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Abstract
Marine-derived chitosan has been widely examined for its use in developing biomedical materials. Not only is it non-toxic,
biocompatible, and degradable, it has also shown unique antimicrobial properties. The antimicrobial properties of chitosan
are restricted by neutral and physiological conditions because it is insoluble in water and its pKa values is 6.5. One solution
to this problem is to graft chemically modified groups onto the backbone of chitosan. The aim of this paper is to review the
mode of antimicrobial action of chitosan and chitosan derivatives. Using chitosan alone may not meet the demands of various applications. However, the introduction of additional polymers and antimicrobial agents is commonly used to enhance
the antimicrobial potential of chitosan-based biomaterials. Chitosan-based composite biomaterials have been developed that
allow diversified formulations to broaden applications, including nanoparticles, hydrogels, films, sponges, fibers, or even
microspheres. These along with recent advances on chitosan-based composite biomaterials used for wound healing, food
packaging, textile sector, 3D printing and dental materials, were reviewed in detail.
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Introduction
Chitosan (CS), a natural polysaccharide, is a deacetylated
biopolymer from chitin. Chitin, the second most abundant
polysaccharide on the planet (Park et al. 2011; Tang et al.
2010), is widely found in the animal and plant kingdoms,
including yeast, green algae, insects and crustaceans. Chitin
is also a component of the skeleton of crustaceans, the cell
wall of fungi, and the cuticle of some insects. It also exists
in exoskeletons, tendons, and the linings of excretory, respiratory, and digestive systems of arthropods, as well as the
eyes of arthropods and cephalopods (Khoushab et al. 2010).
Although its sources are extensive, the primary source of
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chitin is the ocean. The estimated annual output of chitin
in the ocean is billions of tons (Souza et al. 2011). Commercially, chitin and chitosan are obtained from shellfish
waste, such as crabs, crayfish, lobster, shrimps, prawn, krill,
and cuttlefish (Kaya et al. 2014). The shellfish waste from
shrimps and crabs contains 14–27% and 13–15% chitin or
chitosan, respectively (Varun et al. 2017).
CS is a high-molecular-weight linear polycationic heteropolysaccharide composed of copolymers of β-1, 4-linked
d -glucosamine and N-acetyl- d -glucosamine (Park et al.
2011). Water-insoluble CS becomes soluble in acidic aqueous media (pH < 6), such as hydrochloric acid, phosphoric
acid, and lactic acid (Moura et al. 2007). Its polycationic
nature is attributed to the protonation of amino groups (pKa
value: 6.3 ~ 6.5). The alkaline polysaccharide is hydrolyzed
to produce oligomers using lysozyme in vivo, promoting the
secretion of N-acetyl-d-glucosaminidase from macrophages,
followed by the production of N-acetyl glucosamine (NAG),
d-glucosamine, and substituted glucosamines (Bakshi et al.
2019). These products can be absorbed completely and easily in the body.
CS has been used as an antimicrobial agent against fungi,
yeast, algae, and bacteria. Its antimicrobial action is related
to various intrinsic and extrinsic factors, such as degree of
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deacetylation (DD), molecular weight (Mw), concentration,
pH, and target microorganism (Berger et al. 2004). Antibacterial activity is weakened with increased pH value and is
higher against Gram-positive bacteria than Gram-negative
bacteria, probably because of different cell wall structures
(Bingjun et al. 2015; Park et al. 2011). The inhibition effect
of CS is significantly correlated with both DD and concentration. The Mw and DD independently affect the antimicrobial activity of CS (Hosseinnejad et al. 2016).
Properties of CS (i.e., it is non-toxic, has good biodegradability, biocompatible, and has antimicrobial activity) have
made it attractive for food, biomedical, and pharmaceutical
applications (Bi et al. 2011). However, its applications have
been limited by its low solubility under neutral conditions
and the weak positive charge of amino groups (Hosseinnejad et al. 2016). Recently, CS derivatives and CS-polymer
complexes have been exploited. Functional groups, like
C2-amino group, C3-primary and C6-secondary hydroxyl
groups, provide opportunities for the synthesis of chemically
modified CS (Martins et al. 2014). CS derivatives retain the
original nature of CS and improve characteristics through
the addition of these modified functional groups. Different structural modifications have also been implemented
to improve the inherent antimicrobial activity of CS. One
approach is to blend CS with natural or synthetic polymers
in order to enhance its antimicrobial activity.
CS is also easily processed into different functional forms,
such as hydrogels, fibers, films, nanoparticles, sponges, and
microspheres. These various functional forms prepared
from CS and its derivatives have multipurpose applications
in wound healing, food packaging, and textile sector. In
this review, we will summarize recent advancements of the
dependent antimicrobial properties of CS–based biomaterials from the following aspects: the key mechanisms of the
antimicrobial action of CS and its derivatives, its different
formulations, and applications of CS–based biomaterials
related to antimicrobial activity.

