF-κB activation in LPS-stimulated 
endothelial cells located in the porcine iliac artery exhibited a significant decrease 
(Li et al. 2014b). Yousef et al., confirmed that COS decreased NF-κB activation, 
TNF-α, IL-6, and oxidative stress in LPS-induced T84 human colonic epithelial 
cells (Yousef et al. 2012). Research indicates that COS displays a capacity for stim-
ulating AMPK via a calcium-sensing receptor-phospholipase C-IP3 (CaSR-PLC-IP3) 
receptor channel-mediated calcium release from endoplasmic reticulum (Muanprasat 
et al. 2015). Furthermore, COS suppressed the inflammatory response and apopto-
sis in LPS-induced Caco-2 cells by decreasing TNF-α, PGE2, COX-2, toll-like 
receptor 4 (TLR4), and NF-κB (Yang et al. 2016). Additionally, COS attenuated the 
mRNA expression of IL-8 and MCP-1 induced by TNF-α in the IPEC-J2 cells 
(Yang et al. 2018a).

The anti-inflammatory effect of COS was further confirmed in various animal 
inflammation models. In a mice model of acute colitis induced by dextran sulfate 
sodium (DSS), COS suppressed the NF-κB activation, as well as the TNF-α and 
IL-6 levels (Yousef et al. 2012). COS inhibited the activation of the TLR4/NF-κB/
COX-2 signaling cascade and could contribute in determining the related NF-κB 
flow in mice models (Tong et al. 2016). Observation of the model of inflammatory 
bowel disease in mice suggested that COS reduced the shortening of colon and tis-
sue injury induced by DSS. COS not only suppressed the activation of MPO, NF-κB, 
COX-2, and iNOS but also decreased TNF-α and IL-6 levels (Azuma et al. 2015). 
When considering the model dealing with sepsis in mice, COS attenuated LPS- 
induced organ damage and dysfunction by reducing the levels of TNF-α and IL-1β 
(Qiao et  al. 2011). When observing allergic and asthmatic mice, COS improved 
Ovalbumin-induced lung inflammation by decreasing IL-4, IL-5, IL-13, and TNF-α 
(Chung et al. 2012).

Similarly, in a specific rat model, COS protected rats against experimental auto-
immune anterior uveitis (EAAU) by reducing TNF-α, iNOS, MCP-1, RANTES, 
fractalkine, and ICAM-1. Moreover, COS decreased the IκB degradation and p65 
presence in the ciliary body by inhibiting NF-κB/DNA binding activity (Fang et al. 
2014). Both reperfusion injury, and retinal ischemia were prevented due to the 
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ability of COS to reduce the manifestation of inflammatory mediators. During this 
process, the activation of ERK, NF-κB, and JNK were restricted, while the produc-
tion of p38 was stimulated (Fang et al. 2015). In a rat osteoarthritis model, COS 
improved the cartilage damage by up-regulating the ratio of OPG (osteoprotegerin)/
RANKL (receptor activator of NF-κB ligand) and down-regulating the RANKL/
RANK ratio (Zhang et al. 2017).

In other animal models, COS induced AMPK activation by increasing the ADP/
ATP ratio but not calcium/calmodulin-dependent protein kinase kinase beta 
(CaMKKβ). Therefore, iNOS and COX-2 prompted by TNF-α were suppressed in the 
rabbit model of anterior cruciate ligament transection-induced osteoarthritis 
(Kunanusornchai et al. 2016). In piglets with induced LPS, COS alleviated the intes-
tinal damage and decreased TNF-α, IL-6, and IL-8 levels. Additionally, the intestinal 
abundance of pro-inflammatory cytokine mRNA was reduced, while the mRNA 
expression of anti-inflammatory cytokine increased. Considering the underlay mecha-
nism, COS increased the expression of both CaSR and PLCβ2 and reduced the expres-
sion of p-NF-κB p65, and IKKα/β in the intestines (Huang et al. 2016).

This section examines the underlying mechanism relating to the anti- inflammatory 
activity of COS. COS may be beneficial in the prevention of inflammation via mul-
tiple signal suppression, especially in NF-κB pathway, JNK/ERK/p38 signals, 
PI3K/AKT signals, and NOS formation pathways (Fig. 8.2).

Fig. 8.2 The multiple signaling pathways contribute to the anti-inflammatory effects of 
COS. These pathways include AKT protein kinase B, JNK c-Jun N-terminal kinase, NF-κB nuclear 
factor kappa-B, TLR4 toll-like receptor 4, MAPK mitogen-activated protein kinase, TNF-α tumor 
necrosis factor-α, PI3K phosphoinositide 3-kinase, and LPS lipopolysaccharide. (Modified from 
Muanprasat and Chatsudthipong 2017)

M. Zhao and L. Zhao



183

8.2.3  The Anti-tumor Activity of COS

For several decades, the protection of several kinds of COS against various types of 
tumors was investigated, and the detailed results were summarized in Table 8.3. The 
antitumor activity of COS was first reported in the early 1970s, and Muzzarelli 
believed that this acitvity was due to the positive charge of its amino group 
(Muzzarelli 1977). The tumor surface contains more negative charges than the typi-
cal cell surface (Wang et al. 2010). The positive charge of COS can bind to the nega-
tive charges on the cell surface, thereby inhibiting tumor growth (Pae et al. 2001). 
However, Huang et al. obtained quaternized, methylated, SCOS by chemical modi-
fication. The results indicated that COS with a strong negative charge displayed an 
ability to significantly inhibit tumor growth regardless of whether a negative or 
positive charge was present. The mechanism driving this action remains unclear 
(Huang et al. 2006).

In the 1980s, Suzuki et al. (1986) and Tokoro et al. (1988) discovered that the 
anti-tumor effect of chitohexaose is related to the enhancement of immunity, while 
chitopentaose does not have the same effect. This result suggests that the anti-tumor 
effect of COS may be closely related to MW and DP. Qin et al. prepared three dif-
ferent COS mixtures. These include COS with a high polymerization degree of 
chitosan oligosaccharide, a moderate polymerization degree, and a low polymeriza-
tion degree. Tumor cell viability experiments established that high polymerization 
degree of chitosan oligosaccharide exhibited a higher inhibitory effect, indicating 
that the higher DP is related to stronger anti-tumor activity (Qin et al. 2002). Park 
et al. and Wu et al. prepared a mixture of different DP and degree of deacetylation 
(DD), and conducted a tumor cell viability experiment. The results indicated that 
both the DP and the DD of the COS affected its anti-tumor capabilities (Park et al. 
2011; Wu et al. 2012).

A tumor is produced by malignant mutative hyperplasia which is different from 
healthy tissue. Studies have shown that some immune responses prompted by tumor 
antigens can limit tumor growth (Wang and Gong 2001). Ferrades et al. found that 
COS significantly inhibited tumor growth in a mouse model of bladder cancer, pre-
sumably by enhancing immunity (Fernandes et al. 2012). Subsequent studies have 
found that COS stimulate the production of cytokines such as IFN-γ, IL-12, and 
TNF-α. Furthermore, it increased AMPK activity, and inhibited NF-κB-mediated 
inflammatory responses, thereby reducing tumor volume (Masuda et  al. 2014; 
Muanprasat et al. 2015; Zou et al. 2016b).

Tumor angiogenesis refers to the process by which tumor cells induce microvas-
cular growth and establish blood circulation in tumors (Hanahan and Weinberg 
2011). In 2005, Harish found that COS inhibit angiogenesis in the chicken chorioal-
lantoic membrane (CAM) (Harish Prashanth and Tharanathan 2005). In the years 
that followed, researchers focused on the role of COS in preventing tumor blood 
vessel survival and migration. Inhibiting tumor angiogenesis can effectively impede 
tumor feeding and migration. Van Ta et  al. found that COS can reduce MMP-9 
expression at the gene and protein levels, thereby hindering cancer cell migration 
(Van Ta et al. 2006). Nam et al. found that MMP-9 is regulated by COS to reduce 
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expression (Nam and Shon 2009), and Wu et al. suggested that COS inhibit angio-
genesis by reducing NO concentration (Wu et al. 2010). In liver cancer HCC cells, 
lung cancer LLC cells, breast cancer MDA-MB-231, MCF-7 cells and gastric can-
cer SGC-7901 cell models, COS were found to obstruct the migration of these cells 
by down-regulating vascular endothelial growth factor (VEGF) and MMP-2 (Luo 
et al. 2014b; Shen et al. 2009; Wu et al. 2008; Xiong et al. 2009). Further studies by 
Xu et al. indicated that COS inhibits the migration of mammary epithelial MCF- 
10A by down-regulating N-acetylglucosaminyltransferase V (GnT-V) and its prod-
ucts (Xu et al. 2017b).

In recent years, researchers have begun to pay attention to the role of COS in pro-
moting tumor cell apoptosis. Apoptosis is a process of death that maintains an envi-
ronmentally stable, cell-independent order, involving the activation, expression, and 
regulation of a range of genes (Fadeel and Orrenius 2005). In 2005, Harish and 
Tharanathan first discovered that when treated with COS, Ehrlich ascites tumor (EAT) 
cells showed distinct apoptotic characteristics, including nuclear condensation and 
membrane destruction. This fact suggested that COS may inhibit tumor growth by 
promoting tumor cell apoptosis (Harish Prashanth and Tharanathan 2005). Later, Xu 
et al. found that COS encouraged apoptosis by up-regulating Bax (Xu et al. 2008). 
Masuda et al. established a MyD-88 knockout mouse model and found that the effect 
of COS is associated with both Myd-88-dependent and Myd-88-independent path-
ways (Masuda et al. 2014). Hao et al. and Liu et al. indicate that COS regulate Bax, 
Bcl-2, and Caspase-3 in the apoptotic pathway (Hao et al. 2015; Liu et al. 2017).

In conclusion, these findings are indicative of the suppression effects due to the 
ability of COS to promote the inhibition of cancer proliferation, invasion, and 
metastasis by regulating numerous signal pathways. Figure 8.3 illustrates the pos-
sible mechanisms responsible for the anti-cancer ability of COS.

8.2.4  The Anti-microbiocal Activity of COS

COS are recognized to have excellent potential as natural antimicrobial preserva-
tives. The details of this mediation capability against various types microbiota was 
investigated and is listed in Table 8.4.

The prior study conducted in 1979 by Allan C.R. et al. indicated that chitosan 
displayed a higher fungicidal activity than chitin (Allan and Hadwiger 1979). 
Several positive intervention effects against various bacteria and fungi have been 
reported since then. During the 1990s, researchers focused on evaluating the differ-
ent levels of activity of the various MW of chitin/chitosan on bacteriostat. They 
pointed out that the positive charge density of chitin/chitosan was the main limiting 
factor for their bacteriostat (Hirano and Nagao 1989). It is possible that the underlay 
mechanism may be connected to the high-affinity binding to an acidic group on the 
surface of the bacteria (Hirano and Nagao 1989; Zopf and Roth 1996).

In the beginning of the twenty-first century, an increasing number of researchers 
stated paying attention to anti-bacterial activity with the development and manufac-
turing of chitin/chitosan and its oligosaccharides (Choi et  al. 2001; Jumaa et  al. 
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2002; Kim et al. 2003; Kittur et al. 2005; No et al. 2002; Tsai et al. 2002; Vishu 
Kumar et al. 2005; Yang et al. 2005). Both Gram-negative and Gram-positive bacte-
ria were inhibited by the bactericidal properties displayed by COS. Several of the 
bacteria affected by various concentrations of COS include Yersinia enterocolitica 
(Vishu Kumar et al. 2005), S. aureus (Fernandes et al. 2008; Jumaa et al. 2002; Li 
et al. 2014a; Yang et al. 2005), Bacillus cereus (Kittur et al. 2005; Tsai et al. 2002; 
Vishu Kumar et al. 2005, 2007), Bacillus licheniformis (Vishu Kumar et al. 2007), 
and Listeria monocytogenes (Tsai et al. 2002). Furthermore, COS and its derivatives 
displayed excellent inhibition of eucaryon like mold (Eweis et al. 2006; Li et al. 
2012c; Oliveira et al. 2008; Palma-Guerrero et al. 2010; Tsai et al. 2002; Wang et al. 
2007) and yeast (Seyfarth et  al. 2008; Tikhonov et  al. 2006). However, many 

Cancer cell

Chitosan
oligosaccharide

Higher DP and Mw

Inhibit cancer cell proliferation

Positive charges of its amino
group target to cancer cell

Promote cancer cell apoptosis

Inhibit tumor angiogenesis

Casp-3

Casp-9

Apoptosis

NF-kB

MMP-9

VEGF

MMP-2

Angiogenesis

TIMP-1
TIMP-2

Th1 cell

Th2 cell

B cell

TNF-a

IL-2
IL-1

Enhancement of immunity

B l-2c

Bak
Bax

Fig. 8.3 The potential mechanisms that are responsible for the anti-cancer ability of 
COS. Particularly through the enhancement of immunity, the inhibition of tumor angiogenesis, the 
promotion of cancer cell apoptosis, and positive charges of its amino group target to cancer cells. 
IL Interleukin, Bak Bcl-2 antagonist/killer 1, Bcl-2 B-cell lymphoma 2, TIMP tissue inhibitor of 
metalloproteinase, MMP matrix metalloproteinase, Bax Bcl-2 associated X protein, Casp Caspase, 
and VEGF vascular endothelial growth factor

M. Zhao and L. Zhao
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factors, such as the microbe characteristics (origins of strain, and cell age), COS 
(MW distribution, DD, and DP), environmental factors (pH, temperature, light, 
metal ion concentrations, and oxygen levels), and more have an impact on the activ-
ity of COS and its derivatives (Li et al. 2014a 2016; Zou et al. 2016a). Therefore, 
these factors may contribute to the various antimicrobial activities of COS/Chitin 
oligosaccharide (ChOS) and could provide more comprehensive interpretations 
when compared with existing studies.

On the basis of these reports, the proposed mechanisms of antimicrobial activi-
ties were summarized as follows:

 (a) Leakage and distortion of the bacterial cell wall is caused by the interaction of 
negatively charged proteoglycans and positively charged COS on its surface. 
This process subsequently leads to the destruction of the Gram-positive bacteria 
due to osmotic shock (Vishu Kumar et al. 2005, 2007; Fernandes et al. 2008);

 (b) The death of the Gram-negative bacteria occurs when its nutrient flow is 
obstructed. This lack of nutrition is prompted when the negatively charged 
O-antigen of the LPS situated on the bacterial cell wall binds with COS (Vishu 
Kumar et al. 2005, 2007; Fernandes et al. 2008);

 (c) Low molecular weight chitosan (LMCS) could be absorbed and formed an 
adduct with the DNA, inhibiting both the mRNA transcription and protein syn-
thesis (Costa et al. 2017b);

 (d) COS could form a chelate with metal ions and other nutrients and decrease the 
support for bacterial growth (Park et al. 2004).

 (e) Regarding the anti-fungal mechanism, cationicity is a vital factor relating to the 
anti-fungal activity of COS.  Besides microbial surface reaction, COS might 
also be responsible for adjustments to the framework of the phospholipid 
bilayer within the cell membrane. Therefore, the membranal absorbance capac-
ity is modified leading to the liberation of individual cellular elements. Several 
studies indicated that higher levels of polyunsaturated fatty acids were discov-
ered in fungal material sensitive to chitosan and COS, resulting in a higher flu-
idity of the cell membrane and simplified permeability (Palma-Guerrero et al. 
2010; Park et al. 2004).

In some species of bacteria, their resistance and pathogenicity will be greatly 
improved following biofilm formation (Danhorn and Fuqua 2007; Johnson 2008). 
Chitosan (including its derivatives)/COS had an excellent inhibition effect on bacte-
rial biofilm. However, the mechanism with which this was probably differed from 
its antibacterial activity (Gonçalves et  al. 2017; Ilk et  al. 2017). For example, 
Cronobacter spp. and its biofilm flora is opportunistic foodborne pathogens found 
in milk powder that can prove fatal to consumers. These bacteria can cause serious 
infections in infants such as neonatal bacteraemia, meningitis and necrotizing 
enterocolitis (Farmer et al. 1980; Hunter and Bean 2013). In our more recent study, 
COS combined with 2000 Da achieved excellent results in inhibiting the Cronobacter 
biofilm (up to 80%), with a concentration of 20 μg/mL in reconstituted powdered 
milk. In addition, the COS was able to reduce the number of extracellular polymeric 
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substances at the initial stage of biofilm development. According to qRCR, the inhi-
bition may be related to the down-regulation of the bcsA expression, and the up- 
regulation of the flhD, flgJ, luxR, ompA, and wcaJ expressions, subsequently altering 
the primary attachment phase of Cronobacter (Chen et al. 2019; Lu et al. 2019).

8.2.5  The Activity in Gut Microbiota

With the development of food science and nutrition, a new concept of “microbiome 
nutrition” is gaining acceptance by most nutritionists. The term means “feed me and 
my microbes.” Humans are super organisms consisting of both human cells and 
microbial cells, particularly the gut microbiota (Flint 2012; Kau et al. 2011). Gut 
microbes participate in the regulation of many activities within the human body. 
Research regarding the health of the human intestinal microbes by employing pre-
biotics, diet, probiotics, drugs and small functional molecules, are increasingly rec-
ognized by scientists (Biesalski 2016; Kau et al. 2011; Yadav et al. 2018).

Typically prebiotics is non-digestible food compounds consisting mostly of fiber 
that encourages the growth of microorganisms in the intestines that are advanta-
geous to human health (Verbeke et al. 2015). In 2010, Roberfroid et al. updated this 
concept to read: “A component that can be selectively fermented can cause a spe-
cific change in the composition and/or the function of the entire gastrointestinal 
microbe, thereby producing a beneficial effect on the health of the host” (Roberfroid 
et al. 2010). From those definitions, whether it is “selectively” fermented, and then 
“specifically” enriched, the beneficial bacteria become the primary criterion for 
determining whether a substrate is prebiotic. Most of the non-digestible carbohy-
drates that meet the prebiotic evaluation requirements include polysaccharides and 
oligosaccharides (polysaccharides refer to more than ten carbohydrates in sugar 
units, and oligosaccharides are between two and ten  sugar units). The results 
obtained relating to the activity of chitosan and COS in gut microbiota are illus-
trated in Table 8.5.

COS stimulate the growth of probiotics and produce beneficial metabolites via in 
vitro fermentation in human intestinal microbes. Lee et al. (2002) studied the influ-
ence of COS on the growth of probiotics by using the enzymatic method. COS 
display promise as a possible health food with beneficial prebiotic qualities since it 
encourages the growth of enteric bacteria especially B. bifidium KCTC 3440 and 
Lactobacillus sp. B. bifidium in particular, exhibited significant growth in the pres-
ence of elevated COS levels. Vernazza et al. (2005) studied the in vitro fermentation 
of chitosan and COS with varying commercial MW measurements in human fecal 
cultures. In the amount of bifidobacteria showed no significant change, while the 
bacterial groups that were potentially harmful to human health inceased. By mea-
suring absorbance, Simunek et al. (2010) discovered that chitosan displayed signifi-
cant antibacterial activity in the presence of a variety of bacteria. These species 
included Eubacterium lentum, B. thetaiotaomicron, Roseburia intestinalis, 
Bacteroidesvulgatus, F. praunsnitzii, and Clostridium paraputrificum. Furthermore, 
as a study in 2012 established that the growth of six types of bifidobacteria are 
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effectively impeded by both LMCS and standard chitosan. However, the preventa-
tive effect of COS was not noteworthy (Šimůnek 2012). Li et al. (2012d) showed 
that COS have apparent proliferative effects on intestinal probiotics Lactobacillus 
bulgaricus and Streptococcus thermophilus in certain concentrations (0.1–
0.8 g/100 mL). With an increase in the COS concentration in the culture medium, 
its inhibitory effect on Staphylococcus aureus and Salmonella was enhanced. 
Furthermore, the MW of 1 kDa of COS is more significant than the 3 kDa effect on 
microbial growth. Cao et al. (2008) found that the minimum inhibitory concentra-
tion of COS (average molecular mass 609 Da), prepared by using hydrogen perox-
ide, on Escherichia coli and Staphylococcus aureus was 0.3%, and that the minimum 
inhibitory concentration against Salmonella paratyphi A. and that Shigella sonnei 
was 0.1%. Moreover, as the mass concentration of COS increased, the bacteriostatic 
effect gradually strengthened. Mateos-Aparicio et al. (2016) found that chitosan can 
maintain the stability of intestinal flora, inhibit the growth of Bifidobacterium spp., 
Eubacterium rectale/Clostridium coccoides, C.Histolyticum, and Bacteroides/ 
Prevotella, and promote the growth of Lactobacillus/Enterococcus.

The addition of LMCS and COS to animal feed can provide practical applica-
tion possibilities and economic value to the animal nutritional industry. Yang et al. 
(2012) studied dietary supplementation of 400–600 mg/kg of COS and found that 
it promoted growth performance and improved gut barrier function. The popula-
tion of Bifidobacteria and Lactobacilli increased, while the concentration of S. 
aureus was reduced in the cecum of weanling pigs. A study conducted by Han 
et al. (2007) examined the extent to which nutrient digestibility, pH and growth 
performance responded to COS in the gastro-intestinal tracts (GI) of weanling 
pigs. According the results, the feeding ability of young pigs was successfully 
enhanced by COS, while bacteria detrimental to their health were effectively elimi-
nated. Lian et al. (2012) showed that 0.5% of COS could significantly increase the 
number of Lactobacilli in the ileum of model pigs, and greatly reduce the amount 
of Streptococcus. Furthermore, the number of Bifidobacteria and Lactobacilli in 
the cecum displayed dramatically elevated levels, while E. coli and streptococci 
were significantly reduced. COS improved the protein metabolism and intestinal 
flora balance of pigs, thereby enhancing its intestinal health. Kong et al. (2014) 
showed that COS increased bacterial species that are considered to have beneficial 
properties, such as Bifidobacterium spp., Bifidobacterium breve, Faecalibacterium 
prausnitzii, Lactobacillus spp., Prevotella, Fusobacterium prausnitzii, 
Methanobrevibacter smithii and Roseburia, and short-chain fatty acids (SCFAs) 
concentrations. Furthermore, COS decreases the amount of several potentially 
harmful pathogens, ammonia concentrations, and branched chain fatty acids in the 
intestinal luminal content of weaning piglets. Xiao (2011) found that in the sample 
pigs the dominant jejunal flora with LMCS (average MW <5000 Da) intervention 
was Lactobacillus, while the relative numbers of Staphylococcus, Escherichia, and 
Salmonella were significantly reduced. Further real-time PCR confirmed that the 
numbers of Lactobacilli and Bifidobacteria, as well as Escherichia coli and 
Streptococcus in the small intestine of the chitosan group were reduced. 
Examination by Wang (2009a) of fecal samples taken from growing pigs and 
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subsequently cultured, indicated that the application of COS failed to have any 
significant influence on the visual counts of Lactobacillus. Research conducted by 
Liu et al. (2008) indicates that the industries utilizing antibiotic growth enhancers 
can consider COS as a potential replacement application. The efficacy of COS has 
been proven in diarrhea prevention, the structural enhancement of the small intes-
tine, growth stimulation, and encouraging the purging of Lactobacillus and E. coli 
through fecal matter. The current research suggests that the addition of a supple-
mental concentration of 158.8  mg/kg to the diet of nursery pigs is optimal for 
growth enhancement.

It was also found that chitosan and COS have similar effects when added to fish 
and poultry feed. Su et  al. (2017) found that 0.2% COS increased the levels of 
Alivivibrio and Bacillus in fish, while the numbers of Faecalibacterium, Escherichia 
and Bacteroides were significantly reduced. It was established that the supplemental 
addition of COS to the diet of the tiger puffer could modify the intestinal bacterial 
flora. Furthermore, COS can enhance enzyme activity relating to digestive functions 
in the intestines and encourage growth. Research conducted by Tufan et al. (2015) 
established that compared to the control group, the intestinal yeast and bacteria 
levels were significantly reduced in the experimental COS groups. Besides enhanc-
ing intestinal microflora, and increasing both the length of the villus and the depth 
of the crypt, adding 75 mg/kg COS had no unfavorable effect on the measured lim-
its. Li and Liu (2013) found that 30 and 50 mg/kg of low-polymerization COS could 
significantly increase the number of Lactobacillus, while reducing the numbers of 
E. coli and Salmonella in the gut of quail. Li et  al. (2007) found an increase of 
Lactobacillus in visual counts of cultured cecum contents and fecal samples respec-
tively, in broiler chickens that were fed with COS. Wang et al. (2003) found that the 
number of E.coli, Bifidobacteria, and Lactobacilli in the cecal contents of broilers 
decreased after COS intervention and that the density of ileum microvilli increased. 
Therefore, COS can inhibit the intestinal bacteria of broilers and promote the growth 
and development of intestinal microvilli.

COS affect intestinal microbes and produce metabolites such as SCFAs to indi-
rectly regulate metabolic diseases such as HFD, type 2 diabetes, and obesity. 
Koppová et al. (2012) studied the effect of the administration of chitosan and COS 
on rat fecal microbiota. The administration of both chitosan and COS, changed the 
profile and structure of the microbial ecosystem of the GI of healthy rats. Compared 
with chitosan, COS had the opposite effect in most cases. Only the Bacteroides 
Prevotella bacterial group and Enterobacteriaceae were similarly influenced. 
Results obtained from a study conducted by Zheng et al. (2018a) indicated that the 
gut dysbiosis in mice afflicted with diabetes was successfully alleviated following 
ChOS application. This treatment prevented occludin from decreasing while facili-
tating the production of Akkermansia and impeding Helicobacter. The possible 
regulation of the metabolic pathways of intestinal microbiota by ChOS is suggested 
by the functional profiling supported by the particular composition of the microbi-
ota. The presence of COS caused a significant reduction in the abundance of inflam-
mogenic taxa, as well as an exceptional increase in the growth of beneficial bacteria 
in the intestines according to research by Zheng et al. (2018b). Furthermore, COS 
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was responsible for reconstructing the microbial population, providing relief for 
HFD-fed mice afflicted with the metabolic syndrome. Chiu et al. (2017) found that 
LMCS and COS significantly decreased the fecal microflora mucinase and 
β-glucuronidase activities in HFD-fed rats. LMCS promoted a more significant 
positive improvement than COS in lipid metabolism and intestinal disaccharidase 
activity in HFD-induced obese rats. A study by Long et al. (2018) indicated that 
COS exhibited prebiotic characteristics since it was responsible for elevating the 
relative ratio of Firmicutes and Bacteriodetes, as well as the Actinobaceria and 
Bacteroidetes levels. Furthermore, COS restricted the augmentation of 
Proteobacteria and Firmicutes while encouraging the production of standard probi-
otics, such as Bifidobacterium and Lactobacillus in normal mice, as well as mice 
affected by colitis. Additionally, the intestinal SCFA levels were improved by the 
oral ingestion of COS.

In summary, it is evident that LMCS and COS can improve intestinal micro- 
ecology to a certain extent, promote the growth of beneficial bacteria, and inhibit 
harmful bacterial flora in the intestine as a micro-ecology. Moreover, as a ferment-
able oligosaccharide, the ability of COS to produce SCFAs is recognized (Gentile 
and Weir 2018). For example, acetate provides an energy source for the synthesis 
for fatty acids, while gluconeogenesis uses propionate as a substrate in the liver, 
which is the primary metabolic site. Butyrate is the primary components in epithe-
lial cells and is used as a main source of energy. The regulation of gene expression 
results from the inhibition of histone deacetylases by butyrate, and to a lesser degree, 
propionate. Furthermore, immune responses, energy metabolism, and intestinal 
homeostasis are regulated by SCFAs that bind in varying degrees to intestinal G 
protein receptors and other targets (Fig. 8.4).

Future studies into the probiotic effect of amino oligosaccharides on intestinal 
microbes, or the regulation of the flora should focus on the following three aspects.

 (a) A comprehensive macroscopic view of the role of amino oligosaccharides in 
intestinal probiotics. The study of the probiotic effects of amino oligosaccha-
rides on intestinal microbes cannot rely solely on the positive effects of probiot-
ics in the traditional sense, and the adverse effects on conditional pathogens. 
Studying the migration and overall regulation of intestinal micro-ecology by 
amino oligosaccharides should be at the core of this research. Given the inter-
vention of amino oligosaccharides, then the study of intestinal microflora 
migration, the expression of related transcription factors and vital metabolic 
enzymes, and the production of metabolites on host health based on multi- 
omics technology (metagenomics, transcriptomics, proteomics, and metabolo-
mics) should become the focus of the research work.

 (b) Under the conditions created by COS intervention, the systematical studies 
based on the combination of in vitro models, animal models, and clinical trials 
should be considered. Considering the characteristics of prebiotics, it was evi-
dent that they are not easily digested in the intestines and can be metabolized by 
the flora in the gut. Regulating the composition and function of the gut flora is 
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a fundamental feature of prebiotics. The in vitro fermentation model is mainly 
used to reveal the regulation of the intestinal flora structure and metabolite com-
position by prebiotics. The cell model can be used to evaluate the possible 
effects of the flora or metabolites produced during the in vitro fermentation of 
the prebiotics in the intestinal epithelial cells. Furthermore, it provides a tool for 
the direct evaluation of prebiotic function to regulate the flora. Combining ani-
mal models with clinical trials can provide a comprehensive understanding of 
the overall effects of prebiotic-regulated flora.

