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Abstract

Chitosan oligosaccharides (COS), derived from chitin, have garnered considerable atten-
tion owing to their diverse biological activities and potential applications. Previous inves-
tigations into the bioactivity of COS often encountered challenges, primarily stemming
from the use of COS mixtures, making it difficult to discern specific effects linked to dis-
tinct degrees of polymerization (DP). Recent progress underscores the significant variation
in the biological activities of COS corresponding to different DPs, prompting dedicated
research towards synthesizing COS with well-defined polymerization. Among the avail-
able methods, enzymatic preparation stands out as a viable and environmentally friendly
approach for COS synthesis. This article provides a comprehensive overview of emerging
strategies for the enzymatic preparation of single COS, encompassing protein engineer-
ing, enzymatic membrane bioreactors, and transglycosylation reactions. Furthermore, the
bioactivities of single COS, including anti-tumor, antioxidant, antibacterial, anti-inflamma-
tory, and plant defense inducer properties, exhibit close associations with DP values. The
potential applications of single COS, such as in functional food, food preservation, and
crop planting, are also elucidated.
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Introduction

Chitin serves as the primary constituent in the exoskeletons of crustaceans such as shrimp, crabs,
and insects. This highly branched polymer polysaccharide ranks second only to cellulose in terms
of its natural abundance. Unfortunately, chitin exhibits insolubility in water, leading to its frequent
disposal as waste. Nonetheless, chitin derivatives, namely chitosan (CHOS) and chitosan oligo-
saccharides (COSs), present significant potential for applications across diverse fields, including
food, chemical industry, medicine, and agriculture, owing to their distinctive properties. CHOS
is the deacetylation product of chitin, which consists of N-acetylglucosamine units (GIcNAc) and
D-glucosamine (GIcN) units linked through p-1,4-glucoside bonds. While COSs are the degrada-
tion products of CHOS, which exhibit low molecular weight, favorable water solubility, and facile
absorption by the human body. Remarkably, COSs stand as the sole naturally occurring alkaline
amino oligosaccharides with positive charge [1]. Hence, the demand for COS surpasses that of
chitosan. Additionally, COSs exhibit superior biosafety, antibacterial, anti-tumor, anti-inflamma-
tory, and antioxidant effects compared to other polysaccharides, positioning them as one of the
most auspicious functional polysaccharides.

COSs are typically generated through physical, chemical, or enzymatic hydrolysis meth-
ods. Physical methods involve breaking the chemical bonds within CHOS molecules during
the radiation process for degradation, which include microwave radiation, electromagnetic
wave radiation, and ultrasound radiation. However, during the degradation process, the poly-
mer chains of CHOS break arbitrarily, resulting in a wide distribution of average molecular
weights in the products. This leads to significant waste of raw materials, imposing substan-
tial limitations on the industrial application. Furthermore, the attainment of COS with spe-
cific polymerization degrees by chemical method, such as acid hydrolysis, proves challeng-
ing, leading to raw material wastage, elevated equipment costs, and diminished production
efficiency. Consequently, enzymatic synthesis of COSs has emerged as a focal point due to its
mild and secure operating conditions [2]. Notably, COS prepared through these methods con-
stitute mixtures with varying molecular weights (MW), acetylation degrees (DD), and polym-
erization degrees (DP), thereby influencing subsequent investigations into structure-activity
relationships and activity mechanisms. Numerous studies demonstrated that the DP of COS
played a crucial role in directly influencing their physical and chemical properties, along with
their biological activity. The physiological activity function of COS with different DPs also
varies greatly, and COS with relatively high DP (6 or higher) have better biological activity
than oligosaccharides with low DPs [3].

Recently, researches endeavor addressing the control of the DP during COS production
have emerged, primarily centering on synthesis and separation processes. Comprehensive
reviews in the literature have effectively outlined the generation of single COS through separa-
tion methods [4]. This paper, however, directs its focus towards summarizing the enzymatic
preparation of single COS with precisely defined DPs, which delves into the molecular mech-
anisms underlying these enzymatic methods, explores the correlation between single COS and
their biological activity, and outlines their potential applications within the realms of food.