Mechanisms of chitosan and its derivatives
antimicrobial activity
Inherent antimicrobial mechanisms of chitosan
The antimicrobial activity of CS is well-known against a
range of microorganisms from fungi to bacteria. However,
the exact antimicrobial mechanism has remained unclear.
The antimicrobial activity of CS is likely mediated by one
or more of four generally accepted mechanisms. The first
mechanism is attributed to the electrostatic interaction
between positively charged amino groups of CS and the negatively charged microbial cell membrane, causing changes
in cell membrane permeability that result in the leakage of
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cell content (e.g., proteins and potassium ion) and microbial death (Dutta et al. 2009; Li et al. 2010). The second is
based on lower molecular weight chitosan (LMWC), which
influences the physiological processes of microorganisms
(Bingjun et al. 2015; Dutta et al. 2009). CS could combine
with negatively charged intracellular components, such as
nucleic acids and proteins, after entering the cells, then disrupt the metabolism of microorganisms (Kong et al. 2008;
Zheng et al. 2003). A third mechanism suggests that chelation occurs between CS and some trace transition metals,
which are necessary for microbial growth, leading to the
inhibition of growth processes (Kong et al. 2008; Sarwar
et al. 2014). It is suggested that through the last mechanism
a polymer membrane formed by CS can absorb on the cell
surface, hindering the exchange of intracellular and extracellular nutrients or oxygen (Hosseinnejad et al. 2016; Zheng
et al. 2003).
As an antifungal agent, CS works against many filamentous fungi (e.g., Neurospora crassa) and yeast due to the
permeabilization of the plasma membrane caused by the
charge interaction, affecting the synthesis of nucleic acids
and proteins. For bacteria, the electrostatic interaction was
shown to promote the entrance of CS from the extracellular
domain to the intracellular domain at pH 5.3 (below pKa).
However, the chelation of CS with Mg2+ and C
 a2+ in the
cell wall held a dominant position as pH was above pKa,
disrupting the integrity of the cell wall (Kong et al. 2010).

Antimicrobial mechanisms of chitosan derivatives
CS derivatives were obtained by chemical modification at
the –NH2 groups or at the –OH groups. The grafted cationic moieties or other hydrophilic and hydrophobic groups
not only improved the water solubility of CS, but also positively or negatively affected the antimicrobial capacity of
CS (Fig. 1).

Chitosan derivatives with enhanced antimicrobial
capacity
To enhance the antimicrobial activity of CS, the introduction of positively charged groups or protonated groups
(e.g., quaternary ammonium, arginine, and carboxymethyl)
was a common and effective modification method (Dong
et al. 2014). Quaternized chitosan derivatives, a water-soluble polyelectrolyte, showed higher antibacterial activities
against Escherichia coli and Staphylococcus aureus than
that of CS alone (Jia et al. 2001). N,N,N-trimethyl chitosan
(TMC) was a representative CS derivative with quaternary
ammonium salt, which was synthesized by the reaction of
amino groups on CS with methyl iodide in the presence of
NaOH. TMC with positively charged N-atoms and its cationic moiety could interact with the negatively charged cell
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Fig. 1  Schematic representation of CS and its derivatives (Red arrows indicate enhanced antimicrobial activity and blue arrows indicate reduced
antimicrobial activity)

surface of bacteria. TMC exhibited a higher antibacterial
activity caused by permanent quaternary moieties. Moreover, the antimicrobial activity of TMC was significantly
affected by pH value. O-methyl free TMC was obtained by
pretreating CS with formic acid and formaldehyde. O-methyl
free TMC with a higher degree of trimethylation exhibited
higher antibacterial activity at pH 7.2, demonstrating that
the trimethylated amino group was involved in antibacterial
activity. However, the antibacterial activity was inversely
proportional to the degree of trimethylation at pH 5.5, due
to the weakened antibacterial activity of trimethylated amino
groups caused by the steric hindrance effect of more methyl
groups than other quaternized amino groups. Moreover, the
carboxy methylated modification reduced the activity of
O-methyl free TMC (Xu et al. 2010).
Arginine-containing guanidyl groups have been shown
to react with CS to obtain arginine-functionalized chitosan.
Guanidine carried a positive charge under neutral pH, owing
to its high pKa value (12.48) (Su et al. 2019). Water-soluble
arginine-functionalized chitosan strongly inhibited Pseudomonas fluorescens and E. coli growth at pH 7, resulting
from its interaction with the cell membrane, leading to an
increased membrane permeability and cell death (Tang et al.
2010). Generally, arginine was grafted onto the skeleton
of CS by the reaction of its carboxyl group and C2 amino
group of CS. Arginine was also shown to react with the

C6 hydroxyl group of CS to synthesized 6-deoxy-6-arginine modified chitosan (DAC). The efficient antibacterial
effects of DAC against E. coli and S. aureus were observed.
This was presumed to be due to the introduction of cationic
guanidine groups at 6-OH positions and the reservation of
2-NH2 positions (Su et al. 2019).
Carboxy methylated chitosan (CMCS) was another watersoluble CS derivative, prepared by the addition of NaOH
solution in a CS suspension in an isopropanol medium with
the subsequent addition of monochloro acetic acid (Wang
et al. 2016). The antibacterial activity of O-carboxy methylated chitosan (O-CM-chitosan) has been reported to be superior to CS. When –CH2COOH was introduced into –OH of
CS, O-CM-chitosan was synthesized. Moreover, its –COOH
groups may have reacted with the NH2 groups intra‐ or intermolecularly and charged these NH2 groups (Liu et al. 2001).
The low antifungal effects of CMCS against Candida albicans, Candida krusei, and Candida glabrata were observed
by Luo et al. (2019).
Thiolated chitosan was obtained by grafting coupling
reagents bearing thiol functions on the amino groups of CS,
including chitosan-cysteine conjugates, chitosan-thioglycolic acid conjugates, and chitosan-4-thio-butyl-amidine
conjugates. Among them, LMWC-thioglycolic acid displayed superior antimicrobial activity in a study conducted
by Geisberger et al. (2013). These authors showed a killing
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rate of 100% in Streptococcus sobrinus and a reduction of
colony counts by 99.99% in Neisseria subflava and 99.97%
in C. albicans at 30 min of incubation.
Additionally, the introduction of antibacterial groups
to the CS chain was another route to enrich antibacterial
activity of CS. Azido compounds were efficient antibacterial agents and have strong toxicity. N-(3-azido-2-hydroxypropyl) chitosan was synthesized by the introduction of
azido compound 1-azido-3-chloropropane-2-ol in the CS
backbone. The azido chitosan derivatives showed excellent
antibacterial effect due to the presence of organic azides,
which could disrupt the integrity of bacterial cell membrane followed by the leakage of intracellular contents.
Meanwhile, the toxicity of azido compounds was diminished (Kritchenkov et al. 2019). The CS derivative containing halogeno-1,2,3-triazole groups exhibited antifungal
activities against Colletotrichum lagenarium (Pass) Ell.
et halst, Fusarium oxysporum f.sp.niveum, and Fusarium
oxysporum.sp.cucumebrium Owen, due to the antimicrobial
functional groups of triazole (Li et al. 2016).

