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Chito-oligosaccharides (COS), derived from chitosan (CH), are attracting
increasing attention as drug delivery carriers due to their biocompatibility,
biodegradability, and mucoadhesive properties. Grafting, the process of
chemically modifying CH/COS by adding side chains, has been used to
improve their drug delivery performance by enhancing their stability, targeted
delivery, and controlled release. In this review, we aim to provide an in-depth study
on the recent advances in the grafting of CH/COS for multifarious applications.
Moreover, the various strategies and techniques used for grafting, including
chemical modification, enzymatic modification, and physical modification, are
elaborated. The properties of grafted CH/COS, such as stability, solubility, and
biocompatibility, were reported. Additionally, the review detailed the various
applications of grafted CH/COS in drug delivery, including the delivery of small
drug molecule, proteins, and RNA interference therapeutics. Furthermore, the
effectiveness of grafted CH/COS in improving the pharmacokinetics and
pharmacodynamics of drugs was included. Finally, the challenges and
limitations associated with the use of grafted CH/COS for drug delivery and
outline directions for future research are addressed. The insights provided in
this review will be valuable for researchers and drug development professionals
interested in the application of grafted CH/COS for multifarious applications.
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Introduction

Chitin (CI) is a naturally occurring polysaccharide made up of
repeating units of N-acetylglucosamine (a derivative of glucose). It is
one of the most abundant biomaterials on Earth and is found in the
exoskeletons of arthropods such as insects, shrimp, and crab,
crustaceans such as those of the silkworm, and in the cell walls
of fungi (Singh et al., 2021). CI is also found in some species of fish
and amphibians. Chemically, CI is a long-chain polymer that forms
a crystalline structure, which is composed of chains of
N-acetylglucosamine units linked by β-1,4 glycosidic bonds (Eze
et al., 2022). It is a hydrophobic material that can be modified
chemically to become hydrophilic. It can also be obtained through
the cultivation of certain fungi. CI has a wide range of applications; it
is used in the production of chitosan (CH), which is known for
multifarious applications and used as a water purification agent,
wound-healing scaffold, and in the fabrication of drug delivery
systems. CI is also used in the development of carriers for
bioactive compounds and as a raw material in the production of
fertilizers, cosmetics, and food additives. Some of the advantages of
CI include its biocompatibility, biodegradability, non-toxicity, its
ability to promote tissue growth, and its antimicrobial properties
(Nwabor et al., 2020). However, some limitations to CI include the

high cost of purification and modification, the difficulty of obtaining
large quantities, and the need for further research to fully
understand its properties and potential applications. CI has the
potential for use in a variety of industries, including the
pharmaceutical, agricultural, and biotechnology industries.
Specific potential applications include ameliorating the healing of
wounds, drug delivery, and as an excipient in tablets and capsules.
However, more research is required to fully realize the potential of
CI in these fields.

Chitosan (CH) is a derivative of CI, which is a naturally
occurring polysaccharide made up of repeating units of
N-acetylglucosamine (Figure 1). CH is obtained by the
deacetylation of CI, which is typically extracted from the shells of
crustaceans such as shrimp and crab. Chemically, chitosan is a
polysaccharide composed of randomly distributed β-(1→4)-linked
D-glucosamine and N-acetyl-D-glucosamine (Khalaf et al., 2023). It
is a cationic polysaccharide, indicating it has a positive charge, which
makes it attractive for complexing with negatively charged drugs.
The positive charge of CH allows it to bind to negatively charged
molecules such as nucleic acids, proteins, and drugs (Wang et al.,
2020). This property also makes it an attractive carrier for gene
therapy and for delivering drugs to target cells or tissues. Moreover,
CH has some advantages as a drug delivery system, including its
biocompatibility, biodegradability, non-toxicity, its ability to protect
drugs from degradation, and its ability to target specific cells or
tissues. CH-based nanoparticles have been investigated for the
targeted delivery of anticancer drugs, vaccines, and siRNA (Iacob
et al., 2021). However, the limitations associated with CH require
further research to completely understand its properties and
potential applications.

Chito-oligosaccharides (COS) are short chains of repeating units
of N-acetylglucosamine, which is a derivative of glucose, derived
from CI and CH. COS are long-chain polysaccharides found in the
exoskeletons of arthropods and the cell walls of fungi. COS are
generally prepared through various methods such as enzymatic
hydrolysis, acid hydrolysis, and chemical oxidation (Charoenpol
et al., 2023). Enzymatic hydrolysis is the most commonly used
method, which involves the use of chitinases or chitosanases to break
down CI or CH into COS (Schmitz et al., 2019). These breakdown
products have the advantage of being water-soluble and have a lower
viscosity than CH. COS have unique properties that make them
interesting for applications in drug delivery, including their lower
molecular weight than CI and CH, which makes them more water-
soluble. Moreover, COS exhibit a lower degree of acetylation than
CH, which makes them more biocompatible. Additionally, COS
exhibit lower viscosity and toxicity than CH, which makes them
easier to handle and incorporate into various formulations with
excellent safety and efficacy. Furthermore, COS present similar
properties to CH, which also makes them applicable in drug
delivery systems. On the other hand, Bacillus thuringiensis (Bt) is
one of the most important entomopathogenic agents, which has the
ability to form a parasporal crystal comprising Cry proteins that
possess insecticidal properties for the control of various species
(Bravo et al., 2011). However, in addition to its potential as a

FIGURE 1
Extraction of chitin from shells and deacetylation to transform
chitosan. The illustration demonstrates the modification of natural
cationic CH due to the presence of several amino groups composed
of β-(1→4) linked D-glucosamine residue, obtained by partial
N-deacetylation of chitin. Adapted with permission from Campos
et al. (2017) under CC BY version 4.0.
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biopesticide agent, in recent years, researchers have also studied its
ability to degrade chitin and chitosan, based on the secretion of
extracellular enzymes as a result of their ecological interactions. It
has been observed that Bt possesses chitosanolytic activity, so it is
used in the production of COS derived from chitin and chitosan
(Camarillo et al., 2004; Ramırez et al., 2004; Ortiz-Rodríguez et al.,
2010; Rosas-García et al., 2013). Rafael et al. compared and explored
the production of COS from different sources of CH and found that
the process parameter with expanding biotechnology aspects alters
the production yields (Olicón-Hernández et al., 2017).

The source of chitosan has a significant impact on its properties
and applications. Moreover, both enzymatic and chemical
treatments for the step of deproteinization and different
conditions of CH preparation significantly alter the degree of
acetylation and molecular weight. The different allomorphic
forms of chitosan, such as α-, β-, and γ-chitosan, have distinct
physical and chemical properties, which make them suitable for
different applications (Elieh-Ali-Komi and Hamblin, 2016; Guan
et al., 2019). For example, β-chitosan derived from squid pen has
higher solubility and reactivity than α-chitosan, making it suitable
for the synthesis of thin films and medical, food applications, and
biosensors products (Youn et al., 2013). On the other hand, α-
chitosan has higher mechanical strength, making it suitable for
producing tissue engineering platforms (de Sousa Victor et al.,
2020). Chitosan derived from fish has more potential for
biomedical and pharmaceutical applications than chitosan of
microbial origin (Santos et al., 2020), while α-chitosan derived
from marine crustaceans was the first most abundant chitosan
readily available in larger amounts from food processing
industries, making it broadly used for the production of
biomedical products (Hamed et al., 2016).

COS have been investigated for use in various drug delivery
applications, such as the targeted delivery of anticancer drugs, gene
therapy, and siRNA delivery. They have also been studied for use as
excipients in tablet and capsule formulations, and as a coating for
implants and medical devices (Raizaday et al., 2022). However, COS
are a relatively new and not widely studied biomaterial; more
research is required to fully understand their properties and
potential applications in drug delivery and to develop effective
and safe products based on COS. Therefore, in this review, a
wide range of CH and COS applications were considered with
endless possibility of grafting.