 (c) Further studies should be conducted on the probiotic effect of additional amino 
oligosaccharide derivatives. Marine-derived amino oligosaccharides occur in a 
wide variety and have different structures. Therefore, the effects of various 
structures of amino oligosaccharides on intestinal microflora, as well as the 
effects of metabolites produced in hosts are also very different. Current 
researches are limited to the evaluation of the function of the natural structure 
of amino oligosaccharides. Future research should be conducted into the effects 
of amino oligosaccharide derivatives on intestinal microbes to develop amino 
oligosaccharide prebiotic products with improved health benefits.

Digestive juice

Th1 cell
Th2 cell

Fermentable
oligosaccharides

Oligosaccharides fermentors

Propionic acid

Butyric acid

Acetic acid

Intestinal epithelial cells

Regulate gluconeogenesis,
energy supply and fatty

acid synthesis Regulate the immune system

HDAC AC
Regulate gene

expression

Regulate lipid and glucose
metabolism

Maintain gut homeostasis

B cell

Promote
beneficial microbes

Inhibit
harmful microbes

Fig. 8.4 SCFAs are generated by oligosaccharides, and can interact with host tissues on various 
levels. (Modified from Gentile and Weir 2018)
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8.2.6  Alternative Therapy for Obesity with COS

Obesity refers to the extreme amassment of body fat due to an energy imbalance 
(Manulu and Sutanegara 2006). It is a chronic metabolic condition related to dyslip-
idemia, inclusive of both hypercholesterolemia and hypertriglyceridemia (Zhang 
et al. 2009). Factors such as improper dietary habits and modern inactive lifestyles 
are the primary reasons for obesity. These elements lead to considerable energy stor-
age without adequate exercise to expend energy (Khan 2012; Monteiro and Azevedo 
2010). Moreover, severe health conditions including hyperlipidemia, cancer, coro-
nary heart disease, hypertension, and diabetes can potentially result from obesity 
(Khan 2012; Mellitus and Amanti 1998). However, treating obesity is not without its 
challenges. In some cases it is necessary for medication to be taken for extended 
periods of time, potentially leading to dependency and various other side effects 
(Zhang et al. 2014). Therefore, the prevention obesity largely depends on the suc-
cessful formulation of safe, efficient and high-quality treatment for the condition. 
Recently, various herbal medications and food components were subjected to several 
trials in an attempt to construct a new anti-obesity treatment (Riccardi et al. 2005).

COS displays exceptional potential for application as an anti-obesity and anti- 
dyslipidemia resource. After the report, which body weight reduction induced by 
COS was higher than that by orlistat (Huang et al. 2015b), a drug currently used for 
obesity intervention, the anti-obesity effect of COS is currently extensively investi-
gated (Table 8.6). Studies have shown that COS significantly decreased lipid accu-
mulation, a marker of adipogenesis, in a dose-dependent manner (Cho et al. 2008). 
In the phenotype, COS was demonstrated to significantly reduce the serum levels of 
triglyceride (TG), total cholesterol (TC), and low-density lipoprotein-cholesterol 
(LDLC), and alleviating lipid accumulation in the liver and adipose tissues in rodent 
models of obesity (Huang et al. 2015b; Kang et al. 2012; Sumiyoshi and Kimura 
2006). In addition, COS increased the serum level of high-density lipoprotein- 
cholesterol (HDLC), responsible for removing cholesterol from cells and protecting 
against atherosclerosis Therefore, the potential risks of cardiovascular diseases 
were decreased by lowering values of the atherogenic index and cardiac risk factor 
(Kang et al. 2012). Among these studies, Huang et al. compared the effects of COS 
with varying molecular distribution (glucosamine, GLC) and COS on HFD-induced 
obese rats. They selected GLC, COS1 (COS, number-average MW ≤1000), and 
COS2 (COS, number-average MW ≤3000) for processing during the research. 
According to the results, the manifestation of peroxisome proliferator-activated 
receptor-γ (PPARγ) and liver X receptor alpha (LXRα) mRNA in the white fatty 
tissue was significantly lowered by COS1 and COS2, as well as GLC. Furthermore, 
the effects of these elements were examined in obese rats that were fed an HFD. The 
adipocyte distinction was impeded, leading to reduced body weight and improved 
dyslipidemia (Huang et al. 2015b).

Furthermore, several researchers attempted to combine functional components 
to assist the lipid-lowering effects. Kang et al. (2012) proposed a new diet therapy 
that employs a mixture of protamine and COS to treat overweight and obesity. In 
animal experiments, Sprague Dawley rats that were fed a HFD showed lipid 
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accumulation in the liver tissue and increased levels of TG and T-CHO in the feces. 
The mixture significantly reduced serum TG, T-CHO, and LDLC levels. Therefore, 
the results suggest that protamine and COS mixtures can be utilized as an essential 
dietary therapy technique to prevent overweight, obesity, and cardiovascular disease 
associated with hyperlipidemia.

Multiple mechanisms have been proposed to mediate the anti-obesity and lipid- 
lowering effects of COS (Fig. 8.5). Firstly, COS can inhibit adipogenesis in adipose 
tissue. COS may promote weight loss by inhibiting adipose cell differentiation and 
lipid accumulation, therefore reducing the amount of adipose tissue and the fat per-
centage in the body. For example, Huang et  al. (2016) demonstrated that COS 
improved dyslipidemia and prevented weight gain by inhibiting the adipocyte dif-
ferentiation in obese rats that were fed an HFD. Secondly, the PPAR family plays an 
important role in obesity intervention. According to the results obtained from some 
study, the brain and stomach exhibited PPAR activity, particularly PPAR-α and 
PPAR-γ (Kao et al. 2012). Meanwhile, the up-stream C/EBPα and the down-stream 
PPARγ pathways were responsible for the arbitration of the preventative effect of 
COS on the adipocyte distinction (Rahman et al. 2008). Thirdly, the COS is able to 
inhibit the activity of pancreatic lipase and bile acid binding, thereby reducing the 
absorption of visceral fat and increasing the excretion of fecal fat (Kang et al. 2012). 
Fourthly, COS significantly down-regulated adipogenic marker proteins, such as 
leptin, adiponectin, and resistin. For example, Cho et al. (2008) reported that com-
pared to other types of COS, LMCS (1–3 kDa) were more effective in inhibiting 
adipocyte differentiation in 3T3-L1 cells. The undelay mechanism of the interven-
tion may be related to the down-regulation of the adipogenic marker proteins. 
Kumar et al. (2009) found the anti-obesity and anti-diabetic properties of COS on 
ob/ob mice by conducting a plasma proteomic difference analysis. The results sug-
gest that COS may be a potent downstream regulator of adipogenic marker proteins’ 
gene expression, prompting the modification of plasma proteins in ob/ob mice to 
overcome metabolic disorders in obesity. Moreover, leptin resistance was recovered 

Fig. 8.5 The undelay mechanism responsible for the obesity intervention with COS. C/EBP 
CCAAT-enhancer-binding proteins, PPAR peroxisome proliferator-activated receptor, Jak Janus 
tyrosine kinase, LEP-R leptin receptor. (Modified from Muanprasat and Chatsudthipong 2017)

M. Zhao and L. Zhao
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by COS with multiple signaling. COS can improve the sensitivity of leptin receptors 
in the rat brain and activate the JAK2-STAT3 signaling pathway to alleviate leptin 
resistance. This process ultimately suppresses adipogenesis to reduce lipid accumu-
lation (Pan et al. 2018).

8.2.7  The Liver Protection Ability of COS

Liver diseases, such as liver cirrhosis, alcoholic liver, fatty liver, hepatitis B, hepati-
tis A, hepatitis C, liver cancer, and more are currently among the most detrimental 
challenges affecting human health (Powell et al. 2005, 2010).

In 1998, Kim and his colleagues showed that COS has the ability to prevent liver 
disease by partially lowering serum cholesterol levels (Kim et al. 1998). Since then, 
many studies have demonstrated the protective effects of COS on chemical or drug 
induced liver damage, fatty acid liver disease, and liver cancer. The liver protection 
characteristics of COS are summarized in Table 8.7. The most common liver dam-
age is caused by chemicals or drugs. Yang Yan et al. found that the pretreatment with 
COS, GlcNH2 and GlcNAc could effectively protect mice from the toxic effects of 
CCl4. COS, GlcNH2, and GlcNAc could reduce the activity of AST and ALT in 
serum, alleviating liver lipid peroxidation. Furthermore, these components can sig-
nificantly reduce serum creatinine and uric acid levels and inhibit lipid peroxidation 
in the kidneys (Yang et al. 2006). Similarly, the protective effect of COS on hydro-
gen peroxide (H2O2)-induced oxidative stress in human embryonic hepatocytes 
(L02) was studied by Xu et al. The results showed that the survival rate of cells 
induced by H2O2 was significantly restored after a 24 h treatment with COS. This 
restorative effect may be related to the antioxidative properties of COS. Moreover, 
COS prevented apoptosis that was caused by H2O2. This result was accomplished by 
inhibiting the cleavage of polyadenosine diphosphate and increasing the expression 
of the anti-apoptotic protein B-cell lymphoma-extra large (Bcl-XL). The results 
indicated that COS can effectively protect L02 cells from oxidative stress, suggest-
ing COS may hold clinical significance in oxidative stress-related liver injury (Xu 
et al. 2010). Furthermore, COS display protective effects on ERT-butyl hydroperox-
ide (T-BHP) induced hepatocyte injury in a dose-dependent manner. COS can 
increase the cell viability of hepatocytes that are exposed to T-BHP and significantly 
reduce ROS production and lipid peroxidation. In addition, COS help increase 
moisture content and antioxidant enzyme activity in the liver. Therefore, COS pro-
tect liver cells from T-BHP induced oxidative damage by inhibiting the production 
of ROS and over-activated lipids (Senevirathne et al. 2011).

Regarding preliminary cancer intervention, Xu et al. reported on the inhibitory 
effect of COS on human hepatoma cells (SMMC-7721) and its mechanism. The 
results showed that COS could induce the apoptosis of SMMC-7721 cells in a dose- 
dependent manner and increase the cleavage of the polymerase. The mechanism 
was likely linked to the regulation of apoptosis-promoting protein (Bax) and the 
initiation of the apoptosis process (Xu et al. 2008).

8 Biological Activities and Potential Application in Food Industry
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Studies showed that chitosan increases fat excretion in feces and inhibits pancre-
atic lipase activity, leading to the prevention of fatty liver formation (Guerciolini 
et al. 2001). Compared to chitosan, Because COS was easily dissolvable in water 
and possessed a lower density, the intestines could assimilate it more readily. Data 
accumulated from a cultural cell model, as well as animal and human clinical trials, 
indicate that COS and their derivatives are effective in reducing blood lipid levels 
and providing protection from excessive fatty acid-induced liver damage (Cho et al. 
2008; Choi et al. 2012a, b; Huang et al. 2015b; Kong et al. 2017).

Oleic acid or palmitic acid was used for inducing the simulation of a high-fat 
environment in vitro. Wang et al. (2016) indicated that the TG content in L02 hepa-
tocytes was elevated and the steatosis was aggravated by oleic acid treatment. 
Following the intervention of COS, the expression levels of SREBP-lc and fas cell 
surface death receptor (FAS) were significantly lower than those in the OA-model 
group. The level of the CPT1A gene was elevated, while the TG content was 
reduced. It is speculated that COS may inhibit TG synthesis by obstructing the 
expression of the lipid synthesis-related genes SREBP-lc and FAS. Furthermore, 
COS accelarated TG decomposition by up-regulating the gene CPT1A, eventually 
alleviating TG accumulation in the fatty liver cell model.

Employing a broiler model, Li et al. (2017a). studied the effects of COS on lipid 
metabolism, immune organ development, and lymphocyte apoptosis. Following 
treatment with COS, serum TG and LDLC levels were significantly reduced, as 
were the lymphatic sheaths around the artery. The spleen area and the average num-
ber of bursa dramatically increased, and the levels of serum total protein (TP) and 
HDLC in the bursa were higher. Moreover, the number of caspase-3 positive cells in 
both the bursa and spleen were considerably reduced. These results indicated that 
the addition of COS improved lipid metabolism, promoted immune organ develop-
ment, and inhibited lymphocyte apoptosis in broilers (Li et al. 2017b).

Due to suffering from obesity and non-alcoholic fatty liver disease (NAFLD), 
Wang et al. studied the effects of COS on hepatic TG metabolism by using HFD 
mice. It is possible that COS inhibits the expression of SREBP-lc and its down-
stream FAS gene. COS reduces the synthesis of TG, increases the expression of 
CPT1A gene, and accelerates the decomposition of TG (Wang et al. 2016). NAFLD 
is closely related to cholesterol homeostasis (Caballero et  al. 2009). Jiang et  al. 
studied the cholesterol-lowering effect of COS and its possible mechanism. The 
study concluded that the role COS plays in lowering cholesterol may be related to 
the following two pathways. The first refers to the process when the manifestation 
of the LXRα, the receptor-α as activated by the peroxisome proliferator, and choles-
terol 7α-hydroxylase (CYP7A1), is up-regulated when cholesterol is transformed 
into bile acid. The second pathway followed the method down-regulating both the 
sterol response element binding protein-2 and the gene presentation of 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMGCR) to reduce the generation of 
additional cholesterol. Furthermore, the process required the up- regulation of the 
low-density lipoprotein receptor (LDLR) (Jiang et al. 2018). Similarly, Yang et al. 
explored the molecular mechanism of cholesterol lowering effect of COS by using 
COS in ApoE −/− male mice. Both lipid deposition in the aorta, and hepatic 
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proprotein convertase subtilisin/kexin type 9 (PCSK9) protein levels were signifi-
cantly reduced. For in  vitro mechanism confirmation, COS could regulate lipid 
transfer by up-regulating forkhead box O3 (FOXO3a), and it decreased the binding 
capacity of hepatocyte nuclear factor-1α (HNF-1α) (PCSK9 promoter). Therefore, 
COS inhibited PCSK9 gene expression, up-regulated LDLR levels, and enhanced 
lipid droplets in HepG2 cells. Furthermore, COS reduced the expression of the 
PCSK9 gene by down-regulating sterol regulatory element-binding protein 2 
(SREBP-2). By combining with HNF-1α and SREBP-2 silencing, the results dem-
onstrated that COS treatment synergistically altered PCSK9 expression and LDLR 
activity through a combination of HNF-1α and SREBP-2 (Yang et al. 2018b).

In clinical trials, Choi et al. investigated the lipid-lowering effect of COS and 
whether oral COS can reduce the plasma level of lipid in smokers and non-smokers. 
They selected 19 people to participate in the experiment, and the results suggest that 
LMCS would be an useful dietary supplement for lowering the cholesterol level 
(Choi et al. 2012a).

Most current studies used COS mixtures with varying MW and DD. The MW, 
DP, and DD are closely related to the biological activity of COS. The role of singu-
lar DP COS on lowering the effect of lipids remains unclear. Screening the active 
ingredients of oligosaccharides and its lipid-lowering effect, and exploring the 
mechanism by which this is accomplished are crucial. Both animal and cell culture 
models were employed by Li et al. to examine the remedial influence exerted on 
lipid accumulation by unrefined COS, as well as an additional five specific COS 
((GlcN)2–6). The aggregation of fatty deposits in the liver were considerably reduced 
by (GlcN)2. Furthermore, significantly lower levels were evident in the protein and 
mRNA manifestations of PPARγ, diacylglycerol acyltransferase 2 (DGAT2), LXRα, 
the pregnenolone X receptor (PXR), and the cluster of differentiation 36 (CD36) in 
the lipid uptake pathway and TG synthesis (Li et al. 2018).

In a summary of the lipid-lowering effects (Fig. 8.6), COS mainly influence the 
metabolism of TG and TC including the specific pathway related to uptake, synthe-
sis, metabolism, decomposition, and more.

8.2.8  The Utilization of COS as an Alternative Therapy 
for Diabetes Mellitus

Diabetes has become the third largest chronic diseases that seriously endangers 
human health. Diabetes is a metabolic disorder characterized by hyperglycemia, 
including type 1 diabetes, which is mainly caused by absolute insulin deficiency, 
and non-insulin-dependent diabetes mellitus (type 2 diabetes). Type 2 diabetes is 
mainly caused by insulin deficiency and insulin resistance (Pandey et  al. 2011). 
About 200 million people worldwide suffer from this disease, and more than 90% 
of them have type 2 diabetes. Insulin resistance and islet β-cell function defects are 
the basic pathological features of type 2 diabetes (Bellamy et  al. 2009; Hussain 
et  al. 2007). The marine pharmaceutical industry is one of the critical areas for 
future development. It is vital to actively explore the possible ways to prevent type 
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2 diabetes. COS possesses a similar structure to acarbose which is commonly used 
in treating diabetes (Kim et al. 2014a, b). Results regarding the anti-diabetic effect 
of COS are summarized in Table 8.8 (Huang et al. 2015b; Jo et al. 2013, 2014; Ju 
et al. 2010; Kang et al. 2016; Karadeniz et al. 2010; Katiyar et al. 2011; Kim et al. 
2014a, b; Lee et al. 2003; Wu et al. 2017b; Yu et al. 2017; Zheng et al. 2018a, b).

The hypoglycemic effect of COS was first investigated in 2003. Treatment with 
COS increased glucose tolerance, and reduced TG in Sprague-Dawley rats with 
diabetes induced by a streptozocin (STZ) injection (i.p.) (Lee et al. 2003). Moreover, 
it was possible for COS to increase the insulin sensitivity index and oral glucose 
tolerance, which contributed to promoting the proliferation of β cells. Regarding the 
mechanism, stimulated insulin release, up-regulation of glucose transporter-2 
(GLUT-2) mRNA expression, and the prevention of STZ-induced apoptosis play a 
vital role in COS protected INS-1 cells (Ju et al. 2010). Carbohydrate hydrolase is a 
key target in diabetes intervention. COS could inhibit various types of carbohydrate 
hydrolase, subsequently improving the control of fasting blood glucose levels and 
reducing postprandial glucose levels in both mice models and clinical trials (Jo et al. 
2014, 2013; Kim et al. 2014a, b). A Korean study discovered that COS could inhibit 
intestinal α-glucosidase and regulate the glucose uptake transporters sodium- 
glucose co-transporters (SGLT1) and GLUT2. The same study found an additional 
related signaling pathway responding to the anti-diabetes effects. COS supplements 
could enhance adipocyte differentiation, the active PPARγ pathway and its 

Fig. 8.6 The related signaling pathway relating to the lipid-lowering effects of COS. CD36 clus-
ter of differentiation 36, DGAT2 diacylglycerol acyltransferase 2, HMGCR 3-hydroxy-3-methyl-
glutaryl- CoA reductase, PCSK9 proprotein convertase subtilisin/kexin type 9, FoxO3a forkhead 
box O3, HNF hepatocyte nuclear factor, CYP7A1 cholesterol 7 alpha-hydroxylase, LXRα liver X 
receptor, PPARγ peroxisome proliferator-activated receptor-γ, CPT1A carnitine palmitoyltransfer-
ase I, PXR pregnenolone X receptor, SREBP2 sterol regulatory element binding proteins, TC total 
cholesterol, TG total triglyceride, FAS Fas cell surface death receptor
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downstream target genes like fatty acid binding protein 4 (FABP4), adiponectin, 
and GLUT4, subsequently increasing the glucose tolerance and maintain the blood 
glucose levels (Yu et al. 2017).

With developments in COS bio-manufacturing, additional types of mono-DP 
COS were obtained. Wu et al. (2017b) reported that N-acetyl-chitobiose ameliorated 
metabolism dysfunction through the Erk/p38 MAPK signaling pathway in mice suf-
fering from type 2 diabetes. Furthermore, N-acetyl-chitobiose sufficiently regulated 
lipid metabolism by decreasing the T-CHO (~26.5%) and TG (~16.1%), and increas-
ing the HDL-cholesterol (~107.2%), as well as lowering inflammation factors includ-
ing TNF-α, IL-1β, and NF-κB.  Further studies should test a greater variety of 
mono-DPs COS, as well as investigate an enhanced structure-function relationship.

The derivatives of COS were reported to have anti-diabetic effects as well. COS 
chelating vanadium (COS-V) and COS chelating chromium (COS-Cr) can alter dia-
betic symptoms such as weight loss, polydipsia, polyphagia, the decrease of both 
blood and urine glucose levels, as well as increase glucose tolerance. Moreover, 
COS-Cr and COS-V provide protection to the structures of the liver, kidneys, and 
spleen (Liu 2007; Qu 2012; Wei 2012). Research successfully demonstrated that the 
anti-diabetic effect of the COS chelated complex was more evident than that of only 
COS. However, the subsequent mechanism remains unclear.

Results indicated that the treatment and prevention of diabetes mellitus could be ben-
eficially impacted by the pharmaceutical properties of both COS and chitosan. Figure 8.7 
shows the potential mechanisms responsible for the anti-diabetic effect of COS.

1. Intestine (Absorption) 2. Muscle and Adipose (Utilization)

3. Liver Metabolism

Erk/p38 expression

MAPK expression

PEPCK expression

AMPK activation

COS

Wu  et al., 2017

Adiponectin
GLUT4
FABP4

-glucosidase activity

SGLT1 expression 

GLUT2 expression 

PPAR expression  

C /EBP expression 

4. Pancreatic -cells (Protection)

-cell apoptosis 

-cell proliferation

Insulin secretion 

MAPK
(Erk1 / 2, p38, JNK)

NF- B

MAPK (MKK3 / 6)

MSK1 / 2

TNF- , IL-1 

Histone H3

Yu et al., 2017;
Kim et al., 2014

Yu et al., 2017
Ju et al., 2010

Ju et al., 2010

Gluconeogenesis
Glycogen synthesis 

O

HO

OH

NH2

O

n

Fig. 8.7 Possible mechanisms of alternative therapy for diabetes mellitus with COS. COS regu-
lated the blood glucose by impeding glucose absorption, promoting glucose utilization, altering 
liver metabolism and protecting pancreatic β-cells. The activation and suppression by COS are 
denoted by negative (−) and positive (+) symbols. FABP4 fatty acid binding protein 4, GLUT 
glucose transporter, PEPCK phosphoenolpyruvate carboxykinase, SGLT1 sodium-glucose co- 
transporters. (Modified from Muanprasat and Chatsudthipong 2017)
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8.2.9  The Neuroprotective Effects of COS

Neuronal disorder is the primary cause of cognitive and motor diseases. This disor-
der is commonly observed in Alzheimer’s disease (AD), Parkinson’s disease, 
Huntington’s disease, neurotrophic infections, neoplastic disorders, prion diseases, 
multiple sclerosis, amyotrophic lateral sclerosis, stroke, and traumatic brain and 
spinal cord injuries (Hao et  al. 2017). As neuronal disorder is mainly caused by 
apoptosis, oxidative stress, and β-amyloid (Aβ) aggregation, the current therapeutic 
strategy is to alleviate these disorders, thus minimizing disturbance to neuronal 
function (Kostrzewa and Segura-Aguilar 2003). However, despite the synthetic neu-
ronal protection agents displaying specific side effects, it is necessary for patients to 
continue using them for the rest of their lives (Tucci and Bagetta 2008). Therefore, 
developing new anti-neuronal disorder agents that are effective with a low toxicity 
level is crucial. Evidence obtained from numerous studies indicate that COS pos-
sess neuronal protective properties, leading to the possibility that it can provide new 
solutions for the treatment of anti-neuronal disorder (Table 8.9).

A crucial factor in the progression of AD is known as Aβ. Aβ refers to an accu-
mulating piece of protein that is capable of self-association. This process induces 
neuronal injury and ultimately death, through the production of neurotoxic fibrils 
that stimulates a sequence of detrimental cellular incidents (Hamley 2012). Dai 
et al. (2015) investigated the effect of COS (MW < 1000, DD 91.3%) in suppressing 
Aβ’s aggregation. The results indicated that a COS volume of 5 mg/mL was suc-
cessful in prohibiting transformation of Aβ into a β-sheet structure. Furthermore, 
the application of COS at specific dosage levels was able to substantially impede the 
production of fibrils. For the mechanism, it was assumed that COS molecules 
altered the environment of the surrounding water molecules, rendering it more ener-
getically favorable for Aβ aggregation. β-secretase is an aspartic protease also 
known as BACE. This enzyme cleaves an easily accessible site at the luminal side 
of the Aβ precursor protein, and its activity is the rate-limiting step in Aβ peptide 
production in vivo (Vassar et al. 2014). Lee et al. (2009b) found that COS could 
significantly inhibit β-secretase activity, while COS with MW ranging from 3 to 
5 kDa exhibited the optimal inhibitory effect. Furthermore, it was evident that COS 
could inhibit β-secretase in a DD-dependent manner. The obstruction pattern of the 
inhibitor was found to be noncompetitive by a Dixon plot, and Ki was 
3.87–6.47 mM.

AD is attributed to various contributory effects and the functionality of patho-
gens. Oxidative stress is a dominatingly responsible for the pathogenesis of neuron 
death (Markesbery 1997). Huang et al. (2015a) found that COS with a DP below ten 
could attenuate Cu2+-induced cellular oxidative stress damage. An increase in cell 
viability, a decrease in lactate dehydrogenase (LHD) release, and a reduction in the 
level of H2O2 and intracellular ROS were observed following the administration of 
COS. Furthermore, activation of the Nrf2-ARE pathway and a substantial increase 
in the expression of the anti-oxidant gene HO-1 was apparent. Nidheesh et  al. 
(2016) used monocrotophos affected C.Elegans to examine the anti-oxidative and 
neuronal protective effect of COS. Results showed that with the administration of 
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COS, a considerable increase was apparent in the life span of insects, number of 
eggs and brood size as compared to monocrotophos group. Moreover, COS caused 
a significant decrease in ROS and increased both the GSH level and SOD and cata-
lase activity. Wu et al. (2017a) explored the neuronal protective effect on hypoxic- 
ischemic brain damage in neonatal rats. They found that post-treatment with COS 
could improve early neurological reflex, reduce brain infarction volume, and pre-
vent cell loss by necrosis, and degeneration. The proposed mechanism was up- 
regulated energy metabolism level (ATP, lactic acid) as well as an increase in 
antioxidant enzyme activity (GSH-Px, SOD, T-AOC).

Apoptosis, also known as programmed cell death, is a series of biochemical 
events leading to morphological cell change and death (Green 2012). Studies indi-
cate that cell apoptosis is responsible, either directly or indirectly, for numerous 
diseases found in humans including neurodegenerative disorders (Fadeel and 
Orrenius 2005). Several researchers have reported that COS could inhibit neuron 
apoptosis, thus alleviating neuronal disorders. Zhou et al. (2008) reported that COS 
(0.5–2 mg/mL) could increase cell viability, and attenuate LHD release, as well as 
apoptosis induced by glutamate. Furthermore, a decrease in intracellular calcium 
levels and caspase-3 activity was observed. Similar results were obtained by Dai 
et al. (2013). Results show that COS (200 μg/mL) attenuates cell death, ROS level, 
lipid peroxidation level, LDH release, and apoptosis induced by Aβ1–42. The pro-
posed mechanism was a decrease in caspase-3 activity and JNK phosphorylation. 
Xu et al. (2011) used a glucose deprivation-induced primary cortical neuron cell 
apoptosis model to estimate the anti-apoptosis properties of COS (500 μg/mL). A 
decrease in apoptotic cells, a decrease in TUNEL positive cells, an increase in 
Bcl-2/Bax ratio, and a decrease in the cleavage of caspase-3 were observed. The 
proposed mechanism was the activation of the PI3K/AKT and the MEK/ERK path-
ways. Jia et al. (2016) reported that COS attenuates cognitive deficits in an Aβ1–42- 
induced rat model via anti-apoptosis. They observed an increase in performance in 
a water maze test and a passive avoidance test, improving the activity of GSH-Px, 
and SOD, as well as decreasing hippocampus neuronal morphological change. Hao 
et al. (2015) synthesized peracetylated COS and N-acetylated COS and investigated 
their anti-apoptosis properties. Results indicated that peracetylated COS possessed 
the optimal anti-apoptosis properties for treatment against glutamate-induced PC12 
cell death, indicating that acetyl might be vital to anti-apoptosis.

The neurotransmitter acetylcholine (ACh) is located in the nervous system and is 
delivered to acetate and choline by ADhE.  Impulse transmission is profoundly 
dependent on this oligomeric enzyme that affixes to the neuromuscular junction to 
facilitate the degradation of ACh at this location, as well as the brain cholinergic 
synapses (Siow et al. 2002). Currently, cognitive inadequacy in AD patients is miti-
gated by the application of acetylcholinesterase (AChE) suppressors. These medica-
tions impede the ACh reaction leading to the activation of the central cholinergic 
system. Lee et al. (2009b) used six kinds of COS to explore their suppressing activ-
ity against AChE and found that COS with MW 1–5 kDa and DD 90% provide the 
optimal properties in repressing AChE activity, with IC50 1.67 mg/mL. Furthermore, 
results show that COS could suppress the protein expression of AChE. Yoon et al. 
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(2009) examined the preventative effect of three types of COS against AChE when 
integrated with various replacement groups including diethylaminoethyl (DEAE), 
aminoethyl (AE), and dimethylaminoethyl (DMEM). The respective IC50 levels 
were measured at 56.5 ± 0.26, 24.1 ± 0.39, and 9.2 ± 0.33 μg/mL. By employing the 
Lineweaver-Burk plots technique, it was revealed that the restrictive effect of 
AE-COS on AChE appeared to be non-competitive, while both DEAE-COS and 
DMAE-COS displayed competitive suppression behavior toward AChE.