Chitosan derivatives with reduced antimicrobial
capacity
The modification of some groups produced the opposite
effect for antimicrobial activity. Hydroxy butyl chitosan
(HBCS) was formed by the heterogeneous reaction of CS
with 1,2-butylene oxide (Wang et al. 2013). The antibacterial effects of HBCS against S. aureus and E. coli did not
improve compared to CS, which may be attributed to the
conjugation of hydroxybutyl groups that occurred in the
hydroxyl and amino groups of CS, leading to the decrease
of amino groups in HBCS polymers (Li et al. 2019). Using
the Michael addition reaction, the amino groups of CS at
the C2 position reacted with hydroxyethyl acryl to form
N-Alkylated chitosan, resulting in decreased antimicrobial activity (Ma et al. 2008). Furthermore, N, O‐carboxymethylated chitosan was produced by the substitution of
-CH2COOH groups with –NH2 groups and –OH groups.
The antibacterial assessment showed reduced antimicrobial
activity against E. coli (Liu et al. 2001).

Chitosan‑based systems as antimicrobial agents
Nanoparticles
CS-based nanoparticles have been widely used as drug delivery systems for proteins and nucleic acids (Fig. 2a) (Liu
et al. 2009). As the antibacterial activity of CS has only
been observed in acidic medium, CS-based nanoparticles
with nano size and larger surface area were prepared to
improve the antibacterial activity (Qi et al. 2004). The attraction between nanoparticles and microbial cell wall and the
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leakage of intracellular contents led to better antibacterial
activity of CS-based nanoparticles compared to CS alone.
CS nanoparticles (CS NPs) were prepared by ionic gelation
using TPP as a cross-linking agent. The particle size and Mw
were negatively correlated with the antibacterial activities
of CS–TPP NPs against E. coli, Acinetobacter schindleri,
and Pseudomonas aeruginosa (Pan et al. 2019a, b; Sarwar
et al. 2014). In addition to TPP, sodium sulfate was used as
another cross-linking agent to form CS NPs with LMWC at
a final concentration of 0.4–0.6%, exhibiting considerable
antimicrobial activity (Garrido-Maestu et al. 2018).
The loading of metal ions in CS NPs was also a good
strategy to improve its antibacterial activity. In this context, Qi et al. (2004) prepared CS NPs loaded with copper
ions, inhibiting the growth of E. coli, S. choleraesuis, and
S. typhimurium, and reaching an MBC values of 1 μg/ml
and an MIC values of < 0.25 μg/ml. In another work, CS
NPs loaded with F
 e2+ or F
 e3+ were produced and revealed
that the nanoparticles had high inhibition ratios against E.
coli, S. aureus, and C. albicans (Qian et al. 2017). Silver
products were considered essential due to its strong inhibitory and bactericidal effects. Upon addition of silver product
to CS, the chitosan-Ag nanoparticles had high bactericidal
efficiency against both bacterial and fungi (Biao et al. 2017).
The applications of antimicrobial peptides or proteins
has been restricted due to its instability. The integration of
lysozyme with CS NPs may be used to increase the antibacterial activity and improve the quality of lysozyme. Thus,
lysozyme-loaded chitosan nanoparticles (CS-Lys-NPs) were
developed and demonstrated a greater inhibition zone, lowering MIC and MBC compared to CS NPs (Wu et al. 2017).
Wang’s research group evaluated the efficacy of transformable polymer–peptide nanosystems with a CS backbone for
the delivery of KLAK, a broad‐spectrum antimicrobial peptide (AMP). This nanosystem showed strong bactericidal
activity of S. aureus in vitro, enhancing the accumulation
and retention of AMPs in infectious sites, which is caused
by the in situ morphological transformation (Qi et al. 2017).
Hydrogels
Hydrogels have aroused enormous interest for use in drugdelivery systems, cell carriers, and tissue engineering scaffolds due to their good mechanical properties, controlled
release of drugs, and their similarity to soft extra cellular
matrix (Appel et al. 2014). However, application of chitosan hydrogels has been restricted due to its weak flexibility. Various composite hydrogels have been established
to broaden its application. Wu and colleagues reported that
chitosan/sodium alginate (CS-ALG) hydrogels were utilized to deliver lysozyme and eliminate foodborne microorganisms. A 100% bacterial clearance rate of CS/ALG
loaded with lysozyme was observed, which was attributed
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Fig. 2  The different formulations of chitosan-based biomaterials and the structure of CS. Adapted from figures of a Liu et al. (2009); b Xia et al.
(2017); c Zhang et al. (2019); d Hu et al. (2018); e Zhu et al. (2019); f Kong et al. (2008)

to the superposition effect stimulated by CS and lysozyme
(Wu et al. 2018). Huang and colleagues (2019) designed
a series of hydrogels based on poly (ethylene glycol) diacrylate (PEGDA) and CS or thiolated chitosan. The hydrogels had good antibacterial activity and their antibacterial
rate against E. coli and S. aureus remained above 80%
after incubation for 6, 12, 24 and 36 h. These investigators also demonstrated that double crosslinking hydrogels,
based on maleilated chitosan (CS-MA) and hyaluronan,
exhibited a much higher antibacterial efficiency against
S. aureus than that of chemical cross-linked one, as the
synergistic effect of CS-MA and CS (Hu et al. 2019). Xia
et al. (2017) designed a chitin whisker/CMCS NPs/HBC
composite hydrogel (CW/NPs/HBC-HG) loaded with
linezolid as a wound dressing (Fig. 2b). The composite
hydrogels had sustained antibacterial effects against E. coli
and S. aureus that lasted for seven days.