Grafting and cross-linking of polymers

Polymer grafting (GRF), a technique that involves the addition
of chemical groups or side chains to a polymer backbone, is achieved
through various methods, such as chemical modification, radiation-
induced grafting, and plasma-induced grafting. The resulting grafted
(GRFT) polymer has a new set of properties that can be tailored for
specific applications. In the pharmaceutical industry, polymer GRF
has shown potential for use in drug delivery systems. For example,
GRF of polyethylene glycol (PEG) onto a polymer backbone
improves the solubility and stability of drugs (Moretton et al.,
2012). Moreover, PEGylation also increases the circulation time
of drugs in the body, allowing for targeted delivery to specific cells or
tissues. In addition, the GRF of polysaccharides such as CI or CH

onto a polymer backbone significantly improves the
biocompatibility and biodegradability of the polymer (Bakshi
et al., 2020). Furthermore, polymer GRF is also used to modify
the surface properties of implants and medical devices, such as
increasing their hydrophilicity or increasing their resistance to
bacterial adhesion. The chemical modification process is complex
and time-consuming and may not be suitable for all types of
polymers. Additionally, the properties of GRFT polymers are
difficult to predict and control. Overall, polymer GRF is a
promising technique with potential applications in the
pharmaceutical industry, particularly in drug delivery systems.

GRF and cross-linking (CL) of polymers refer to chemical
modifications that alter the physical and chemical properties of
polymers, such as their mechanical strength, thermal stability, and
biocompatibility. These modifications can be performed through
chemical reactions that create covalent bonds between the polymer
chains, or by physical means, such as exposure to high temperatures
or UV light (Kaczmarek et al., 2020). GRF involves the chemical
modification of a polymer backbone through the introduction of
new polymer chains, achieved through a variety of techniques,
including free radical polymerization, ring-opening
polymerization, and living polymerization (Roy et al., 2009). GRF
can be used to improve the mechanical properties, thermal stability,
and biocompatibility of the polymer (Kai et al., 2018). CL, on the
other hand, involves the creation of covalent bonds between
polymer chains, resulting in a three-dimensional network
structure. CL can be performed through various methods,
including chemical, radiation, and physical methods (Gao et al.,
2020). CL of polymeric materials is used to improve the mechanical
properties, thermal stability, and chemical resistance of the polymer.
Recent advances in polymer chemistry have enabled the
development of new techniques for GRF and CL, including click
chemistry and dynamic covalent chemistry. These techniques allow
for the precise control of polymer modification and the creation of
highly functionalized polymers with improved properties. In
general, GRF and CL are powerful techniques used for the
chemical modification of polymers, with the ability to improve
the physical and chemical properties of the polymer for specific
applications. These modifications have been used in a wide range of
fields, including materials science, biotechnology, and biomedical
engineering. It is important for researchers and regulatory agencies
to have a clear understanding of the implications of polymer
modification and the effects on the physical and chemical
properties of the polymer.

Free radical polymerization GRF

Free radical polymerization (FRP) involves the initiation of
polymerization with a free radical species and the addition of
monomer units to the polymer backbone. FRP is a widely used
technique for preparing GRFT polymers to synthesize a wide range
of polymers with different properties, including biodegradable
polymers, thermo-responsive polymers, and polymer brushes.
This method of polymerization is characterized by the initiation
of polymerization with a free radical species, which then reacts with
monomer units to add new polymer chains to the polymer backbone
(Gao et al., 2020). FRP is performed through several methods,
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including batch polymerization (the reaction of monomers in a
closed system with a free radical initiator to produce the polymer),
continuous polymerization (continuous addition of monomers to a
reactor system with a free radical initiator to produce the polymer),
and suspension polymerization (suspension of monomers in a
solvent system with a free radical initiator to produce the
polymer). The development and characterization of chitosan-
graft-poly(N-hydroxyethyl acrylamide) copolymers was reported,
where potassium persulfate was used as an initiator to graft
poly(N-hydroxyethyl acrylamide) onto chitosan molecules in an
aqueous solution. The resulting copolymers exhibited excellent
water solubility and biocompatibility, which makes them
potential candidates for various biomedical applications, such as
drug delivery and tissue engineering (Bahramzadeh et al., 2019). The
chitosan-g-(acrylic acid-co-acrylamide) copolymers have been
reported to be synthesized through the grafting of chitosan with
acrylic acid and acrylamide monomers in the presence of a
potassium persulfate free radical initiator. The grafted
copolymers exhibited good thermal stability and pH-responsive
behavior (Said et al., 2018).

Ring-opening polymerization GRF

Ring-opening polymerization (ROP) involves the reaction of a
cyclic monomer with a nucleophile to produce a linear polymer
chain. ROP is a type of polymerization reaction that involves the
opening of a cyclic monomer to form a polymer chain (Purohit et al.,
2022a) and is used to prepare a wide range of polymers, including
biodegradable polymers, hydrogels, and polypeptides (Parkatzidis
et al., 2020). Additionally, ROP can be performed in the presence
of various initiators, including metal catalysts or organic initiators,
to control the rate of polymerization and the molecular weight of
the polymer (Brocas et al., 2013; Tschan et al., 2021). This reaction
is initiated by the attack of a nucleophile, such as an alkoxide or
amine, on the ring structure of the monomer, leading to the
formation of a propagating species that can then react with
additional monomer units to form a polymer chain. There are
several types of ROP including alkene ROP (polymerization of
cyclic olefins, such as cyclic esters or cyclic ethers, to form
polymers), cyclic amine ROP (polymerization of cyclic amines,
such as cyclic imides or cyclic peptides, to form polymers), and
cyclic anhydride ROP (polymerization of cyclic anhydrides, such
as succinic anhydride or maleic anhydride, to form polymers). A
group of researchers developed chitosan-graft-poly(l-lactide) (CS-
g-PLLA) copolymers using the “grafting to” approach to create
hybrid biomaterials for tissue engineering applications. CS-g-
PLLA copolymers have potential as hybrid biomaterials for
tissue engineering applications, with their mechanical stability
and bioactivity depending on the CS/PLLA ratio (Kaliva et al.,
2020). Li et al. (2022) discussed the preparation of biodegradable
microspheres using a Schiff base chitosan–polylactide polymer as
the encapsulation material for the controlled release of
vancomycin, an antibiotic used in bone tissue delivery. The
highest drug loading and encapsulation efficiencies were
observed for the 1:100 microspheres, and the release rate of the
drug was found to be controlled and sustained over a period of
30 days.

Living polymerization GRF

Living polymerization (LP) involves the initiation of
polymerization with a controlled number of active sites, resulting
in well-defined polymer chains with a narrow molecular weight
distribution (Dey et al., 2021). LP reactions involve the continuous
growth of polymer chains, leading to the formation of polymers with
well-defined molecular weights and controlled microstructures. This
is in contrast to traditional polymerization techniques, such as free
radical polymerization or step-growth polymerization, in which the
polymer chain is subject to termination reactions that result in a
distribution of polymer molecular weights.

There are several types of LP including anionic polymerization
(initiation of the polymerization reaction by the abstraction of a
leaving group, such as a halide or pseudohalide, from the monomer
to form a propagating species that can then react with additional
monomer units to form a polymer chain), cationic polymerization
(initiation of the polymerization reaction by the protonation of a
nucleophile, such as an amine or thiol, to form a propagating species
that can then react with additional monomer units to form a
polymer chain), and coordination polymerization (initiation of
the polymerization reaction by the coordination of a monomer to
a metal catalyst to form a propagating species that can then react
with additional monomer units to form a polymer chain) (Krishnan
et al., 2022). Mahanta and Maiti (2019) reported the development of
an injectable hydrogel of CS, which is chemically modified through
grafting of ester-diol-based polyurethane to transform into a
hydrogel through hydrophilic–hydrophobic balance. Cellular
uptake of the drug from the graft copolymer hydrogel has
considerably increased compared to a pure drug, resulting in
significant enhancement of cell killing using the developed drug-
embedded hydrogel system.