Various factors such as acute compression, accidental trauma and deliberate sur-
gery influence injuries to the peripheral nerve that is frequently encountered in 
medical professionals. Jiang et al. (2009) explored the regeneration properties of 
COS in a sciatic crushed nerve rat model. A decrease in withdrawal reflex latency 
and the sciatic function index were observed, as well as an increase in the recovery 
index of compound muscle action potentials (CMAPS), muscle wet weight ratio, 
and the cross-sectional area (CSA) of gastrocnemius muscle fibers. Further investi-
gation was conducted into the regeneration properties of COS in a common crushed 
peroneal nerve rabbit model. The recovery of electrophysiological prosperity in ani-
mals, the reconstruction of an injured common peroneal nerve, and nerve regenera-
tion were studied (Gong et al. 2009).

In summary, several studies indicate that COS possess multiple bio-properties 
and related mechanisms (Fig. 8.8) that are capable of suppressing Aβ aggregation, 
and inhibiting β-secretase. Moreover, COS can inhibit ADhE, while also displaying 
anti-oxidative, anti-apoptotic, and regenerative qualities. Therefore, COS might be 
a promising therapeutic agent for neuronal disorders including AD, Parkinson’s dis-
ease, as well as crushed peripheral nerve.

8.2.10  Other Biological activities

Studies indicate additional biological functions of COS. The acquired immune defi-
ciency syndrome is the result of the human immunodeficiency virus type-1 (HIV-1). 
Some SCOS displayed anti-HIV activities. However, due to poor water solubility, 
their potential application as anti-HIV therapy is not clear (Jayakumar et al. 2007). 
Compared to chitosan, COS display better water solubility. The anti-HIV qualities 
of sulfated SCOS were investigated following integration by Artan et al. (2010). 
The production of the p24 antigen (7.76 μg/mL and EC50 4.33 μg/mL for HIV- 
1Ba- L and HIV-1RF, respectively), HIV-1-induced syncytia formation (EC50 
2.19 μg/mL), and the lytic effect (EC50 1.43 μg/mL) all responded favorably to the 
repressive influence of SCOS (MW 3–5 kDa). The connection of the CD4 cell sur-
face receptor to HIV-1 gp120 was successfully interrupted by the suggested method. 
The result suggested that SCOS might be a potential treatment for HIV infection. 
Furthermore, due to its capacity to encourage the formation of fibroblasts by influ-
encing its growth rate, COS displayed wound-healing qualities (Howling et  al. 
2001). Additionally, we are investigating the effect of COS and ChOS against insect 
pest and parasite such as snail and schistosome.
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8.3  The Potential Applications of COS in the Food Industry

8.3.1  COS as Food Additives

The inhibitory effects of COS against different microbes and their excellent water- 
soluble ability encourage their application in the food industry (Hamed et al. 2016; 
Xia et al. 2011). Due to their excellent anti-microbial activity, COS have always 

Suppress Aβ aggregration
(PDB: 2LFM)

Suppress AChE expression & acticity
(PDB: 1B41)

Protection

Alleviate apoptosis

BCL-XL Bax

BCL-2

Mcl-1

Bak

Caspase

Cyto c

apoptosis

∆Ψm

Promote neuron regeneration

Alleviate oxidative stress

O2 O2- H2O2 OH-

NO OONO- HOONO

NO2+

Potential
Mechanisms

Fig. 8.8 The multiple bio-properties and related mechanisms underlying the neuro-protective 
effects of COS. AChE acetylcholinesterase, Bcl-XL B-cell lymphoma-extra large, Mcl-1 Myeloid 
cell leukemia-1, Cyto c cytochrome C, ΔΨm mitochondrial membrane potential
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been used as food additive in dairy products and beverages to retain product quality 
and improve the storage shelf-life. A study from Liu et  al. (2005) reported that 
50 g/L COS displayed significant inhibitory effects against the total bacterial count 
and psychrophiles in fresh milk. In yoghurt, a 0.1% w/w COS addition diminishes 
bacterial acidification and renders the final product sensory acceptable (Vela 
Gurovic et al. 2015). Similar results were obtained by Ji et al. (2016), who found 
that limiting amounts of COS (w/w ≤ 0.1%) could slow down the post-acidification 
progress and maintain the good qualities of yogurt. Yang et al. indicated that COS 
inhibited the formation of staling compounds and scavenged the radicals in beer 
(Yang et al. 2017).

COS also exhibit significant promise for utilization in the coatings of edible 
packaging (Dutta et al. 2011; Hamed et al. 2016). Foods of animal, aquatic origin 
(meat, fish, and seafood) and fresh fruit (strawberries, peaches, apples, and pears) 
are easily contaminated with a wide range of microorganisms during transportation 
processing, and storage. The effects of COS on the processing and storage quality 
of beef and aquatic products were reported by Guo et al. (2016) and Yuan et al. 
(2018), respectively. Guo et al. (2016) reported that the addition of 0.06 g/100 mL 
COS is ideal to extend the shelf-life (10–20 days) and retain the color and nutrients 
of fresh beef. Calculations by Yuan et al. (2018) indicated that COS, mixed with tea 
polyphenol, caffeine, algin, and acetic acid in a water solution could be used as a 
seafood preservative, especially in shrimp, shellfish, and fish (CN 108633987 A). 
For improvement of the post-harvest quality of strawberries, Nie et al. (2010) found 
a 1.5% w/w of COS coating could maintain the sensory, flavor, and nutritional qual-
ity during a storage period of 5 days at room temperature. Chen et al. (2012) reported 
that 2% w/w succeeded in retaining the firmness of peaches for 10 days, as well as 
decreasing the relative conductivity and MDA, polyphenoloxidase activity (PPO) 
activities during refrigeration. The effect of COS on the storage quality of Nanguo 
pears was studied by He et al. (2016). Immersed treatment with 100 mg/L COS 
significantly reduced the bad fruit rate and delayed fruit softening, as well as pre-
served the content of soluble solids and titratable acid during the 15 days’ storage 
period at room temperature. For fresh-cut fruit, Sa et al. (2017) reported that coating 
treatment with COS with the addition of 0.25% thyme oil and 0.06% cinnamon oil, 
could significantly maintain the color, ascorbic acid content, and decrease the PPO 
and peroxidase activity in fresh-cut apples during storage.

Additionally, researchers also developed new food formulas with COS in snacks 
due to the popularity of this food resource in China. For example, Bu et al. (2018) 
developed a oinner roll formula by adding 2% w/w COS and 6–9% w/w yam/soy-
bean fiber. This product, enriched with dietary fiber, will be beneficial to human 
health (CN 108669146 A).

For decades, chitin and chitosan were widely used as food additives, especially 
as preservatives in the food industry. With the improvement of the manufacture and 
purification methods of COS and specific regulatory conditions in the food industry, 
COS can satisfy the limitations exhibited by chitin and chitosan. Figure 8.9 illus-
trates the potential application of COS as food ingredients.
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Moreover, Singh (2016) examined the role of chitosan in the quality of processed 
and stored food products derived from marine and other animal sources, while its 
applications as a biopreservative, an immuno-stimulator, and a prebiotic were 
reviewed by Liaqat and Eltem (2018) as well.

8.3.2  Functional Daily Supplement

Diet and age-related diseases might be inhibited by functional food containing COS 
as active ingredients. Various biological activities of COS such as anti-oxidative, 
anti-microbial, hypocholesterolemic, anti-tumor, immune-enhancing, anti-obesity 
activities, and lower lipid effects show considerable promise for the production of 
useful products that will add value to the functional food industry. Figure  8.10 
shows the potential application of COS in daily supplements. Glucose control, liver 
protection, and anti-tumor activity are the areas that can benefit the most from COS.

To illustrate the anti-tumor effects, Cai et  al. (2015) combined the functional 
ingredients from Antrodia cinnamomea and COS to create a health food recipe (CN 
104523877 A, 2015). Similarly, many COS-based food supplements which were 
mixed with oligopeptides of marine origin (CN 102228181 A, 2011), haematococ-
caceae polysaccharides and oligosaccharides (CN 107873933 A, 2018), and more, 
indicated that these products display excellent anti-tumor properties. To show the 
immune-enhancing effects, Du et al. (2003) optimized a formula containing a com-
bination of different ratios of COS and ganoderma lucidum spore powder. These 
products exhibit immune-boosting effects and improve recovery following illness 
(CN1463744 A, 2003). Due to the shared targets of obesity, hyperlipidemia, and 
hypercholesterolemia (Monteiro and Azevedo 2010; Takahashi et  al. 2012), the 
amount of COS-enriched functional supplemental recipes were illustrated. For 
example, Lei and Zhang (2015) reported that combining L-carnitine with COS at a 
ratio of (0.1–10):1, displayed beneficial properties regarding the intervention in 
obesity, NAFLD, and protecting against cardiovascular disease (CN 105326053 A, 

Food Emulsifier
Pigment assistant
Food modifier
Food preservation (Livestock and poultry)
Food preservation (Aquatic origin)
Food preservation (Vegetable)
Food preservation (Fruit)
Food preservation (Tea drinks)
Food preservation (Fresh milk)
Food preservation (Fresh cut fruit)
Food preservation (Apple juice)
Food preservation (Beer)

Fig. 8.9 Potential application of COS as food ingredients
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2015). Huang (2017) invented an oral liquid which is mainly consists of black gar-
lic, COS, Lycium barbarum, and Chinese dates are shown to enhance immunity and 
modulate the lipid profile in serum and weight control (CN 106617024 A, 2017). 
Furthermore, the free radical and scavenging abilities of COS are well documented 
in inhibiting oxidative damage and number of functional formulas were reported. 
Cao et al. reported that hesperidin mixed with COS at a ratio of 1:1–10 improved the 
water solubility of hesperidin and enhanced its antioxidant activity (CN 107568737 
A, 2018). Wang et al. indicated that a functional food formula containing ascorbic 
acid, vitamin C, COS, and collagen peptide could enhance immunity and improve 
antioxidant activity (CN 103005255 A, 2013).

With the development of food science and technology, this functional food trend 
is pursued and propelled by food marketing entities and companies aiming to pro-
vide a satisfactory answer to pressing health concerns by providing access to food 
resources and recipes. On the other hand, consumers, especially those that are 
highly educated, think that a wholesome diet is fundamental for the maintenance of 
satisfactory health (Fogliano and Vitaglione 2005). Therefore, the health product 
industry provides an accessible environment for the development of thousands of 
products and formulas. The beneficial qualities of COS and its derivatives have 
mostly been established, and the raw products are commercially widely available. A 
multitude of parameters should be considered when adding functional ingredients 
of food products such as the bioavailability of the ultimate product, interaction with 
the food matrix, the stability of the production process, the safety assessment of 
each formula, and the possible side-effects on particular population groups (such as 
adolescents, as well as progestational and post-menopausal individuals).

Potential application in daily supplement
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8.3.3  Foods for Special Medical Purpose (FSMP)

FSMP is an emerging topic in clinical supervision. FSMP are manufactured accord-
ing to a distinct formula to accommodate individuals with specific dietary require-
ments such as metabolic disorders, limited feeding problems, digestions absorption 
issues or other particular disease conditions. Therefore, FSMPs are attracting 
increased attention from informed patients seeking natural products. Additionally, 
patient associations regularly recommend FSMP since their utilization is consid-
ered a viable alternative to conventional tablets and pills, and are also better toler-
ated by patients (Wang 2016, 2017). Essentially, COS-enriched FSMP contain 
biologically active oligosaccharides with various ratios of DP. Furthermore, addi-
tional functional factors like dietary fiber, small functional peptides, and polysac-
charides were added to the recipe. For example, COS and water-soluble fiber 
enriched FSMP reduced the content of TC, LDLC, increased the content of 
glucagon- like peptide-1, and finally modulated the postprandial blood glucose lev-
els (Ding and Zhang 2015). You (2018) invented an FSMP for elderly patients that 
included functional factors such as COS, γ-aminobutyric acid, L-carnitine, resvera-
trol, and β-glucan from oats to enhance the effects on immunity and modulate diges-
tive absorption disorders (CN 108260802 A, 2018). Similarly, COS were added to 
FSMP to address issues such as abnormal lipid metabolism (CN 108703364  A, 
2018a), lactose intolerance (CN108013453 A, 2018c), postpartum abdominal flatu-
lence (CN108013452  A, 2018b), cardiovascular protection (CN108552320  A, 
2018), and sarcopenia (CN108618129 A, 2018d).

8.4  Conclusion

8.4.1  Recent Limitation

Interests in COS-related activities have increased substantially during the past sev-
eral decades. Much remains to be clarified before they can be optimally applied to 
improve human health. The utilization of COS is subject to several limitations. 
Firstly, further extensive research is necessary regarding the procedural mecha-
nisms, since the majority of the studies dealing with the biological actions of COS 
fail to provide clear information on its molecular operation. Therefore, it becomes 
challenging to clarify which types of COS are responsible for specific biological 
activities. Secondly, since the COS that are employed throughout the various studies 
display significant physicochemical diversity, controversy persists regarding these 
biological activities. This severely restricts unmitigated comprehension of their 
operational processes. Therefore, it is essential to establish bioactive COS products 
with distinct physicochemical characteristics to facilitate successful mass produc-
tion and commercialization. Particularly, the bulk production for singular COS 
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containing a DP level higher than 6, is currently unavailable. Therefore, the biologi-
cal activities of these COS with higher DP could not be thoroughly investigated. 
Thirdly, although the customary way to understand a functional food is by adding 
COS to a traditional food matrix and not the contemporary food formula, it is dif-
ficult to infer the safety parameters of these products. Additional safety assessments 
are necessary to evaluate the role of COS in FSMPs and require a case-by-case 
study. Additionally, the current manufacture and separation technology of COS are 
not adequate to meet the demands for preparing the products with uniform DP or 
MW, moreover, the processing technology of COS in food matrix is always absent 
in the research.

8.4.2  Additional Perspectives

Considering the various limitations described in this study, further extensive 
research is required in both the food industry and academic community.

 (a) In functional evaluation studies, the variety of appropriate doses for multiple 
biological conditions should be suggested in previous research. Studies involv-
ing the biological activities of COS need to be substantiated with further 
research on well-defined singular COS, to clarify complex molecular mecha-
nisms. The availability of well-characterized COS favors the creation of a 
knowledge base for a structure-function relationship determination. What’s 
most important, clinical trials should be considered in future to correct the in 
vivo or in vitro experimental results. Conversely, the remarkable biological 
importance of singular COS ensures continued interest in new technologies for 
their preparation, purification, and analysis.

 (b) Manufacturers should take into account the different compositions of COS 
when determining their biological effects. Moreover, the development of a 
unique method to mass-produce purified and well characterized COS remains 
the ultimate challenge and requires further research to find an adequate 
solution.

 (c) It is necessary to enhance the risk assessment database regarding the presence 
of COS in FSMPs and food supplements. Specific areas that require improve-
ment include data regarding product consumption and the related COS that is 
current and reliable, COS concentration measurement specifically in plasma 
and tissue, as well as identifying possible additional risk factors.
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9The Application of Chitooligosaccharides 
on Biomaterials

Qiming Chen and Liming Zhao

Abstract

Biomaterials are natural or synthetic materials that are suitable for introduction 
into human body. Chitooligosaccharides has many functions such as bone repair, 
wound healing, anti-inflammatory and nerve repair. It also has advantages of 
biocompatibility, biodegradability and no-toxicity. Thus, it widely  applied on 
biomaterials preparation. Although chitooligosaccharides’s molecular weight is 
low compared with chitosan that limited its application on biomaterials, it also 
has unique advantages such as better solubility. All these are helpful in biomate-
rials preparation. Chitooligosaccharides has been used in preparation nanoparti-
cles and nanofibers, and further applied in drug and gene delivery, nutrition 
fortification and wound dress. Hence, we will review the development and prepa-
ration of biomaterials based on chitooligosaccharides as well as their applica-
tions in different fields in this chapter.

Keywords
Chitooligosaccharides · Biomaterials · Nanoparticles · Nanofibers

9.1  Introduction

Biomaterials are natural or synthetic materials that are suitable for introduction into 
human body. Biomaterials have become one of the most important base of modern 
medical engineering, pharmaceutical preparations and so on. The most important or 
the most basic requirements for biomaterials are biocompatibility and safety. Now, 
a lot of biomaterials were developed and they showed various functions and 
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application. Chitooligosaccharides is a linear polysaccharide composed of ran-
domly distributed β-(1→4)-linked D-glucosamine (deacetylated unit) and N-acetyl-
D-glucosamine (acetylated unit) with a degree of deacetylation of 90%, 
polymerization degree 2 to 10 and average molecular weight less than 1.61 kDa 
(Choi et al. 2016). It is usually prepared from the chitin in shells of shrimp and other 
crustaceans which is the second most abundant polymer after cellulose on the earth 
by acid hydrolysis method, enzymatic approach or combination of them. 
Chitooligosaccharides has various functions such as anti-cancer (Chokradjaroen 
et al. 2018), boosts immunity (Chi et al. 2017), antidiabetic effect (Yu et al. 2017). 
It also has good biocompatibility (Richardson et al. 1999), biodegradability (Lee 
et al. 1995) and no-toxicity (Kim et al. 2001). Chitosan has been prepared as gel 
(Sacco et  al. 2018), quantum dot (Tashkhourian et  al. 2018) and nanoparticle 
(Heidarisasan et al. 2018). It has been widely used in detection (Rezaei et al. 2018), 
drug carrier (Moghadam et al. 2018), neural repair (Li et al. 2018) and wound heal-
ing (Oryan et al. 2018) and so on. Compared with chitosan, there are much less 
reports about application of chitooligosaccharides on biomaterials. This can con-
tribute to the low molecular weight of chitooligosaccharides which consequently 
cause it more difficult in biomaterials preparation. However, chitooligosaccharides 
has obviously better solubility, biocompatibility and biodegradability than chitosan 
because chitosan is insolube at physiological pH values (7.2–7.4) (Rahmouni et al. 
2018). Chitooligosaccharides then has better advantages over chitosan in preparing 
some biomaterials such as nanoparticle. Hence, the preparation of chitooligosac-
charides nanoparticle and nanofibers and their application on drug carriers, gene 
deliverer and so on will be reviewed in this chapter.

9.2  Chitooligosaccharides Nanoparticle

Nanoparticles are particles between 1 and 100 nanometres (nm) in size. Nanoparticles 
have various new properties because of surface effect (Xu et  al. 1996), volume 
effect (Choi et  al. 2013), quantum size effect (Andrievski and Glezer 2001) and 
macroscopic quantum tunnelling effect (Materials and Council 1999), which bring 
various functional changes and better design ability at molecular level. 
Chitooligosaccharides is a good candidate for nanoparticle preparation because of 
its free amine groups and cationic nature as well as its solubility, biocompatibility 
and biodegradability. Nanoparticles are also the main applications of chitooligosac-
charides as biomaterials. Chitooligosaccharides nanoparticles have been widely 
used in drug carriers, gene deliverers, bioimaging, and so on.

Cross-linking method, emulsion-droplet coalescence method, precipitation 
method and ionic gelation method are common methods for chitooligosaccharides 
nanoparticles preparation (Liu et al. 2007):
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 1. Cross-linking method. Chitooligosaccharides has amidogens and hydroxy 
groups on its carbohydrate chain. They can react with cross-linking agents and 
drug carriers appear. This method, namely cross-linking method, could be used 
in the coating of medicine that is not lipophilic and the nanoparticles usually 
have particle size greater than 600 nm. The particle size is oversize. More impor-
tantly, the most used cross-linking agent is glutaraldehyde, which has high toxic-
ity. The application of nanoparticles prepared by this method is thus limit.

 2. Emulsion-droplet coalescence method. Emulsion-droplet coalescence based 
on emulsion chemical-cross linking and precipitation (Tokumitsu et al. 1999). 
This method could be used in the coating of soluble medicine and the nanopar-
ticles usually has particle size from 200 to 400 nm. The disadvantages of it is the 
process complexity and uncontrollability of particle size.

 3. Precipitation method. This method could be used in the coating of various 
medicines. However, the particle size is usually over 0.9 μm which is oversize 
for carriers, and therefore there were only a few reports;

 4. Ionic gelation method. Ionic gelation method is the most used method for chi-
tooligosaccharides nanoparticles prepared. The reaction condition is mild and it 
usually used sodium tripolyphosphate as a polyanion crosslinker to induce gela-
tion of Chitooligosaccharides. Sodium tripolyphosphate is a common washing 
assistant. It can be used as a food additive. The United States Food and Drug 
Administration lists STPP as “generally recognized as safe.” The working con-
centration is safe for human during the preparation.

Most of the grafts crosslinked on the surface of hydrophobic chitooligosaccha-
rides nanoparticles are fatty acids (Table 9.1). Fatty acid is a carboxylic acid with a 
long aliphatic chain, which is either saturated or unsaturated. Most naturally occur-
ring fatty acids have an unbranched chain of an even number of carbon atoms, from 
4 to 28 (Mcnaught and Wilkinson 2006). Fatty acid used in hydrophobic chitooligo-
saccharides nanoparticles modification can improve the drug loading capacity and 
stability. Stearic acid is a saturated fatty acid with an 18-carbon chain. It is widely 
used in the preparation of hydrophobic surfaces (for chitooligosaccharides, it is also 
the most used graft (Table 9.1)) because of its nontoxicity, easily availability and 
hydrophobic properties (Sauthier et al. 2014). The chemical conjugate of the cou-
pling reaction of carboxyl group of stearic acid with amine group of chitooligosac-
charides use cross-linking agents such as 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (Schild and Tirrell 1991). Other fatty acids such as hyaluronic acid 
(Gwak et al. 2012b) and linoleic acid (Du et al. 2009) are similar with stearic acid 
in preparation.

9.2.1  Chitooligosaccharides Nanoparticle as Drug Carrier

Many anti-cancer drugs such as doxorubicin and paclitaxel have cytotoxicity in nor-
mal tissue, and pervasive cardiotoxic effects or poor water solubility (Barry et  al. 
2007; Huo et al. 2010). These limit the application of them in therapeutic treatment. 
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Table 9.1 Application of Chitooligosaccharides in drug carriers

Published 
time

Functional groups 
for modification

Molecular weight of 
chitooligosaccharides Drug Reference

2008 Stearic acid 15.0 kDa Doxorubicin Hu et al. 
(2008)

2009 Non No data Non Zhang et al. 
(2009)

2009 Linoleic acid 45 kDa Doxorubicin Du et al. 
(2009)

2009 Stearic acid 18 kDa Doxorubicin Hu et al. 
(2009b)

2009 Stearic acid No data Chlorine e6 Hu et al. 
(2009a)

2010 Non 5, 11 and 18 kDa ATP Du et al. 
(2010b)

2010 Non 8 kDa Paclitaxel Du et al. 
(2010a)

2010 Stearic acid and 
poly (lactic-co- 
glycolic acid)

5 kDa Hydroxycamptothecin Zhou et al. 
(2010)

2010 Pluronic No data Doxorubicin (Yang et al. 
(2010)

2011 Nanostructured 
lipid

No data Flurbiprofen Luo et al. 
(2011)

2012 Tpp-hyaluronic 
acid

No data DNA Gwak et al. 
(2012a)

2012 Non No data Erythropoietin Wang et al. 
(2012)

2012 Non No data Fluorouracil (Li et al. 
(2013)

2013 Pegylated and 
fatty acid

≤200 kDa Non (Hu et al. 
(2013)

2013 Cellulose 
nanocrystal

5 kDa Non Akhlaghi 
et al. (2013)

2013 Non 6.1, 11.5 and 13.7 kDa DNA Delgado 
et al. (2013)

2013 Non No data pCMS-EGFP Puras et al. 
(2013)

2016 Non 8.6 kDa Camptothecin Tahvilian 
et al. (2016)

2016 Nanostructured 
lipid

No data Curcumin Li et al. 
(2016a)

2017 Ursolic acid 6.5 kDa Nanostructured lipid Das et al. 
(2017)

2017 Non 2 kDa Ulva ohnoi Fernández- 
Díaz et al. 
(2017)

2017 Pluronic No data Non (Wang et al. 
(2017)

(continued)
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Drug carriers can control the release of drugs and therefore, can be used to improve 
electivity, effectiveness, or safety of anti-cancer drugs. They were better candidates 
compared with existed clinic treatment such as formulated with cremophor eL and 
ethanol. Chitosan is one of the most commonly studied polymers in drugs delivery 
because of its biocompatibility, biodegradability and no-toxicity (Mao et al. 2010). 
However, it still has disadvantage of insolubility at physiological pH values (7.2–7.4). 
Chitooligosaccharides can form nanoparticles by ionic gelation with polyphosphates 
(Calvo et al. 1997) and chitooligosaccharides nanoparticles can become a priority of 
deposition in tumour tissue because of ‘enhanced permeability and retention’(EPR) 
effect (Maeda 2001). Thus, chitooligosaccharides nanoparticles are better candidates 
for drugs delivery and they can replace chitosan nanoparticles in some cases although 
the total amount of studies is still low. Here, Table 9.1 summarize all the records of 
applications of chitooligosaccharides nanoparticles as drug carriers. Figure 9.1 per-
fectly showed TEM images of chitooligosaccharides nanoparticles loading with 
ATP.  To improve the performance of chitooligosaccharides nanoparticles, most of 
them were further modified with functional groups such as hydrophobic modification 
of chitooligosaccharides by esterification and etherification on hydroxyl groups.

Table 9.1 (continued)

Published 
time

Functional groups 
for modification

Molecular weight of 
chitooligosaccharides Drug Reference

2018 Non ≤10 kDa Astaxanthin Liu et al. 
(2018a)

2018 Fatty acyl 
derivatives of 
CGKRK homing 
peptides

4–5 kDa siRNA El-Sayed 
et al. (2018)

2018 Beta- 
lactoglobulin/
oleic acid

20 kDa DHA Ha et al. 
(2018)

2018 Silver 150 kDa Non Pham et al. 
(2018)

Fig. 9.1 TEM images of chitooligosaccharides nanoparticles loading with ATP before (a) and 
after (b) ATP release (Du et al. 2010b)
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9.2.2  Chitooligosaccharides Nanoparticle as Gene Deliverer

DNA and siRNA have been used in demonstrated tremendous therapeutic potential 
for the treatment of many genetic diseases (Saranya et al. 2011). However, nucleic 
acid was not stable in vivo (Wang et al. 2010) and the treatment has less effect. 
Chitooligosaccharides owns positive charges and this is helpful for its interaction 
with DNA and RNA. Therefore, it protects nucleic acid from nuclease degradation 
(Delgado et al. 2013) and ultrasonic treatment for in plant cell transformation (Wang 
et  al. 2009). More importantly, Chitooligosaccharides nanoparticle can cross the 
cell membrane to transmit nucleic acid (Borchard 2001) and has a good transfection 
efficiency (Chae et al. 2005). All these make Chitooligosaccharides nanoparticles 
good candidates for gene delivery. Now, Chitooligosaccharides nanoparticles for 
gene delivery have been applied in animals (Chae et al. 2005) and plant cells (Wang 
et al. 2009). In future, with the development of related technologies, there should be 
more applications of chitooligosaccharides nanoparticle in gene delivery.