Silver nanoparticles (AgNPs) with potent antibacterial activity ability were often utilized as an additive in
the development of antibacterial hydrogels (Rahimi et al.
2019). Nešović et al. (2019) designed biocompatible CS
and poly (vinyl alcohol) (PVA) hydrogels with incorporated AgNPs as an antibacterial wound dressing. The
release profile of Ag was characterized by an initial burst,
effectively preventing bacterial infections, followed by a
slow release to day 28 maintaining the sterile environment
around wound surroundings for a longer period. After 1 h
of incubation with hydrogels containing AgNPs, bacterial numbers of S. aureus and E. coli were significantly
reduced, manifesting effective antibacterial activity of the
hydrogels.
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Film
CS with good film‐forming ability was extensively used
as an active packaging material. CS-based films have been
investigated for multiple functionalities, such as films prepared via many strategies like direct casting, coating, dipping, layer-by-layer assembly, and extrusion (Wang et al.
2018a, b, c). However, the mechanical property and antimicrobial activity of pure CS film has been shown to not
be satisfactory for food packaging applications. CS can
interact with inorganic nano-sized materials, such as TiO2
and AgNPs. Zhang et al. (2017) developed a CS-TiO2 composite film with efficient antibacterial activity, which had a
bactericidal ratio of more than 90% for E. coli, S. aureus,
C. albicans, and Aspergillus niger. The antimicrobial activity of the pure CS film was improved by the addition of
TiO2 nano-powder. Moreover, the addition of natural active
products could significantly enhance the performance of CS
film. Zhang et al. (2019) prepared CS/tea polyphenols-silver
nanoparticles (CS/TP-AgNPs) composite film and explored
the antibacterial activity (Fig. 2c). The inhibition zone
results showed that the nanocomposite film functionalized
by TP-AgNPs had higher antibacterial activity against both
E. coli and S. aureus than the CS film. Moreover, the LunaBarcenas group synthesized CS-silver nanoparticles (CTSAgNPs) film as an alternative dual-function (antibacterial
and biocompatible) wound dressing (Hernandez-Rangel
et al. 2019). CTS-AgNPs film exhibited significant antibacterial activity against E. coli, P. aeruginosa, and S. aureus,
and moderated antibacterial activity against Staphylococcus
epidermidi.
Apart from adding the inorganic nano-sized materials,
antibiotics have also been chemically conjugated on the CS
chain as an antibacterial CS film. Liu et al. (2017) studied
the antibacterial property of gentamicin-modified chitosan
film (CS-GT). Gentamicin was shown to be an effective aminoglycoside antibiotic for most species including Gram-positive and Gram-negative aerobic bacteria. The lesser colony
forming units of S. aureus and E. coli treated with CS-GT
were observed compared to the pure CS film, indicating that
the antibacterial efficiency of CS-GT was much higher than
pure CS film.
Sponges
CS sponges have received a great deal of attention in the
biomedical field due to their high porosity, high swelling
capacity, good antibacterial activity, and high permeability.
However, the usage of pure CS sponge as a wound healing dressing material is limited for their poor hydrophilicity
and fewer surface amino groups (Patrulea et al. 2015). To
address this, a composite sponge based on CS and hydrophilic HBC was synthesized (Fig. 2d). The composite sponge
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significantly increased the antibacterial ratio of S. aureus
and E. coli compared to the HBC sponge and CS sponge.
The CS content was proportional to the antibacterial effect
(Hu et al. 2018). Water-soluble TMC had excellent antibacterial activity compared to CS as a result of the increased
amino groups. Xia et al. (2020) prepared TMC NPs/CS
composite sponge with asymmetric wettability surface. The
TMC NPs/CS sponge could reduce the survival population of E. coli and S. aureus in vitro due to the introduced
TMC NPs. Regarding the adsorption applications, CS and
its derivatives have been widely investigated as a potential
biosorbent for wastewater treatment to remove heavy metal
ions and dyes. Carvalho et al. (2019) synthesized 3D porous
sponges formed by CS polymers that were modified using
11-mercaptoundecanoic acid (MUA) as bio-adsorbents. The
CHI-MUA porous sponges exhibited a significant antibacterial effect against P. aeruginosa, which was equivalent to
conventional antibiotic drugs.
The introduction of nano silver or silver sulfadiazine
(AgSD) has been verified to be effective in improving the
antibacterial ability of CS sponges (Li et al. 2011). Anisha
et al. (2013) mixed CS, hyaluronic acid (HA), and nano silver (nAg) before freeze drying to obtain chitosan HA/nAg
composite sponges. The nanocomposite sponges showed
high antimicrobial activity against S. aureus, P. aeruginosa,
E. coli, Klebsiella pneumonia, and methicillin-resistant
Staphylococcus aureus (MRSA), which could be used for the
treatment of diabetic foot ulcers. AgSD particles were added
to the CS matrix to obtain CS/AgSD composite sponges,
which also showed potential as a wound dressing because of
its broad-spectrum antibacterial activity (Shao et al. 2017).
Fibers
CS fibers have been proposed as a safe wound dressing due
to their intrinsic bacteriostatic activity and biodegradability.
Unfortunately, for CS fibers, poor liquid absorbing capacity in the solid state limit its application as a wound dressing. Zhou et al. (2016) prepared TMC fiber and evaluated
its potential as a wound dressing material. The TMC fiber
had higher water absorption capability compared to CS
fiber. The antibacterial activity of designed TMC fiber was
higher than that of CS fibers and enhanced as the degree of
quaternization of TMC. Fan et al. (2006) developed novel
bicomponent fibers composed of alginate and CMCS. The
fibers were treated with silver nitrate to enhance antibacterial ability. The bacterial reduction rate of obtained fibers
was above 99.9%.
Additionally, CS fibers could be used as an absorbent
suture. Zhu et al. (2019) developed a CS/gallnut tannin (CS/
GT) composite fiber (Fig. 2e). The bacterial reduction of S.
aureus treated with fiber revealed that the antibacterial activity of CS/GT composite fiber was significantly higher than
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that of CS fiber, due to the addition of GT molecules. CS fibers have shown great potential in the field of polluted water
treatment. After preparing CS/zinc phthalocyanine (ZnPcCS) composite fibers by dispersing ZnPc in CS solution, Ali
et al. (2017) loaded metal nanoparticles onto composite fibers by water-based in situ preparation process. These fibers
not only had an inhibitory effect on a variety of pathogenic
bacteria, such as E. coli, but also had the potential to reduce
azo dyes in polluted water.
Microspheres
CS microspheres (CMs) have great potential in the fields
of controlled drug release because of its excellent mucoadhesive and permeation enhancing effect. Using an inverseemulsification cross-linking method, An et al. (2014)
synthesized a type of CS/AgNPs microsphere (CAgM).
Experiments using four typical Gram bacteria and fungi
(i.e., E. coli, S. aureus, Rhizopus and Mucor) proved that
CAgM not only has much higher antibacterial activity than
original CS, but also has extensive antibacterial activity. The
size of the microspheres was shown to affect its antibacterial
activity, with smaller microspheres having high antibacterial
activity. Kong et al. (2008) introduced oleoyl groups into the
CS of the CMs, prepared using W/O emulsification in order
to study the relationship between the degree of hydrophobicity of CMs and its antibacterial activity (Fig. 2f). Studies
have shown that the antibacterial activity of CMs is directly
proportional to its hydrophobic activity and concentration.
Thaya et al. (2018) fabricated chitosan-alginate (CS/ALG)
microspheres by ionic cross-linking method. The microspheres could effectively inhibit the growth of S. aureus,
E. faecalis, P. aeruginosa, and P. vulgaris by decomposing
bacterial biofilms.
H. pylori attached to gastric cells is an important cause of
gastric cancer. To remove H. pylori from gastric cells, Goncalves et al. (2013) developed genipin crosslinked chitosan
microspheres. The microspheres could remove H. pylori
which colonized the gastric mucosa effectively. Wang et al.
(2018a, b, c) constructed TSC-PGMA-MACS microspheres
from CS, malic acid (MA), glycidyl methacrylate (GMA),
and thiosemicarbazide (TSC). The TSC-PGMA-MACS
microspheres not only showed high antibacterial activity
against E. coli and S. aureus, but also had high adsorption
capacity, making them potentially useful for wastewater
purification.