Enzymatic GRF

Enzymatic grafting (EG) involves the use of enzymes to initiate
polymerization and add new polymer chains to the polymer
backbone. This technique is often used to achieve specific
chemical functionalities, such as biodegradability (Shokri et al.,
2022). EG is a technique for preparing grafted polymers in which
the polymerization reaction is catalyzed by enzymes, specifically,
enzymes that catalyze transfer reactions. In enzymatic grafting, a
polymer backbone is modified by the transfer of monomer units
from a donor molecule to the backbone, typically through the
formation of a covalent bond (Choudhary et al., 2020). This
reaction is typically performed in the presence of an enzyme that
acts as a catalyst, facilitating the transfer of monomer units from the
donor molecule to the polymer backbone. There are several types of
enzymes that can be used for enzymatic grafting, including
transaminases, transglutaminases, and lipases. Transaminases
catalyze the transfer of an amine group from a donor molecule
to a substrate, while transglutaminases catalyze the formation of
covalent bonds between glutamine residues and other amine-
containing molecules (Pagar et al., 2021). Lipases catalyze the
transfer of fatty acids or other lipophilic groups from a donor
molecule to a substrate. Moreover, EG offers several advantages
over other methods of preparing grafted polymers, including high
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selectivity, high efficiency, and low toxicity. Additionally, EG can be
performed in mild conditions, avoiding the use of harsh chemicals
or elevated temperatures, which can be detrimental to the properties
of the grafted polymer.

The synthesis of a polymeric vesicle system using chitosan-g-
[peptide-poly-ε-caprolactone] involves functionalizing chitosan
with maleimide groups and preparing polycaprolactone with
alkyne end-groups. The degradability of the polymersomes is
tested using two enzymes, trypsin and chitosanase, and the
dispersion of polymersomes is used to coat titanium plates to test
the stability against enzymatic degradation (Bourgat et al., 2021). An
enzyme-responsive colon-specific drug delivery system is developed
using hollow mesoporous silica spheres (HMSS) with biodegradable
CS attached via cleavable azo bonds (HMSS–N=N–CS).
Doxorubicin loaded in the HMSS and HMSS–N=N–CS showed
that they were well-tolerated, and cellular uptake tests showed that
DOX uptake increased after pre-incubation with a colonic enzyme
mixture (Cai et al., 2020). Li et al. (2021) reported a novel chitinase
from Paenibacillus pabuli (PpChi) that produces partially acetylated
chito-oligosaccharides (paCOSs) with a degree of polymerization
(DP) of three and four and a single N-acetylation at their reducing
end. PpChi represents an attractive biocatalyst for the green
production of highly valuable paCOSs with a well-defined structure.

Radiation GRF

Radiation grafting (RG) involves the exposure of a polymer to
ionizing radiation, such as gamma or electron beam radiation, to
initiate free radical polymerization and add new polymer chains to
the polymer backbone (Naikwadi et al., 2022). RG is a technique for
preparing grafted polymers in which the polymerization reaction is
initiated by exposure to ionizing radiation. This technique involves
the irradiation of a polymer substrate in the presence of a monomer,
which leads to the formation of free radicals on the polymer surface.
These free radicals then react with the monomer to form a grafted
polymer. RG is performed using a range of ionizing radiation
techniques including gamma rays, electrons, and X-rays. The
choice of ionizing radiation depends on the properties of the
polymer and monomer and the desired properties of the grafted
polymer. One advantage of RG is that it allows for the preparation of
GRFT polymers with high molecular weight and high grafting
efficiency. Additionally, radiation grafting can be performed in
the absence of solvents or other chemical initiators, which can
simplify the synthesis process and reduce the cost of production.

Kumar et al. (2019) reported the synthesis and characterization
of antimicrobial grafted chitosan as a drug delivery device for the
controlled release of curcumin drug using a microwave procedure.
The antimicrobial activity of the grafted chitosan against Escherichia
coli and Staphylococcus aureus was found to be superior to un-
grafted chitosan. The authors reported the synthesis of a novel
antibacterial copolymer of chitosan using acrylic acid and
acrylonitrile as monomers and a microwave-assisted method. The
copolymer exhibited excellent antimicrobial activity against both
Gram-negative and Gram-positive bacteria (Kumar et al., 2018). CS-
g-maleic acid is a type of modified chitosan that is prepared using
gamma radiation, which involves the grafting of maleic acid onto the
chitosan backbone. This modification enhances the adsorption

properties of chitosan by increasing the number of functional
groups available for binding metal ions (Zhuang et al., 2018).

Photochemical GRF

Photochemical grafting (PG) involves the use of light-activated
initiators to initiate polymerization and add new polymer chains to
the polymer backbone. This technique is often used for the synthesis
of photoresponsive polymers, which can be used for applications
such as drug delivery (Michalek et al., 2020). PG is a technique for
preparing grafted polymers that involves the initiation of the
polymerization reaction through exposure to light, which
involves the irradiation of a polymer substrate in the presence of
a monomer and a photo-initiator that triggers the formation of free
radicals on the polymer surface. These free radicals then react with
the monomer to form a grafted polymer. One advantage of PG is
that it allows for precise control over the initiation and rate of the
polymerization reaction, as well as the spatial distribution of the
grafted polymer. Additionally, PG can be performed in aqueous or
organic solvents and can be used to prepare grafted polymers with a
variety of functional groups. CS particulate hydrogels (CPH)
developed and modified through the Michael addition of
poly(ethylene glycol) methyl ether acrylate (PEGA) to the amine
groups were subjected to double crosslinking, ionic and covalent, in
water/oil emulsion. CPH had excellent capacity for drug loading and
controlled release potential along with cyto- and hemocompatibility,
which is suitable for different biomedical applications (Logigan et al.,
2022). The adhesiveness and growth of human umbilical vein
endothelial cells (ECs) can be improved by photochemically
grafting the cell-adhesive peptide Gly–Arg–Gly–Asp (GRGD) on
chitosan and chitosan–tripolyphosphate (TPP) surfaces. The human
umbilical vein ECs adhered and grew well on chitosan-GRGD and
chitosan-TPP–GRGD surfaces after 36 h of incubation, and the
viability of the cells on these surfaces was confirmed by MTT
assay (Chung et al., 2002).

Chemical CL

Chemical CL is a technique for preparing GRFT polymers,
which involves the formation of covalent bonds between the
polymer chains. This is typically accomplished through the
addition of a CL agent that reacts with the functional groups
present on the polymer chains to form covalent bonds. Chemical
CL is used to prepare GRFT polymers with a variety of properties,
including improved mechanical strength, thermal stability, and
biocompatibility. For example, chemical cross-linking can be used
to prepare grafted hydrogels for use in biomedical applications, such
as drug delivery and tissue engineering (Ahmad et al., 2022).
Chemical cross-linking was employed to prepare hydrogels from
starch and chitosan, involving the synthesis of a starch precursor
through carboxymethylation using sodium monochloroacetate,
followed by mixing of the modified starch with chitosan.
Methacrylic acid was used as a cross-linker to graft the chitosan
onto the starch chains. The combination of methacrylic acid and
carboxymethyl starch (CMS)–chitosan mixture resulted in the
highest grafting yield, grafting efficiency, and monomer
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conversion (Sunarti et al., 2019). Georgopoulou et al. (2018)
evaluated a chitosan-graft-polycaprolactone (CS-g-PCL)
copolymer as a potential biomaterial for bone tissue engineering.
They observed that MC3T3-E1 pre-osteoblastic cells adhered
strongly to the copolymer surfaces from the first days of cell
culture and had a characteristic spindle-shaped morphology. The
enhanced osteogenic response of the MC3T3-E1 pre-osteoblasts
cultured on the CS-g-PCL copolymer suggests that it is a promising
candidate for bone tissue engineering. The copolymer supports cell
functions toward bone tissue formation and can potentially be used
for the development of new bone substitutes or implants.