Enzymatic Preparation of COS with Single DP
Currently, the enzymatic preparation of single COS predominantly involves protein engi-

neering, enzymatic membrane bioreactors that integrate chitosanase immobilization tech-
nology and a membrane reactor, and transglycosylation reactions (Fig. 1). The recent
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reports of enzymatic preparation of single COS with different strategies were summarized
(Table 1).

Protein Engineering

Chitosanase (EC 3.2.1.132), an enzyme specifically targeting fully deacetylated chitosan, is
widespread in bacteria, fungi, and plants. The hydrolytic mechanism of chitosanase is intri-
cately linked to the degree of DP of the COS product. Most wild-type chitosanases adhere
to an endo-type catalytic mechanism during hydrolysis, cleaving the $-1,4-glucoside bonds
within chitosan molecules randomly, thereby resulting in a stochastic distribution of DP in
the products. Notably, a unique chitosanase, Csn-PD, isolated from Paenibacillus dendriti-
formis, exhibits the capability to generate (GIcN), [5]. This discovery offers novel insights
into the enzymatic synthesis of COS with precisely defined DPs.

To date, eight crystal structures of chitosanases have been documented, comprising
one from the GHS8 family, one from the GH80 family, and six from the GH46 family.
These structural insights offer valuable information for employing protein engineering
strategies to enhance the characteristics of chitosanases and facilitate the targeted gen-
eration of COS with specific DP. Upon interaction with long-chain chitosan, chitosanase
undergoes an “open-closed-open” conformational change in its active region. Following
the completion of the hydrolytic reaction, the active cleft gradually opens to release
the products. For precise action at the correct site, the enzyme undergoes deformation,
allowing key amino acid residues at the active site to assume the necessary positions
for the reaction. Furthermore, chitosanases exhibit subsite specificities that categorize
them into four classes. Class I enzymes can cleave both the GIcNAc-GlcN bond and the
GIcN-GIeN bond, while class II enzymes exclusively cut the GlcN-GIcN bond. Class
IIT enzymes can hydrolyze both the GIcN-GlcN and GlcN-GlcNAc bonds. Lastly, class
IV enzymes can cleave all bonds except the GlcNAc-GIcNAc bond. Leveraging these

"On-off-on" hydrolysis mechanism of High DP COS can be prepared by introducing new
chitosanases from the GH46 family. glycosidic bonds between donor and receptor sugar
molecules.
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Fig. 1 Enzymatic preparation of COS with a single degree of polymerization
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characteristics, protein engineering employs molecular modification methods such as
directed evolution, rational design, conserved domain recombination, and non-catalytic
domain truncation to alter the substrate specificity of chitosanases [15].

Recent investigations have revealed that site-specific mutations, particularly targeting
residues within active catalytic pockets, can diminish the interaction between the active
cleft, enhance the binding of larger substrates, and impede the continued hydrolysis of
substrates with low degrees of polymerization. Gercke et al. [6] successfully conducted
protein engineering on the chitosanase CSN from the GH8 family of Bacillus sp., target-
ing subsite (—2) for modification to alter its preference from GIcN to allow the bind-
ing of GIcNAc. The mutation resulted in a change in subsite specificity for the mutants
CSN-VRE and CSN-RE, transforming them from class III to class II chitosanases. Con-
sequently, the primary product of the mutants shifted to chitotetrose (GlcN),, which was
no longer susceptible to hydrolysis.