Applications of chitosan‑based systems
as antimicrobial agents
CS derived from chitin can be extracted from crab and
shrimp shells. Recycling seafood processing waste is critical for environmental sustainability. The production of CS

is a considerable way to relieve the continuing increase in
seafood waste generation, which could be effectively used
in biomedical research (Bakshi et al. 2019). As a promising
biopolymer, CS is widely used in wound dressings, food
packaging, textiles, 3D printing, and dental materials.
Wound dressing
A wound is defined as the damage of anatomical structure
of normal skin, leading to the disruption of barrier function,
hence increasing the risk of microbial infection (Zahedi et al.
2009). Wounded skin needs to be covered with a suitable
dressing material to offer a favorable micro-environment for
physiological reconstruction and to prevent bacterial infection (Naseri-Nosar et al. 2018). An ideal wound dressing
should possess numerous properties, such as non-allergenic
and non-toxic, facilitating gaseous exchange, absorbing
wound exudate, and impermeable protection. CS medical
dressings have been developed due to their biodegradability, non-toxicity, biocompatibility, and antimicrobial activity,
all necessary to facilitate the wound healing process. Some
commercial CS-based wound dressings are already available, such as HidroKi®, Axiostat®, Chitopack®, Tegasorb®
and KytoCel® (Simoes et al. 2018).
Wounds, based on healing tendency, are classified as
chronic (e.g., infectious wound, artery ulcers, pressure
ulcers, venous ulcers, and diabetic foot ulcers) or acute (e.g.,
laceration, surgical incision and burn). Wounds that do not
heal within 12 weeks are defined as chronic. Colobatiu et al.
(2019a, b) developed a CS film formulation loaded with bioactive compounds (i.e., an extract mixture of Plantago lanceolata, Tagetes patula, Symphytum officinale, Calendula
officinalis, and Geum urbanum) and evaluated its feasibility
as a functional wound dressing for diabetic wounds. The
bioactive compounds-loaded CS film was found to have an
effective inhibition effect of P. aeruginosa (inhibition zone
of 12 mm). Based on a streptozotocin-induced diabetic
rat model, the composite film formulation accelerated reepithelialization and promoted the wound healing process
compared to the blank film formulation. According to the
effective antimicrobial activity of TMC NPs/CS sponge with
asymmetric wettability surface (Fig. 3a, b), wound healing
was facilitated and wound infection was controlled (Fig. 3c).
Meanwhile, re-epithelialization and angiogenesis were
observed in a chronic wound healing model (Xia et al. 2020).
The acute wound model was also studied. Sasikala et al.
(2013) prepared a chitosan honey hydrogel film as a wound
dressing. The chitosan honey films showed higher antibacterial activity against S. aureus and E. coli than that of
blank chitosan film. The activity was found to increase with
increased honey concentration demonstrated by increased
inhibition zone. Rathinamoorthy et al. (2019) further studied
the Leptospermum scoparium honey/CS wound dressing,