Radiation CL

Radiation CL is another technique for preparing GRFT
polymers that involves the formation of covalent bonds
between the polymer chains through exposure to high-energy
radiation (Ahmad et al., 2022). This process can be performed
using many types of radiation, including ultraviolet radiation,
gamma radiation, and electron beam radiation. One advantage of
radiation CL is that it can be performed at room temperature and
pressure, which makes it an attractive alternative to chemical
cross-linking in certain applications. Radiation cross-linking has
been widely used to prepare grafted polymers for a variety of
applications, including drug delivery, tissue engineering, and
wound healing. For example, grafted hydrogels prepared by
radiation cross-linking have been used for the controlled
release of therapeutic agents, such as growth factors and small
molecule drugs. Additionally, new methods for inducing cross-
linking in the presence of nanoparticles and for controlling the
mechanical properties of grafted polymers have been developed
(Qamruzzaman et al., 2022). Tan et al. (2021) synthesized a

diclofenac-loaded hydrogel from carboxymethyl sago pulp
(CMSP) and chitosan by electron beam (EB) irradiation to
impart pH- and temperature-sensitive swelling behavior. The
40% CMSP/3% chitosan hydrogel was found to be a potential
drug carrier for sustained drug delivery, along with adequate
antimicrobial activity against tested microorganisms. The binary
graft of N-vinylcaprolactam (NVCL) and pH-sensitive acrylic
acid (AAc) monomers onto chitosan gels (net-CS) was reported
to be fabricated through pre-oxidative irradiation grafting and
direct grafting methods. The study showed that the binary graft
of chitosan gels depicted thermo- and pH-sensitive release
behavior (Ortega et al., 2021).

Physical CL

Physical CL is a technique used to prepare graft polymers by
forming covalent bonds between polymer chains through physical
processes. Physical CL is achieved through a variety of methods
including thermal cross-linking that occurs through the application
of heat, and mechanical cross-linking that occurs through
mechanical force (Yang et al., 2022a). Other methods of physical
CL include solvent-induced CL and ultrasound-induced cross-
linking. Physical CL offers several advantages, for example, it
does not require the use of chemical reagents, and is, therefore, a
more environmentally friendly approach. Additionally, physical CL
can be performed at room temperature, making it less expensive and
less energy-intensive than other CL methods. The chitosan/κ-
carrageenan hydrogel prepared by Mahdavinia et al. (2017) was
reported to exhibit potential applications in drug delivery, wound
healing, and tissue engineering. The hydrogel’s properties, such as its
swelling behavior, mechanical strength, and degradation rate, can be
tailored by adjusting the composition of the hydrogel and the

FIGURE 2
The formation of covalent bonds between chitosan (CS), the physical mixture of gallic acid with chitosan (CS), and enzymatic grafted gallic acid with
chitosan was observed using UV-vis spectra (A). Both CS and gallic acid showed absorption peaks between 250 and 350 nm. Meanwhile, in the spectra of
gallic acid, GRFT CS exhibited an absorption peak at 262 nm shifted from 272 nm, compared to that of the gallic acid CS physical mixture attributed to the
decrease in energy required for π-π* transition, due to covalent linkage of gallic acid and CS. FTIR spectra of chitosan (CS), physical mixture of gallic
acid with chitosan (CS), and enzymatic grafted gallic acid with chitosan (B). The FTIR spectra indicated that between 4,000 and 2,500 cm−1 and
1,000–400 cm−1 for tested samples were identical. However, a slight shift was observed around 1,730 and 1,640 cm−1, which indicated the presence of
C=O stretching in esters and -C=O stretching of CS amide. Adapted with permission from Zheng et al. (2018) under CC BY version 4.0.
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conditions of preparation. These natural polymers are
biocompatible, biodegradable, and non-toxic, and readily
available and relatively inexpensive compared to synthetic
polymers. Wang et al. used a ternary solvent system to prepare
pure chitosan films with a micro-nanostructure, which is a novel
approach to improving the water uptake capacity of chitosan films.
The outcome of the study highlighted the potential for optimizing
the physical microstructure of chitosan films to improve their water
absorbency, which could have important implications for various
applications in the fields of biomedicine and hygienic products
(Wang et al., 2016).

Characterization of grafted polymers

Polymer GRF improves morphology, chemistry, and physics,
with improvement in polymer conduction and features other than
charge transport, improving solubility, nano-dimensional shape,
biocompatibility, bio-communication, and other qualities
(Purohit et al., 2022b). Different analytical techniques are
employed for the characterization of GRFT polymers, such as
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and differential scanning calorimetry
(Bundschuh et al., 2018) and microscopy (Vega-Hernández et al.,

FIGURE 3
Thermogram (DSC) of unmodified chitosan (C), grafted chitosan phthalate (CP), grafted chitosan phenylsuccinate (CPS), and their ionotropic/
covalent corresponding nanoparticles. Chitosan showed typical polysaccharide thermal traits characterized with two bands. The first is an endothermic
wide band that extends from 40°C to 100°C, corresponding to polymeric dehydration. The second thermal event is an exothermic band extending from
280°C to 320°C, corresponding to polymeric degradation. CL C showed a shallow exothermic band extending from 220°C to 274°C, attributed to
thermally mediated amide-forming reactions linking phenylsuccinic acidmoieties and the adjacent C amine group in themodified CP. Moreover, probed
ionotropic nanoparticles demonstrated intriguing exothermic peaks, resulting from certain heating-induced exothermic incidents within nanoparticles
within the matrix. Adapted with permission from Saeed et al. (2020) under CC BY version 4.0.
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2021). FTIR is performed to characterize the presence of specific
functional groups blended with grafted polymers. X-ray powder
diffraction of a material with the GRFT polymer was recorded using
an X-ray diffractometer to analyze the crystal structure, crystal size,
and strain. The surface morphology of GRFT polymers is examined
using SEM/FESEM equipment. The thermal property of the GRFT
polymer is quantified using TGA/DSC/DTA to obtain the purity and
melting point with the thermograms of materials.

In this review, the necessary details from studies are gathered to
demonstrate the characterization GRFT-CH/COS. Several studies

on the characterization of GRFT-CH/COS have been reported. The
UV-vis and FTIR spectra of unmodified andmodified CH are shown
in Figure 2, indicating a shift in peaks after GRFT, compared with
unmodified CH. Thermal analysis using DSC is shown in Figure 3,
demonstrating a change in crystallinity. Figure 4 presents the NMR
spectra of unmodified and modified CH with an active constituent,
GRFT-CH-folic acid, which indicated the presence of several
additional peaks, compared to CH alone. The XRD spectra of
GRFT CH corroborated with the results of thermal analysis with
an alteration in crystallinity are shown in Figure 5. Table 1 describes

FIGURE 4
NMR spectroscopy of chitosan (CS), biotin (Bio), folic acid-grafted chitosan (FA-CS), biotin-modified chitosan (Bio-CS), and folic acid-grafted
biotinylated chitosan (FA-CS-Bio). The vibration peaks at 1 and 2 on the CS nuclear magnetic spectrum correspond to the protons in its molecular
structure for Bio, 3 (4.99 ppm), 4 (5.69 ppm), 5 (6.60 ppm), 6 (7.63 ppm), and 7 (9.98 ppm), were the vibrational peaks of protons in the molecular
structure, respectively, and the vibrational peak at 8 (15.63 ppm) attributed to the carboxyl proton hydrogen at the end of the five-carbon chain.
Furthermore, the NMR peaks of the synthesized Bio-Cs indicated successful GRFT of CS with Bio, indicated by characteristic peaks 1 and 2 on the FA-CS-
Bio hydrogen spectrum, which were assigned to the corresponding protons in CS, of which the integral area of 1 was 14.56, and the characteristic peaks 3,
4, and 5 assigned to Biomolecules, of which the integral area of 4 was 4.24. Moreover, a DS of 29.12% (4.24/14.56) indicated that the CS was coupled with
Bio. Additionally, a DS of 6.8% (1/14.56) demonstrated that the synthesized material CS-Bio was coupled with FA to generate FA-CS-Bio. Adapted with
permission from Cheng and Dai (2022) under CC BY version 4.0.
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various methods used to analyze grafted polymers, including XRD,
SEM, and particle size as characterization techniques. Furthermore,
patented information on GRFT-CH/COS is given in Table 2.