Ding et al. [7] conducted a bioinformatics analysis of the chitosanase SsCsn46
from the GH46 family in Streptomyces sp. N174. They identified four key amino acids
(Ala198, Alal99, His200, and Asp201) within the enzyme’s active fissure that might
hinder its binding with chitosan, consequently influencing the size of COS products.
Through the removal of these four amino acids to enlarge the substrate binding gap and
accommodate larger substrates, the mutant displayed a preference for producing chito-
pentaose (GlcN)s in comparison to the wild-type enzyme. Building on a rational design
approach to the structure, Li and colleagues [8] discovered that chitosanase CsnM Y002
of the GH46 family exhibited a closed tunnel substrate binding site, distinguishing it
from the open cleft observed in other chitosanases within the GH46 family. To facilitate
substrate sliding within the substrate binding tunnel, the mutant CsnMY002-G21K (Gly
21 Lys) was devised to disrupt the binding site at the + 3 subsite. This modification led
to the production of pure chitobiose (GIcN), with a relative content exceeding 87%,
marking the current highest productivity of (GIcN), and a 17-fold increase compared to
acid hydrolysis. In general, chitosanase comprises six subsites for binding GIlcN units,
extending from the non-reducing end to the reducing end, with subsites labeled from
—3 to +3. Wang et al. [9] conducted a structural comparison of chitosanase GsCsn46A
from Gynuella sunshinyii bound to substrates (GlcN); and (GlcN), using X-ray crystal-
lography. The distinct binding sites of GsCsn46A for (GIcN);5 and (GlcN), unveiled the
presence of two new negative subunits (— 5 subsite and —4 subsite) in the GH46 family.
Given that the minimum substrate (GlcN), requires binding from —2 to +2 subsites of
GsCsn46A, mutations were concentrated around the — 3 and + 3 subsites (N21S, N21W,
L117D, E149Q, E206Y, G235W, and D236A). These mutations expanded the catalytic
cleft to accommodate COS with a DP above 6. Subsequent verification revealed that the
N21W mutation nearly abolished the hydrolytic capability towards (GIcN),.

These investigations have significantly demonstrated the potential of targeting chi-
tosanases for controlling the DP of COS through molecular modification, which has
expanded the utility of chitosanase to achieve controlled hydrolysis of chitosan, with
protein engineering offering the promise of designing the hydrolysis and preparation of
COS as desired.

Enzymatic Membrane Bioreactor

In the realm of industrial biocatalysis, enzyme immobilization technology is widely acknowl-
edged for its extensive application potential, which offers enhanced enzyme activity, stability,
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and selectivity, along with the advantages of reusability and convenience in facilitating con-
tinuous production [16]. In particular, safe and inexpensive immobilization methods are par-
ticularly important in the catalysis of food and medicine-related enzymes such as chitosanase.
In recent years, carbohydrate-binding modules (CBMs) have emerged as efficient tools for
the immobilization of recombinant fusion proteins, leading to notable achievements in the
continuous production of COS with specific DP. CBMs are small domains widely found in
glycoside hydrolases, capable of existing alone or in tandem with different CBMs to enhance
substrate affinity and broaden the substrate recognition spectrum of the enzyme [17]. Moreo-
ver, immobilized enzymes can be directly employed in a continuous packed bed reactor [18],
effectively controlling reaction termination and improving enzyme specificity for the product,
resulting in the efficient production of chitosan with a higher DP. Research by Zhou et al. [10]
demonstrated that CBM32 significantly increased the degree of product polymerization. Con-
structs such as CSN-75-CBM32 and CSN-75-2CBM32 successfully achieved an increase
in the range from 2—4 to 3-5 degrees of polymerization compared to the wild-type enzyme
CSN-75. As the output of COS in this manner remains a mixture, obtaining a product with a
single DP still requires a complex downstream separation process. With the introduction of
membrane technology, particularly the application of enzymatic membrane reactors (EMRs),
which combine enzymatic reactions with ultrafiltration or nanofiltration membranes, an inno-
vative solution has been proposed for this issue. In EMR, effective separation of COS with
a DP ranging from 4 to 6 can be achieved by selecting the appropriate membrane pore size
[19]. This separation method enables the isolation of desired highly polymerized products
from the hydrolyzed reaction mixture and prevents further degradation of these intermedi-
ates. Paloma Santos-Moriano and colleagues [12] proposed a dual reactor system comprising
a continuous stirred tank reactor (CSTR) and a packed bed reactor (PBR) for the continu-
ous production of COS. The immobilized a-amylase from Bacillus amyloliquefaciens (BAN)
hydrolyzed the chitosan into a viscosity that could pass through the packed bed reactor with-
out causing column blockage. The reaction mixture then passed through the membrane reac-
tor at both ends (pore size 20-25 pm) to promote substrate transfer, resulting in continuous
production, mainly of (GIcN),, with a yield and titer of 73% and 37 g/L under the lowest dilu-
tion rate. Additionally, chitosanase BaCsn46A with high specific activity effectively accumu-
lated COS products with high DP through a series of EMRs using an ultrafiltration (cutoff
molecular weight 5 kDa)-nanofiltration (cutoff molecular weight 3 kDa) system [11]. The
ratios of produced (GlcN),, (GIcN);, (GleN),, (GlcN)s, and (GlcN) were 6.55%, 16.51%,
20.77%, 28.51%, and 11.56%, respectively. These reports indicate that EMRs offer a feasible
and effective method for the controllable production of defined COS.

