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Abstract

Chitosan is the deacetylated form of chitin, a biopolymer obtainable from crus-
taceans, insects, and fungi, which exhibits favorable physicochemical proper-
ties and numerous biological activities, and demonstrates antimicrobial activity
against various fungi, Gram-positive bacteria, and Gram-negative bacteria. The
electrostatic interaction between chitosan and anions on the microbial surface
constitutes an important factor determining the antifungal and antibacterial ac-
tivity of chitosan, yet is influenced by microbial type, chitosan molecular weight,
degree of deacetylation, and other parameters. Leveraging its antifungal and
antibacterial properties, chitosan is employed in animal production via feed
additives or gel injection, demonstrating considerable application potential for
enhancing animal production performance and immune function, as well as for
disease treatment. This review primarily summarizes the latest mechanisms of
antimicrobial activity and influencing factors of chitosan, providing a theoretical
basis for its application in animal production.
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Abstract

Chitosan is the deacetylated form of chitin, a biopolymer derived from crus-
taceans, insects, and fungi. It possesses favorable physicochemical properties
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and numerous biological activities, including antimicrobial effects against var-
ious fungi, Gram-positive bacteria, and Gram-negative bacteria. Electrostatic
interactions between chitosan and anionic components on microbial surfaces con-
stitute a critical determinant of its antifungal and antibacterial activity, though
these interactions are influenced by microbial type, chitosan molecular weight,
and degree of deacetylation. Leveraging its antimicrobial properties, chitosan
can be applied in animal production through feed additives or gel injections, of-
fering significant potential for improving animal performance, immune function,
and disease treatment. This review synthesizes recent findings on the mecha-
nisms and influencing factors of chitosan’ s antimicrobial activity, providing a
theoretical foundation for its application in animal production.

Keywords: chitosan; antimicrobial activity; fungi; animal production; mecha-
nism of action

Introduction

As the use of green biopolymers continues to expand, chitosan has attracted
considerable attention. Derived from chitin—the most abundant natural polysac-
charide—chitosan is a biopolymer extracted from crustaceans, fungi, and insects.
It is obtained through deacetylation of chitin using 30-60% sodium hydroxide.
Chitosan exhibits excellent adsorption, hygroscopicity, film-forming capacity,
and permeability, along with favorable biocompatibility, biodegradability, and
low allergenicity. Additionally, it demonstrates antimicrobial, antitumor, and
hypocholesterolemic functions. Its potent antimicrobial properties make it par-
ticularly promising for livestock applications, especially in modulating rumen
fermentation, enhancing immunity, and preventing diseases in ruminants. This
paper focuses on recent research regarding chitosan’ s biological activities, mech-
anisms of action, and influencing factors to establish a theoretical basis for its
use in ruminant nutrition and health.

1.1 Structural Properties

Chitosan is the deacetylated derivative of chitin, obtained by removing the acetyl
group at the C-2 position, with the chemical name (1,4)-2-amino-2-deoxy- -D-
glucan. Typically, chitin with a deacetylation degree exceeding 55% is classi-
fied as chitosan. Therefore, chitosan is an N-deacetylated form of chitin and
a linear polysaccharide with varying degrees of N-acetylation, composed of less
than 20% -(1,4)-2-acetamido-D-glucopyranose and over 80% -(1,4)-2-amino-
D-glucopyranose. It is a random copolymer of D-glucosamine and N-acetyl-
D-glucosamine units. The ratio between these two monomer units (degree of
deacetylation) and the molecular weight play crucial roles in chitosan’ s antimi-
crobial activity and solubility in aqueous media.
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Chitosan contains three types of reactive functional groups: amino/acetamido
groups at the C-2 position, and primary and secondary hydroxyl groups at
the C-3 and C-6 positions. The amino group content is the primary factor
underlying structural and physicochemical differences and is associated with
chelating, flocculating, and biological functions. High molecular weight chitosan
is poorly water-soluble and highly viscous in dilute acidic solutions, limiting its
biological applications. Modifying chitosan to produce derivatives represents an
important strategy for improving its solubility and antimicrobial activity. Due
to the differential reactivity of the primary amino and hydroxyl groups of D-
glucosamine, numerous chitosan derivatives can be synthesized directly, thereby
enhancing solubility and antimicrobial function.