Biological efficacy and application of grafted
CH and COS

CH and biodegradable polymers can be CL or GRFT directly
since their functional groups allow the reaction with the help of heat,
vacuum, a catalyst (such as transglutaminase or tyrosinase), or a
suitable medium (Sanchez-Salvador et al., 2021). However, if the

degree of polymerization of a CH > 20 and its average molecular
weight >3,900 g/moL, the polymer identified as COS. COS have
unique biological capabilities and are more soluble in a wider range
of pH values and at higher concentrations than their counterpart,
CH. CH, in its native form, has limited solubility and low
mechanical strength, which can be improved by introducing side
chains through GRF. However, COS dissolve in a wide variety of
solvents, including water/alcohol solutions, DMSO, and DMF,
depending on their size. Hence, researchers are focusing on ways
to tailor these oligomers to make them useful in more contexts
(Chapelle et al., 2021). GRFT-CH, a biocompatible and
biodegradable polymer derived from CI, has attracted significant

FIGURE 5
XRD spectra of glycerol monostearate (GMS), amphotericin (AmB), paromomycin, chitosan (Cs), and grafted chitosan-functionalized solid lipid
nanoparticles (SLN) of drug (Cs-SLN). X-ray diffractogram of AmB exhibited a sharp peak at the 2θ scattered angle of 21.39, 14.1, and 21.78°, indicating its
crystallinity. However, PM was found to be amorphous in nature. Cs-SLN showed two peaks at 24.8° and 30.6°. Nonetheless, the pattern was shifted and
broadened, and a weaker peak than GMS was partially recrystallized and transformed to less order in SLN formulation. GMS peaks were also absent
due to the complete entrapment of the drug in the lipid matrix. The broadening of the diffraction peaks was attributed to particle sizes as the broadening
of Bragg’s peaks indicates the formation of nanoparticles. Adapted with permission from Parvez et al. (2020) under CC BY version 4.0.
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attention in various fields, including drug delivery, food
preservation, and in allied science. GRF-CH has been achieved
using various techniques, such as chemical modification,
enzymatic modification, and physical modification (Choudhary
et al., 2020; Pagar et al., 2021). The resulting GRFT-CH exhibits
improved solubility, mechanical strength, and biocompatibility,
which are critical for its multifarious applications (Figure 6).

The unsatisfactory solubility of CH has been a key barrier to its
modification and application. To improve its solubility, a novel organo-
soluble glycidol CHwas developed as a potentialmaterial for bio-related

application. The improved organo-soluble glycidol was further explored
as an amphiphilic glycidol CH-GRF polycaprolactone copolymer as an
efficient carrier of antitumor doxorubicin (Zhang and Cao, 2014). CH-
GRF-polyvinyl alcohol copolymers were assessed for oral drug delivery.
CH-GRF-polyvinyl alcohol (PVA) indicated excellent hydrogel-
forming capacity, which enhanced the bioavailability of drugs when
taken orally, reducing the amount of the drug that is metabolized before
it reaches the site of action (Li et al., 2021). CH-GRF dextran
copolymers were used as a carrier for drugs that are administered
intravenously, allowing for improved circulation and reducing the risk

TABLE 1 Recent reports on various grafted chitosan and chito-oligosaccharides.

Polysaccharide Graft chain Technique Property measured Reference

CH Silver SEM The external structure morphology of CH silver nanoparticles was determined
by SEM

Dara et al. (2020)

XRD XRD at 2θ with a 10–80 fixed time mode was used to capture XRD patterns of the
sample

CH Phenolic acid DSC Thermal property of CH-GRFT phenolic acids was investigated by DSC Yang et al. (2022b)

SEM Microstructure of CH-GRFT phenolic acids was established by SEM

CH Catechol SEM Structural morphologies of the films were tested by SEM Cao et al. (2020)

XRD States of matter were characterized by X-ray diffraction

CH Quercetin DSC Thermal property of CH-GRFT quercetin was investigated by DSC Diao et al. (2020)

XRD States of matter of CH-GRFT quercetin were characterized by X-ray diffraction

CH Acrylamide DSC Thermal property of CH-GRFT acrylamide was investigated by DSC Geeva Prasanth et al.
(2019)

SEM Morphology of the films was tested by SEM

TABLE 2 Patented grafted chitosan and chito-oligosaccharide-grafted polymers.

Patent title Functional group
grafted

Patent
number

Year Reference

PEGylated and fatty acid GRFT COS, synthesis method, and application for drug delivery
systems

PEG and fatty acid US 8,466,127 B2 2013 Raizaday et al.
(2022)

Amine GRFT CH nanofiber, a method for preparation thereof, and its use in heavy metal
adsorption

Amino group US 9.289,746 B2 2016 Moretton et al.
(2012)

Sulfhydrylated cholesterol modified mPEG GRFT CH, preparation method, and
application thereof

mPEG CN111499874B 2020 Bakshi et al. (2020)

Phenylboronic acid GRFT COS derivative, preparation method, and application thereof Phenylboronic acid CN113754793A 2020 Kaczmarek et al.
(2020)

Phenolic acid GRFT-COS, preparation method, and application of modified waterborne
polyurethane of phenolic acid GRFT-COS

Phenolic acid CN108676108B 2018 Roy et al. (2009)

Preparation method of a cyclodextrin GRFT CH polymer with water pollutant-separating
property

Cyclodextrin CN104530437A 2014 Kai et al. (2018)

A kind of GRFT CH bleeding-stopping dressing with a three-dimensional multi-network
and preparation method thereof

Glycerol CN104258451B 2014 Gao et al. (2020)

Hypromellose GRFT CH and methods of use thereof for sustained drug delivery Hypromellose CN107921002B 2016 Purohit et al.
(2022a)

Glycolic acid GRFT CH copolymer, preparation method thereof, and application of
glycolic acid GRFT CH copolymer used as a scleral buckling material

Glycolic acid CN102516412B 2011 Parkatzidis et al.
(2020)

A kind of partially GRFT COS surfactant and preparation method N-oleoyl glutamine CN107081110A 2017 Brocas et al. (2013)
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of toxicity (Naikwadi et al., 2022). CH-GRF-poly(lactide-co-glycolide)
(PLGA) copolymers are highly effective in the fabrication of controlled
drug release. PLGA is a biodegradable polymer that can be used to
control the release of drugs over an extended period, providing
sustained therapy and reducing the frequency of dosing (Makadia
and Siegel, 2011). Moreover, COS have been used as carriers for
various therapeutic agents. For instance, COS have been successfully
GRFT with various anticancer drugs, resulting in improved therapeutic
efficacy and reduced toxicity (Kumar et al., 2019). The rationale behind
the use of COS is that they can provide a biocompatible, biodegradable,
and non-toxic environment for the delivery of drugs. Additionally, the
presence of multiple hydroxyl groups in COS provides ample sites for
chemical modification, making it an ideal scaffold for drug conjugation.
For example, COS have been used as a carrier for the targeted delivery of
anticancer drugs, such as paclitaxel and doxorubicin (Kumar et al.,
2018). The drug-loaded COS easily attached to the targeted tumor cells
via specific ligands, increasing the drug concentration in the tumor site
and reducing the systemic toxicity of the drug. In gene therapy, COS
have been investigated as a carrier for gene therapy. The small size of
COS allows for the efficient encapsulation of plasmid DNA, protecting
it from degradation and improving its uptake by target cells (Zhuang
et al., 2018). In addition, COS demonstrate improved stability of the
plasmid DNA in the bloodstream and enhance its transfection
efficiency (Michalek et al., 2020). Furthermore, COS have been used
as a delivery system for insulin, a hormone that regulates blood sugar
levels in patients with diabetes. The mucoadhesive properties of COS
allow prolonged residence time at the site of administration, increasing
the bioavailability of insulin and reducing the need for frequent

injections (Wong, 2009). Moreover, COS have been used as a carrier
for antiviral drugs, such as ribavirin, to treat viral infections (Lembo
et al., 2018).