Transglycosylation

In addition to hydrolytic activity, certain chitosanases exhibit transglycosylation (TG)
capabilities, facilitating the formation of new glycosidic bonds between donor and recipi-
ent sugar molecules. This process leads to the synthesis of long-chain oligomers from
short-chain counterparts, thereby enabling the production of high DP COS [20]. Notably,
enzymatic glycosylation has garnered significant attention due to its mild reaction condi-
tions, high catalytic efficiency, and specific stereo-/regioselectivity. Recent advancements
have enhanced the transglycosylation potential of glycosyl hydrolases (GHs) with the abil-
ity to regulate the distribution of DP in the product by undertaking protein engineering to
reconstruct the active site of chitosanases [21].
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When designing a glycosyl hydrolase for transglycosylation, two fundamental principles
come into play: the elimination of spatial site resistance at the entrance of the substrate chan-
nel and the enlargement of the catalyst pocket space. Bhuvanachandra et al. [13] reported
that mutating the non-conserved amino acid W204 tryptophan (Trp) to alanine (Ala) in the
chitosanase BamCsn from Bacillus amyloliquefaciens resulted in the W204A mutant dis-
playing reduced binding affinity to (GIcN)4, which may be attributed to a conformational
change in the mutant or the inability to assume the active conformation, leading to a com-
plete loss of hydrolytic activity. Additionally, phylogenetic analysis revealed that BamCsn
falls into a new class of chitosanases capable of generating longer-chain COS from chitosan.
The W204A mutant exhibited TG activity on (GlcN), and (GIcN)s, producing longer-chain
COS (GIcN)5 and (GlcN)g, respectively. Furthermore, the mutant also demonstrated TG
activity on COS, with (GIcNAc), identified as the main product when (GIcNAc), served as
the substrate. Coincidentally, Sun et al. [14] conducted an analysis of the crystal structure
of chitosanase Csn-PD and identified a hydrophilic key ring (residue 112-116, NDKHP)
within the substrate binding region. The deletion of this ring resulted in the mutant Csn-
PDL1, which expanded the catalytic activity fissure at the —3 subsite of the mutant, mak-
ing the region more hydrophilic. When substrates ranging from (GIcN), to (GlcN)5 were
employed, the ultimate product was (GlcN)g, which marked the first instance within the
GH46 family of chitosanases exhibiting transglycosylation activity. These findings illustrate
that modifications in the subsites of glycosyl hydrolases (GHs) can significantly modulate
the hydrolytic and transglycosylation activities of the enzyme, presenting a promising ave-
nue for future applications of chitosanases in synthesizing COS with a high DP.

Bioactivities and Applications of COS with Single DP in the Food Sector

COS are recognized for their diverse biological activities, including anti-tumor, antioxi-
dant, antibacterial, anti-inflammatory, and plant defense inducer properties. The bioactiv-
ity of COS is intricately linked to the DP values. Consequently, considerable attention has
been directed towards understanding the biological activity of COS with precisely defined
DP. These COSs hold potential applications as drugs, functional foods, or nutritional health
products, contributing to human health improvement. Moreover, they find utility in areas
such as food preservation, agriculture, and animal husbandry, enhancing the quality of our
daily diet and lifestyle (Fig. 2). In this context, we present a summary of the structure-
activity relationships of COS with well-defined DP (Table 2).