9.2.3  Nutritional Ingredient Coated by Chitooligosaccharides 
Nanoparticle in Food

Many food nutrient additives are not stable in food because of their unsaturation or 
antioxidant and this result in loss of nutritional value and product quality. In Sects. 
9.2.1 and 9.2.2, we have introduced that chitooligosaccharides nanoparticles can 
protect unstable drug or DNA from degradation. The protective effect is also useful 
in these cases. Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is a pri-
mary structural component of the human brain, cerebral cortex, skin, and retina 
(Guesnet and Alessandri 2011). It is important for infants’ brain development as 
well as reducing the risk of cardiac and immune dysfunction (Ismail et al. 2016). 
However, it is not stable in oxygen and light during food processing and storage. 
Ho-Kyung Ha et  al. (Ha et  al. 2018) tried to design β-lactoglobulin/oleic acid- 
modified Chitooligosaccharides nanoparticles as an aqueous-based delivery system 
and coating DHA with it. The result showed that the oxidative stability of DHA 
increased during 16 days of storage in skim milk. Astaxanthin (Ax) is a type of 
carotenoid in marine animals (Jia et al. 2017) with various functions such as anti-
cancer, antiobesity, and antidiabetic activities (Chuyen and Eun 2015). However, it 
has a low solubility and bioavailability in aqueous as well as degrading in harsh 
environmental conditions (Khalid et al. 2017), which is similar with antitumor drug 
described above. Liu et  al. (2018a) used β-lactoglobulin-based nanocomplexes 
composed of chitooligosaccharidess to coat Astaxanthin. The coated microorgan-
ism’s stability and slow release ability was improved. Other food ingredients such 
as goat milk protein (Ha et al. 2017) and plant extract (Fernandez-Diaz et al. 2017) 
was also tested.
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9.3  Chitooligosaccharides Nanofibers

Nanofibers are fibers with the diameters of nanometers scale, and therefore nanofi-
bers has better mechanical properties compared with microfibers (Jiang et al. 2018). 
Nanofibers are widely useful in areas such as biomedical engineering, filtration, 
protective clothing (Reneker and Chun 1999). Chitooligosaccharides can be used in 
nanofiber preparation (Li et al. 2016b; Lu et al. 2016; Rabbani et al. 2016) and the 
main application of Chitooligosaccharides nanofiber is wound dressing. Skin is the 
largest organ and functions as a barrier between the environment and internal organs 
(Wu et al. 2015). The skin is also easily injured by attacks and skin damage is an 
extremely common disease (Delavary et al. 2011). Wound repair is a complex pro-
cess and serious problems such as severe infection should be in consideration 
(Kumar et al. 1999). Dressings made of traditional materials such as wool and poly-
amide, have been used for wound repair. However, they still have disadvantages 
such as limited moisture vapor permeability. A good wound dressing should has 
good biological compatibility and can be degraded in time. If it is helpful for wound 
repair, it will be better (Kumar et al. 2012). Chitooligosaccharides nanofibers thus 
become a satisfactory option because of its antimicrobial property and wound heal-
ing promotion. There are many methods for making nanofibers, including drawing, 
electrospinning, self-assembly, template synthesis, and thermal-induced phase sep-
aration. Preparing nanofibers by electrospinning have a long history. William Gilbert 
(1544–1603) firstly reported it (Nascimento et al. 2015; Tucker et al. 2012) and it is 
the most used method for nanofibers preparation. There have been over 200 kind of 
polymers used in nanofibers preparation by electrospinning. For preparation of chi-
tooligosaccharides nanofibers, electrospinning is the only methods used in existing 
studies. Electrospinning is a very simple and effective approach. Figure 9.2 gives 
description of electrospinning schematic with variations (This file is licensed under 
the Creative Commons Attribution-Share Alike 3.0 Unported, https://commons.
wikimedia.org/wiki/File:Electrospinning_Image_for_Wikipedia.tif). It is important 
that spinning aid is always necessary for chitooligosaccharides spinning.

9.4  Application of Chitooligosaccharides in Surface 
Modification

Chitooligosaccharides can be used to form a covalent bond with materials because 
of their amino/hydroxyl groups. Thus, it has been widely used in surface modifica-
tion of materials for improvement of performance or functionality. Iron oxide 
nanoparticles (NPs), Fe3O4 and gama-Fe3O4, is one of the most prominent features 
of magnetic nanoparticles (MNPs), has been widely used in biomedical applications 
such as in vivo magnetic resonance imagining, magnetic-mediated hyperthermia for 
cancer treatment and tissue-specific delivery of therapeutic agents (Duy Nguyen 
et al. 2014; Gregorio-Jauregui et al. 2012). However, they tend to aggregate because 
of magnetic attraction. After surface modification by chitooligosaccharides, 
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chemical stability and biocompatibility of MNPs can increase (Safari and Javadian 
2014). Fe3O4 nanoparticles coated by chitooligosaccharides may serve as a promis-
ing platform for the development of new magnetic materials, which could be useful 
for biomedical applications. Considering the low molecular weight that limited the 
application in materials, surface modification might be a very good application 
mode for chitooligosaccharides. Thao et  al. (2017) prepared Fe3O4 nanoparticles 
coating with COS (MW = 3705–4071 Da) (Fig. 9.3). These nanoparticles still have 
superparamagnetic properties. Thus, it can be a new potential magnetic material 
with high dispersibility for biomedical applications.

9.5  Chitooligosaccharides as Additive in Biomaterial 
Preparation

Chitooligosaccharides has many interesting functions such as wound healing 
(Sandri et al. 2017), neural repair (Yang et al. 2007) and bone healing (Wang et al. 
2014). Therefore, it can be used as additive in biomaterials biological tissue grafts 
to improve the therapeutic effect aside from preparing as material itself. Shinn-Jyh 
Ding et al. (2010) added chitooligosaccharides in calcium silicate cement to improve 
the handling and enhance osteogenic and immune properties. It slightly prolonged 
the setting time of CSC and helped in improve cell viability as well as less immune 

Fig. 9.2 Electrospinning schematic with variations for different processing outcomes. (This file is 
licensed under the Creative Commons Attribution-Share Alike 3.0 Unported, https://commons.
wikimedia.org/wiki/File:Electrospinning_Image_for_Wikipedia.tif)
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response. Liu et al. (2018b) developed an new antibacterial material by synthesizing 
chitooligosaccharides-N-chlorokojic acid mannich base and it showed good bio-
compatibility, noncytotoxic and low hemolysis. As described in other chapter, 
Chitooligosaccharides has various physiological activities. Thus, it can be applied 
as additive in biomaterials preparation.

9.6  Conclusion

Unlike chitosan, the applications of chitooligosaccharides on biomaterials are rare. 
The most important reason is that chitooligosaccharides has a low molecular weight. 
However, chitooligosaccharides still has unique advantages in material preparation 
such as its better solubility and biocompatibility. Chitooligosaccharides can be used to 
prepare nanoparticle and further applied in drug and gene delivery as well as protector 
of nutritional ingredient. It also used in nanofiber preparation for wound healing. In 
addition, there are also some reports concerning application of chitooligosaccharides 
as coating materials and additive in biomaterials. Future application of chitooligosac-
charides should combine with various functions of chitooligosaccharides.

Fig. 9.3 TEM images and particle size histograms of Fe3O4 (a, b) and Fe3O4 coating with chitooli-
gosaccharides (c, d) (Thao Nguyen Le et al. 2017)

9 The Application of Chitooligosaccharides on Biomaterials
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10The Application of Chito/Chitin 
Oligosaccharides as Plant Vaccines

Xiaoming Zhao, Mengyu Wang, Wenxia Wang, Qishun Liu, 
Jianguo Li, and Heng Yin

Abstract
Chito/chitin oligosaccharides has positive effects on triggering the resistance 
mechanism of plants. In 1980, it was first reported that chito/chitin oligosaccha-
ride could induce plant immunity. Since then, chito/chitin oligosaccharide has 
been considered as a potent elicitor of plant immunity that is used in many crops, 
such as rice, wheat, cucumber, pepper, oilseed rape, tomato, bean, tobacco, 
flower crops, fruit crops and so on. This part summarized the study about the 
effect of the chito/chitin oligosaccharide application in lab/field experiments, In 
the studies, researchers found that chito/chitin oligosaccharide stimulates a vari-
ety of plant responses, which are mainly about the effects of chito/chitin oligo-
saccharide on inducing plant disease resistance, promoting plant growth and 
preventing plant from abiotic stress, such as cold stress. These effects demon-
strate the ability of chito/chitin oligosaccharide to control plant fungi and virus 
diseases, enhance plant growth and yield, as well as prolong the shelf life of 
flowers and fruits. Meanwhile, the applications of chito/chitin oligosaccharide 
derivatives chemical constitution and the effect of used as plant disease vaccine 
are also reviewed, and the complexity mechanism of chito/chitin oligosaccharide 
activated plant immunity is discussed.

Plant induced disease resistance and the mechanism has been studied for a 
long time, but its application in agricultural production has not fully developed. 
Considering the excellent physical properties – high solubility, nontoxicity, bio-
compatibility and the cost advantage – rich in production, low cost, the excellent 
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effects on plants, chito/chitin oligosaccharide showed huge economic benefits 
and will have a good application prospect.

Keywords
Plant resistance · Plant immune elicitor · Plant diseases · Plant vaccines · Growth 
regulation

10.1  Introduction

The study of chitin oligosaccharides began in the 1960s. Ayers et al. (1976) found that 
phytoalexins can be induced by low molecular weight chitin oligosaccharides of the 
fungal cell wall. Albersheim et al. (Albersheim and Darvill 1985) proposed chitin oli-
gosaccharides not only regulate the growth, development and reproduction of plants, 
but also stimulate the immune system of plants. Since then, the physiological and bio-
chemical reactions of chitosan have been studied and it act as a stimulator of plant 
defense against injury (Doares et al. 1995) and pathogen infections (Yu et al. 2012).

Yin et al. (2010) reported that chitooligosaccharides (COS) is one of the plant 
vaccines, which effectively control crop diseases at 50 PPM. In recent years, studies 
have found that COS can not only induce plant disease resistance, but also stimulate 
plant resistance to abiotic stress, including drought and cold environment. These 
results indicate that there will be a bright prospect of the application and research of 
COS, and it is a multifunctional plant immune elicitor that has excellent positive 
effects on agricultural production.

10.2  The Application of Chito/Chitin Oligosaccharides 
to Protect and Control Diseases on Crop

10.2.1  Control of Crop Fungi Diseases by Chito/Chitin 
Oligosaccharides Elicitors

10.2.1.1  Control of Fungi Diseases in Rice
Rice blast and rice sheath blight pose a huge threat to rice production, causing bil-
lions of kilograms yield losing per year. Ning et al. (2004) sprayed 5 μg/mL COS to 
rice H7R (resistance, positive control) and H7S (susceptibility), respectively. After 
inoculation with rice blast (Magnaporthe grisea 01-19B small species) spores for 
8 h, it was showed that COS obviously increased the rice resistance to rice blast by 
50% and promoted lesions reduction and decreased infection rate. Meanwhile, COS 
induced the hypersensitive responses (HR) together with H2O2 production in rice.

Bai et  al. (2010) shows the effect of COS on rice sheath blight. The results 
showed that there was no obvious inhibitory effect on the mycelium and sclerotia of 
Rhizoctonia solani. However, after spraying COS on adult rice leaves, the incidence 
of rice disease index was significantly lower than that of the control. Strongest 
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resistance effect was 65.56% from 50 μg/mL COS treatment, meanwhile, the activi-
ties of enzymes such as rice plant peroxidase (POD), polyphenol oxidase (PPO) and 
β-1, 3-glucanase were increased significantly.

10.2.1.2  Control of Fungi Diseases in Wheat
According to the results of field experiments, Zhang et al. (2008) reported that COS 
has a good protection and control effect on wheat sheath blight, rising from 88.40% 
to 90.60%.

Liu et  al. (2001) showed that the COS pretreating wheat seeds can eliminate 
wheat yellowing seedlings and embryonic cells of deoxynivalenol (DON) induced 
by Fusarium graminearum, indicating that COS can increase the resistance of 
plants to pathogenic toxins. .

10.2.1.3  Control of Fungi Diseases in Cucumber
Ben-Shalom et al. (2003) used chitosan and chitin oligomers, respectively, to con-
trol the cucumber diseases. As shown in Fig. 10.1, after inoculation of chitosan for 
24 h, the disease index of chitosan was 0.45, the protective effect was 87.14%, and 
the control disease index was 3.5, which was not significantly different from chitin 
oligomer.

The inhibitory effect of chitosan on spore germination and germ tube length of 
Botrytis cinerea was studied. The results indicate that chitin has no effect on the 
fungus. However, the inhibition rate of chitosan at low concentrations (20~30 μg/
mL) was as high as 50%, while the inhibition rate of chitosan (50 μg/mL) signifi-
cantly controlled the growth of Botrytis cinerea. After 24  h, the spore length of 
chitosan treatment at 10  μg/mL was 2  μm, while the average length of water- 
pretreated spores was 15 μm.

The inhibitory effect of COS on powdery mildew of cucumber (Sphaerotheca 
fuliginea) was studied with transmission electron microscopy (Ma et  al. 2004). 
Ultrastructural observations showed that mycelial growth was significantly inhib-
ited after COS pretreating. It was found that pretreating COS before 5–7 days on the 
cucumber seedlings leaves reduced lesions, delayed sporulation and prolonged 
latency for 10 days, indicating that COS has the ability to induce systemic acquired 
resistance of cucumber seedlings to powdery mildew (Ma et al. 2005).

Fig. 10.1 The effect of chitosan and chitin oligomers on B. cinerea
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10.2.1.4  Control of Fungi Diseases in Pepper
Xiao et al. (2009) reported that COS can induce the resistance of pepper to powdery 
mildew at a concentration of 25–125 μg/mL, and the best effect is 80% after 1 day 
of pretreatment at 50 μg/mL. At the same time, they found that COS induced sys-
temic acquired resistance of pepper to powdery mildew. After pretreating COS, the 
activities of polyphenol oxidase (PPO), peroxidase (POD) and phenylalanine 
ammonia lyase (PAL) significantly increased compared with control. The results 
showed that the enzyme activity was increased with the systemic acquired resis-
tance after COS pretreatment.

Xu et  al. (2006) found that spraying COS in the field had a great effect on 
Phytophthora capsici, and its detraction effect was as high as 73.2% at 40  μg/
mL. The growth rate method showed that COS inhibits mycelial growth at an EC50 
of 100 μg/mL.

10.2.1.5  Control of Fungi Diseases in Oilseed Rape  
(Brassica napus H)

It was found that the action of COS had time-dependent inhibitory effects on 
Sclerotinia sclerotiorum (Yin et al. 2008). Pretreating of 50 μg/mL COS for 3 days 
before the inoculation of the fungus in oilseed rape resulted in an optimal control 
effect of up to 72.1%. BnPDF 1.2, one of the most important resistance genes can 
be up-regulated, which was detected by semi-quantitative RT-PCR. And one of the 
most important enzyme lipoxygenases (LOX) in the jasmonic acid pathway showed 
a significant increasing. All of the above indicated that COS may induce rapeseed 
against Sclerotinia sclerotiorum via a JA/ET-mediated pathway.

10.2.1.6  Control of Fungi Diseases in Tomato
In 2001, scientists at the Shanxi Institute of Plant Protection demonstrated that COS 
played a vital role in tomato early blight. The control effects of COS on fungus were 
67.25% at 20 μg/mL, 71.29% at 25 μg/mL, and 79.40% at 40 μg/mL, respectively; 
The effects of COS from the second treatment (7 days after the first treatment), were 
67.99% at 20 μg/mL, 77.50% at 25 μg/mL, and 80.15% at 40 μg/mL, compared to 
70.63% of the control; 7 days after the second treatment, the effects of COS were 
70.82% at 20 μg/mL, 77.37% at 25 μg/mL, 84.47% at 40 μg/mL, and 73.27% in the 
control group (unpublished).

10.2.1.7  Control of Fungi Diseases in Watermelon
Xu et  al. (2003) showed that COS had a great effect on watermelon seedlings 
disease- resistant and promoting the watermelon seedlings growth. The control 
effects of COS on Fusarium oxysporum were 63.98% in laboratory and 71.82% in 
the field testing. In addition, plant height, root length and fresh weight from COS 
treatment increased significantly compare to control.
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10.2.2  Control of Crop Virus Diseases by Chito/Chitin 
Oligosaccharides Elicitors

10.2.2.1  Control of Virus Diseases in Bean
COS-induced plant resistance is not only resistant to plant fungal diseases, but also 
significantly resistant to plant viral diseases. Pospieszny et  al. (Pospieszny and 
Atabekov 1989) first reported chitosan can inhibit infection of alfalfa mosaic virus 
(AMV) on bean. And then different plant mosaic virus, such as tobacco necrosis 
virus (TNV), tobacco mosaic virus (TMV), peanut stunt virus (PSV), cucumber 
mosaic virus (CMV) and potato X virus were reported (Table 10.1) (Pospieszny 
et al. 1991). It is worth noting that treatment of bean leaves with chitosan reduced 
the amount of local necrosis caused by AMV and TMV infection. The inhibition of 
TMV infection depends on the chitosan concentration, which is a negative collec-
tion. Furthermore, TMV proliferation was completely inhibited after inoculation of 
0.01% chitosan by tobacco for 6–8 h prior to protoplast treatment by ELISA.  It 
showed chitosan not only inhibits viral infection, but also inhibits virus proliferation 
in cells. These findings indicate that chitosan inhibits viral virus infection in plants, 
and chitosan concentrations are associated with chitosan treatment effects.

10.2.2.2  Control of Virus Diseases in Tobacco
Shang et al. (2005) reported COS induced tobacco resistance to TMV. 50 μg/mL 
COS inhibited TMV infection to 84.73% before TMV inoculation in 24 h. COS 
pretreatment reduced starch staining in semi-smoke leaves by KI-I staining. In addi-
tion, the chlorophyll content from treatment with 50 μg/mL COS was 8.67 μg/g, 
which was higher than that of TMV treatment and virus A treatment.

Table 10.1 Induced resistance of chitosan to different viruses in plants

Plant Virus Effects Inhibition
Phaseolus vulgaris AMV-L Decrease the number of necroses + + + +
Phaseolus vulgaris TNV + + + +
Chenopodium quinoa TNV + +
Chenopodium quinoa CMV + + +
Nicotiana tabacum Var.
Samsun

TMV + + +

Nicotiana tabacum TMV + +
Xanthi nc
Nicotiana glutinosa TMV + +
Nicotiana paniculata PSV + +
Phaseolus vulgaris ALMV-S + + + +
Phaseolus vulgaris PSV Decrease the number of infected plants + + + +
Pisum sativum ALMV + + +
Pisum sativum PSV + + +
Lycopersicum esculentum PVX + + +

All plants were inoculated after 0.1% chitosan treated for 1 day
Plants systemically infected were examined by ELISA after inoculated 10–12d
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Shang et al. (2006b) reported COS inhibit TMV proliferation in tobacco. The 
results showed that 50 μg/mL COS pretreatment induced tobacco system resistance. 
The viral disease was delayed by 4–7 days and the average severity was reduced to 
82.9%, and the TMV content of tobacco plants after COS treatment was reduced. 
The OD of COS group was 0.400 after 10 days of inoculation, which was 23% of 
the water treatment group, meanwhile, the OD of the new leaves in COS group was 
0.190, which was 38.7% of the water treatment group. All these results indicate that 
COS inhibits TMV proliferation in tobacco. The induction effect of COS to long- 
distance movement of TMV in tobacco was reported by Shang et al. (2006a). The 
results show that the long-distance downward movement and upward movement of 
the TMV are delayed or suppressed.

Shang et al. (2007) reported COS induction decreased TMV-CP gene expression 
significantly in tobacco. It was reported by Shang et al. (2008) that COS can inacti-
vate TMV particles in  vitro, indicating that TMV pathogenicity is reduced by 
COS. Using JEM-1230 transmission electron microscopy, it was found that 300 μg/
mL COS treatment directly broke 80% TMV particles into 50–150  nm micro- 
fragments. Shang et  al. (2010) found that the activity of tobacco defense-related 
enzymes superoxide dismutase (SOD), POD, PAL and pathogenesis-related protein 
1a(PR-1a) induced by 50 μg/mL COS. Zhao et  al. (2004) showed that COS has 
effective antiviral activity on tobacco virus disease and the control effect is 77.9%.

10.2.2.3  Control of Virus Diseases in Tomato and Pepper
Liaoning Institute of Pesticide Testing found that tomato virus disease can be inhib-
ited by COS treatment at 40 μg/mL, 50 μg/mL and 60 μg/mL, and the control effects 
were 51.6%, 64.7% and 68.2%, respectively (unpublished). Zhao et  al. (2004) 
report the control effect of COS on tomato virus disease. The control effects of 
40 μg/mL, 50 μg/mL and 60 μg/mL COS were 74.45%, 70.8%, 63.05%, and the 
growth rate was 16.7%, 15.0% and 10%, respectively.

In 2001, Hainan Institute of Plant Protection showed that COS can inhibit capsi-
cum virus disease, and the effect of 50 μg/mL COS treatment was 88.69%. Zhao 
et al. (2004) reported the control effects of 40 μg/mL, 50 μg/mL and 60 μg/mL COS 
were 56.9%, 69.8%, 77.0%, and the growth rate were 3.9%, 10.1% and 18.2%, 
respectively.

10.2.3  Control of Crop Bacterial Diseases by Chito/Chitin 
Oligosaccharides Elicitors

Some experiments on the inhibition of bacterial growth by chitosan have been com-
pleted, which was reported by Rabea et al. (2003) (Table 10.2). It should be noted 
that the inhibition of chito/chitin oligosaccharide depending on the type of bacteria. 
For example, chitosan significantly inhibits Corinebacterium michiganence at a 
concentration of 10 ppm lower, while the effective concentration for inhibiting the 
growth of Bacillus cereus is 1000 ppm lower.
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In 2001, the Institute of Vegetables and Flowers of the Chinese Academy of 
Agricultural Sciences showed that Chinese cabbage soft rot was inhibited by field 
COS. The control effect was 66.90% at 60 μg/mL, 62.26% at 50 μg/mL and 47.60% 
at 40 μg/mL COS.  Liaoning Institute of Pesticide Inspection reported that after 
60 μg/mL COS treating, the control effect from Chinese cabbage soft rot was 78.62, 
and the growth rate was 16.67% in 2001.

10.2.4  Mechanisms of Chito/Chitin Oligosaccharides Induced 
Plant Immunity

The mechanism of COS activated plant immunity is mainly divided into three parts: 
COS signal recognition, signal transduction and defense response.

The phenomenon of COS binding to plant cell wall and membrane has been 
observed, but the binding protein has still not identified. Recently, Liu et al. further 
confirmed the combining of COS to wheat plasma membrane through quartz crystal 
microbalance, and identified three COS binding proteins from the plasma mem-
brane by affinity chromatography, including one cell wall receptor kinase protein 
and two G-type lectin serine/threonine protein kinases (Liu et  al. 2018). These 
results put forward the COS recognition study, contributing a better understanding 
of the plant immune mechanism of COS.

After plant sensing COS signal, the early signaling molecules, such as reactive 
oxygen species (ROS), nitric oxide (NO) and calcium ion will be triggered burst. 
These molecules accumulation are very important for defense signal transduction 
(Yin et al. 2010). Srivastava et al. reported that nitric oxide production occurs in 
10mins after chitosan treatment, while ROS increased already by 5  min. They 
proved that nitric oxide production occurs downstream of reactive oxygen species 
in guard cells during stomatal closure induced by chitosan (Srivastava et al. 2009). 
Lu et al. found that COS could increase free calcium ions and regulated the expres-
sion of calreticulin, which is necessary for inhibition effect of COS on TMV (Hang 

Table 10.2 The minimum 
inhibiting concentrations 
(MIC) of chitosan

Bacteria MIC(ppm)
Agrobacterium tumefaciens 100
Bacillus cereus 1000
Corinebacterium 
michiganence

10

Erwinia sp. 500
Erwinia carotovora subsp. 200
Escherichia coli 20
Klebsiella pneumoniae 700
Micrococcus luteus 20
Pseudomonas fluorescens 500
Staphylococcus aureus 20
Xanthomonas campestris 500

10 The Application of Chito/Chitin Oligosaccharides as Plant Vaccines



296

et al.; Bai et al. 2010). These early signaling molecules, ROS in especially, is the 
important marker used for analysis COS signal pathway. Prodhan et al. observed 
that in the SA-deficient nahG mutant, chitosan treatment did not induce either reac-
tive oxygen species or stomatal closure, implying that SA is a crucial element in 
chitosan induced stomatal closure (Prodhan et al. 2017).

Initial signal will be further amplified by hormone signal. COS activated hor-
mone signal transduction typically involve multiple pathways, which are usually 
parallel and crossover. Salicylic acid (SA) and jasmonic acid/ethylene (JA/ET) 
mediated signaling pathways play important roles in plant immunity regulation. 
When plants are induced against viral diseases such as tobacco mosaic virus (TMV) 
or rice black streaked dwarf virus (SRBSDV), COS pretreatment could induce the 
SA pathway of the challenged plants to resist the pathogen (Jia et al. 2016; Yang 
et al. 2017). The latest study found that when plants are invaded by hemibiotrophic 
bacteria such as Pseudomonas syringae (Pst DC3000), COS simultaneously up- 
regulate the SA and JA pathways to stimulate plant against disease invasion (Jia 
et al. 2018). Similarly, COS triggered innate immunity of oilseed rape resistance 
against Sclerotinia Sclerotiorum though JA pathway (Yin et al. 2013). In summary, 
COS induced different signal pathways to achieve disease resistance against differ-
ent types of plant pathogen, indicating the complexity of its mechanism of action, 
and its role as a broad-spectrum plant immune regulator in a variety of crops.

The final activated defense response of plant reflected in reinforcement of cell 
wall, expression of pathogen related protein and accumulation of antimicrobial sec-
ondary metabolites. All these response will help plant to counter the pathogen. Zhao 
et al. applied chitosan in the citrus fruit, the treatment can promote PAL pathway to 
accumulate lignin and maintain cell wall structure integrity by reducing cell wall 
degradation related enzymes activities (Zhao et al. 2018). Lucini et al. explored the 
mechanisms of chitosan in grape. They found that chitosan increased the level of 
phenylpropanoid and triterpenoids phytoalexins (Luigi et al. 2018). Badiali et al. 
reported that COS is effective in enhancing xanthone biosynthesis of Hypericum 
perforatum root cultures, which is positive related to the antifungal activity (Badiali 
et al. 2018).

10.3  The Application of Chito/Chitin Oligosaccharides 
to Regulate Growth on Crop

10.3.1  The Application of Chito/Chitin Oligosaccharides 
in Vegetable Crops Growth Regulation

Chitosan has been widely used in vegetable production, and chitosan reactions have 
been studied in many plant species (Table 10.3). Adding 1.0% (w/v) high molecular 
weight (600–900 kDa) chitosan to the soil can increase the plant height, canopy 
diameter and leaf area of the pepper (Chookhongkha et al. 2012). Foliar application 
of chitosan at an optimum concentration of 75 mg/L on Indian spinach (Basella 
alba L.) resulted in increasing of plant height, leaf number, shoot number, leaf area 
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Table 10.3 Agronomic responses of vegetable crops to chitosan application

Crop
Chitosan type and 
concentration

Method of 
application Effects

Artichoke Chitosan A (MW = 400 kDa) 
and Chitosan B 
(MW = 149 kDa) from Primex 
(Reykjavik, Iceland) at 3% or 
4% (w/v) in 1% or 5% (v/v) 
acetic acid at 1% (v/v)

Seed coating 
after harvest

4% (w/v) chitosan B was 
better for coating
Enhanced seed 
germination and quality
Increased plant growth

Bell pepper Chitosan at 0.5% or 1.0% (w/v) 
Crab-shell chitosan (10 mg/mL) 
in 0.04 N HCl

Fruit coating in 
post-harvest 
application on 
stem scar of fruit 
after harvest

Addition of lemon grass 
oil enhanced the 
antimicrobial activity
Chitosan alone was 
more effective at 
extending the fruit shelf 
life
Protection against 
Botrytis cinerea

Broccoli Medium MW chitosan (98% 
DD) at 2% (w/v) in 1% (v/v) 
acetic acid and a glycerol/
chitosan weight ratio of 0.28

Floret coating in 
post-harvest

Inhibited bacterial 
growth
Inhibited the yellowing 
and opening florets

Celery Chitosan at 3 mg/mL Root dipping 
before 
transplanting

Reduced severity of 
Fusarium yellows

Chili High MW (600–900 kDa) 
chitosan at 1.0% (w/v)

Soil supplement 
before 
transplanting

Increased height, canopy 
diameter, leaf number, 
leaf width and length

Cucumber Chitosan (85% DD; Foliar spray prior 
to inoculation

Controlled grey mold (B.
cinerea)MW = 1000,000 kDa) at 0.1% 

(w/v) Increased POD activity
Habanero 
pepper

Chitosan at 100 and 500 mg/L Spraying on 
3-month-old 
plant

Reduced Phytophthora 
capsici growth in vitro
Prevented spread of the 
oomycetes

Indian 
spinach

Chitosan at 75 mg/L Plant spraying 
during growing 
period

Increased height and leaf 
number, branch number, 
leaf area, leaf and stem 
fresh weight

Lemon balm Chitosan [2.26% (w/v) of 
polymeric chitosan] at 0.025% 
(w/v)

Chitosan [2.26% 
(w/v) of 
polymeric 
chitosan] at 
0.025% (w/v)

Controlled infection of 
pathogenic fungi; 
Alternaria alternata, 
Fusarium avenaceum, 
Fusarium culmorum, 
Epicoccum 
purpurascens, S. 
sclerotiorum

(continued)
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and fresh and dry weight. However, the application of chitosan in excess of 75 mg/L 
leads to a decrease in plant growth (Mondal et al. 2012). In contrast, optimal okra 
(Hibiscus esculentus L.) growth enhancement requires a higher chitosan concentra-
tion. Foliar application of 100–125 mg/L chitosan increased okra fruit yield, as well 
as plant height, leaf number, relative growth rate, photosynthetic rate and nitrate 
reductase (NR) activity (Mondal et al. 2012). Chitosan oligosaccharide increased 
the polyphenol content in the Greek oregano (Origanum vulgare L. ssp. hirtum) and 
stimulated plant growth at certain chitosan concentrations (200 and 500 mg/L). The 
content of phenolic compounds in several Basil plants was also increased by 

Table 10.3 (continued)

Crop
Chitosan type and 
concentration

Method of 
application Effects

Lotus root Chitosan at 1.2% (w/v) in 1% 
(v/v) acetic acid, 2% (v/v) 
ascorbic acid and 1% (v/v) 
citric acid

Root slice 
dipping with a 
modified 
atmosphere 
application

Prevented browning on 
the surface of lotus root 
slices

Mentha 
piperita

Chitosan (200 mg/L) in 0.1 M 
acetic acid

Adding to cell 
culture

Enhanced production of 
secondary metabolites 
(mentol)

Ocimum 
basilicum L.