Food preservation efficacy of GRFT CH
or COS

In food preservation, alone and GRFT-CH or COS demonstrated
improved antifungal and antimicrobial activity. For example, CH-based
edible films and coatings have been developed to extend the shelf life of
fresh meats, dairy products, and baked goods (Chung et al., 2002).
These films helpmaintain the quality and freshness of the food products
by controlling the water vapor permeability and limiting the growth of
bacteria and fungi. CH and COS are investigated to prevent spoilage in
stored grains by controlling insect pests and reducing the growth of
molds. CH-based microencapsulation has been used to preserve the
flavor, color, and aroma of food ingredients such as spices, herbs, and
essential oils, whereas COS have been used to extend the shelf life of
packed food products such as sausage, ham, beef, bread, cakes, and
pastries as well. Additionally, CH-based nanoparticles have been used as
a delivery system for natural antimicrobial compounds, such as essential
oils and bacteriocins, to increase their efficacy and stability in food
preservation, while COS can be incorporated into sea food and meat
products in the form of coatings, sprays, or injections to prevent the
growth of bacteria and mold. The positively charged nature of COS
makes them more effective in inhibiting the growth of a variety of
microorganisms, including bacteria and fungi (Ahmad et al., 2022) and

FIGURE 6
Potential biological application of grafted chitosan. Adapted with permission from Campos et al. (2017) under CC BY version 4.0.
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makes them a more suitable alternative to traditional chemical
preservatives. The adhesive properties of COS allow for improved
adherence to the surface of the produce, reducing water loss and
maintaining the freshness of the produce (Sunarti et al., 2019).
Overall, GFRT-CH/COS have demonstrated their potential as a
versatile material for various applications, including drug delivery
and food preservation, and are a promising area for further research
and development.

Antimicrobial activity of GRFT CH or COS

Several investigations have demonstrated that CH exhibits
excellent antibacterial activity (Yilmaz Atay et al., 2019). As
pH of the surrounding environment becomes more acidic,
positively charged CH reacts with negatively charged residues of
biomolecules on the bacterial cell wall, inhibiting bacterial growth

(Fuster et al., 2020). Allan and Hadwiger first reported the antifungal
activity of CH (Guan and Feng, 2022). Several studies confirm its
potent antimicrobial activity against Gram-positive and Gram-
negative bacteria and fungi as CH shows the presence of an
-NH+3 group that binds to the negatively charged membrane
components of pathogens (peptidoglycans or O-antigen of
lipopolysaccharides) (Tachaboonyakiat, 2017). Younes et al.
reported that a lower extent of CH acetylation and lower
pH favor better antibacterial activity. Mostafa et al. investigated
the potential COS as an alternative for single or in combination with
antibiotic treatment. The results indicated a significant impact on
the growth of Streptococcus agalactiae and S. aureus biofilms with an
indication to combat antimicrobial resistance (Abd El-Hack et al.,
2020). Younes et al. reported that a lower extent of CH acetylation
favors improvement in antibacterial activity. Mycelial growth of
Microsporum canis was inhibited by 100.00% and 93.13% by the
nanogels fabricated using chitosan-g-3,4-methylenedioxycinnamic

FIGURE 7
SEM micrograph of E. coli and S. xylosus (A, D), treated with 10 mg/mL CD-gCS (B, E) and 10 mg/mL CD-g-CS (C, F). The control E. coli and S.
xylosus cell membranes with electron-dense lines. On the other hand, E. coli treated with CD-g-CS showed a disrupted and altered cell membrane after
1.5 h, especially in the groups treated with CD-g-CS. The CD-g-CS-treated E. coli cells exhibited extracellular and intracellular changes compared to
untreated cells. These changesmight be due to the disruption of outermembrane structures withmembrane sloughing and breaching, formation of
irregular cell shapes and morphologies, degradation of bacilliform cells into short rods, formation of irregular condensed masses with bleb-like shapes,
development of faint bacterial profiles as a result of the loss of cell contents, blurring of the cell surface, and the development of dim, hollow, and even
crushed structures. Adapted with permission from Ding et al. (2019) under CC BY version 4.0.
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FIGURE 8
Confocal microscopy image showing the uptake of doxorubicin hydrochloride in S. xylosus. (A–C) Image of S. xylosus treated with only doxorubicin
hydrochloride for 30 min, 1 h, and 3 h, respectively. (D–I) S. xylosus treated with CD-g-CS at different concentrations containing doxorubicin
hydrochloride for 30 min, 1 h, and 3 h, respectively. (A–I) Bright field CLSM image. The fluorescence intensities of S. xylosus treated with doxorubicin
hydrochloride alone for 30 min, 1 h, and 3 h were very weak, with no significant differences. However, on increasing the incubation time for the
same concentrations of CD-g-CS, the fluorescence of S. xylosuswas enhanced. Moreover, the fluorescence intensity was similar after S. xylosus treated
with CD-g-CS (QCD = 0.643 × 103 μmol/g) containing doxorubicin hydrochloride was incubated for 30 min, 1 h, and 3 h, respectively. Similar results
were observed for the CD-g-CS-altered group, compared to the CD-g-CS (QCD = 0.643 × 103 μmol/g) groups; the fluorescence intensity was higher in
the CD-g-CS (QCD = 0.6 × 102 μmol/g) groups. Adapted with permission from Ding et al. (2019) under CC BY version 4.0.
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acid-carvacrol and chitosan-g-3,4-methylenedioxycinnamic acid-
thymol, respectively (Ladeira et al., 2023). CH-GRFT with ß-
cyclodextrin at different concentrations (QCD: 0.643 × 103 and
0.6 × 102 μmol/g) demonstrated significant antimicrobial activity
with a loss of membrane activity against E. coli and Scaphopoda
xylosus (Figure 7). Moreover, the confocal image showed the uptake
of doxorubicin conjugated with CH-GRFT with ß-cyclodextrin in S.
xylosus at different time intervals (Figure 8) (Ding et al., 2019).

Free radical scavenging activity of GRFT CH
or COS

An unstable atom or molecule with an unpaired electron is known
as a free radical. To a large extent, chronic diseases can be attributed to
the free radical reaction (Pham-Huy et al., 2008). As free radicals are
inherently unbalanced, they seek out and join forces with like-minded
molecules and atoms in order to achieve equilibrium (Ngo et al., 2014).
The formation of free radicals is inhibited by antioxidants by recycling
or hastening their decay. The antioxidant activity in CH has recently
been studied by numerous research groups (Wan et al., 2013). In
healthy human cells, this unstable radical tends to bond with biological
macromolecules, including proteins, lipids, andDNA, to become stable,
damaging the DNA and proteins. Because of reduced cellular
antioxidant defense mechanisms, radical-induced cell damage may
propagate more rapidly (Lobo et al., 2010). Tan et al. (2022) used
GRFT lipoic acid over CH via EDS/NHS coupling methods to improve
the antioxidant activity. COS-caffeic acid conjugates with three different

grafting degrees were synthesized by the N, N′-carbonyl diimidazole-
mediated method to form an antioxidant film, which protects fromUV
damage (Liu et al., 2018a). Nowadays, CH-GRFT polymers are widely
used in the food industry to prevent oxidation. According to a study, the
phytoconstituents grafted on CH films show good antioxidant activity
against corn oil storage via an ascorbate radicle-mediated reaction
(Mittal et al., 2021). Catechol-GRFT-CH hydrogel-based films were
fabricated by electrodepositing a film of amino-polysaccharides, and
then oxidative GRFT catechol moieties to the film demonstrated
excellent antioxidant, antimicrobial, and wound healing efficacy
(Figure 9) (Kim et al., 2019).

Anti-inflammatory activity of GRFT CH
or COS

Inflammation is an immune response that protects the body from
pathogens. Inflammatory responses produce pro-inflammatory
cytokines that help with tissue reparation or regeneration. If these
responses become hyperactive, it leads to several metabolic disorders.
CH has been suggested in multiple studies as a promising
polysaccharide to deliver anticancer-based therapeutics (Adhikari
and Yadav, 2018). Moreover, CH has antitumor properties, as it can
stop tumors from arising, cause tumor cells to self-destruct, and stop
tumors from spreading (Song et al., 2020). Several studies supported the
anti-inflammatory effect of CH. The anti-inflammatory activity of
copper- and CH-coated medical catheters was evaluated by in vitro
and in vivo studies, showing promising results in the attenuation of