Functional food

Building upon findings from cell biology, animal models, and clinical studies, it has been
established that COS exhibits notable physiological activities, including excellent anti-
inflammatory, anti-tumor, immune regulatory, and preventive effects against hypertension
and hyperlipidemia. Furthermore, COSs are acknowledged for their safety and non-toxic
nature, solubility under neutral conditions, and absence of adverse effects on human health
[30, 31]. As global interest intensifies in the research, development, and commercialization
of functional food ingredients, nutraceuticals, and dietary supplements, chitosan emerges
as a potential efficacious component. Particularly in the realms of anti-inflammatory and
anti-tumor properties, the relationship with the DP of COS is noteworthy.

@ Springer



Applied Biochemistry and Biotechnology

Anti-inflammatory

Inflammation serves as a natural defense mechanism of the body in response to external
stimuli. However, excessive inflammation can give rise to the generation of immune cells
and free radicals, potentially leading to various health issues, including myocarditis—a
significant contributor to heart disease and global mortality. Anti-inflammatory treat-
ment emerges as a crucial preventive measure to counteract the onset and progression of
myocarditis. Zhao et al. [22] investigated the influence of COS with varying DP on myo-
carditis in rats. Notably, only COS with a DP value of 4 or higher exhibited discernible
anti-inflammatory activity within the range of DP 2 to 7. The augmentation of DP in COS
correlated with an increased anti-inflammatory effect, suggesting that COS with a lower
DP might lack a straightforward anti-inflammatory impact. Furthermore, COS with DP
ranging from 3 to 7 was observed to enhance calcium absorption and mitigate osteoporosis
in mice. Moreover, in vitro experiments demonstrated their capability to prevent the forma-
tion of insoluble calcium salts [30]. Currently, COSs have been approved by the Food and
Drug Administration (FDA) for dietary supplement therapy for osteoarthritis, making it an
attractive option for patients seeking relief from this condition, such as health care product
Ivica Oli¢ shan-chito-oligosaccharide capsule in China.

Anti-tumor

Cancer is the second leading cause of death globally, following heart disease. In vitro
studies have demonstrated the favorable therapeutic effects of COS on various cancer cell
types, including ascites, bladder cancer, prostate cancer, lung cancer, leukemia, cervical
cancer, and colorectal cancer. Notably, COS exhibits fewer side effects compared to con-
ventional clinical drugs, which suggests the potential of COS in the development of new
anti-tumor drugs. The cationic-charged nature of COS, being a natural polysaccharide,
plays a role in altering the permeability of cancer cells, inducing cell necrosis and apop-
tosis and influencing tumorigenesis and metastasis. Additionally, COS can stimulate the
immune response, indirectly inhibiting tumor growth [32, 33]. Several studies have high-
lighted that COS with higher DP demonstrate enhanced anti-tumor proliferation activity.
For instance, (GIcN)g has been shown to significantly downregulate cyclin DI and Bcl-x!
mRNA expression, inducing apoptosis [23]. Moreover, (GlcN)4 exhibits greater efficacy
in suppressing tumor-induced cell growth and vasodilation compared to other single COS
[34]. Pan’s research further emphasized this point by exploring the impact of COS with
varying DPs on osteosarcoma cells. (GIcN)s, in particular, demonstrated effective inhibi-
tory activity against osteosarcoma and gastric cancer cells, potentially through the regula-
tion of the PI3K/AKT signaling pathway [35].

Food Preservation

Controversies currently surround the utilization of synthetic preservatives [36]. Given the
noteworthy antibacterial properties and significant antioxidant effects observed in COS,
they emerge as potential candidates for natural and safe preservatives. This positions COS
as alternatives to chemical preservatives such as sodium benzoate and sulfur dioxide, con-
tributing to the preservation of food quality [25, 37].