Chitosan (200 mg/L) in 5% 
(v/v) 1 N HCl

Adding to cell 
culture

Enhanced accumulated 
cell biomass

Ocimum 
gratissimum 
L.

Chitosan (50 mg/L) in 5% (v/v) 
1 N HCl

Adding to cell 
culture

Enhanced accumulated 
cell biomass

Ocimum 
sanctum L.

Adding to cell 
culture

Enhanced accumulated 
cell biomass

Okra Chitosan (100 or 125 mg/L) Foliar 
application at 25, 
40 and 55 d after 
sowing

Increased plant height, 
leaf number/plant, and 
relative and absolute 
growth rate and yield
Increased NR activity
Increased net 
photosynthesis rate

Oregano COS (50, 200 and 500 mg/L) Plant spraying 
2 weeks before 
anticipated 
flowering time

Increased plant height 
and growth
Up-regulated 
polyphenol contents

Sweet basil Chitosan (30 cP) at 0.1% (w/v) Seed soaking 
and root dipping 
before 
transplanting

Increased phenolic and 
terpenic compounds, 
especially rosmarinic 
acid and eugenol
Increased antioxidant 
activity
Enhanced growth

DD deacetylation, MW molecular weight, NO nitric oxide, NR nitrate reductase, PA phosphatidic 
acid, PLC/DGK phospholipase C (PLC) and diacylglycerol kinase (DGK), PLD phospholipase D, 
POD peroxidase, PPO polyphenol oxidase, PVX potato virus X
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chitosan seed soaking and immersion. 1% (w/v) chitosan resulted in increased 
growth and secondary metabolite content, and rosmarinic acid and eugenol levels 
increased by 2.5% and 2%, respectively. (Hyun-Jin et al. 2005). The addition of an 
appropriate chitosan concentration to the cell cultures of O. basilicum L., Ocimum 
tenuiflorum L. and Ocimum gratissimum L. increased the cell biomass (Mathew 
2012). The antibacterial activity of chitosan can inhibit various vegetable pathogens 
including Sclerotinia, Pythium, Botrytis cinerea, Phytophthora capsici, Alternaria, 
Cladosporium, Epicoccum purpurascens and Fusarium avenaceum. In addition, 
chitosan coating reduced plant weight loss (Ali et al. 2015). Using chitosan as a 
coating on broccoli (Brassica oleracea L. var. Italica) reduced the number of meso-
philic and psychrophilic bacteria and extended the florescence of broccoli (Moreira 
et al. 2011). More results of chitosan applied on vegetables crops are summarized in 
Table 10.3 (Pichyangkura and Chadchawan 2015).

Zhang et al. (2002) proved that chitosan can promote the growth of cucumber in 
agriculture to a large extent. The results showed that plants treated with COS were 
disease-resistant than untreated plants. Guo et al. used different concentrations of 
COS to tobacco seedlings. The results showed that 0.01 mg/L COS promoted the 
growth of tobacco seedlings, increased seedling height, chlorophyll content, net 
photosynthetic rate (Pn), stomatal conductance (Gs), and concentration of intercel-
lular CO2 concentration (Ci), transpiration rate (Tr) in tobacco seedlings, while sto-
matal limitation (Ls) decreased (Table 10.4) (Guo et al. 2009).

10.3.2  The Application of Chito/Chitin Oligosaccharides in Flower 
Crops Growth Regulation

The seed germination percentage and the growth enhancement were found in 
Dendrobium treated with chitosan (Kananont et  al. 2010; Nge et  al. 2006; 
Pornpienpakdee et al. 2010). Spraying Dendrobium ‘Eiskul’ once a week with chi-
tosan causes early flowering and more total inflorescences compared to untreated 
plants (Limpanavech et al. 2008). The application of 1.0% (w/v) chitosan to the soil 
led plants early flowering, such as Wishbone flower (Torenia fournieri Linden ex E, 
Fourn.), Persian Violet (Exacum affine Balf.), Elatior begonia (Begonia hiemalis 

Table 10.4 Effects of times and concentrations of Chitooligosaccharide on the growth of tabaco

Chitosan 
concentration 
mg·L−1

Stem length cm Stem diameter cm
Areas of function 
leaves cm2

Length of root 
cm

Treat 
once

Treat 
twice

Treat 
once

Treat 
twice Treat once

Treat 
twice

Treat 
once

Treat 
twice

Ck 10.6b 10.2b 0.338a 0.341a 36.12a 38.75a 12.6a 11.9a
0.001 10.9b 11.1b 0.329a 0.322a 38.19a 37.63a 12.1a 12.5a
0.01 15.3d 18.5e 0.341a 0.338a 47.51b 50.03b 14.6b 15.9b
1 13.2c 16.1d 0.3218a 0.326a 41.93a 47.77b 14.1b 15.3b
100 8.9a 8.3a 0.332a 0.334a 37.16a 35.28a 11.9a 11.5a

p < 0.05
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Fotsch.), Gloxinia [Sin-ningia speciosa (Lodd.) Hiern], garden lobelia (Lobelia eri-
nus L.)and Monkey-Flower (Ohta et al. 2004). Gladiolus communis L. corn treated 
with chitosan were increased the number of flowers. It also extends the florescence 
and increases the number of corollas (Gianfranco et al. 2009). Similarly, the appli-
cation of high MW chitosan resulted in an increasing in chlorophyll content, the 
premature flowering, the number of inflorescence branches. In addition, the number 
and weight of bulbs has also increased significantly (Salachna and Zawadzińska 
2014). Chitosan can also increase the secondary metabolite levels in many species. 
When the eustoma flower buds are placed in a chitosan solution, the anthocyanins 
accumulated in the petals (Uddin et al. 2001).The effect of chitosan on flowers and 
ornamental plants are summarized in Table 10.5 (Pichyangkura and Chadchawan 
2015).

10.3.3  The Application of Chito/Chitin Oligosaccharides in Fruit 
Crops Growth Regulation

The effects of chito/chitin oligosaccharide on fruit crops have been studied 
(Table  10.6). Foliar spraying of nanoparticle chitosan can enhance coffee plant 
growth (Sang et  al. 2013) and strawberries yield without affecting fruit quality 
(El-Miniawy et al. 2013). In dragon fruit, chitosan spraying reduced the frequency 
and severity of anthrax infection by 22% and 66%, respectively. This is consistent 
with increased lignin accumulation and β-1,3-glucanase and chitinase activities (Ali 
et al. 2014). In papaya, fruits soaked with 1.5–2.0% (w/v) chitosan reduced the 70% 
of the disease caused by infection with Colletotrichum gloeosporioides. Peroxidase 
(POD), chitinase, β- 1,3-glucanase activity and the level of total phenol compound 
were enhanced (Ali et al. 2012). Similarly, coating the chitosan on peaches induced 
resistance to brown rot fungi, which is associated with defense-related enzymes 
such as catalase (CAT), POD, β-1,3-glucanase and chitinase increased (Ma et al. 
2013). Treatment of pears with different MW chitosan resulted in different 
responses, COS of 6 kDa increasing chitinase and β-1,3-glucanase activity, while 
high MW chitosan (350  kDa) increased POD activity, respectively (Meng et  al. 
2010). These results implied there is a chitosan size-dependent response in various 
plant.

Coating chitosan inhibits browning in apples (Qi et al. 2011), litchi (Zhang and 
Quantick 1997), loquat(Ghasemnezhad et al. 2011) and rambutan (Gustavo et al. 
2009), fresh litchi fruits (Dong et al. 2004; Reuck et al. 2009), longan (Jiang and Li 
2001) and tomato (Badawy and Rabea, 2009), which extends the shelf life of the 
fruit. Chitosan also prevents weight loss in apricot (Ghasemnezhad et  al. 2010), 
pitaya fruit (Chutichudet and Chutichudet 2011), litchi (Dong et al. 2004; Lin et al. 
2011; Zhang et  al. 2002), loquat (Ghasemnezhad et  al. 2011), papaya (Ali et  al. 
2011), strawberry (Park et al. 2010; Pilar et al. 2008) and prickly pears (Ochoa- 
Velasco and Guerrero-Beltrán 2014). This is another measure that can extend the 
shelf life of the fruit. Some results were shown in Table 10.6 (Pichyangkura and 
Chadchawan 2015).
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Table 10.5 Agronomic responses of flower and ornamental crops to chitosan application

Crop
Chitosan type and 
concentration

Method of 
application Effects

Begonia hiemalis 
Fotsch

Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth induced earlier 
flowering

Chrysanthemum Chitosan at 0.01% to 
0.05% (w/v)

Twice spraying on 
symptomatic plants

Protected against 
Oidium chrysanthemi 
and Puccinia horiana

Dendrobium 
‘Eiskul’

P (polymeric 
chitosan)-70 (10 mg/L) 
or P-90 (20 mg/L)

Adding to medium 
adding to medium

Enhanced PLB 
multiplication
Enhanced plantlet 
regeneration from PLB

Plant dipping before 
exflasking

O (oligomeric 
chitosan)-80 or P-80 
chitosan at 10 mg/L

Enhanced growth after 
exflasking

P-70 chitosan at 
20 mg/L
O-80 at 50 mg/L Plant spraying once 

a week
Induced early flowering
Increased accumulative 
inflorescence number
Enlarged chloroplasts, 
affected ycf2 gene 
expression and 
increased number of 
silica bodies

Dendrobium 
bigibbum var. 
compactum

P-70, P-80, P-90, O-70 
and O-80 at 10 mg/L

Adding to medium Improved protocorm 
growth

Dendrobium 
formosum

P-70 at 10 or20 mg/L Adding to medium Improved protocorm 
growth

Dendrobium 
phalaenopsis

Chitosan (10 kDa) 
from fungal cell wall at 
20–25 mg/L

Adding to medium Enhanced growth 
in vitro

Freesia Medium- and 
high-MW chitosan 
(50 kDa and 970 kDa, 
respectively) (85% 
DD) at 0.5% (w/v)

Corm soaking for 
20 min before 
planting

Increased plant height, 
relative chlorophyll 
content
Increased corm weight 
and number
Induced early 
flowering
Increased number of 
inflorescence shoots

Garden lobelia Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth
Induced earlier 
flowering

(continued)
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Chitosan also decreased the respiration rates of fruits, such as apple (Qi et al. 
2011), Indian jujube (Zhong and Xia, 2007), litchi (Lin et al. 2011; Reuck et al. 
2009), longan (Jiang and Li 2001), mango (Zhu et al. 2010), papaya (Hewajulige 
et al. 2009), peach (Li and Yu 2001) and strawberry (Pilar et al. 2008). Meanwhile, 
chitosan induces accumulation of phenolic compounds in many fruits (Ali et  al. 
2012; Badawy and Rabea 2009; Ghasemnezhad et al. 2011; Ghasemnezhad et al. 

Table 10.5 (continued)

Crop
Chitosan type and 
concentration

Method of 
application Effects

Gladiolus Commercial chitosan 
(biorend) at 1.5% (w/v) 
together with hot water 
treatment

Corm dipping 
before planting

Accelerated corm 
emergence
Increased number of 
flowers
Extended vase life
Increased number of 
cormlets

Gloxinia Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth.
Induced earlier 
flowering

Lisianthus Chitosan flake at 1% 
(w/v)

Adding to soil at 
sowing time

Enhanced growth
Shortened flowering 
time
Increased number and 
weight of flowers

Chitosan (0.25 M) Putting floral bud 
into chitosan 
solution 
supplemented with 
sugar

Accumulated 
anthocyanin in petals 
in vitro

Monkey flower Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth
Induced earlier 
flowering

Persian violet Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth
Induced earlier 
flowering

Rose Chitosan at 0.01–
0.02% (w/v)

Plant spraying twice 
weekly after rose 
powdery mildew 
symptoms

Protected against 
Sphaerotheca pannosa 
var. rosae, Peronospora 
sparsa and Diplocarpon 
rosae

Wishbone flower Chitosan at 1% (w/v) Seedling 
pretreatment and 
soil application

Promoted seedling 
growth
Induced earlier 
flowering

DD deacetylation, MW molecular weight, PLB protocorm-like body
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Table 10.6 Agronomic responses of fruit crops to chitosan application

Crop
Chitosan type and 
concentration

Method of 
application Effects

Apples Shrimp chitosan (97% DD) at 
1% (w/v) in 2% (w/v) ascorbic 
acid and 0.5% (w/v) CaCl2

Slice coating Decreased respiration rate
Retarded enzymatic 
browning

Medium-MW chitosan (>60% 
DD) at 2.0 g/L

Slice coating Decreased infected area
Decreased bacterial 
contamination

Apricot 0.5% low-MW chitosan in 
0.5% (v/v) glacial acetic acid

Fruit coating in 
post-harvest

Increased total phenolics
Content and antioxidant 
activity

Banana Chitosan at 1% (w/v) in 0.5% 
(v/v) acetic acid

Hand dipping in 
post-harvest

Delayed ripening (changes in
Peel color, firmness and 
soluble solids)
Decreased disease severity

Cherries Chitosan at 1% (w/v) in 1% 
(v/v) glacial acetic acid

Fruit dipping in 
post-harvest

Promoted vitamin C 
synthesis
Increased anthocyanin and 
total phenolic content

Citrus Low-MW chitosan (15 kDa) at 
0.1 and 0.2% (w/v) in acetic 
acid

Fruit dipping in 
post-harvest

Slowed Murcott tangor decay 
at 15 °C
Inhibited growth of 
Penicillium
digitatum and Penicillium 
italicum, [when used at 
0.2% (w/v)]
Improved firmness, 
titratable acidity, ascorbic 
acidity and water content

Coconut Chitosan at 10 mg/mL Adding to cell 
culture

Accumulation of H2O2, 
increased β-1,3-glucanase 
activity
Activated a 46-kDa 
MAPK-like protein
Stimulated receptor-like 
kinases, Verticillium-like 
protein, and mitochondrial 
alternate oxidase 1b

Chitosan at 200 mg/L Adding to 
endosperm cell 
culture

Enhanced accumulation of 
p-hydroxybenzoic acid, 
p-coumaric acid and ferulic 
acid
Increased PAL, 
p-coumaroyl-CoA ligase 
and p-hydroxybenzaldehyde 
dehydrogenase activity

(continued)
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Table 10.6 (continued)

Crop
Chitosan type and 
concentration

Method of 
application Effects

Coffee 
(Robusta)

High-MW (600 kDa) chitosan 
nanoparticles (prepared by 
nanospray drier) at 10 mg/L.

Foliar spray on 
seedling

Enhanced leaf chlorophyll 
content
Increased net photosynthesis 
rate
Increased nutrient uptake

Dragon 
fruit

Low-MW chitosan from crab 
shell (50 kDa, 75–85% DD) 
encapsulated as droplets of 
200, 600 and 1000 nm 
diameter

Fruit dipping in 
post-harvest

Reduced anthracnose 
symptoms
Maintained postharvest 
quality (decreased weight 
loss, increased fruit firmness 
and titratable acidity)
Increased total phenolics, 
flavonoids, lycopene and 
antioxidants
Delayed increase of 
respiration rate

Submicron-sized chitosan at 
1% (w/v) in 0.5% (v/v) glacial 
acetic acid, prepared by nano 
emulsifying in an alcohol-free 
system

Spray on 
6-month-old 
plant until run 
off

Reduced anthracnose 
incidence and severity by 
22% and 66%, respectively, 
when treated with 600-nm 
droplet size

Increased lignin and β 
−1,3-glucanase and 
chitinase activity

Chitosan solution at 1–3% 
(w/v)

Fruit dipping in 
post-harvest

Extended postharvest life
Decreased weight loss and 
stomatal conductance

Chitosan 
(MW = 12.36 ± 0.17 kDa, 
95–98% DD and 630 mPas 
viscosity) at 0.2%, 0.5% or 1% 
(w/v) in acetic acid

Fruit coating in 
post-harvest

Retarded water loss and 
reduced sensory quality
Inhibited microorganism 
growth.

Grape Chitosan application at 500 L/
ha

Spraying on 
plants during 
pre-bunch 
closure and 
veraison stage

Protected detached 
chardonnay leaves against 
Botrytis cinerea and reduced 
lesion diameter
Increased POD and PAL 
activities

Crab shell chitosan at 
75–150 mg/L

Excised leaf 
incubation

Induced LOX, PAL and 
chitinase activities
Highly protected against 
grey mould caused by B. 
cinerea

(continued)
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Table 10.6 (continued)

Crop
Chitosan type and 
concentration

Method of 
application Effects

Chitosan at 50 and 100 mg/L Adding to liquid 
cultures

Improved production of 
mono-glucosylated stilbenes
Accumulation of other 
polyphenols, such as 
catechins

Crab shell chitosan at 1% 
(w/v) in 1% (v/v) acetic or 
lactic acid

Fruit dipping in 
post-harvest

Reduced grey mold at cold 
and ambient storage 
temperatures
Decreased CO2 and O2 
exchange

Chitosan at 1.0 and 2.5 mg/mL Fruit dipping in 
post-harvest

Reduced B. cinerea growth
Inhibited lesions by B. 
cinerea

Crab shell chitosan at 1% 
(w/v) in 0.5% (v/v) glacial 
acetic acid

Cluster spray 
before harvest 
1–2 days

Eeduced incidence of grey 
mold and increased PAL 
activity

Chitosan at 1 g/L in 0.5% 
(v/v) acetic acid

Preharvest: 
Cluster spraying 
until run off 
10 days before 
harvest 
postharvest: 
fruit dipping in 
post-harvest

Preharvest and postharvest
Decreased weight loss, SOD 
activity and decay index

Chitosan (85% DD) at 
1.0–2.5% (w/v)

Adding to 
wound

Protect against 
Colletotrichum sp.

Grapevine Chitosan at 1% (w/v) Dipping of stem 
cutting before 
planting

Improved rooting of cuttings
Increased number of new 
canes formed, longer canes, 
more internodes
Increased leaf chlorophyll 
content in normal and 
drought conditions

Kiwifruit Chitosan (∼85% DD, 
MW = 20–30 kDa) applied at 
1.0 kg/ha

Spray on filed 
grown plants 
every 
2–4 weeks

Reduced disease symptoms
Increased fruit fresh weight 
after 3 years of application

Litchi 600 g/L medium-MW chitosan 
(400 kDa) at 600 g/L in citric 
acid

Fruit dipping in 
post-harvest

Maintained anthocyanin and 
oxidative enzyme 
compositions

(continued)
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2010; Kerch et al. 2011; Liu et al. 2007; Meng and Tian 2010; Zhang and Quantick 
1997) and increased or maintained their antioxidant activities (Ghasemnezhad et al. 
2011; Ghasemnezhad et al. 2010; Ma et al. 2013).

10.4  The Application of Chito/Chitin Oligosaccharides 
to Activate Plant Cold Resistance

As a kind of abiotic stress, cold stress can cause serious damage to plant growth. 
Low temperature stress can seriously damage the integrity of plant cell membrane, 
causing different degrees of dehydration of plants, directly or indirectly affecting 
the change of osmotic potential in plant cells, and finally forming osmotic stress; at 
the same time, it will change the structure of chloroplast, limit the synthesis of 

Table 10.6 (continued)

Crop
Chitosan type and 
concentration

Method of 
application Effects

Crab shell chitosan at 1% 
(w/v) in 2% (v/v) acetic acid 
and 0.05–0.5% (w/v) ascorbic 
acid

Fruit dipping in 
post-harvest

Lowered respiration rate and 
sarcocarp temperature
Restrained PPO and weight 
loss
Reduced moisture loss and 
lower heat of respiration 
during storage

Crab-shell chitosan at 1% or 
2% (w/v) in 2% (w/v) 
l-glutamic acid

Fruit coating in 
post-harvest

Delayed changes in 
anthocyanin, flavonoid and 
total phenolic contents
Delayed increase in PPO 
activity
Reduced weight loss, and 
partially inhibited increase 
in POD activity
Inhibited fruit decay during 
storage

Crab-shell chitosan at 1 g/L 
with MAP

Fruit dipping in 
post-harvest

Reduced PPO and POD 
activity
Retained membrane 
integrity, anthocyanin 
content and prevented 
decline of pericarp color 
during storage

Chitosan (90–95% DD, 
690–100 mPas viscosity) at 
1%, 2% or 3% (w/v) in 12.5% 
(v/v) acetic acid

Fruit coating 
(peeled) in 
post-harvest

Retarded weight loss and 
sensory quality decline, with 
higher total soluble solids, 
titratable acid and ascorbic 
acid levels
Suppressed the increased 
PPO and POD activities
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chlorophyll and affect the plant photosynthesis. Furthermore, cold stress will reduce 
the metabolism of roots, stems, leaves, and reduce nitrogen absorption and nutrient 
transport capacity, leading to slow growth and development of crops, leading to 
plant death in severe cases. Therefore, enhancing rice tolerance to cold stress is 
crucial for higher crop yield.

In the study of plant cold resistance, COS can enhance the ability of plants such 
as rice and wheat to resist low temperature stress, and stimulate the cold resistance 
of plants. Zhou et  al. (2018) studied the effects of soaking seeds with 0  mg/L, 
50 mg/L, 100 mg/L, 200 mg/L COS on the cold resistance of rice seedlings. The 
results showed that 100 mg/L soaking treatment had the best effect. COS increased 
the content of soluble sugar, soluble protein and proline as well as SOD activity, 
while decreased H2O2 content and MDA content, respectively. The photosynthesis 
of rice seedlings was increased and the chlorophyll b content of seedlings increased 
by 164.3%. For the potential mechanism, COS can significantly increase the expres-
sion levels of psbA genes in rice seedling leaves under low temperature conditions, 
suggesting that COS may accelerate the repair process of photosynthetic system ΙΙ 
(promotes degradation of damaged D1 protein and synthesis of new D1 protein) and 
accelerate the accumulation of chlorophyll b to induce the cold resistance of the rice 
seedlings.

Zhang Yang et al.(2019) studied the effect of 150 mg/L COS treatment on rice. 
COS increased the proline and soluble sugar content in leaves as well as the root of 
seedlings. At the same time, COS can effectively enhance the activity of glutamine 
synthetase and glutamate synthase, reduce the activity of glutamate dehydrogenase, 
make glutamic acid accumulation, increase the activity of the Δ1-pyrroline-5- 
carboxylic acid synthase and the δ-ornithine aminotransferase, inhibit the expres-
sion of the proline dehydrogenase gene. In a word, COS may induce rice seedlings 
cold tolerance by acting on regulating glutamate metabolism and proline metabo-
lism. Kuang et al. (2009) treated the seed of rice (Oryza sativa L.) with 25 mg/L, 
50 mg/L, 100 mg/L, 200 mg/L COS. It was found that each treatment improved the 
cold resistance of rice seedlings and the effect of 100 mg/L COS treatment was 
more significant. Compared to control, the survival rate of seedlings increased by 
15.54% from 100 mg/L COS treatment under cold stress; and electrolyte leakage 
and MDA content decreased by 12.88% and 6.98%, respectively; The activities of 
SOD, CAT and POD increased by 37.94%, 22.75% and 21.35%, respectively; solu-
ble sugar, soluble protein and proline content increased by 15.82%, 12.92%, and 
24.47%, respectively.

In the study of COS effects on cold resistance of wheat, Zou et al. (Zou et al. 
2017) studied the effects of COS with different degrees of polymerization on the 
wheat under cold stress. The dry weight and fresh weight of seedlings increased 
significantly from COS treatments; the content of MDA decreased by 65.8% and 
67.9% respectively; the soluble sugar content increased by 17.8% and 11.9% 
respectively. After 24 h of low temperature stress, chlorophyll content increased by 
35.4% and 28.3% respectively; proline content increased by 37.7% and 43.8%, 
respectively; SOD activity increased by 54.8% and 61.2% respectively; APX activ-
ity increased by 60.5% and 73.0% respectively; there was no significant increase in 
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CAT activity. After 48 h of low temperature stress, the chlorophyll content increased 
by 33.9% and 29.2% respectively; the proline content increased by 59.0% and 
66.0% respectively; the SOD activity increased by 45.9% and 48.0% respectively; 
the CAT activity increased by 50.7%, and the APX activity increased by 81.4%, 
respectively. The study also showed that the degree of polymerization plays an 
important role in COS activity.

In order to study the effect of COS on cold-tolerance activity, COS was applied 
to eggplant (Solanurn melogena L.) seedlings at 4 leaf stage with 1/1500, 1/1000, 
1/500 and 1/100(w/v) for 2 days and then exposed to 5 °C for 3 days (Kuang et al. 
2009). The results showed that cold tolerance of eggplant seedlings can be improved 
by COS treatment. Compared to control, the activities of superprotective enzymes 
such as SOD, POD and CAT increased, while the content of MDA decreased in 
treated plants. On the other hand, COS can effectively promote the increase of pro-
line and soluble sugar content in eggplant seedling leaves under low temperature 
stress. COS showed the most effective results at a concentration of 1/1000 (w/v).

DICP (Dalian Institute of Chemical Physics, Chinese Academy of Sciences) 
studied the role of COS in the cold resistance of plants in Pucheng County, Shaanxi 
Province. The results showed that the crisp pear tree treated with 75 mg/L COS 
showed cold tolerance and high seed setting rate before the cold in the spring. The 
results for 2009 show that trees treated with COS have a seed setting rate 9.9 times 
higher than that of untreated trees.

In addition to the higher fruit setting rate, young fruits of trees treated with COS 
grew faster (Table 10.7). In the study report of April 25, 2009, the young fruit treated 
with COS was 1.42 cm in diameter. If the young fruit encounters cold weather, treat-
ing COS can protect the fruit from cold damage.

From April 2 to 6, 2010, the fruit period suffered from cold weather. Young fruit 
treated with COS showed strong cold tolerance. And the treated fruit has a much 
lower chilling rate than untreated trees. The survey showed that the chilling injury 
rate of trees treated with COS was 20.5%, while that of untreated trees was 80.25%. 
The area of cold injury in the fruit is 1–5%, and that of untreated trees is 10–30%.

In summary, COS have the potential to be used as an environmentally friendly 
cold-resistant agent in the field of crop under cold stress.

Table 10.7 The effect of chitosan on crisp pear in fruit setting (April.25th, 2009)

Treatment
Number of 
flower buds

Number of fruit 
setting

fruit setting 
ratio(%)

The increase of fruit 
setting(times)

Chitosan 426 124 29.11 9.90
Concentration

(75 μg/ml)
CK 450 12 2.67 –
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10.5  Chito/Chitin Oligosaccharides Derivatives as Plant 
Disease Vaccine

Chito/chitin oligosaccharide have smaller molecular weights, better water solubility 
and easier absorption than glycan. In recent years, more studies have turned to oli-
gosaccharide plant elicitor. However, chito/chitin oligosaccharide with elicitor 
activity would be hydrolyzed by endo- or exonuclease when they act on higher 
plants, producing smaller fragments without elicitor activity (Raetz 1990). 
Therefore, it is important to increase the stability of the elicitor-active oligosaccha-
ride. By chemically modifying the structure of the oligosaccharide, it can improve 
its stability, and even increase the biological activity or expand the application 
range. At present, oligosaccharide-modified disease vaccines mainly focus on the 
derivatives of chito/chitin oligosaccharide.

Lu et al. (Hang 2009) synthesized COS-ruthenium complex and studied its activ-
ity of against tobacco mosaic virus resistance. The highest inhibition rate was 55% 
in the concentration range of 1–100 μg/mL, which was slightly lower than the inhi-
bition rate of the positive control COS with inhibition of 63.9%. The optimal con-
centration of chitosan oligosaccharide-ruthenium complex was 10 μg/mL, which 
was lower than that of COS 50 μg/mL (Table 10.8).

Copper ion is a bactericidal metal ion, and it is also a trace element necessary for 
plant growth. The complexation of COS with copper ions will allow the complexes 
to mutually promote these properties of both. Liu et al. (Xiaoyu 2005) synthesized 
COS-copper complexes with low molecular chitosan and copper sulfate, and stud-
ied their inhibitory activities against 32 plant pathogenic fungi. The results showed 
that low molecular chitosan and their copper complexes can inhibit the spore germi-
nation, mycelial growth and cell membrane permeability changes, while copper and 
COS have synergistic effects. The authors also studied the effects of complexes on 
Botrytis cinerea and Cercospora fuligena (Tables 10.9 and 10.10). The low molecu-
lar chitosan and COS-copper treatment of the uninoculated tomato leaves increased 
the activities of PAL, PPO, and the COS-copper improved the three enzyme activi-
ties better than low molecular chitosan. For susceptible plants, low molecular chito-
san and COS-copper can inhibit the growth of pathogenic bacteria in vitro, and can 
be used as an elicitor in plants to induce the enzyme activity of related defense 
enzymes in plants to rapidly increase, thereby improving plant disease resistance. 