13

Marine Life Science & Technology

13

Marine Life Science & Technology
◂Fig. 3  a SEM images of CS sponges (A1: 0.5%; A2: 1.0%; A3:

2.0%). b Antibacterial activity of CS (I), modified TMC NPs/CS (II)
and modified CS (III) sponges against E. coli (B1, B3) and S. aureus
(B2, B4). c Photographs of wounds in diabetic mice with bacterial
infection (C1) and bacteria isolated from the mice wounds (C2). d
SEM images of LCPHs (D1: L
 CPH0; D2: L
 CPH1; D3: L
 CPH2; D4:
LCPH3). e Antibacterial results of survival S. aureus clones after contacting with LCPHs. f Appearance and g closure rate of wounds with
control group (no dressing) and LCPHs on days 0, 5, 10 and 15. a–c
Adapted from figures of Xia et al. (2020); d–g Adapted from figures
of Zhang et al. (2019)

which possessed a better wound healing efficacy in excision, incision, and burn wound models. The wound beds in
excision, incision, and burn wound models were almost fully
recovered on 18, 18, 21 days, respectively.
The incorporation of natural extracts and antibiotics is
commonly employed to accelerate wound healing and to prevent bacterial infection. Sarhan et al. (2016) loaded Cleome
droserifolia (CE) and Allium sativum aqueous extract (AE)
into nanofibers (HPCS) consisting of honey, PVA, and CS
to construct antimicrobial wound dressing. The HPCS-AE/
CE completely inhibited the growth of S. aureus and had
mild antibacterial activity against MRSA. The wound closure rate of the HPCS-AE/CE treatment group was similar
to AquacelAg, a commercial wound dressing. Zhang et al.
(2019) utilized lignin–CS–PVA composite hydrogel (LCPH)
as an excision wound dressing (Fig. 3d). LCPH without
lignin could better inhibit bacteria growth than the LCPHcontaining lignin (Fig. 3e). Complete healing without skin
contraction was completed in 15 days in the LCPH treated
group (Fig. 3f, g). Basha et al. (2018) developed in situ gel
formed by CS NPs loaded with cefadroxil (CDX) (CDXCSNPs) for promoting wound healing. The high bactericidal
effect and significantly accelerated wound healing process
were observed in CDX-CSNP1 in situ gel treatment group
after 24 h of two full-thickness skin excision rounded wound
model and S. aureus bacterial infection.
Food packaging
Eco-friendly food packaging materials have received considerable interest as an alternative to non-biodegradable
petroleum-based polymers (Yang et al. 2015). CS with
good biodegradability and antimicrobial activity has been
employed to produce food packaging material. For example, an edible coating, which was a thin layer formed by
edible material, was used to improve the quality of food
products (Takala et al. 2011). Pork treated with the CS
coating alone exhibited minimum pH changes and inhibition of microbial growth, when stored at 25 °C for 20 days.
Incorporating gelatin into a CS coating further enhanced
the preservative activity (Xiong et al. 2020). Polyethylene
films coated with chitosan-ZnO nanocomposites completely

inhibited the growth of S. enterica, E. coli, and S. aureus
after 24 h incubation (Al-Naamani et al. 2016). Min et al.
(2020) designed a food packaging composite coating based
on quaternary ammonium salt modified chitosan (HACC)
and PVA to achieve antifogging and antibacterial functions
(Fig. 4a). The antibacterial ability of the HACC/PVA composite coating against E. coli, S. aureus, and Botrytis cinerea
was increased when the HACC quality ratio increased
(Fig. 4b). The composite coating effectively extended the
shelf life of strawberries and retained their original color
and flavor during the five days of storage at 25 °C (Fig. 4c).
Additionally, grapefruit seed extract (GSE) can play a vital
role in the formation of edible coatings. Won et al. (2018)
reported a CS‐based coating containing GSE for the protection of cherry tomatoes. The effectively antimicrobial
activity against Salmonella was observed in CS coating and
GSE‐CS coating treatment groups. This effect was further
enhanced in GSE‐CS‐coated cherry tomatoes during storage
at 25 °C. Moreover, the CS‐GSE coating had the advantage
of biosecurity for lycopene concentration, color, and sensory
properties of cherry tomatoes. Kim et al. (2018) investigated
the influence of CS–alginate coating with GSE in the storage of shrimp (Litopenaeus vannamei) for 15 days at under
4 °C. The coating could inhibit the growth of mesophilic and
psychrotrophic bacteria and decrease the production of total
volatile base nitrogen and melanosis during storage.
Aside from edible coating, researchers have used CS
to construct bioactive film for food packaging materials. Wu et al. (2019) synthesized CS/ε-polylysine (ε-PL)
bionanocomposite film using sodium tripolyphosphate
(TPP) as a cross-linking agent. The bionanocomposite film
showed decreased mechanical and barrier properties by
increasing the ratio of ε-PL. However, the incorporation of
ε-PL increased the antimicrobial efficacy of bionanocomposite film against E. coli and S. aureus, making it an excellent
candidate for food packaging. CS/ PVA film has also been
used for the design of antimicrobial film applied to tomatoes.
Using glutaraldehyde as the cross-linker, the obtained CSPVA film exhibited an inhibitory effect against pathogenic
bacteria, such as E. coli, S. aureus, and Bacillus subtilis,
demonstrated by an inhibitory zone of 1.5, 1.2 and 1.4 cm,
respectively (Tripathi et al. 2009). Tripathi et al. (2010)
added pectin to CS-PVA film. The ternary film was shown
to inhibit growth of pathogenic bacteria including E. coli,
S. aureus, Bacillus subtilis, Pseudomonas, and C. albicans,
verified by the higher clear zone diameter values than the
diameter of film strips. To better enhance the antimicrobial
efficacy of CS film, TiO2 was added (Fig. 4d). The microbial
growth of E. coli, S. aureus, C. albicans, and A. niger were
inhibited by CS-TiO2 film with a 100% antimicrobial rate
in 12 h (Fig. 4e). In a red grapes model, CS film and CSTiO2 film effectively served as an active packaging material
maintaining a bright red and smooth surface and extending
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Fig. 4  a SEM images of the surface (left) and cross-section (right)
of quaternary ammonium salt modified chitosan (HACC) and poly
(vinyl alcohol) (PVA) composite coating. b Inhibition rate of the
composite coating against E. coli, S. aureus and Botrytis cinerea.
c Photographs of strawberries treated with control (left) and 2%
HACC/PVA composite coating (right) after storage for 1, 3, 5 days.
d SEM surface image (D1) and cross-section image (D2) of pure