FIGURE 9
Catechol-grafted CH film with pro-antioxidant property. The fabrication process (A) and bioinspired pro-antioxidant activities associated with the
generation of reactive oxygen species confer antimicrobial activities to wound healing. Adapted with modification from Kim et al. (2019) under CC BY
version 4.0.
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inflammation responses (Figure 10) (Gu et al., 2022). Numerous
researchers discovered dose-dependent attenuation of
lipopolysaccharide (LPS) induced the secretion of TNF-α and IL-6
in the incubation medium in the presence of COS. Furthermore, the
downregulation of the expression of cytokinin at the transcription level
was observed. Furthermore, COS exposure also decreased the LPS-
induced nitric oxide secretion in the medium (Mao et al., 2021a).
Moreover, citronellol, a phytoconstituent grafted with COS, was
synthesized to check the improved anti-inflammatory activity on the
paw edema model. The COS-grafted citronellol suppressed the
expression of TNF-α by promoting the secretion of IL-4 and IL-10,
as indicated by in vivo results (Mao et al., 2021b). Carboxymethyl COS
were investigated for the management of stenosis, one of the
complications of Crohn’s disease (CD). The therapeutic efficacy of
GRFT COS against stenosis was investigated and compared with the
commercial drug 5-aminosalicylic acid over 28 days. The results
indicated that GRFT COS significantly alleviated CD symptoms

morphologically, hematologically, and pathologically, promoting the
functional recovery of the intestinal epithelium in a dose-dependent
manner. GFRT COS with carboxymethyl reduced infiltrations of
inflammatory cells by regulating the IL-17A/PPAR-γ pathway and
reduced fibro-proliferation and fibro-degeneration of the colon tissue
by downregulating the TGF-β1/WT1 pathway, indicating promising
candidature in the management of stenosis (Figure 11) (Hu,
2022 #2954).

GRFT CH or COS ameliorate wound healing

Human skin is the largest organ that accounts for 10% of the total
body weight and is a barrier to the environment. Along with serving as a
physical obstruction, the skin also serves as a sensory detector,
thermoregulator, fluid homeostat, and immune regulator. Usually, a
complicated and dynamic process allows the human body to repair

FIGURE 10
Antibacterial and anti-inflammatory activities of CH-copper complex coating catheters. (A) Wound situation after 5 days of subcutaneous
implantations of (a) bare silicon, (b) pristine ch-copper, and (c) cu-modified ch-coated rubber catheters on the back of mice. (B) Morphologies of the
bacterial colony of E. coli (a–d) and S. aureus (e–h) on the Petri dishes from low to high copper content as a result of the in vitro bactericidal activity value
assay. (C) Paraffin section through H&E staining after implantation for 5 days; the implanted catheter induced no noticeable difference and
inflammation on the left implanted sites or surrounding regions. Moreover, numerous inflammatory cells infiltrated the uncoated and CH-coated silicon
rubbers. In addition, a few inflammatory cells were retrieved from the CH-copper-coated silicon rubber, demonstrating that the CH-copper-coated
silicon rubber can significantly reduce the risk of device-associated bacterial colonization on the implant and then the risk of infection. Adapted with
permission from Gu et al. (2022) under CC BY version 4.0.
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damaged skin with a little scar. Coagulation and hemostasis,
inflammation, proliferation, and remodeling are the four time-
dependent phases that make up the various processes of acute tissue
repair. Scars on the skin are responsible for wound healing, and their
elimination is a significant challenge (Figure 11) (Liu et al., 2018b). This
challenge can be overcome by using injectable hydrogel-based grafted
hydroxypropyl CH and microcrystalline cellulose for wound healing
(Huang et al., 2022). Additionally, in a recent review, a multifunctional
CH hyaluronic acid three-dimensional hydrogel indicated that the
network has high water absorption property that can be significantly
applied in the management of inflammatory bowel diseases with
emphasis on adhesion, synergistic therapy, pH sensitivity, particle
size, and temperature sensitivity (Ouyang et al., 2023). Hydrogel
dressings can exist in two main forms: amorphous and sheet
dressings (Kibungu et al., 2021). Amorphous hydrogel dressings
exhibit low extrudate absorptive capacity due to their high water
contents, while sheet dressings are mainly applied during the final
phase and phlebitis. Furthermore, clear and transparent sheet
hydrogels can be used to monitor wound healing progress in real-
time (Figure 12). Moreover, Shuang et al. demonstrated that injectable

hydrogels significantly improved the wound healing process by
preventing scar formation (Liu et al., 2022). Chronic diabetes mellitus
is characterized by prolonged hyperglycemia, and this environment
promotes the formation of biofilms, whichmakes wounds challenging to
treat (Burgess et al., 2021). Several investigations reported regarding the
grafted CH in the amelioration of diabetic wound healing activity
(Burgess et al., 2021). In addition, a carboxymethyl CH and
carboxymethyl cellulose-based hydrogel shows dual drug delivery
with acceleration in diabetic wound healing (Chang et al., 2022). An
in situ cross-linked carboxymethyl CH/oxidized dextran/poly-y-
glutamic acid/hydrogel exhibited significant inhibition of wound
pathogenic bacterial growth and promoted wound healing (Chen
et al., 2023).

Therapeutic activity of bioactive grafted CH

The biodegradability and usefulness of CH in several therapeutic
contexts led to its incorporation into a range of drug delivery
systems, some of which are described here. Current

FIGURE 11
Mechanism of CH/COS-based hydrogels to promote wound healing. CH provides a non-protein matrix for three-dimensional tissue growth and
activates macrophages for tumoricidal activity. Moreover, CH/COS stimulate cell proliferation and histoarchitectural tissue organization. In addition, CH
is a hemostat that helps in natural blood clotting and blocks nerve endings, reducing pain.
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nanomaterials, with their unique properties and potential for use in
medicine, are proving to be rather useful. CH as a carrier combines
various metallic, polymeric, and lipophilic nanoparticles for anti-
inflammatory, wound-healing, and antibacterial purposes
(Augustine et al., 2020). For oral insulin delivery, insulin-loaded
carboxylated CH-GFRT polymethyl acrylate nanoparticles are
reported (Cui et al., 2009). Electrospun CH has been the subject
of numerous previous research efforts due to their potential uses in
skin regeneration. Electrospun core-shelled fibers are now being
developed for enhanced therapeutic action. Core CH/PLGA fibers

were fabricated by Lili et al. by electrospinning, which demonstrated
improved cytocompatibility, cell viability, and cell adhesion to
promote cell migration through the membranes. It is possible
that the membranes obtained could be used in tissue engineering
or as a part of a dressing for a wound (Frigaard et al., 2022). In
another study, vancomycin-loaded GFRT-CH CL using
glutaraldehyde demonstrated polyampholyte behavior and
displayed charge-reversible behavior after treatment with sodium
chloride and a drug loading efficacy of 91.3%. This polyaniline pH-
responsive carrier microgels exhibited significant lysozyme-

FIGURE 12
Synthesis and application of sheet-functionalized CH hydrogels for wound healing purposes (A). Synthesis and application of a functionalized
amorphous GRFT polymer hydrogel (B). Adapted with permission from Kibungu et al. (2021) under CC BY version 4.0.

TABLE 3 Cytotoxicity of chitosan and chito-oligosaccharides on different cells.

Nature
of CH

Carrier system Active
ingredient

Cell line Result Reference

CH (76%) CH-NPs Doxorubicin HT-1197 cells Unloaded NPs showed no significant decline in cell viability at
tested concentrations

Ali et al. (2020)

CH (95%) CH-NPs Myricetin Caco-2 cells Myricetin-loaded NPs showed >90% cell viability Sang et al. (2020)

CH CH nanospheres Curcumin Kerman male breast
cancer cells

Cytotoxicity investigation indicated a dose-dependent reaction
against cancer breast cells after 24 h incubation

Afzali et al. (2021)

COS Stearic acid-grafted
COS-NPs

Doxorubicin A549, LLC, and
SKOV3 cells

Cytotoxicities of shell-crosslinked COS-SA/DOX were highly
enhanced in all cell lines compared to those of unmodified COS

Hu et al. (2008)

COS Glycosylated
COS-NPs

- HepG2 In vitro analysis using HepG2 cells suggested that the NPs have a
more specific uptake capacity

Manivasagan et al.
(2016)
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receptiveness and efficiency in the management of inflammatory
bowel diseases (Li et al., 2023). Cytotoxicity reports on CH/COS on
different cells are given in Table 3.