Table 10.8 The effects of different concentrations of chitosan oligosaccharide-ruthenium com-
plex on tobacco mosaic virus (P < 0.05)

Treatment TMV spots Inhibition rate(%)

Chitosan oligosaccharide-ruthenium complex 1 μg/ml 43 ± 18c 37.0

25 μg/ml 31 ± 13b 55.0

50 μg/ml 38 ± 18cd 44.0

100 μg/ml 42 ± 19c 37.7

COS 50 μg/ml 24 ± 14b 63.9

CK 68 ± 26a –
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Both PAL and PPO are copper-containing enzymes. The lack of copper ions can 
significantly reduce their activity, while the proper amount of copper ions can 
induce the increase of their enzyme activity. The COS-copper complex can release 
copper ions which enhance the activity of the defense enzyme.

Schiff base and Schiff base metal complexes have a variety of biological activi-
ties, including bactericidal activity, antiviral activity, etc. As a phosphorus- 
containing analog of natural amino acids, α-aminophosphonic acid is the third type 
of amino acid found in living organisms after aminocarboxylic acid and sulfamic 
acid, and has plant growth regulating activity, anti-plant virus activity and other 
biological activities. It is one of the important directions for the research and devel-
opment of new pesticides in the world today. Yang (Nan 2010) synthesized 30 kinds 
of COS Schiff base-metal complexes and 15 kinds of COS Schiff base phospho-
nates by microwave synthesis method (Fig. 10.2). In order to study the anti-TMV 
activity induced by this kind of compounds, Xanthi-NN or N. glutinosa, a non- 
systemic infective tobacco containing N gene, was selected as a receptor for anti- 
TMV optimal agent, combined with the activity changes of defense enzymes before 
and after infection with TMV in common tobacco.

It was found that COS Schiff base-metal complex (S-COS-M) agent has a sig-
nificant inhibitory effect on TMV, and the preventive effect is better than the thera-
peutic effect. However, a negative number appears in the therapeutic effect of 
5-bromo salicylaldehyde COS Schiff base zinc (II) agent. The author speculates that 

Table 10.9 Effect of oligosaccharide and complex on defensive enzymatic of tomato leaves 
infected by Botrytis cinerea

Treatment
Defense enzyme activity
PAL(U/g) PO(U/g) PPO(U/g)

CK water 297.98 0.17 1.67
CK oligosaccharide 321.81 0.22 1.76
CK oligosaccharide-copper complex 392.30 0.26 1.79
Inoculation with Botrytis cinerea 509.27 0.91 2.37
Inoculation with Botrytis cinerea + oligosaccharide 522.10 0.98 2.87
Inoculation with Botrytis cinerea + oligosaccharide-copper 
complex

863.62 1.02 1.96

Table 10.10 Effect of oligosaccharide and complex on defensive enzymatic of tomato leaves 
infected by Cercospora fuligena

Treatment
Defense enzyme activity
PAL(U/g) PO(U/g) PPO(U/g)

CK water 297.98 0.17 1.67
CK oligosaccharide 321.81 0.22 1.76
CK oligosaccharide-copper complex 392.30 0.26 1.79
Inoculation with Cercospora fuligena 326.15 0.30 2.07
Inoculation with Cercospora fuligena + oligosaccharide 571.02 0.43 2.20
Inoculation with Cercospora fuligena + oligosaccharide- 
copper complex

1341.81 0.90 5.87
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it may be that when the TMV virus is inoculated, the damage of the quartz sand to 
the tobacco leaves is too great, which leads to serious damage in the late stage, and 
the physiological system in the tobacco does not produce defensive functions in a 
short period of time. It is also possible that the leaves of the tobacco absorb the 
5-bromo salicylaldehyde chitosan oligosaccharide Schiff base zinc (II) too slowly, 
resulting in the reduction of 5-bromo salicylaldehyde COS when the quartz sand is 
washed in the late inoculation. It can be seen (Table 10.11) that the inhibitory effect 
of the agent on the TMV virus in the prophylactic effect generally shows a tendency 
of copper salt > silver salt > cobalt salt > nickel salt > zinc salt > manganese salt, 
and the therapeutic effect generally shows copper salt > Silver salt > cobalt salt > 
nickel salt > manganese salt > zinc salt trend. The effect of copper complex agent is 
always the best in both prevention and therapeutic effects. For the complex agents 
of different Schiff base substituents, the preventive effect and therapeutic effect are 
roughly as follows: 3, 5-dichlorosalicylaldehyde COS Schiff base>5- 
chlorosalicylaldehyde COS Schiff base >5-bromo salicylaldehyde COS Schiff base 
> salicylaldehyde COS Schiff base >5-nitrosalicylaldehyde COS Schiff base. In 
general, 3,5-dichlorosalicylaldehyde COS Schiff base-copper (II) complex has the 
most significant inhibitory effect on TMV. The inhibition rate in its preventive effect 
is as high as 78.86%, and the therapeutic effect reaches 44.09%.
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Table 10.11 Effects of S-COS-M complexes on lesion numbers of inoculated Xanthi-NN leaves

Test reagent(100 μg/ml)

Preventive effects Therapeutic effects
Lesions 
numbers in 
one cm2 leave

Inhibition 
rate (%)

Lesions 
numbers in 
one cm2 leave

Inhibition 
rate (%)

Salicylaldehyde COS Schiff base 
copper (II)

0.1249 66.20abcd 0.239 0 38.68 cd

Salicylaldehyde COS Schiff base 
cobalt (II)

0.1457 60.58abcd 0.252 6 35.19bcd

Salicylaldehyde COS Schiff base 
silver (I)

0.1155 68.75bcd 0.242 5 37.78 cd

Salicylaldehyde COS Schiff base 
nickel (II)

0.1694 54.17abc 0.288 1 26.10abcd

Salicylaldehyde COS Schiff base 
manganese (II)

0.2101 43.16a 0.323 5 17.02ab

Salicylaldehyde COS Schiff base 
zinc (II)

0.2003 45.81ab 0.338 0 13.28a

5-chlorosalicylaldehyde COS 
Schiff base copper (II)

0.1016 72.52 cd 0.230 0 40.99d

5-chlorosalicylaldehyde COS 
Schiff base cobalt (II)

0.1473 60.16abcd 0.252 4 35.26bcd

5-chlorosalicylaldehyde COS 
Schiff base silver (I)

0.1265 65.77abcd 0.231 1 40.70d

5-chlorosalicylaldehyde COS 
Schiff base nickel (II)

0.154 5 58.19abcd 0.257 2 34.02bcd

5-chlorosalicylaldehyde COS 
Schiff base manganese (II)

0.1635 55.77abcd 0.268 4 31.14abcd

5-chlorosalicylaldehyde COS 
Schiff base zinc (II)

0.1604 56.61abcd 0.326 5 16.25ab

3,5-Dichlorosalicylaldehyde COS 
Schiff base copper (II)

0.0781 78.86d 0.217 9 44.09d

3,5-Dichlorosalicylaldehyde COS 
Schiff base cobalt (II)

0.0979 73.52 cd 0.244 3 37.33 cd

3,5-Dichlorosalicylaldehyde COS 
Schiff base silver (I)

0.0944 74.46 cd 0.239 7 38.50 cd

3,5-Dichlorosalicylaldehyde COS 
Schiff base nickel (II)

0.1287 65.17abcd 0.281 8 27.70abcd

3,5-Dichlorosalicylaldehyde COS 
Schiff base manganese (II)

0.1717 53.55abc 0.312 1 19.93abc

3,5-Dichlorosalicylaldehyde COS 
Schiff base zinc (II)

0.1500 59.41abcd 0.308 9 20.76abc

5-nitrosalicylaldehyde COS Schiff 
base copper (II)

0.1429 61.35abcd 0.2564 34.22bcd

5-nitrosalicylaldehyde COS Schiff 
base cobalt (II)

0.1694 54.16abc 0.2500 35.87bcd

-nitrosalicylaldehyde COS Schiff 
base silver (I)

0.1525 58.74abcd 0.2447 37.23 cd

(continued)
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The activity study of 15 kinds of COS Schiff base phosphonate (S-COS-P) 
showed that the drug had good inhibitory effect on TMV compared with the water. 
Salicylaldehyde chitosan oligosaccharide Schiff base phosphonate, 
5- nitrosalicylaldehyde COS Schiff base phosphonate and 5-bromosalicylaldehyde 
COS Schiff base phosphonate agent have better effects than 5% di (octylamine 
ethyl) glycinate AS diluted at 800-folds. Wherein the 5-bromo salicylaldehyde COS 
Schiff base phosphonate is more effective than the 300-fold diluted Ningnanmycin 
aqueous solution. COS Schiff base phosphonate (S-COS-P) has a significant anti- 
TMV effect on tobacco, and its efficacy is basically 200 μg/mL > 100 μg/mL > 50 μg/
mL, but 3,5-dichloro-salicylaldehyde COS Schiff base phosphonate does not exhibit 
regularity. On the whole, the 5-bromo salicylaldehyde COS Schiff base phospho-
nate had the best effect at the concentration of 200 μg/mL, and the inhibition rate of 
TMV to the preventive effect reached 90.79% (Table 10.12).

Hu et al. (2018) carboxylate the hydroxyl group at the C6 position of the GlcNAc 
residue of COS to obtain an anionic oligouronic acid with more than 70% carboxyl, 
and form a stable complex with iodine. In the process, oligomeric acid iodine 
(oligomeric N-acetyl-D-glucuronoic acid iodine) was obtained. The inhibitory 
effect of oligo-acid iodine on TMV showed good fast-acting and sustained effect. 
After 17 days of inoculation, the inhibitory effect increased rapidly from 45.08% to 
74.48%. When inoculated for 21–35 days, the inhibitory effect on TMV exceeded 

Table 10.11 (continued)

Test reagent(100 μg/ml)

Preventive effects Therapeutic effects
Lesions 
numbers in 
one cm2 leave

Inhibition 
rate (%)

Lesions 
numbers in 
one cm2 leave

Inhibition 
rate (%)

5-nitrosalicylaldehyde COS Schiff 
base nickel (II)

0.2115 42.77a 0.2922 25.03abcd

5-nitrosalicylaldehyde COS Schiff 
base manganese (II)

0.2005 45.76a 0.2710 30.48abcd

5-nitrosalicylaldehyde COS Schiff 
base zinc (II)

0.2821 23.69a 0.3629 6.90a

5-bromo salicylaldehyde COS 
Schiff base copper (II)

0.1029 72.17 cd 0.2667 31.59bcd

5-bromo salicylaldehyde COS 
Schiff base cobalt (II)

0.1053 71.52 cd 0.2635 32.40bcd

5-bromo salicylaldehyde COS 
Schiff base silver (I)

0.1416 61.70abcd 0.2900 25.60abcd

5-bromo salicylaldehyde COS 
Schiff base nickel (II)

0.1570 57.51abcd 0.3333 14.49a

5-bromo salicylaldehyde COS 
Schiff base manganese (II)

0.1632 55.86abcd 0.3391 13.01a

5-bromo salicylaldehyde COS 
Schiff base zinc (II)

0.1747 52.74ab 0.4780 –

Water CK 0.3696 – 0.3898 –

Note: Date in a column followed by the same small letters are not significantly different at P0.05 by 
Dunca’s multiple range test, respectively
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80%. The EC50 value of oligo-acid iodine to TMV was 15.62 mg/L, and the inhibi-
tory activity against TMV was higher than that of 3% COS solution. Three hundred 
milligram per liter of oligo-acid iodine can be used as the optimal reagent for inhib-
iting TMV activity.

Zou et al. (Xing et al. 2016) applied Sulfated COS to wheat seedlings to study 
their effects on plant defense responses under salt stress. Exogenous COS treatment 
was found to reduce the malondialdehyde content, increase the chlorophyll content 

Table 10.12 Effects of S-COS-P on lesion numbers of inoculated N.glutinosa leaves

Test reagent

Preventive effects
Lesions numbers in one 
cm2 leave

Inhibition rate 
(%)

Salicylaldehyde COS Schiff base phosphate 50 μg/
ml

7.67 43.95abcdef

Salicylaldehyde COS Schiff base phosphate 
100 μg/ml

8.03 41.31abcde

Salicylaldehyde COS Schiff base phosphate 
200 μg/ml

7.85 42.66abcde

5-nitrosalicylaldehyde COS Schiff base phosphate 
50 μg/ml

6.44 52.90bcdef

5-nitrosalicylaldehyde COS Schiff base phosphate 
100 μg/ml

5.34 60.96cdef

5-nitrosalicylaldehyde COS Schiff base phosphate 
200 μg/ml

5.89 56.97cdef

5-bromo salicylaldehyde COS Schiff base 
phosphate 50 μg/ml

3.54 74.15def

5-bromo salicylaldehyde COS Schiff base 
phosphate 100 μg/ml

2.99 78.12ef

5-bromo salicylaldehyde COS Schiff base 
phosphate 200 μg/ml

1.26 90.79f

5-chlorosalicylaldehyde COS Schiff base 
phosphate 50 μg/ml

9.85 28.01abcd

5-chlorosalicylaldehyde COS Schiff base 
phosphate 100 μg/ml

11.08 19.02abc

5-chlorosalicylaldehyde COS Schiff base 
phosphate 200 μg/ml

7.80 42.99abcde

3,5-dichlorosalicylaldehyde COS Schiff base 
phosphate 50 μg/ml

4.56 66.65def

3,5-dichlorosalicylaldehyde COS Schiff base 
phosphate 100 μg/ml

8.89 35.02abcde

3,5-dichlorosalicylaldehyde COS Schiff base 
phosphate 200 μg/ml

12.66 7.49a

300 times diluted Ningnanmycin water 4.54 66.79def
800-fold diluted 5% bis(octylamine ethyl) 
glycinate AS

8.35 38.98abcde

Water(CK) 13.68 –

Note: Date in a column followed by the same small letters are not significantly different at P0.05 by 
Dunca’s multiple range test, respectively
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and regulate the fluorescence characteristics of wheat seedlings under salt stress. In 
addition, COS is capable of modulating the activity of antioxidant enzymes includ-
ing superoxide dismutase, catalase, peroxidase, ascorbate peroxidase, glutathione 
reductase and dehydroascorbate reductase. Further studies find that COS can allevi-
ate the damage of salt stress by regulating the activity of plant antioxidant enzymes. 
In addition, the effect of COS on the photochemical efficiency of wheat seedlings 
was related to the enhancement of antioxidant enzymes, which prevented the struc-
tural degradation of photosynthetic tissues under NaCl stress (Table 10.13).

Tanaka et al. (2015) found that Lipo-chitooligosaccharides (LCOs) (Fig. 10.3) 
promote root growth in C4 crops. Treatment of corn and foxtail seedlings with LCO 
significantly enhanced root growth. Further studies have found that LCO is involved 
in root growth promotion by up-regulating related genes. In addition, some stress- 
related genes are down-regulated after LCO treatment, which may indicate that 

Table 10.13 Effects of SCOS on growth parameters of wheat seedlings

Shoot length (cm) Rroot length (cm) Wet wt (g) Dry wt (g)
CK 23.6 ± 0.6bc 16.1 ± 0.4b 0.337 ± 0.031c 0.040 ± 0.005b
NaCl 19.1 ± 0.5d 13.3 ± 0.7c 0.260 ± 0.019d 0.027 ± 0.002c
SCOS + 
NaCl

24.7 ± 1.1a 18.4 ± 1.1a 0.358 ± 0.032a 0.056 ± 0.005a

COS + NaCl 24.1 ± 1.2ab 17.9 ± 0.7a 0.344 ± 0.026ab 0.053 ± 0.003a
SA + NaCl 23.1 ± 0.8c 16.6 ± 1.2b 0.280 ± 0.017d 0.039 ± 0.002b

Values are the mean ± SD of three replicates. Different letters indicate significant differences at 
P < 0.05

Fig. 10.3 Natural LCOs (1, 1S, 2, 2S) and the targeted LCO analogues(3, 3S, 4, 4S)
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some resources are shifting from plant defense responses to growth promotion. At 
the same time, LCO can also activate the promoter activity of the upregulated gene. 
These data indicate that LCO can directly affect maize root growth and gene expres-
sion. Berthelot et al. (2017) synthesized a lipid-tetrasaccharide analog in which the 
central GlcNAc residue was replaced by a triazole unit, by a copper-catalyzed 
azide-alkyne cycloaddition process using a functioned N-acetyl-glucosamine as 
feedstock. However, it was found that the plasto-tetraose tetrasaccharide analog did 
not bind at all to the lipid-chitooligosaccharide receptor LYR3. Therefore, it is 
important that the third GlcNAc unit from the non-reducing end of the LCO for 
binding to LysM-RLK LYR3.

Nanoclusters are plant bioactive substances that have been developed in recent 
years. Ho et al. (2015) developed a new method for the preparation of silver core- 
shell nanoparticles. The amino group of COS was first modified with 
3,4- dihydroxyphenylacetic acid, and then the core-shell typed silver nanoparticles 
were prepared by protecting the silver ions with a mussel adhesion mechanism, as 
shown in Fig. 10.4. The core-shell silver nanoparticles exhibit strong growth inhibi-
tory effects on phytopathogenic fungi such as Phytophthora capsici and 
Phytophthora nicotianae (Fig. 10.5).

Sun et al. (2015) synthesized a COS quaternary ammonium salt silver nanopar-
ticles solution using a novel COS quaternary ammonium salt as a reducing agent 
and stabilizer, and the particle size is mainly at 7–12 nm (Fig. 10.6). It was found 
that the 25 μg/mL COS quaternary ammonium salt silver nanoparticles solution had 
the best inhibitory effect on the TMV, and the inhibition rate was 74.0%. This activ-
ity is 41.5% and 24.4% higher than the 50 μg/mL COS solution and the 2% ning-
nammycin aqueous solution, respectively. For ordinary tobacco K326, the COS 
quaternary ammonium silver nanoparticles solution can alleviate the decrease of 
chlorophyll content of tobacco infected by virus and increase SOD, POD and activ-
ity of PPO.  In addition, it can also reduce the content of MDA and increase the 
content of soluble protein. These results indicated that the COS quaternary ammo-
nium silver nanoparticles solution can improve the resistance of tobacco to TMV 
(Table 10.14).

Xing et al. (2016) synthesized a series of oleoyl-chitosan and prepared a nano- 
dispersion system. The nanoparticles were spherical and the particle size was about 
296.9  nm. Mycelial growth experiments showed that Nigrospora sphaerica, 
Botryosphaeria dothidea, Nigrospora oryzae and Alternaria tenuissima were sensi-
tive to this nano-dispersion system, while Gibberella zeae and Fusarium culmorum 

Fig. 10.4 Preparation of Ag core-DHPAC shell via mussel adhesion mechanism

X. Zhao et al.



317

are resistant to this system, as shown in Fig. 10.7. As the concentration of nanopar-
ticles in the chitosan-sensitive fungal system increases, the antifungal index 
increases. Fatty acid analysis showed that the plasma membrane of chitosan- 
sensitive fungi showed lower level of unsaturated fatty acids than chitosan-resistant 
fungi.

Fig. 10.5 Growth inhibition of Ag core-DHPAC shell NCs on the plant-pathogenic fungi: P. cap-
sici (a) and P. nicotianae (b)
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10.6  Conclusion and Perspective

Chito/chitin oligosaccharide has positive effects on triggering the resistance mecha-
nism of plants. In 1980, it was first reported that chito/chitin oligosaccharide could 
induce plant immunity. Since then, chito/chitin oligosaccharide has been considered 

Table 10.14 Inhibition of the test reagent against TMV diseases on Nicotiana tabacum cv. 
Xanthi-nc

Test reagent
Concentration 
(μg/mL)

Lesion numbers in one 
cm2 leave

Inhibition 
rate %

Reagent 
treatment

Water 
treatment

COS quaternary ammonium salt 
derivative silver nanoparticles

50 0.109 0.309 64.7 bc
25 0.0732 0.282 74.0 a
10 0.119 0.436 72.7 ab

COS quaternary ammonium salt 
derivative

50 0.133 0.292 54.5 d
25 0.146 0.329 55.6 d

COS 50 0.174 0.365 52.3 d
2% ningnanmycin AS Dilute 260 

times
0.122 0.301 59.5 cd

Data in a column followed by different small letters are significant difference at 5%
Note: Different letters indicate significant differences at P < 0.05

Fig. 10.7 Effect of O-chitosan nanoparticles on mycelium growth of chitosan-sensitive fungi
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as a potent elicitor of plant immunity that is used in many crops, such as rice, wheat, 
cucumber, pepper, oilseed rape, tomato, bean, tobacco, flower crops, fruit crops and 
so on. During the study, researchers found that chito/chitin oligosaccharide stimu-
lates a variety of plant responses, including induction of disease resistance, enhanced 
plant growth and yield, as well as the shelf life of flowers and fruits. The complexity 
of how plants perceive and respond to chito/chitin oligosaccharide has been investi-
gated and cellular response models have been proposed. However, more informa-
tion about these processes requires further study.

Now days, people are committed to the research of high-efficiency chemical 
inducers while studying the signal transmission mechanism, so as to reduce the 
environmental and food pollution caused by a large number of pesticides. Chito/
chitin oligosaccharide is a naturally occurring compound that has been used as seed, 
leaf and fruit chemicals in vegetable production. Because of the excellent physical 
properties – high solubility, nontoxicity, biocompatibility, rich in production, low 
cost – COS is considered an effective plant regulation substance by researchers. It 
is believed that with the deepening of research, the application of COS will soon 
will have a good application prospect.
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11The Application of Oligosaccharides 
in Breeding Industry

Qingsong Xu, Lunxue Wang, and Yuguang Du

Abstract
As the increasing demand for antibiotic substitution at home and abroad, animal 
husbandry will face serious challenges. How to ensure the healthy growth of 
breeding animals in the post-antibiotic era has become the most concerned issue 
in animal husbandry. Oligosaccharides, as one of the alternatives to antibiotics, 
have attracted more and more attentions. Chitooligosaccharides (COS) is one of 
the important functional oligosaccharides, which has become a research hotspot 
in recent years. Because COS contains reactive chemical structure, such as 
hydroxyl and amino groups, it is characterized as meaningful ingredient for ani-
mal health. Thus, the aim of this chapter is to summarize and discuss the results 
of investigations in which the application of COS in livestock, poultry and rumi-
nants. Numerous studies have shown that COS feed additives have good effects 
in sow, piglet, broiler, laying hen and calf breeding. It not only can regulate the 
physiological function of the body and promote metabolism, but also has the 
functions of antibacterial and enhancing immunity. More importantly, it can 
accelerate the growth speed, improve the animal performance, promote the qual-
ity of products and reduce the mortality rate. Collectively, the introduction and 
summarization of this chapter reveal the application scope, effect and mecha-
nism of COS in breeding animals, which will provide theoretical support for the 
development of COS feed additives, and accelerate its industrialization process.
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11.1  Introduction

Animal husbandry is an important part of agriculture, and the growth rate of animal 
products increased year on year. However, the development of animal husbandry 
will face several challenges in the future. (1) The situation of animal epidemic pre-
vention and control is still grim. It not only affects consumption, but also farming 
confidence. (2) The extensive application of antibiotics in animal husbandry has led 
to drug resistance in modern husbandry. Antibiotic prohibition is the trend of future 
development, and the research and development of antibiotic substitutes are urgent. 
(3) The hidden danger of animal product quality and safety exists for a long time. 
The quality and safety of livestock products involve people’s life and health, and 
safety is no trivial matter, and responsibility is as great as heaven. (4) The construc-
tion of modern livestock and poultry breeding system is lagging behind. Most of the 
major improved breeds of livestock and poultry in China, such as pigs, dairy cows 
and poultry, depend on imports from abroad, and the ability of independent breed-
ing needs to be improved urgently.

In recent years, people have developed antibiotic substitutes such as feed 
enzymes, feed microbial agents, acidifiers, antimicrobial peptides, oligosaccha-
rides, Chinese herbal medicines and organic metal trace elements (Fig. 11.1). These 
additives bring new hope to the animal industry. Oligosaccharides, as one of the 
most important feed additives, usually are not digested by digestive enzymes in 
animal intestines, and cannot be used by harmful microorganisms such as Salmonella 
and Escherichia coli. When oligosaccharides are used by beneficial bacteria, the 
intestinal beneficial bacteria such as Lactobacillus and Bifidobacterium multiply in 
large quantities, and produce more lactic acid, acetic acid, butyric acid and propi-
onic acid, which reduce the intestinal pH value and inhibit the reproduction of acid- 
resistant harmful bacteria. Functional oligosaccharides have been widely applied in 
animal husbandry and gradually accepted by people. At present, the commonly used 
species include fructo-oligosaccharides, xylo-oligosaccharides, mannan- 
oligosaccharides, chitosan oligosaccharides, maltose, arabinose, galactose, and so 
on.

Chitosan oligosaccharides (COS), known as oligomeric β-(1-4) -2-amino-2- 
deoxy-D-glucose, is linked by glucosamine through β-1,4 glycoside bonds. COS is 
derived from crab and shrimp shells by enzymatic degradation. It is naturally non- 
toxic, low molecular weight, soluble in water and easily absorbed and utilized by 
animals (Liaqat and Eltem 2018). Compared with antibiotics, it has the advantages 
of no drug resistance, no drug residues, no destruction and killing of beneficial bac-
teria (Swiatkiewicz et al. 2015). Currently, the efficacy of COS on animal health is 
presented in this chapter.
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11.2  The Application of Oligosaccharides in Swine Industry

11.2.1  The Application of COS in Sow

In the swine breeding industry, litter size is one of the most significant economic 
traits and varies among different individual sows. Nevertheless, reproductive traits 
in sow are usually complex, from ovulation, fertilization, and implantation until to 
the birth of piglets, every process may influence the litter size of sow, and various 
efforts have been made to investigate the factors influencing litter size, such as 
genetic factors, optimizing nutrition, management of sows and husbandry. It is well 
known that sow diets and health during the whole gestation are important for fetal 
survival and sow reproductive performance. Nutrition optimization for increased 
litter size has in turn promoted the prolificacy of animals over the past decades. For 
example, some amino acid and functional oligosaccharides have been applied to 
improve the pregnant sow reproductive performance (Wan et al. 2016).

11.2.1.1  Effect of COS on the Reproductive Performance of Sows
To improve the litter size of piglets, Cheng et al. (2015) evaluated the effect of COS 
supplementation on the reproductive performance of sows. The results showed that 
COS supplementation could increase the total number of piglets born by 18.5%, the 
number of piglets born alive by 19.2%, and the live born litter weight by 31.3% 
(Table 11.1). To our knowledge, these findings innovatively revealed that litter size 
and litter birth weight were improved in sows through the COS intervention (Cheng 

Fig. 11.1 Green feed additive used as antibiotic substitutes
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et al. 2015). Another research obtained similar results that COS supplementation 
could lead to a higher fetal survival rate (P < 0.05) on day 35 of pregnancy com-
pared with the litters from control group. COS supplementation not only increased 
the number of piglets born viable (P < 0.05) but also decreased the number of mum-
mified and stillborn piglets born per litter (P < 0.05). The birth weights, including 
average individual weight of pigs born alive within litters and total weight of pigs 
born alive per litter, were greater (P  <  0.05) in multiparous sows fed the COS- 
supplemented diet than in those fed the control diet (1.32 vs. 1.20 kg; and 17.28 vs. 
14.50 kg, respectively) (Wan et al. 2016).

11.2.1.2  Effect of COS on the Antioxidant Capacity and Immunity 
of Sows

Dietary COS supplementation not only increased serum immunoglobulin (IgA, IgG 
and IgM) concentrations (Table 11.2) but also increased the total antioxidant capac-
ity (T-AOC) at 35 days of gestation (Wan et al. 2016). Moreover, the serum IgG 
concentrations significantly increased in COS than in the control group at 85 days 
of gestation. The results demonstrated that dietary COS supplementation had the 
obvious effect on the antioxidant capacity and immunity of sows.

11.2.1.3  Effect of COS on the Reproductive Hormones of Sows
Dietary supplementing with COS up-regulated the expression levels of leptin at 
days 35 and 85 of gestation (Table 11.3) (Wan et al. 2016). Meanwhile, Dietary 
COS supplementation has the tendency to increase the concentration of progester-
one, estradiol, luteinizing hormone of sows at days 35 and 85 of gestation, of which 
the difference was not significant (P > 0.05).