CS film; SEM surface image (D3) and cross-section image (D4) of
chitosan-TiO2 film. e Bactericidal ratios of the chitosan-TiO2 film
against E. coli, S. aureus, C. albicans and A. niger for different times.
f Preservation of red grape packed in different materials at 37 °C for
six days: (F1) plastic wrap; (F2) pure CS film; (F3) chitosan-TiO2
film. a–c Adapted from figures of Min et al. (2020); d–f Adapted
from figures of Zhang et al. (2017)

the shelf-life for 15 days and 22 days, respectively (Fig. 4f)
(Zhang et al. 2017). The CS film could be functionalized into
different compounds including apple peel polyphenols (Riaz

et al. 2018), kombucha tea (KT) (Ashrafi et al. 2018), and
rosemary essential oil (Abdollahi et al. 2012). Ashrafi et al.
(2018) also developed a film composed of CS and KT that
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could be used as a potential active packaging material. Agar
diffusion test results showed high antimicrobial property of
CS/KT film against E. coli and S. aureus. The minced beef
packed with CS/KT film was preserved up to three days, and
microbial growth changed from 5.36 to 2.11 log cfu/gr after
storage for four days.

Textiles act as a protective barrier of skin against foreign
threats, such as microbial colonization and infection. However, natural textiles, especially cellulose and protein fiber
products, present appropriate growth conditions for pathogenic microorganisms. Numerous efforts have focused on
the functionalization of textiles with antimicrobial capacity
(Costa et al. 2018). Due to non-biodegradability and toxicity, some organic antibacterial agents can contribute to
environmental pollution that adversely affect human health.
Natural antimicrobial agents have drawn people’s attention
to the development of antibacterial textiles. CS has been
explored and applied to textile materials due to its unique
antimicrobial properties (Shahid ul et al. 2019).
The application of direct coating of CS onto textiles
is limited as it is only soluble in acidic aqueous solutions
(Lim et al. 2004). To overcome this problem, Pan et al.
(2019, 2020) synthesized a water-soluble CS derivative,

O-acrylamidomethyl-N-[(2-hydroxy-3-dimethyldodecylammonium) propyl] chitosan chloride (NMA-HDCC), obtained
by reacting CS with epoxy propyl dodecyl dimethyl quaternary ammonium salt and N-methylolacryl amide (NMA).
The NMA-HDCC was held on cotton through chemical
bonds formed by covalently binding with cellulose fabrics.
The cotton fabrics treated with NMA-HDCC had durable
antimicrobial properties against E. coli even after 30 consecutively repeated launderings, good dying properties using
salt-free reactive dying and washing fastness. In addition,
core–shell particles consisting of poly (n-butyl acrylate)
(PBA) cores and CS shells were also formed to improve the
drawbacks of CS. The PBA-CS particles were coated on the
surface of cotton using a conventional pad-dry-cure method.
The cotton treated with PBA-chitosan particles exhibited
over 99% bacterial reduction of S. aureus (Ye et al. 2005).
CS has some advantages to enhance the dispersion and
stability of nanoparticles like Ag NPs and nano ZnO, which
were carried out by the formation of various chemical bonds
with heavy metals. But CS could not form covalent bonds
with cotton fibers (Shafei and Abou-Okeil 2011). CMCS
could react with the hydroxyl groups of cellulose due to the
presence of carboxylic acid groups. Xu et al. (2019) immobilized Ag NPs onto the surface of cotton fabric through
the reaction of carboxyl groups of CMCS and the hydroxyl
groups of cellulose (Fig. 5a, b). The bacterial reduction

Fig. 5  a The prepared procedure of modified cotton fabric by CMC
and Ag NP. b The optical and SEM images of the original cotton (B1,
B4, B7) and the modified cotton fabric samples (B2, B5, B8, B3, B6,

B9). c Antibacterial effects and d the durability results of the modified cotton fabric samples against E. coli (left) and S. aureus (right).
Adapted from figures of Xu et al. (2019)