Modification and drug applications of CH
and COS

GRF synthetic polymers onto a natural polymer are a practical
way to modify the latter’s properties with minimal impact on the
former. Natural polysaccharides may be a promising starting
material for graft copolymer synthesis due to their structural
variety and solubility in water. The biopolymer backbone is often
grafted onto a vinyl or acryl monomer by polymerization to create a
copolymer. GRF non-vinyl/acryl monomers are chemically very
different from grafting vinyl/acryl monomers. By
polycondensation, GRF copolymerization with monomers other
than vinyl chloride and acrylate can be achieved. Unfortunately,
the polysaccharide backbone is highly susceptible to the high
temperatures and severe conditions of the conventional

polycondensation reactions; hence, this method has not been
frequently used for making graft copolymers of polysaccharides
(Kalia et al., 2013). Of the many purposes, the primary purpose of
surface modification is improving a surface polymer’s wettability,
biocompatibility, mechanical properties, etc. Two significant types
of grafting may be considered, i.e., GRF with a single monomer and
GRF with a mixture of two (or more) monomers (Sakhare and
Rajput, 2017). The endo-chitosanase enzyme degrades CH to COS, a
functional food. A newly isolated Mitsuaria sp. C4 produced a 34-
kDa COS with a 38.46% recovery rate and 4.79-fold purification
(Chen et al., 2021).

CH-GRF using single vinyl monomers for drug delivery and
other applications has been reported by Subramanian and
Vijayakumar (2012). A study was conducted on CH-GRF using
the hydrophilic itaconic acid and the comparatively more
hydrophobic 2-hydroxyethyl methacrylate as comonomers, and
the resultant CH-GRF was evaluated as a tunable drug carrier
with tramadol hydrochloride. Hydrophilic medicines and
sensitive proteins may be transported as CH-GRF-PLA particles
(Hawthorne et al., 2022). CH microspheres containing

FIGURE 13
Confocal detection of endocytosis of liver cancer cells by different nanomaterials. In vivo imaging of different nanomaterials in a mouse orthotopic
liver cancer model. Adapted with permission from Cheng and Dai (2022) under CC BY version 4.0.
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FIGURE 14
Confocal microscopy images of CaCo-2 cells after 6 h incubation at 37°C with FITC-tagged Cs-SLN of either amphotericin b or paromomycin.
Adapted with permission from Parvez et al. (2020) under CC BY version 4.0.

FIGURE 15
Micrographs of Cs-SLN-treated and untreated L. donovani-injected J774A1 macrophages. Adapted with permission from Parvez et al. (2020) under
CC BY version 4.0.
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polyacrylamide grafts were crosslinked with glutaraldehyde to
encapsulate indomethacin, demonstrating regulated release via
molecular diffusion phenomena (Kumbar and Aminabhavi, 2003).

Poly(ethylene glycol), poly(2-hydroxyethyl acrylate), poly(2-
ethyl-2-oxazoline), and poly(2-hydroxyethyl) GRFT onto CH
chemically modified (N-vinyl pyrrolidone) and further processed
to form NPs. These NPs were tested on sheep mucosa, and the
results showed improvement for modified chitosan nanoparticles
diffused compared to unmodified chitosan nanoparticles (N-vinyl
pyrrolidone) (Ways et al., 2022). In contrast, a different study used a
CH-GRF-poly(N-vinyl caprolactam) copolymer to coat gold
nanoparticles that had been modified with a thioglycolic acid
ligand. The effectiveness of the produced nanocarriers in treating
MCF-7 breast cancer cells in vitro was studied. The release of
cisplastin from nanoparticles was found most accurately,
compared with cisplastin alone (Banihashem et al., 2020).

CH-based injectable hydrogel gelation can be triggered by
physical stimuli or chemical reactions, making them less invasive.
For the purposes of drug delivery, tissue engineering, and cancer
treatment, many injectable hydrogels based on CH have been
explored and their chemical compositions optimized (Nawrotek
et al., 2016). Injectable hydrogels based on the CH-g-(mPEG-b-
PCL) graft copolymer showed temperature- and pH-responsive sol-
gel phase transitions with an effective release of drugs for up to
2 weeks (Jommanee et al., 2018). In another study, CH-based
implants employed in CH can form complex coacervates and
insoluble ionic complexes with a range of water-soluble anionic
polymers, depending on the charge density, with potential

applications in tissue regeneration and cell transplantation
(Sharma et al., 2021). CH-NPs formulated with carbopol and
CH-coated niosomal timolol maleate have been shown to be
effective in achieving sustained release, as have GRFT-CH with
poly(N-isopropyl acrylamide) to create a thermally responsive
ocular delivery vehicle. Gupta et al. (2014) reported microwave-
induced graft copolymer synthesis on delignified Grewia optiva fiber
for dye removal. Adsorption of harmful methylene dye from
aqueous systems has been investigated using grafted polymers.
Targeting of different GRFT-CH with 5-fluorouracil nano-
formulations on hepatoma cells in different tissues of a mouse
orthotopic liver cancer transplantation model showed the
fluorescence intensity of the endocytosed nanoparticles
(Figure 13A) (Cheng and Dai, 2022). Moreover, the results
showed a higher green fluorescence signal than unmodified CH
conjugated 5-fluorouracil. In order to further confirm this, an in vivo
targeting investigation was performed. The results indicated that
treatment with modified CH conjugated with drugs demonstrated
the strongest photon number in liver cancer tissues, compared with
unmodified CH conjugation (Figure 13B) (Cheng and Dai, 2022).
Amphotericin B and paromomycin fortified with GRFT-CH
nanocarriers via oral routes for enhanced anti-leishmanial activity
demonstrated increase drug internalization into CaCo-2 cells via
FITC-tagged Cs-SLN in a time-dependent way. In addition, no toxic
response was observed, as confirmed by no change in the
morphology of cells (Figure 14) (Parvez et al., 2020).
Additionally, anti-leishmanial activity of conjugated GRFT-CH-
amphotericin B was tested against L. donovani-infected

FIGURE 16
Schematic representation of various methods adopted for the synthesis of NPs and their applications. Adapted with permission from Dikshit et al.
(2021) under CC BY version 4.0.
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macrophages. At the tested concentration (1 μg/mL), the intra-
cellular amastigotes were significantly diminished, compared with
free amphotericin B (Figure 15) (Parvez et al., 2020).

Green synthesis of metallic nanoparticles
using grafted CH and COS

Metal NPs could be synthesized using a wide range of chemical
and physical processes (Dikshit et al., 2021). The use of poisonous
solvents, the creation of dangerous by-products, and the need for
significant energy are just a few of the issues with these processes.
Therefore, it is crucial to create eco-friendly methods of producing
metallic nanoparticles (MNPs). Using the many biological resources
already present in the natural world is a promising method for
achieving this objective.

A schematic representation of various methods adopted for NP
synthesis and their applications is given in Figure 16.

An effect of CH on the synthesis and functionalization of MNPs
was studied by several researchers (Phan et al., 2021). The synthesis
and functionalization of MNPs can be influenced by corrosive stress.
An electrostatic interaction occurs between the positively charged
cationic polymer CH and the negatively charged NPs (which have a
negative capping agent), or an interaction occurs via the absorption
of CH on the metal nanoparticle surface, resulting in a CH shell
around the NPs.

Conclusion

CH is the most promising polysaccharide for various
applications because of its cationic nature, which is not shared by
other polysaccharides. Several strategies for altering the surface
characteristics of CH have emerged in recent years. Biomedical
and environmental applications of CH and COS materials have
demonstrated remarkable physicochemical, mechanical, and
biological properties. Numerous studies reporting success with
applications where CH/COS is the primary component testify to
the commercial significance of this natural polymer. GRF

copolymerization techniques have emerged as a means of
improving upon the already outstanding properties of CH. These
approaches promise efficient ways to engineer CH to incorporate the
properties and functionalities of interest. Although CH is superior to
other polysaccharides in several aspects, it is essential to understand
how modifying its surface with various functional groups might
enhance its ultimate applications. To further develop and expand the
multifunctional uses of CH, it is essential to expand our
understanding of the structure and chemistry of diverse
polymerization activities. Drug delivery is just one of the many
potential uses for polysaccharide grafted/crosslinked copolymers,
which are shown to be both practical and unique in the future of
CH/COS.
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