Table 11.1 Effects of supplementing the diet fed gestating sows with COS (40 mg/kg) on repro-
duction and lactation performancea (Cheng et al. 2015)

Parameters
Treatment

SEM P valueControl COS
Reproductive performance
No. of observations (n) 18 20 – –
Average parity of sows 3.06 3.00 – –
Total number of piglets born (n) 9.83 11.65 0.62 0.045
Total number of piglets born alive (n) 8.44 10.45 0.49 0.007
Live born litter weight (kg) 13.31 17.47 0.84 0.001
Born individual weight (kg) 1.58 1.68 0.04 0.112
Pregnant sow weight change (kg) 29.4 32.6 2.9 0.440
Growth performance of piglets
Total litter weight at 12 days (kg) 34.35 41.26 1.79 0.010
Total litter weight at 21 days (kg) 51.52 60.52 2.91 0.035
Daily litter weight gain 0–21 days (kg/day) 1.91 2.15 0.26 0.064
Weaning individual weight (kg) 6.54 6.87 0.24 0.357

aValues are means with pooled SEM, comparison between the two groups, P values less than 0.05 
indicate significant difference; comparison between the two group, P values less than 0.01 indicate 
extremely significant difference

Q. Xu et al.



329

11.2.1.4  Effect of COS on the Amniotic Fluid Composition in Sows
Supplementing sows with COS had enhanced the fetal survival rate and size at 
35  days (Wan et  al. 2017b). Dietary COS supplementation had both elevated 
(P < 0.05) CAT, SOD and T-AOC activities and up-regulated (P < 0.05) IgG, IgM 
and IL-10 concentrations in the amniotic fluid. Furthermore, COS had regulated 
(P  <  0.05) the amniotic fluid’s citrate, lysine, hypoxanthine and glucose levels 
(Table 11.4) (Wan et al. 2017a, b). It could be concluded that COS supplementation 

Table 11.2 Effects of dietary COS supplementation on serum immune responses of sows at days 
35 and 85 of gestation (Wan et al. 2016)

Items
Treatments

P-valueCON COS
Day 35 of gestation
IL-1 (pg mL−1) 284.48 ± 14.63 359.95 ± 7.79a 0.002
TNF-α (pg mL−1) 386.69 ± 27.70 522.63 ± 41.04a 0.025
IgG (μg mL−1) 233.18 ± 28.18 343.40 ± 35.06a 0.040
IgA (μg mL−1) 48.52 ± 7.04 77.88 ± 3.34a 0.006
IgM (μg mL−1) 87.81 ± 5.31 117.05 ± 3.42a 0.002
Day 85 of gestation
IL-1 (pg mL−1) 299.80 ± 14.79 278.53 ± 24.50 0.425
TNF-α (pg mL−1) 439.00 ± 37.41 457.61 ± 55.86 0.789
IgG (μg mL−1) 240.77 ± 24.72 424.77 ± 33.20a 0.002
IgA (μg mL−1) 82.35 ± 6.99 102.13 ± 7.02b 0.081
IgM (μg mL−1) 111.86 ± 4.60 114.32 ± 10.22 0.832

aP < 0.05 versus the CON group. CON, a corn-soybean basal diet; COS, the basal diet supple-
mented with 100 mg kg−1 COS
bValues are means of six replicates per treatment

Table 11.3 Effects of dietary COS supplementation on serum hormone concentrations of sows at 
days 35 and 85 of gestationb (Wan et al. 2016)

Items
Treatments

P-valueCON COS
Day 35 of gestation
Leptin (ng mL−1) 8.96 ± 1.07 15.36 ± 1.24a 0.003
Progesterone (ng mL−1) 2.95 ± 0.13 3.62 ± 0.37 0.122
Estradiol (ng mL−1) 0.94 ± 0.06 1.18 ± 0.15 0.169
Luteinizing hormone (mIU mL−1) 5.54 ± 0.46 6.61 ± 0.50 0.154
Day 85 of gestation
Leptin (ng mL−1) 11.24 ± 1.36 16.01 ± 1.32a 0.030
Progesterone (ng mL−1) 1.39 ± 0.16 1.74 ± 0.15 0.149
Estradiol (ng mL−1) 0.87 ± 0.04 0.90 ± 0.12 0.852
Luteinizing hormone (mIU mL−1) 4.91 ± 0.26 6.24 ± 0.76 0.137

aP < 0.05 versus the CON group. CON, a corn-soybean basal diet; COS, the basal diet supple-
mented with 100 mg kg−1 COS
bValues are means of six replicates per treatment
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elevated amniotic fluid antioxidant status and metabolic profile modifications char-
acterizing improvements in fetal survival and growth in a sow model.

11.2.1.5  Effect of COS on the Amino Acids Transport in Sows
Few studies investigated the effects of COS on the placental nutrition transport 
capacity. Xie et al. (2016a, b, c) investigated the effects of COS supplementation 
during late gestation on placental amino acids transport and antioxidant defense 
capacity of sows (Xie et al. 2016c). The results demonstrated that maternal dietary 
supplementing with COS activated mTOR signaling pathway, and promoted amino 
acids transporters expression in placenta. These results indicated that COS supple-
ment in the diet during late gestation increased placental amino acids transport, 
which may contribute to the development of fetus during gestation. Xie et al. (2015) 
also investigated the effect of COS supplementing sows during gestation and lacta-
tion on the levels of amino acids in sow milk. The results indicated that supplemen-
tation of the maternal diet with COS improved the concentration of amino acids in 
sow milk (Table 11.5). In conclusion, dietary supplementation of the diet with COS 
during late gestation and lactation promoted the growth rate of suckling piglets by 
providing more amino acids for growth and utilization of piglets (Xie et al. 2015).

11.2.1.6  Effect of COS on the Milk Oligosaccharides in Sows
As a nutritional link between mother and newborn piglets, milk is vital to the health 
and growth of piglets. Milk oligosaccharides have several important biological 
activities, such as preventing pathogens from sticking to the intestinal epithelial and 
serving as nutrients for intestinal beneficial bacteria. Therefore, it is valuable to 
examine the variation of the contents of porcine milk after COS supplementation. In 
the milk of lactating sows, 17 different PMOs were identified in the trials (Cheng 
et al. 2015). Among them, a tetrasccharide Hex2GlcNAcNeuAc and a trisaccharide 
Hex3 were 150% and 60% higher in the COS group than in the control group 
(Fig. 11.2). These results showed that the COS supplementation could regulate the 
oligosaccharides in porcine milk (Cheng et  al. 2015). The milk oligosaccharides 
included prevention of pathogen binding to the intestinal epithelium and promotion 
of growth of beneficial bacteria. Immune competence and health status of piglets 
could be improved through regulating the composition and content of milk oligo-
saccharides by COS.

Table 11.4 OPLS-DA coefficients obtained from the NMR data of amniotic fluid metabolites 
from the COS and CON groups (Wan et al. 2017a, b)

Metabolites
OPLS-DA coefficient (r)
COS versus CONa

Lysine +0.773
Citrate +0.798
Glucose +0.868
Hypoxanthine −0.806

aCON: A corn-soybean basal diet; COS: COS (the basal diet supplemented with 100 mg/kg COS)
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11.2.1.7  Effect of COS on the Gene Expression of Fetus 
and Placenta of Sows

Fetal loss and intrauterine growth restriction are major problems in sow, but there 
were very few effective ways to cope with this problem. Wan et al. (2017a, b) inves-
tigated how COS affected fetal survival and growth in a sow model. COS supple-
mentation had increased BMP2, BMP4, and PPARγ in the fetuses of sows (Wan 
et al. 2017a, b). It could be concluded that COS inclusion promoted BMP2, BMP4, 
and PPARγ expression for the improvements in fetal survival and growth. In addi-
tion, Wan et al. (2016) also investigated the effects of dietary COS supplementation 
on some important genes expression in the placenta and fetus of sows (Wan et al. 
2016). These results showed that dietary COS supplementation not only increased 
the expression levels of VEGFA and leptin in the placenta but also regulated the 
expression of critical fetal development-related genes (TGF-β, STAT3 and FGFR2) 
in the fetus at 35 days of gestation. Collectively, the above research results furthered 
our understanding of the molecular mechanisms underlying the significant effects 
of COS on fetal development and reproductive performance in pregnant sows.

11.2.1.8  Effect of Dietary COS Supplementation on the Pig Ovary 
Transcriptome

With the rapid development of bioinformatics analysis and sequencing technique, 
RNA-Seq technology provides a platform for measuring large-scale gene 

Table 11.5 The concentration of amino acids in the milk from sows consuming control or COS 
diets (Xie et al. 2015)

Item Dietary treatment
P-valueμmol/L Control COS

Asp 6.535 ± 0.28b 7.93 ± 0.55a 0.036
Thr 3.29 ± 0.17 3.92 ± 0.31 0.087
Ser 3.93 ± 0.18 4.82 ± 0.40 0.052
Glu 16.89 ± 0.64b 21.56 ± 1.36a 0.009
Gly 2.625 ± 0.09 3.08 ± 0.24 0.102
Ala 2.86 ± 0.14b 3.44 ± 0.23a 0.045
Cys 0.32 ± 0.02b 2.75 ± 0.19a <0.001
Val 3.82 ± 0.21 4.51 ± 0.32 0.089
Met 1.25 ± 0.09 1.47 ± 0.12 0.128
Ile 2.67 ± 0.16b 3.26 ± 0.23a 0.047
Leu 8.01 ± 0.41b 9.61 ± 0.59a 0.041
Tyr 3.00 ± 0.19b 3.70 ± 0.285a 0.049
Phe 3.20 ± 0.17b 4.01 ± 0.30a 0.029
Lys 5.82 ± 0.32 6.98 ± 0.49 0.064
NH3 1.38 ± 0.07b 1.90 ± 0.11a 0.001
His 1.95 ± 0.11b 2.42 ± 0.15a 0.020
Arg 3.57 ± 0.145 4.23 ± 0.33 0.078

a, bMeans without a common superscript in the same row differ (P < 0.05)
Dietary treatment: control = basal diet, COS = basal diet + COS (30 mg/kg basal diet)
Data are expressed as mean ± EM, n = 8
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expression pattern. Xu et al. (2018a, b) identified 486 differentially expressed genes 
(DEGs) associated with litter size from COS supplementation sow ovaries, and a 
large number of these DEGs were related to progesterone-mediated oocyte matura-
tion, cell cycle, oocyte meiosis, metabolic pathways, or hematopoietic cell lineage 
and so on (Fig. 11.3) (Xu et al. 2018a). These novel findings not only deepened our 
understanding of the molecular mechanisms underlying the significant effects of 
COS on fetal survival and reproductive performance in pregnant sows, but also 
established a theoretical basis for developing functional carbohydrates feed addi-
tives such as COS for the breeding industry.

Fig. 11.2 Mass spectrum and statistical results of glycans found in milk of sows fed a control diet 
and diet supplemented with COS during gestation. (Cheng et al. 2015)
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From above investigations, dietary supplementation COS could improve the 
reproductive performance of sows, including total number of piglets born, total 
number of piglets born alive, the average weights for piglets born alive and the litter 
weighs for piglets born alive (Fig. 11.4). The mechanism of COS improving repro-
ductive performance of sows can be explained from the two aspects. (1) During 
early pregnancy, dietary COS supplementation ameliorated the health condition 
through improving the antioxidant capacity and immune function, this was benefi-
cial to embryo implantation. At the same time, COS can enhance the expression of 
some important genes, such as leptin, VEGFA, STAT3, TGF-β, and FGFR2. 
Therefore, embryonic survival rate, crown-to-rump length, and viable fetuses 
weight were improved through the COS intervention. Dietary COS could regulate 

Fig. 11.3 Effect of COS on KEGG enrichment pathway analysis from DEGs. (Xu et al. 2018a, b)
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endocrine status through increasing the concentrations of leptin, which was contrib-
uted to reproductive performance. (2) During late pregnancy, dietary COS supple-
mentation promoted the health condition of sows through improving the amniotic 
fluid composition, that was beneficial to fetus growth and development. Meanwhile, 
COS supplementation in the diet during late gestation activated mTOR signaling 
pathway and elevated amino acids transporters expression in placenta so as to pro-
mote placental amino acids transport, which may contribute to development of fetus 
during gestation.

Total number of piglets born and born 

alive

The average weights for piglets born alive

The litter weights for piglets born alive

Chitosan oligosaccharides (COS)

Sows

Increased the reproductive 
performance   

Leptin and VEGFA in the placenta

STAT3, TGF-β, and FGFR2 in the foetus

Serum leptin and immunoglobulin (IgG, 

IgA, and IgM) concentrations

The total antioxidant capacity (T-AOC)

The serum leptin and IgG concentrations

Improved the reproductive 
performance of sows in early 

pregnancy

Improved immune 
function

Elevated gene expression in 
placenta and foetus

Increased foetal survival rate and 

size (crown-to-rump length)

Improved the reproductive performance 
of sows in late pregnancy

Decreased the number of stillborn and 

mummified at birth
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Stimulated mTOR signaling pathway, increased 

amino acids transporters expression in placenta

Fig. 11.4 Representative pictures of possible mechanism of chitosan oligosaccharides regulating 
reproductive performance in sows
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11.2.2  The Application of COS on Suckling Piglets

The low survival rate of suckling piglets has always been one of the important fac-
tors that hinder the healthy development of pig industry, and it is also an important 
index reflecting the production level of intensive pig farms, which directly affects 
the economic benefits of farmers. Due to the influence of physiological conditions 
and environmental factors of suckling piglets, a large number of suckling piglets 
often die, which brings serious losses to breeding production. It is reported that the 
mortality of suckling piglets in poor domestic conditions is relatively high, reaching 
about 30%, and the mortality of piglets in small and medium-sized pig farms is 
about 20–25%. Therefore, it is necessary to analyze the causes of death of suckling 
piglets and take measures to reduce risks and improve benefits.

11.2.2.1  Effect of COS on the Growth Performance of Suckling 
Piglets

The growth rate of suckling piglets is a major factor in determining weaning weight. 
However, the effect of COS on the offspring of supplemented sows was unknown. 
Xie et al. (2015) investigated the effect of COS supplementing sows during gesta-
tion and lactation on the growth rate of the suckling piglets (Xie et al. 2015). The 
results indicated that supplementation of the maternal diet with COS elevated daily 
gain and weaning weight (Table 11.6). Collectively, dietary supplementation of the 
diet with COS during late gestation and lactation promoted the growth rate of suck-
ling piglets.

11.2.2.2  Effect of COS on the Plasma Glucose and Hepatic 
Gluconeogenesis of Suckling Piglets

COS can lower blood glucose levels in diabetic rats and was widely used as a dietary 
supplement, but the effect of COS on the offspring of supplemented sows was 
unknown. Xie et al. (2015) investigated the effect of COS supplementing sows dur-
ing gestation and lactation on the levels of plasma glucose on suckling piglets (Xie 
et al. 2015). The results showed that maternal supplementation with COS elevated 
the mRNA expression levels and activities of PEPCK-M, PEPCK-C and G6Pase in 

Table 11.6 Growth performance of suckling piglets from sows consuming control or COS diets 
(Xie et al. 2015)

Item
Dietary treatment

P-valueControl COS
Total birth weight/pen (kg) 16.75 ± 1.03 16.81 ± 1.05 0.987
Average birth weight of piglet/pen (kg) 1.56 ± 0.08 1.69 ± 0.06 0.145
Total weaning weight/pen (kg) 45.59 ± 2.42 48.93 ± 2.40 0.336
Average weaning weight of piglet/pen (kg) 4.06 ± 0.14b 4.49 ± 0.14a 0.038
Average daily gain/pen (g) 176.02 ± 6.02b 202.39 ± 6.44a 0.005

a,bMeans without a common superscript in the same row differ (P < 0.05)
Dietary treatment: control=basal diet, COS=basal diet+ COS (30 mg/kg basal diet)
Data are expressed as mean±SEM, n = 20
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the liver of piglets compared with piglets from control fed sows (Fig. 11.5). In addi-
tion, the levels of plasma glucose were higher and hepatic glycogen was lower in 
piglets from COS group compared with that in the control group. Collectively, 
dietary supplementation of the diet with COS during late gestation and lactation 
decreased piglet hypoglycemia by activating hepatic gluconeogenesis and promoted 
the growth rate of suckling piglets.

11.2.2.3  Effect of COS on the Development of Small Intestinal Villi 
of Suckling Piglets

Small intestine is the most important organ for piglets’ nutrient absorption. Xie 
et al. (2016a, b, c) investigated how maternal supplementation with COS affected 
the development of small intestinal villi of suckling piglets. The results showed that 
piglets from the COS groups had greater villus length and ratio of villus length to 
crypt depth in the jejunum and ileum (Fig. 11.6) (Xie et al. 2016a). Therefore, sup-
plementing COS promoted the development of the small intestine in suckling 

Fig. 11.5 The relative protein expression of PEPCK-C, PEPCK-M and G6Pase in the liver of 
suckling piglets. Values are means (n = 4) with their standard errors represented by vertical bars. a, 

bMeans values with different letters were significantly different (P < 0.05). (Xie et al. 2015)
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piglets. This may reflect that chitosan oligosaccharides can improve the nutrient 
absorption capacity of suckling piglets.

11.2.2.4  Effect of COS on Antioxidant Ability of Suckling Piglets
COS is a vital antioxidant in food chemistry. Nevertheless, how the antioxidant abil-
ity was transmitted from sows to piglets still remains unclear. Xie et al. (2016a, b, 
c) aimed to explored maternal supplementation with COS affected the antioxidant 
capacity of suckling piglets (Xie et al. 2016a, b, c). The results showed that piglets 
from the COS groups had greater plasma glutathione peroxidase activity. qRT-PCR 
results demonstrated that the relative mRNA level of glutathione peroxidase 1 
(GPx1) and Cu/Zn-superoxide dismutase (SOD) significantly elevated in COS 
groups pigs duodenum and colon, respectively, however, GPx1 and Mn-SOD obvi-
ously reduced in the liver compared with those in the control group. In conclusion, 
supplementing COS in sow diet improved the intestinal total antioxidant capacity to 
some extent, despite inconsistent results being acquired in the liver.

11.2.2.5  Effect of COS on the Lipid Accumulation and Lipid 
Metabolism in the Suckling Piglets

Previous studies showed that COS could decrease lipid accumulation in liver in rats 
and mice. Xie et al. (2016a, b, c) investigated whether maternal COS supplementa-
tion influences hepatic lipid metabolism by regulating the expression of circadian 
clock genes in piglets. The results showed that maternal COS supplementation ele-
vated hepatic and plasma cholesterol accumulation (Table 11.7) and increased the 
mRNA expression level of negative-regulated element period 1 (Per 1), and 
decreased the expression of the positive elements, circadian locomotor output cycles 
kaput (CLOCK), and brain muscle Arnt-like 1 (BMAL1) in the suckling piglets on 
day 14 (Xie et al. 2016b). These variations may elevate the hepatic cholesterol accu-
mulation and regulate hepatic bile acid metabolism, and reduced the relative lipid 
metabolism-associated genes expression levels in the liver. These results indicated 
that maternal COS supplementing during late gestation and lactation did not change 
hepatic lipid metabolism of newborn piglets, but obviously affected the expression 

Fig. 11.6 Villus height, crypt depth, and ratio of villus height to crypt depth in the jejunum and 
ileum of piglets that suckled sows that consumed a basal corn-soybean diet with no COS (Control) 
and the basal diet supplemented with COS (30 mg/kg basal diet; COS) diets during late gestation and 
lactation. (Data are presented as means with the SEM; n = 8; ∗∗P < 0.01. (Xie et al. 2016a, b, c))
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levels of circadian clock genes, and hepatic cholesterol concentration in the new-
born piglets on day 14 (Xie et al. 2016c). Collectively, these results provided new 
knowledge in regulating hepatic lipid metabolism in the offspring through utero and 
postnatal manipulation of the maternal diet. In addition, more studies need to carry 
out on the molecular mechanisms which COS affected hepatic cholesterol accumu-
lation regulated by circadian clock in the experimental piglets.

From the above discussion, the survival rate of lactating piglets directly affects the 
production level and benefit of the whole stage of pig farm. There are many factors 
causing the death of lactating piglets, such as external factors, nutritional factors, 
self-factors, and disease factors. Generally, the mortality rate of lactating piglets is 
10–20%. COS can improve the growth rate and survival rate of suckling piglets 
(Fig. 11.7). Supplementing COS in sow diet improved villus length and ratio of vil-
lus length to crypt depth in the jejunum and ileum to promote the development of the 
small intestine in suckling piglets. Moreover, COS increased SOD and GPx1 in the 
colon and duodenum, plasma glutathione peroxidase activity to improve the intesti-
nal antioxidant capacity. In addition, dietary COS supplement during late gestation 
and lactation reduced piglet hypoglycemia by stimulating hepatic gluconeogenesis 
and improved the growth rate of suckling piglets, because of the G6Pase, PEPCK-C 
and PEPCK-M in the liver of piglets were increased through COS intervention.

11.2.3  The Application of COS on Weaned Piglets

Weaning stress has been proved to disturb intestinal health balance, which is related 
to physiological and morphological changes that include villous atrophy and crypt 
hyperplasia, intestinal inflammation, and reduced epithelial brush border activity 
(Zhu et al. 2012). In addition to this, a recent study demonstrated that weaning could 

Table 11.7 Contents of HDL-C, LDL-C, total CHO, and triglyceride in the plasma and liver in 
piglets (Xie et al. 2016b)

Item

Day 0 Day 14
Dietary treatment Dietary treatment
Control COS P-value Control COS P-value

In the plasma (mmol/L)
HDL-C 0.87 ± 0.11 0.66 ± 0.06 0.130 3.93 ± 0.27 4.73 ± 0.16 0.023
LDL-C 0.37 ± 0.01 0.31 ± 0.04 0.170 1.63 ± 0.25 3.31 ± 0.23 <0.001
Total CHO 1.03 ± 0.09 1.06 ± 0.14 0.829 4.20 ± 0.3 7.51 ± 0.44 <0.001
Triglyceride 0.23 ± 0.03 0.226 ± 0.03 0.975 0.87 ± 0.05 0.95 ± 0.07 0.349
In the liver (mmol/g protein)
HDL-C 0.31 ± 0.03 0.36 ± 0.105 0.633 1.49 ± 0.22 2.85 ± 0.51 0.049
LDL-C 6.03 ± 0.58 6.01 ± 0.43 0.980 13.38 ± 0.49 17.01 ± 1.17 0.007
Total CHO 1.33 ± 0.28 1.22 ± 0.23 0.840 3.58 ± 0.32 5.51 ± 0.51 0.006
Triglyceride 8.93 ± 1.04 8.26 ± 1.09 0.661 4.77 ± 0.40 7.85 ± 1.31 0.067

Note: Dietary treatment: Control=basal diet, COS=basal diet + COS (30 mg COS/kg basal diet); 
Data are expressed as mean SEM, n = 8
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also induce oxidative stress and then resulted in oxidative damage in piglets (Xu 
et al. 2018b). Moreover, these factors favored diarrhoea, translocation of bacteria 
and reduced digestive and absorptive capacity of small-intestinal enterocytes, which 
resulted in a decline in daily gain and then cause serious economic losses in the 
swine industry. Over the past decades, the post weaning disorders were kept under 
control using antibiotic growth promoters in weaned piglet diets. At present, spe-
cific dietary interventions could offer a practical and viable approach to alleviate 
physiological disorder after weaning. Some nutrients such as COS can play a posi-
tive effect on improving the intestinal development as well as in down-regulated 
oxidative stress.

11.2.3.1  Effect of COS on the Growth Performance of Weaned 
Piglets

To investigate the effects of COS on the growth performance and serum immune 
parameters, Wan et al. demonstrated that upon COS supplementation, during the 
overall trial period, piglets had greater (P < 0.05) ADG compared with those in the 
control group. However, no differences (P > 0.05) were found in the ADFI and F/G 
throughout the whole experimental period between the two groups (Table  11.8) 
(Wan et al. 2017a). The similar results were demonstrated by other earlier research, 
Liu et al. (2008) founded that dietary supplementation with 0.01% or 0.02% of COS 
positively improved BWG, FI and FCR, promoted the digestibility of nutrients and 
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Fig. 11.7 Possible mechanism of chitosan oligosaccharides regulating growth ability of suckling 
piglets

11 The Application of Oligosaccharides in Breeding Industry



340

increased villus height and the villus/crypt ratio in the jejuna and ilea of weaned 
piglets (Liu et al. 2008). The goal of a research by Yang et al. (2012) was to investi-
gate the effect of dietary COS (0.02%, 0.04%, or 0.06%) on the growth performance 
and intestinal morphology of weaned piglets. Pigs supplementation with 0.04% or 
0.06% COS had increased FCR and BWG from day 1 to 14 post-weaning, but 
dietary COS did not alter villous height or crypt depth of the duodenum, ileum or 
jejunum (Yang et al. 2012).

11.2.3.2  Effect of COS on the Amino Acid Profiles, Fatty Acids 
and Serum Biochemical Indicators in Weaned Piglets

Yang et al. (2016) investigated the effect of COS on serum biochemical variables, 
and intestinal mucosal amino acid profiles and alkaline phosphatase (ALP) activi-
ties in weaned piglets (Yang et al. 2016). A total of 24 piglets (BW = 7.82 ± 0.21 kg) 
were weaned at 25 day of age and for a 14 days period, and the dosage of COS 
supplemented was 30 mg/kg in COS group. The results demonstrated that fed diet 
containing COS elevated urea nitrogen contents and serum IgG, and tended to ele-
vate serum calcium (Yang et al. 2016). The ileal mucosal ALP activity in piglet fed 
with COS diet was greater than that in control group. Dietary supplementation with 
COS elevated the contents of Cys and Asn, and tended to elevate the contents of Orn 
and Asp in the small intestinal mucosa of weaned pigs (Yang et  al. 2016). 
Furthermore, the contents of short chain fatty acid (SCFA) in colonic and caecal 
digesta of weaned pigs were regulated by dietary COS supplementation (Table 11.9). 
There were interactions between dietary COS and intestinal section for digesta 
SCFA contents and mucosa amino acid contents in weaned pigs. Collectively, the 
results of the present investigation suggested that fed diet containing COS affected 
immune and intestine functions of weaned pigs.

11.2.3.3  Effect of COS on the Growth Factors Expression in Weaned 
Piglets

Insulin-like growth factor (IGF) is a group of growth-promoting polypeptide sub-
stances, which can promote animal growth. The level of IGF-I in vivo is regulated 

Table 11.8 Effects of COS on the growth performance of weaned pigs (Wan et al. 2017a, b)

Items
Treatmentsa

P-valueCON COS
Days 1–21
ADGb (g) 476.05 ± 15.67 516.83 ± 10.37∗ 0.038

ADFIc (g) 704.99 ± 20.00 748.81 ± 13.40 0.079
F/Gd 1.49 ± 0.03 1.45 ± 0.01 0.221

∗P < 0.05 versus the CON group. ∗∗P < 0.01 versus the CON group
aCON, a corn-soybean basal diet; COS, chitosan oligosaccharides (the basal diet supplemented 
with 100 mg kg−1 COS)
bADG average daily body weight gain
cADFI average daily feed intake
dF/G the ratio of feed to gain
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by growth hormone, and the secretion of growth hormone is also negatively regu-
lated by IGF-I. Tang et al. (2005) studied the effects of dietary supplementation of 
COS on serum IGF-I and growth hormone levels, and hepatic and muscle IGF-I 
mRNA expression in early-weaned piglets (Tang et  al. 2005). The results also 
showed that blood urea nitrogen (BUN) level was decreased whereas serum total 
protein concentration was elevated in COS supplementation (Tang et  al. 2005). 
Dietary supplementation of COS also elevated the serum IGF-I and growth hor-
mone levels along with increasing muscle and hepatic IGF-I mRNA abundance. 
From the above research results, it can be concluded that dietary supplementation of 
COS may increase growth and feed conversion efficiency by elevating plasma IGF-I 
and growth hormone levels in early-weaned pigs.

11.2.3.4  Effect of COS Supplementation on Immune Response, 
Antioxidant Capacity, and Barrier Function in Weaned 
Piglets

Xiong et al. (2015) studied the effect of dietary supplementation of a low dosage of 
COS on immune response, antioxidant capacity, intestinal morphology and barrier 
function in weaned piglets (Xiong et  al. 2015). A total of 120 weaned piglets 
(21 days of age, 7.86 ± 0.22 Kg average BW) were fed with dietary treatments. COS 
group supplemented 30 mg/kg COS. Piglets fed diet containing COS had greater 
stomach pH than those fed the control diet on day 14 post weaning. The concentra-
tions of IL-10 (jejunum, duodenum, and ileum) and secretory immunoglobulin 
(SIgA; ileum and duodenum) were higher in pigs fed diet containing COS com-
pared with control pigs (Xiong et  al. 2015). These results further indicated that 
supplementation COS at this level could induce an oxidative stress and immune 
response in small intestine and have compromised the intestine barrier integrity in 
weaned pigs (Xiong et al. 2015). These researches will provide some guidance on 
the low dosage of COS application on weaned piglets.