@ Springer



Applied Biochemistry and Biotechnology

Viral myocarditis

¥ —E

Dietary supplement

COSs with
different DP

anti- anti-
inflamma oxidation
tory
plant defense
inducers
K > Healthy

&—ab

D

Anials feed

6-0-8

Normal cell  Freeradicals Cell with

attacking cell oxidative
stress

e e
‘¢

&N
P .

Food preservation Food additive

Fig.2 Bioactivities of single COS and their applications

Antimicrobial

COS demonstrates a wide-ranging antibacterial effect, effectively impeding the prolifera-
tion of diverse bacteria and fungi. The mechanism involves the interaction of COS with
receptors on the microbial cell wall in both bacterial and fungal cells, resulting in the per-
turbation of the cell wall structure. Moreover, COS can modify the cell membrane struc-
ture, augmenting membrane permeability. This perturbation of cell wall or membrane
structure and function culminates in cellular demise. This distinctive property renders COS
well-suited for meeting preservation requirements in the transit, commercialization, and
storage of fruits and vegetables. Furthermore, COS can be administered by spraying onto
the surfaces of fruits and vegetables or via dip-coating into films, averting produce brown-
ing and establishing them as optimal preservatives [25].

By Meng’s investigation [26], the DP emerges as a pivotal determinant influencing the
antibacterial activity of COS. COS with a higher DP value demonstrates potent inhibition
of bacteria and fungi, leading to the disruption of cell membrane integrity and inducing
cell lysis or apoptosis. Particularly, at low pH values and DP values exceeding 4, the inhibi-
tory effect on Staphylococcus aureus was intensified, with a tendency for increased sig-
nificance as DP values rise further. A comprehensive analysis by Miguez and colleagues
[38] confirmed the correlation between the antimicrobial efficacy of COS and the degree
of polymerization. Notably, (GlcN), exhibited the highest antimicrobial potency against
Bacillus cereus and Escherichia coli, followed by chitobiose (GIcN),, chitotriose (GlcN);,
and chitotetraose (GlcN),. With an enhanced understanding of the conformational impacts
of COS, it is reasonable to anticipate that optimizing DP and other structural parameters
will unveil new avenues for COS application in food preservation.

Antioxidant

In addition, COSs exhibit noteworthy antioxidant properties attributable to the pres-
ence of hydroxyl, amino, and other reactive groups. They can enhance intracellular
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glutathione levels, thereby showcasing their potential to alleviate the detrimen-
tal effects of reactive oxygen species (ROS) on biomolecules, either through direct
or indirect mechanisms [27]. This underscores their potential to prevent food flavor
deterioration.

Li et al. [39] conducted tests on the antioxidant activity of single COS with DP
ranging from 3 to 10 and revealed that (GIcN); exhibited superior hydroxyl radical
scavenging activity compared to high DP COS. This difference is likely attributed
to the weaker intra- and intermolecular hydrogen bonding in low DP COS, allowing
for more readily activated free hydroxyls and amines, thereby enhancing antioxidant
activity. Conversely, superoxide radical scavenging activity increased with rising DP,
although the specific mechanism of superoxide radical scavenging remains unclear
and warrants further investigation. In a study by Yang and colleagues [28] focusing
on the addition of COS during beer storage, it was observed that low DP COS actively
contributed to preventing beer flavor deterioration by inhibiting the formation of stal-
ing compounds and enhancing radical scavenging activity. As our comprehension of
the antioxidant mechanisms of COS advances, coupled with the aid of advanced bio-
technology, the prospect of developing customized degrees of polymerization in COS
derivatives holds promise in combating oxidative stress caused by ROS, thereby posi-
tively impacting human health and longevity.