Textile sector
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activities of finished cotton fabric against both S. aureus
and E. coli remained over 94% even after 50 washing cycles
(Fig. 5c, d). In another work, ZnO/CMCS composite was
introduced on the cotton fabric by pad-dry-cure. The modified cotton fabric obtained enhanced antibacterial activities
against S. aureus and K. pneumoniae as the concentration of
ZnO/CMCS composite increased (Wang et al. 2016).
Water dispersible polyurethanes (WDPUs) were widely
used in the textile sector acting as breathable coating.
Arshad et al. (2018) introduced CS into WDPUs backbone
following a three-step synthesis process to improve the antibacterial activity of the finished textiles. The first pre-polymerization step was carried out by using polyethylene glycol
(PEG) (Mn = 600), dimethylolpropionic acid (DMPA), and
isophorone diisocyanate (IPDI). CS-WDPU treated printed
and dyed poly-cotton fabric samples showed inhibition ability towards the growth of pathogenic bacteria (e.g., E. coli,
B. subtilus, and S. aureus). The inhibition effect increased
with the increasing concentration of CS. In another work,
Naz et al. (2018) synthesized CS-based waterborne polyurethane (CS-WPU), which was carried out in two steps. The
PU-prepolymers were formed through the reaction between
hexamethylene diisocyanate (HDI), PEG (Mw = 6 kDa), and
DMPA. The mechanical properties and antimicrobial activity of fabrics treated with CS-WPU both increased as the
mole ratio of CS increased.
Besides cotton fabric, nylon has also been modified by
CS and its derivatives to improve the antimicrobial activity.
The best antibacterial activity was observed in nylon modified with CS polymers or oligomers after air plasma pretreatment at 26 m/min for three times (Tseng et al. 2009).
CS-poly (propylene imine) dendreimer hybrid (CS-PPI) was
grafted onto Nylon 6 fabric surface. Optimal treatment condition was pH 4, 60 °C, 6 h and 2.5 g/L CS-PPI. The CSPPI treatment improved dye up-take of nylon and introduced
additional antibacterial activity against E. coli and S. aureus
(Sadeghi-Kiakhani et al. 2016).
3D printing
Three-dimensional (3D) printing technology, which has been
regarded as an important part of the third industrial revolution, has been widely used in biomedicine (e.g., as implantable devices and scaffold fabrication in tissue engineering)
because of its excellent accuracy and reproducibility. Various materials, such as plastics, metals and ceramics, can
be used as base materials for printing tissue engineering
scaffolds (Gebler et al. 2014; Wang et al. 2018a, b, c). 3D
printing strips with maleic anhydride-grafted polylactide
(PLA-g-MA) and CS were fabricated; the incorporation of
CS effectively enhanced the antibacterial activity of PLAg-MA composites (Wu 2016).
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The treatment of bone defects, especially infected bone
defects in orthopedics, still needs to be improved. 3D printing technology as a potential technology in the bone tissue
engineering field is attracting increasing interest. 3D printing technology can make bioactive scaffolds that can be used
as bone substitutes. The healing process of infected bone
defects is closely related to the prevention of biofilm, and
implanted bone engineering scaffolds, which may become
a new source of infection (Yang et al. 2018). To repair bone
defects and prevent bone infections, Yang et al. (2018) synthesized 3D-printed scaffolds using polylactide-co-glycolide
(PLGA) and hydroxyapatite (HA) and grafted quaternized
chitosan (hydroxypropyl trimethyl ammonium chloride chitosan, HACC) to the scaffolds to obtain PLGA/HA/HACC.
The composite scaffold not only reduces bacterial adhesion
and bacterial biofilm formation, but also has osteoconductive properties. Therefore, PLGA/HA/HACC has good clinical application potential.
Dental materials
As an effective antimicrobial agent, CS also plays an important role in the field of oral health. Caries and periodontal disease have always affected human health. The most
important cause of these diseases is the supragingival dental plaque, which is formed by the accumulation of various
bacteria. Saliva-coated enamel with Streptococcus sanguinis
attached was treated with CS to simulate in vivo conditions. S. sanguinis was effectively suppressed (Busscher
et al. 2008). Hayashi et al. (2007) conducted double-blind
experiments to evaluate the inhibitory effect of chewing
gum containing CS on oral bacteria and found that this gum
could effectively control the growth of cariogenic bacteria.
Sarasam et al. (2008) synthesized 2-D membranes and 3-D
scaffolds using CS to study the antibacterial performance of
chitosan-based matrices against a variety of oral bacteria.
The results showed that CS showed bacteriostatic properties
only after contacting the bacterial surface and bacteriostatic
properties were different for different oral bacteria.
Chlorhexidine (CHX), a well-known antiplaque agent,
has been shown to have a good antibacterial effect on Streptococcus mutans. However, it has no effect against S. sanguinis. The combination of chitosan derivative and CHX
has been shown to effectively improve the bacteriostatic
efficiency (Decker et al. 2005). Plaque accumulation caused
by S. mutans and Porphyromonas gingivalis has led to the
failure of dental implants. To solve this problem, Divakar
et al. (2018) combined Ag NPs and CS nanoparticles as a
coating for titanium dental implants. The coating material
inhibited bacterial adhesion and reduced bacterial biofilm
formation. Tanaka et al. (2020) synthetized CS and CS/dibasic calcium phosphate anhydrous (DCPA) particles with the
electrospray method and loaded them onto composite resins,
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a restorative dental composite. The CS and CS/DCPA particles could effectively improve the bacteriostatic activity
without reducing other composite properties.

Perspectives and future
Chitosan has been widely used because of its unique and
modifiable physical properties. One of its most important
properties is its antimicrobial activity. Chitosan is insoluble
in neutral aqueous solution, which is the major limiting factor for achieving its antimicrobial activity. Modifying chitosan makes the antimicrobial activity play a greater role
in many applications. With the evidence base increasing
about antimicrobial materials, researchers have focused
on incorporating polymers and high-effect antimicrobials
onto chitosan to overcome this limitation. The combination
of organic chitosan or its derivatives and inorganic active
substances also promotes the development of antimicrobial
materials, which may considerably minimize the side effects
of the antimicrobial agents. The composite materials will be
extensively studied and used in different dosage forms and
is one of the promising future research directions. Besides,
the literature on mechanisms and affecting factors of the
antimicrobial effect of chitosan is abundant. But the exact
theory of action still needs to be improved and perfected.
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