Table 11.9 Effects of dietary supplementation with COS on colonic and caecal short chain fatty 
acid (mmol/kg wet digesta) contents of weaned piglets (Yang et al. 2016)

Item
CON COS P-value
Caecum Colon Caecum Colon T S T×S

Acetate 50.4 ± 7.1 63.8 ± 4.7 54.8 ± 11.4 53.6 ± 1.3 0.353 0.055 0.026
Propionate 17.8 ± 1.3 24.6 ± 1.9 21.6 ± 3.7 22.0 ± 2.5 0.353 0.055 0.026
Isobutyrate 1.5 ± 0.2 1.9 ± 0.3 1.8 ± 0.5 2.2 ± 0.6 0.214 0.079 0.995
Butyrate 7.2 ± 1.9 11.1 ± 2.9 10.2 ± 1.7 14.2 ± 1.7 0.005 0.001 0.990
Isovalerate 2.5 ± 0.4 3.2 ± 0.4 3.1 ± 0.3 3.9 ± 0.6 0.005 0.001 0.846
Valerate 1.9 ± 0.3 2.7 ± 0.8 2.5 ± 0.5 3.0 ± 0.3 0.059 0.012 0.445
Total SCFAa 81.2 ± 7.8 107.4 ± 3.9 94.1 ± 10.1 9.0 ± 9.9 0.539 0.001 0.009

aSCFA short chain fatty acid
T effects of dietary treatment, S effects of intestinal section, T×S effects of interaction between 
dietary treatment and intestinal section
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11.2.3.5  Effect of COS on Small Intestinal Morphology of Weaned 
Piglets

Suthongsa et  al. (2017) examined the effect of COS supplementation on growth 
performance, small intestinal functions and nutrient digestibility in weaned piglets 
as an effective alternative to antibiotic addition in post-weaning diets. In the diets, 
the COS dosage were 75, 150, 225 mg/kg, and antibiotics dosage was 110 mg/kg 
lincomycin (Suthongsa et al. 2017). These results demonstrated that pigs in 150 mg/
kg COS group or lincomycin group showed more active cell division (as indicated 
by Ki-67 marker of jejunal and duodenal crypt cells) on day 56 of the experiment 
(Fig. 11.8). These results suggested that 150 mg/kg COS could be helpful dietary 
supplement to improve digestibility efficiency and nutrient absorption.

11.2.3.6  Effect of Dietary COS on Diarrhea in Weaned Piglets
Early weaned piglets often possess an underdeveloped immune system, digestive 
disorders and post-weaning diarrhea. Enterotoxigenic E. coli can colonize the small 
intestine, and release enterotoxins to regulate epithelial cells to secrete fluid into the 
lumen of the gut to induce diarrhea. Xiao et al. performed experiments to verify the 
effect of dietary COS on diarrhea in weaned piglets. The diarrhea gradually declined 
as the experiment progressed, and four pigs had diarrhea at the end of the feeding 
trial in the control group. By contrast, in the chlortetracycline group, five pigs had 
diarrhea on the 5th day, and two pigs had diarrhea from day 17 to the end. However, 
in the COS group, from day 14 to the end, none of the pigs had diarrhea. These 
results demonstrated that 300 mg/kg COS had a similar role on decreasing diarrhea 
as 50 mg/kg chlortetracycline (Xiao et al. 2014). Sun et al. also investigated the 
effect of dietary COS on diarrhea in weaned piglets challenged with pathogenic 
E.coli. The results showed that dietary COS reduced diarrhea days and diarrhea rate, 
which may reflect that COS improve disease resistance (Sun et al. 2009).

Fig. 11.8 Immunohistochemical staining of Ki-67 depicted from jejunal mucosa on day 28 (a–e) 
and day 56 (f–j) of the experiment. (a, f) Basal diet; (b, g) Basal diet plus 75 mg/kg of COS; (c, h) 
Basal diet plus 150 mg/kg of COS; (d, i) Basal diet plus 225 mg/kg of COS; (e, j) Basal diet plus 
110 mg/kg of lincomycin. The positive crypt cell nuclei were indicated by reddish-brown nuclear 
stain (scale bar 10 μm). (Suthongsa et al. 2017)
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11.2.3.7  Effect of COS on Intestinal Inflammation in LPS 
Challenged-Piglets

The intestinal epithelium is continuously exposed to potentially harmful pathogens, 
antigens, toxins and air pollutants, which will induce intestinal inflammation. 
Huang et al. (2016) investigated the effects of dietary COS on the intestinal inflam-
matory response using a lipopolysaccharide (LPS)-challenged pig model. The main 
factors were dietary treatment (basal or 300 μg/kg COS) and inflammatory chal-
lenge (saline or LPS). The results indicated that pigs challenged with LPS had an 
obvious decline in average daily gain and histopathological injury in the ileum and 
jejunum, but dietary supplementation with COS dramatically prevented intestinal 
injury induced by LPS. Pigs supplementation with COS had lower serum concentra-
tions of interleukin (IL) 6, IL-8, and tumor necrosis factor alpha (TNF-α) compared 
with pigs fed the basal diet among LPS-challenged pigs (P < 0.05). Dietary COS 
promoted intestinal calcium-sensing receptor (CaSR) and PLCβ2 protein expres-
sions in both LPS and saline treated pigs, but inhibited IKKα/β, p-NF-κB p65, and 
IκB protein expressions in LPS-challenged pigs (P  <  0.05). The results demon-
strated that COS had the potential to alleviate the intestinal inflammatory response, 
which was concomitant with the stimulation of CaSR and the prevention of NF-κB 
signaling pathways under an inflammatory response (Huang et al. 2016).

11.2.3.8  Effect of COS on Intestinal Flora and Antibiotics 
Substitution in Weaned Piglets

Antibiotics can improve disease resistance, increase feed utilization efficiency and 
promote growth performance. However, the antibiotics lead to the decline in prod-
uct quality and drug resistance problem. Based on the reported antibacterial and 
anti-inflammatory effects, COS has a promising future as an alternative to antibiot-
ics thereby improving the productivity of swine. Yang et al. (2012) investigated the 
effect of COS on growth performance, intestinal barrier function, intestinal mor-
phology, and cecal microflora in 180 weanling pigs (Yang et al. 2012). The dosage 
of COS supplement were 200, 400, 600 mg/kg in the diet, and the antibiotics group 
contained colistin sulfate (CSE) 20 mg/kg supplementation. From day 1 to 7 post 
weaning, pig fed CSE or COS had greater ADFI and ADG compared with the con-
trol groups. From day 1 to 14, diet with either 600 or 400 mg/kg COS, or 20 mg/kg 
CSE promoted ADG and G:F compared with the control diet. These results indi-
cated that dietary supplementation of COS at 600 or 400 mg/kg promoted growth 
performance and improved gut barrier function, increased the population of 
Lactobacilli and Bifidobacteria, and decreased S. aureus in the cecum of weaned 
piglets (Table 11.10). Therefore, COS can be an alternative to antibiotics in feed to 
improve growth performance and health of pigs.

What are the factors affecting the performance of weaned piglets? These factors 
include the following: age, body weight, feed nutrition, disease status, quality of 
managers, environmental conditions, etc. These factors together affect the perfor-
mance and survival rate of piglets. The mechanism of COS promoting growth of 
weaned piglets can be explained from the following aspects (Fig. 11.9): (1) Dietary 
COS supplementation promoted the growth performance, nutrition digestibility and 
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Table 11.10 Effect of dietary treatments on cecal microflora in weaned pigs1,2 (Yang et al. 2012)

Item CON3

Dietary COS, mg/kg
CSE SEM P-value200 400 600

Bifidobacteria
Day 7 7.57bc 8.22ab 8.45a 8.31ab 7.38c 0.374 0.028
Day 14 7.94bc 8.62ab 8.71ab 8.90a 7.80c 0.392 0.032
Lactobacilli
Day 7 7.94b 8.48ab 8.80a 9.11a 7.79b 0.388 0.042
Day 14 8.07 8.28 8.41 8.24 8.12 0.397 0.856
E. coli
Day 7 7.07 6.70 6.46 6.59 6.26 0.381 0.445
Day 14 6.97 6.79 6.57 6.36 6.62 0.371 0.402
S.aureus
Day 7 6.64a 5.85b 5.70b 5.44b 5.36b 0.407 0.044
Day 14 7.42 6.95 6.49 6.34 6.30 0.442 0.094

a–cMeans in the same row with different superscript letters differ (P < 0.05)
1Bacterial numbers are expressed as log10 colony forming units per gram. 2n = 6. 3CON control 
diet, COS chito-oligosaccharides, CSE colistin sulfate
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health status of weaned piglets. (2) Dietary COS supplementation improved intesti-
nal flora by enriched beneficial bacteria (Lactobacillus and Bifidobacterium) and 
suppressed the harmful bacteria (Peptostreptococcus and S. aureus). (3) Dietary 
supplementation of COS might promote growth and feed conversion efficiency via 
increasing plasma IGF-I and growth hormone levels. (4) Dietary supplementation 
with COS affected immune and intestine functions of weaned pigs. (5) Dietary COS 
reduced diarrhea days and diarrhea rate, which may reflect that COS improve dis-
ease resistance. (6) Dietary COS had the potential to decrease the intestinal inflam-
matory response.

11.3  The Application of Oligosaccharides in Poultry Industry

In modern poultry industry, intensive genetic selection for faster growth rates and 
greater feed conversion of broiler chickens are usually accompanied by more mor-
tality rates, mainly because of metabolic disorders, and finally results in the suscep-
tibility to some infectious diseases. Some oligosaccharides have been selected to be 
added to poultry farming to alleviate these problems, and COS is one of the impor-
tant oligosaccharides additives. Compared with the research and application of COS 
in livestock, the studies on the efficacy of dietary COS in the nutrition of poultry 
were much lower, and were mainly focused on broilers and hens.

11.3.1  The Application of COS in Broiler Chickens

A lot of different feed additives are routinely investigated to maintain metabolic 
status and good health and improved the performance indices of intensively pro-
duced broiler industry. Some studies have indicated that appropriate supplementa-
tion of COS may improve nutrient digestibility and daily weight gain in broiler 
chickens, enhance immunity, regulate lipid metabolism, and promote growth and 
development (Swiatkiewicz et al. 2014).

11.3.1.1  Effect of COS on Nutrient Digestibility and Daily Weight 
Gain in Broiler Chickens

As early as 2005, Huang et al. compared the effect of diet supplementation with 
increasing levels of COS (0, 50, 100, 150 mg/kg) and with an antibiotic (flavomy-
cin) on digestibility of nutrients and performance indices in broiler chickens. These 
results indicated that dietary supplementation with COS was useful in increasing 
the ileal digestibility of nutrients and feeding efficiency in broilers (Huang et al. 
2005). A later study by Li et al. detailed investigated the effects of COS on nutrient 
digestibility and daily weight gain in broiler chickens. Diet supplementation with 
COS significantly improved the growth performance in broilers (Table 11.11). The 
results indicated that the effect was related to increasing average daily feed intake 
(FI) and nutrient (dry matter, calcium, phosphorus, and energy) digestibility (Li 
et al. 2007). The recent study by Swiatkiewicz et al. also demonstrated that dietary 
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COS (0.01%) increased growth performance during either the first or second phases 
or the whole feeding period, along with the digestibility of nutrients (Swiatkiewicz 
et al. 2014).

11.3.1.2  Effect of COS on Immunity of Broiler Chickens
Epidemics or plagues in the immunosuppressive state can induce severe morbidity 
and mortality, which will increase economic loss in broiler production. The applica-
tion of nutritive ingredients such as COS has become promising one preventive 
strategy. Deng et al. (2008) evaluated the different mechanisms of the immune sys-
tem of broiler chickens fed diets containing COS (100 mg/kg) or feed antibiotic 
chlortetracycline (80 mg/kg). The results indicated that dietary COS had a more 
significantly effect on immune function than chlortetracycline and promoted the 
immunity of broilers by increasing the weight of the main immune organs (such as 
thymus, spleen and bursa of fabricius), stimulating IgM secretion, optimizing mac-
rophage function by increasing the production of cytokines (IL-1β, IL-6, IFN-γ and 
TNF-α) and regulating inducible nitric oxide synthase to release NO. As a result, 
the authors suggested that COS was a hopeful alternative to the use of antibiotics in 
poultry production (Deng et  al. 2008). A recent study by Chi et  al. also demon-
strated that the relative weights of spleen, bursa of fabricius and thymus in the COS 
group were elevated when compared with those in the control group. The results 
demonstrated that when COS (350 mg/kg) were supplemented to the broiler, some 
cells in the immune organs accelerated entering into the division stage, which could 
lead to the increase of relative weights of the three immune organs, and could even-
tually contribute to the improvement of immune function (Chi et al. 2017).

11.3.1.3  Effect of COS on Hematological and Biochemical Blood 
Characteristics in Broiler Chickens

The effects of supplementation with COS on blood characteristics in broilers were 
investigated by Zhou et al. COS supplementation had no obvious effect on the total 
protein, white blood cells, lymphocyte, albumin, and total cholesterol. However, 
the red blood cell counts were 18.2% greater (P < 0.05) in broilers in the COS 
group than that in the control group (Zhou et  al. 2009). Nuengjamnong and 
Angkanaporn also comprehensively evaluated the function of COS on hematologi-
cal parameters in broilers, including haemoglobin, haematocrit, white blood cell, 
heterophil, basophil, eosinophil, lymphocyte, monocyte, heterophil/lymphocyte 
(H/L) ratio. Most of hematological parameters in all treatments were not different 
except the white blood cell (WBC) count. Chickens had higher WBC count in COS 
group than those in the control group and amoxicillin group (P < 0.05). There was 
no significant difference in H/L ratio of chickens among different groups 
(Nuengjamnong and Angkanaporn 2017). In addition, COS supplementation did 
not obviously affect the serum IGF-I level, but the serum growth hormone level of 
broilers supplemented 50 mg/kg of COS was higher (P < 0.05) than the other treat-
ments (Li et al. 2007).
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11.3.1.4  Effect of COS on Lipid Metabolism of Broiler Chickens
Excessive body fatness in broiler chickens is widely deemed to a problem in the 
poultry industry. In chickens, the lipogenic activities in liver are much greater than 
that in adipose tissue, and most of the fats were accumulated in the adipose tissues. 
Li et al. (2007) reported that COS had a positive effect on serum lipid. The broilers 
fed COS (100  mg/kg) had declined (P  <  0.05) serum triglyceride, increased 
(P < 0.05) serum high-density lipoprotein cholesterol, and were higher serum total 
protein content than broilers in control treatments (Table 11.12). It was probably 
through the influence of lipid absorption in the intestine by binding bile acids, which 
would elevate cholesterol elimination (Li et  al. 2007). Correspondingly, Li et  al. 
recent report investigated the effects of COS on serum levels of lipid metabolism- 
related biomarkers in broiler chickens. Low-dose COS supplementation (20 mg/kg) 
for 21  days provoked a significant reduction of triglycerides (TG) (−19.05%; 
P < 0.05), an effect also mediated by supplementation of 40 mg/kg COS since TG 
decreased by 17.46% (P < 0.05) in the respective groups (Li et al. 2017b).

11.3.1.5  Effect of COS on Intestinal Function of Broiler Chickens
Normal morphology of the intestinal crypt and villus, with adequate improvement 
of intestinal nutrient transporters, is important to a healthy gut. Ibitoye et al. demon-
strated that dietary cricket COS and shrimp COS obviously (P < 0.05) increased 
jejunal villus height and decreased crypt depth (Ibitoye et al. 2018). Furthermore, Li 
et al. showed that the activities of superoxide dismutase and glutathione peroxidase, 
and the ability of total antioxidant capacity and eliminate hydroxy radical as well as 
the contents of glutathione in the COS (350 and 500 mg/kg) groups were obviously 
elevated, but the levels of malonedialdehyde were obviously reduced. The percent-
ages of S and gap 2/mitosis (G2M) phases and proliferating index of ileum mucosal 
lymphocytes in the COS (350 and 500 mg/kg) groups were also elevated compared 
with the control group. The authors suggested dietary COS supplements might 
increase the antioxidant function and promote lymphocytes proliferation in the 
ileum mucosa of chicken (Li et al. 2017a). In addition, Li et al. found that broilers 
fed diet containing COS (100  mg/kg) obviously elevated concentrations of 
Lactobacillus in the cecum compared with those in the other groups. Correspondingly, 
the concentrations of Escherichia coli in the cecum were obviously declined by 
dietary supplementation of COS (100 mg/kg) in comparison with the control group 
(Li et al. 2007).

What are the factors affecting the performance of broiler chickens? These factors 
include the following: strain, feed nutrition, disease status, quality of managers, 
environmental conditions, etc. These factors together affect the performance and 
survival rate of chickens. The mechanism of COS promoting growth of chickens 
can be summarized as the following aspects (Fig. 11.10): (1) Dietary COS supple-
mentation promoted the growth performance, nutrition digestibility and health sta-
tus of chickens. (2) Dietary COS supplementation enhanced the immunity of 
broilers, such as elevating the weight of the some immune organs, improving of 
humoral and cellular immunity, and activating the immune effector molecule. (3) 
Dietary supplementation of COS influenced the hematological and biochemical 
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blood characteristics in broiler chickens. (4) Dietary supplementation of COS regu-
lated the lipid metabolism of broiler chickens by decreasing serum triglyceride and 
increasing high-density lipoprotein cholesterol. (5) Dietary supplementation of 
COS improved the intestinal function of broiler chickens, such as improving jejunal 
villus height and reducing crypt depth, enhancing the antioxidant function of ileum, 
and balancing intestinal flora.

11.3.2  The Application of COS in Laying Hens

The number of reports on the effect of dietary COS in the nutrition of laying hens is 
much less than that of broiler reports. Besides the effects and mechanisms of COS 
found in broilers, more attention has been paid to the effects of COS on egg produc-
tion and quality. An application effect of dietary COS on the dietetic value of eggs 
was investigated by Nogueira et al. (2003), who demonstrated that supplementation 
with 30 g/kg of COS decreased egg yolk contents of cholesterol, stearic and pal-
mitic acids, and elevated the content of oleic acid (Nogueira et al. 2003). The goal 
of an experiment by Yan et al. (2010) was to evaluate dietary supplementation of 
COS on the production performance, hematological characteristics and egg quality 
in laying hens. The results indicated that dietary supplementation of COS (100 mg/
kg, 200 mg/kg) linearly increased yolk color and egg weight, and haugh units (Yan 
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metabolism
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increased high-density 
lipoprotein cholesterol
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Fig. 11.10 Possible mechanism of COS regulating growth ability of broiler chickens
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et al. 2010). Similarly, Meng et al. (2010) demonstrated that dietary inclusion of 
COS appeared to elevate egg quality and production by increasing nutrient digest-
ibility of hens (Meng et al. 2010).

In a recent report on hens fed a diet containing a high level of distillers dried 
grains with solubles (20%), the inclusion of COS elevated the number of eggs pro-
duced and daily egg mass, and decreased concentration of cholesterol in egg yolks 
of hens (Swiatkiewicz et al. 2013). Ghada et al. investigated the effect of COS on 
egg production and performance of laying hens. The results showed that addition of 
COS to drinking water improved feed intake, egg production, average egg weight, 
egg mass production and feed conversion ratio, and a significant decrease in total 
lipid, total cholesterol, low density lipoprotein (LDL), triglyceride, but an obvious 
increase in high density lipoprotein (HDL) in egg yolk. These results clarified that 
the use of COS improved the performance and lipid profile in egg yolk of laying 
hens (Table 11.13) (Ghada et al. 2016).

11.4  The Application of Oligosaccharides in Ruminant 
Farming

Compared with the research of COS in livestock and poultry, the studies of COS in 
ruminants are very limited, and only few reports have been found in cattle.

11.4.1  Effect of COS on Nutrient Digestibility and Blood 
Metabolites in Dairy Cows

Feed additives have been investigated to meet high productive dairy cow energy 
requirements. Mingoti et al. investigated the effects of COS on dry matter intake 
(DMI) and nutrient digestibility in lactating dairy cows. COS supplementation did 

Table 11.13 Effects of COS for 45 days on performance and lipid profile of egg yolk of laying 
hens (Ghada et al. 2016)

Item Control group COS group P value
Daily feed intake (g) 107.38 ± 4.99 113.67 ± 7.19 0.668
Daily egg production (%) 76.67 ± 2.50ª 90.35 ± 2.67b 0.008∗

Daily egg weight in g 45.00 ± 1.54ª 52.78 ± 1.71b 0.007∗

Daily egg mass production 34.68 ± 2.17ª 47.90 ± 2.83b 0.005∗

Feed conversion ratio 4.45 ± 0.14ª 3.38 ± 0.17b 0.001∗

Total lipid % 13.06 ± 0.51ª 10.5 ± 0.50b 0.004∗

Total cholesterol (mg/g) 73.2 ± 2.92ª 64.2 ± 1.62b 0.034∗

LDL (mg/g) 39.8 ± 0.66ª 35.6 ± 1.08b 0.013∗

Triglyceride (mg/g) 122 ± 2.59ª 109.8 ± 1.28b 0.002∗

HDL (mg/g) 28 ± 1.73ª 35.8 ± 0.80b 0.009∗

Data were represented as means ± SE.a,b Mean in the same row are significantly different
∗Significantly difference using ANOVA test at P < 0.05
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not alter DMI, but elevated the digestibility of organic matter (OM), dry matter 
(DM), crude protein (CP) and neutral detergent fiber (NDF) (P < 0.05). Blood urea 
nitrogen concentration was elevated (P = 0.01) with COS supplementation. COS 
reduced (P = 0.02) nitrogen (N) fecal excretion without influence nitrogen balance 
(Mingoti et al. 2016). Valle et al. also evaluated dietary COS effects on mid- lactation 
dairy cow intake, digestibility, metabolism and productive performance. COS 
increased dry matter and crude protein digestibility (P < 0.05), promoted feed effi-
ciency, and increased milk unsaturated fatty acids concentration (Valle et al. 2017).

11.4.2  Effect of COS on Antioxidative and Immune Function 
in Beef Cattle

Li et al. conducted experiments to investigate the effects of COS on antioxidative 
and immune function in beef cattle. A total of 24 fattening Simmental cattle with 
similar age and body weight were divided randomly into different trial groups, and 
the experimental diets contained 0, 500, and 1000 mg/kg COS, respectively. The 
whole feeding trial lasted for 84 days. It was concluded that: (1) the inclusion of 
COS in diets increased (P < 0.05) the levels of interleukin-1 and IgA in serum at 
middle stage. The levels of IgA and IgM tended to be elevated (P < 0.1) by dietary 
COS at later stage of the trial; (2) the inclusion of 500 mg/kg COS in diets elevated 
(P < 0.1) total superoxide dismutase activity and reduced (P < 0.05) malondialde-
hyde content in serum at early and later stages, respectively. Collectively, these 
findings suggested that inclusion of 500 mg/kg COS improved cellular and humoral 
immune responses, and promoted the antioxidative function of beef cattle (Li et al. 
2015).

11.4.3  Effect of COS on Diarrhea in Hanwoo Calves

The neonatal calves’ diarrhoea is a major reason of breeding loss to the cattle indus-
try, which can lead the death in dairy heifer and beef calves. In hence, it is important 
to explore alternative therapeutic agents for effective treatment of the disease. Alam 
et al. (2012) investigated the therapeutic effects of COS on diarrhea in Korean native 
(Hanwoo) calves (Alam et al. 2012). The dosage of COS in the treated group was 
50 ml/day. Among the COS experimental group 41 (out of 46) calves recovered 
completely from diarrhoea and in the control group 5 calves (out of 40) spontane-
ously recovered after 5 days (Table 11.14). Because COS was found to effectively 
inhibit diarrhoea bacterial (Escherichia coli and Salmonella typhimurium) growth 
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and pathogenicity, the authors suggested that COS could be promising applied for 
the clinical treatment of diarrhoea in Hanwoo calves (Alam et al. 2012).

11.4.4  The Antibacterial Effect of COS Against Infection 
by Staphylococcus aureus Isolated from Bovine Mastitis

Mastitis is induced primarily by microbial intramammary infection (IMI) and is a 
costly disease for dairy cattle breeding. Bovine mastitis induced by S. aureus infec-
tion constitutes a serious challenge to dairy producers due to the frequent inability 
of both the immune response and antibiotics to destroy the pathogen in the intrama-
mmary environment. Moon et al. (2007) studied the antibacterial effect of COS. The 
growth of Staphylococcus aureus isolated from bovine mastitis was declined within 
10 min of incubation with COS in concentrations ranging from 0.0001% to 0.5%. 
In addition, electron microscopic results demonstrated that the surface of the COS- 
treated bacteria was distorted, expanded and lysed compared to that of the control 
bacteria. This indicated that COS was a hopeful agent for the treatment and improve-
ment of bovine mastitis because of its strong antibacterial activity against S. aureus 
(Moon et al., 2007).

Though few studies have been reported on the effects of COS on ruminants, 
these results indicated that COS could be used as promising feed additive in bovine. 
COS increased dry matter and crude protein digestibility, and improved feed effi-
ciency. In addition, COS had immunostimulative effect and antibacterial activity 
against infection by Staphylococcus aureus isolated from bovine mastitis. COS also 
could be potentially applied for the clinical treatment of diarrhoea in Hanwoo 
calves. Therefore, COS can improve the health level of bovine and prevent the inci-
dence of diseases (Fig. 11.11).

Table 11.14 Therapeutic effects of COS on diarrhoea in Hanwoo calves (Alam et al. 2012)

Parameters
Routine diet group (n = 40) Treated group (n = 46)
Control 5 days after normal diet Control 5 days after COS treatment

Faeces
Normal – 5 – 41
Loose 31 5 36 2
Very loose 9 32 10 2
Runny – 3 – 1
Dehydration (skin tenting test)
Normal (<2 s) 28 5 31 40
Mild (2–3 s) 12 11 15 1
Moderate (3–6 s) – 20 – 3
Severe (>6 s) – 4 – 2
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11.5  Conclusion and Perspective

11.5.1  The Conclusion of COS Feed Additives

From the above reports, we found that dietary inclusion COS improved the growth 
performance and reproductive performance of sows, piglets, chicken, hens and 
bovine. COS regulated animal physiological function as follows (Fig. 11.12): (1) 
Dietary supplementation COS increased the reproductive performance of sows 
(including total number of piglets born, total number of piglets born alive, the aver-
age weights for piglets born alive and the litter weighs for piglets born alive. (2) 
Dietary COS promoted the growth performance of suckling piglets. COS could 
improve the growth rate and the survival rate of suckling piglets. Supplementation 
of the maternal diet with COS elevated weaning weight and daily gain and the con-
centration of amino acids in sow milk. Supplementing COS in the sow diet improved 
villus length and ratio of villus length to crypt depth in the jejunum and ileum to 
promote the development of the small intestine in suckling pigs. (3) Dietary COS 
promoted the growth performance of weaned piglets. Dietary supplementation COS 
improved the growth performance, nutrition digestibility and health status of 
weaned piglets. Dietary COS increased growth rates of piglets and the feed conver-
sion rate by increasing plasma growth hormone and IGF-I levels. COS supplemen-
tation improved intestinal flora by enriched beneficial bacteria (Lactobacillus and 
Bifidobacterium) and suppressed the harmful bacteria (Peptostreptococcus and 
Escherichia coli). (4) Dietary COS supplementation promoted the growth perfor-
mance, nutrition digestibility and health status of chickens. Dietary COS supple-
mentation enhanced the immunity, regulated the lipid metabolism and improved the 
intestinal function of broiler chickens. In addition, Dietary COS supplementation 
improved the production and quality of eggs. (5) COS increased dry matter and 
crude protein digestibility, and improved the feed efficiency in bovine. As well as 
COS can improve the health level of bovine and prevent the incidence of diseases.
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Fig. 11.11 Possible mechanism of COS regulating performance of bovine
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11.5.2  The Perspective of COS Feed Additive

As a new kind of functional oligosaccharide feed additive, COS has good feed 
effects and application prospects. However, there is still a lot of work to further 
carry out and vigorously promote in some aspects.

 1. Through the continuous efforts of research scholars, some progresses have been 
made in animal epidemiological research, but the breeding epidemics have 
always been harmful to the breeding industry, such as African swine fever and 
avian influenza. The situation of animal epidemic prevention and control is still 
grim. It not only affects consumption, but also breeding enterprises confidence. 
As an effective immunopotentiator, COS can effectively improve the immunity 
of breeding animals and enhance their resistance to external environment and 
disease infection. Recently, COS have been shown to be the potential as adju-
vants to some vaccines in livestock and poultry farming. Collectively, COS is 
expected to play a greater role in the field of breeding epidemiology prevention 
and control.

 2. It is well known that antibiotics supplementation in the diet usually improve the 
growth rate and feed efficiency of breeding animals. However, antibiotics have 
serious safety problems for human beings due to drug residues and drug resis-
tance. It is necessary to identify alternatives to antibiotics to maintain growth 
performance benefits. Many researchers, based on their experimental data, indi-
cated that COS can improve growth performance, immune function and feed 
utilization efficiency. Compared with the effects of some antibiotics, the effects 
of COS are basically the same. At least within a certain range, COS has good 
prospects for the application of alternative antibiotics. However, there are still 
many problems to be solved, such as the choice of substitution time and dose.

Establish healthy 
intestinal microflora

Improve digestive and 
absorptive capacity

Reduce intestinal 
inflammation

Enhance antioxidative
capacity

Regulate the body 
immunity

Activate signaling 
pathways

Promote metabolism Reduce blood lipid

Promote growth factor 
expression

Improve the production 
performance

COS
Feed Additive

Fig. 11.12 Mechanism of COS as feed additives
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 3. COS has been proved to improve the production performance, immune function 
and product quality of breeding animals. However, the further mechanism of 
COS action remains to be explored. In addition, how to combine the theoretical 
research and practical industry of COS feed additive? It is imperative to speed up 
the training of COS feed additive in breeding technology and product promotion. 
COS feed additive have been application in sows, piglets, broilers, laying hens, 
and cattle. How to broaden the application scope of COS is also the direction of 
future efforts, for example, aquaculture and special economic animals. Finally, 
with the increasing demand for COS feed additive, the large-scale production 
and product quality control are particularly important.
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