Crop Planting

To achieve food diversification and enhance nutrition and health, it is imperative to
establish a supply system that indirectly promotes healthy food through agriculture and
animal husbandry, guided by the concept of “Big Food.” COS has the ability to mimic
the cell wall structure of pathogens, thereby inducing the plant’s natural immune
response. This mechanism aids in improving crop disease resistance by triggering
plant immunity when plants encounter biological or abiotic stress, indirectly ensuring
a healthy food supply.

In the work by Zhang and colleagues [29], the DP was found to be closely associ-
ated with the plant growth-promoting activity of COS, requiring a DP greater than 3
to exert its beneficial effects. Zou et al. [40] investigated the impact of single COS
ranging from (GIcN), to (GlcN),, as well as a COS mixture, on the cold tolerance of
wheat seedlings, which revealed that (GIcN), and (GlcN), were particularly effective
in alleviating cold stress in plants. This effect was attributed to the modulation of anti-
oxidant enzyme activities, resulting in increased root length, stem length, fresh weight,
and dry weight of the exogenously treated wheat seedlings. Furthermore, research on
the utilization of COS as a biological pesticide has demonstrated the capability not
only to induce plant resistance and tolerance but also to replace chemical pesticides for
biological control. COS exhibits dual functions, encompassing biological regulation
efficacy and fertilizer effects. This multifaceted approach aligns with the principles of
green, healthy, and sustainable agriculture, in harmony with the requirements of envi-
ronmental protection, green construction, and ecological civilization development.
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Conclusion and Prospects

COSs are natural polysaccharides with a wide range of biological activities and poten-
tial applications in various industries. However, manufacturing COS with well-defined
DP, especially high polymerization, on a large scale still remains a challenge, because
relevant researches mainly focus on structural modifications aimed at disrupting sub-
strate interaction with the enzyme’s active site or altering substrate binding, thereby
impacting the catalytic cleavage capacity of chitosanase. Additionally, the enzyme’s
catalytic activity is a vital factor that affects its potential for industrial use. Currently,
engineered enzymes developed for the production of specific COS tend to exhibit sub-
stantially reduced catalytic efficiencies. Therefore, there is a need for further research
and improvement in the stability and catalytic activity of mutant enzymes. Besides, it
is noteworthy that EMR shows good potential for producing and separating single COS
of interest, but most previous reports on EMR are at the laboratory scale and rarely
involve pilot or large-scale applications. Alongside the challenge of poor enzyme reus-
ability, considerations for investment in membrane equipment and maintenance costs
arising from membrane contamination must also be considered and solved. In addition,
although the transglycosylation activity of chitosanases has been proven for the produc-
tion of single COS with high DP, both hydrolysis and glycosylation occur at the same
site, making hydrolysis still a major problem in this process. Even though transglyco-
sylation reactions take place, the resulting COSs are usually susceptible to enzymatic
hydrolysis, leading to low product yields. Further work should focus on digging and
modifying chitosanases to improve the transglycosylation activity, and reduce or even
eliminate the hydrolytic activity.

The rise of artificial intelligence (AI) and its demonstrated potential applications in
enzyme engineering redesign [24] and process optimization may offer solutions to the
issues associated with the production of a single COS. By leveraging artificial intel-
ligence and machine learning algorithms, it becomes possible to analyze extensive
enzyme structure and function data, thereby predicting which enzyme modifications
may enhance their efficiency in single COS production. Precision design and modifica-
tion of enzymes enable better fulfillment of specific requirements for producing a sin-
gle COS. Introducing artificial intelligence technology for intelligent monitoring and
optimization of the production process, machine learning algorithms can analyze real-
time production data to identify factors that may lead to fluctuations in COS quality or
changes in DP. By adjusting operational parameters in real time, production consistency
and stability can be maximally maintained.

In terms of functional applications, given the distinct structural properties and foresee-
able bioactivity associated with COS of defined DP, future research endeavors should con-
centrate on elucidating the precise molecular mechanisms of a single COS. This involves
the design of innovative food additives or clinical drugs through meticulous control of
the DP of COS. Such an approach aims to facilitate the actual transition from laboratory
discoveries to market applications, ultimately making a more substantial contribution to
human health.
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