1.2 Biological Activities

Chitosan has garnered widespread attention for its diverse biological activities,
with applications spanning food, pharmaceutical, agricultural, and environmen-
tal industries. These include use as agricultural chemicals, plant defense re-
sponse activators, flocculants in wastewater treatment, chitosan-based water
purification membranes, food packaging and preservation materials, drug emul-
sifiers, and wound dressings.

Recent studies have demonstrated that chitosan possesses antimicrobial, antiox-
idant, anti-inflammatory, hypocholesterolemic, immune-enhancing, antitumor,
drug delivery, and mineral absorption-promoting properties. However, no single
type of chitosan exhibits all these activities simultaneously, driving continued
research interest. Furthermore, different chitosan derivatives and enzymatic
products possess distinct structural and physicochemical properties that may
reveal novel bioactivities or discoveries beyond those of known compounds.

2. Mode of Action

The specific antimicrobial mechanism of chitosan remains difficult to elucidate
due to the influence of various factors. Research indicates that the most crit-
ical factors affecting its mode of action are microbial type, molecular weight,
and degree of deacetylation. Microorganisms can be broadly categorized into
four groups: Gram-positive bacteria, Gram-negative bacteria, chitosan-sensitive
fungi, and chitosan-resistant fungi. Numerous studies demonstrate that chitosan
acts on fungal or bacterial cell surfaces, ultimately altering membrane permeabil-
ity. This interaction is primarily electrostatic, occurring between the positively
charged amino groups of protonated chitosan and negatively charged molecules
on the cell surface. Typically, altered cell surface permeability leads to leakage
of intracellular components and subsequent cell death. Studies also show that
chitosan can affect DNA expression by binding to nucleic acids. However, be-
fore triggering these intracellular responses, chitosan must penetrate the plasma
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membrane, which largely depends on microbial species and molecular weight.

2.1 Mode of Action on Fungi

Unlike Gram-positive and Gram-negative bacteria, the difference in mode of
action between chitosan-sensitive and chitosan-resistant fungi is less distinct.
Initially, chitosan affects the cell membrane through electrostatic interactions
with negatively charged phospholipids. Once the membrane is compromised,
chitosan can enter the cell, leading to inhibition of DNA or RNA synthesis
and disruption of protein synthesis. Palma-Guerrero et al. observed membrane
disruption, intracellular material leakage, and chitosan penetration in chitosan-
sensitive fungi. In contrast, chitosan-resistant fungi appear to prevent chitosan
from crossing the cell membrane, causing it to remain on the outer surface.
This inability to disrupt membranes in resistant fungi stems from differences in
membrane fluidity. Studies on the phospholipid fatty acid composition of fun-
gal membranes revealed that increased chitosan activity correlates with higher
unsaturated fatty acid content. When testing chitosan’ s antimicrobial activity
against Neurospora crassa mutants with reduced unsaturated fatty acid content,
the antimicrobial effect decreased compared to wild-type strains, demonstrating
that membrane fluidity influences chitosan activity and that the mode of action
depends largely on the fungal species.

Notably, chitosan-sensitive and chitosan-resistant fungi belong to different tax-
onomic families, a classification method based on fatty acid composition that
has proven valuable for fungal taxonomy. This suggests that such classification
could predict or explain chitosan’ s antifungal activity. The same research group
also demonstrated that chitosan uptake in sensitive fungi is ATP-dependent, as
evidenced by monitoring uptake at 4°C or in the presence of azide, both of which
inhibit ATP production and prevent chitosan translocation across the plasma
membrane. At room temperature without azide, chitosan uptake occurs within
30 minutes, indicating that absorption involves not only diffusion but also ATP-
dependent processes. Once inside the cell, chitosan affects DNA/RNA synthesis
and protein synthesis.

2.2 Mode of Action on Gram-Positive Bacteria

In Gram-positive bacteria, chitosan non-covalently binds to teichoic acids in the
peptidoglycan layer. These surface teichoic acids play important roles in cell
division and other physiological aspects of Gram-positive bacteria, though chi-
tosan’ s direct effect on the cell membrane remains uncertain. Some researchers
argue that chitosan is unlikely to affect the cell membrane because its hydrody-
namic diameter exceeds the expected pore size in the peptidoglycan structure.
However, Park et al. found that low molecular weight chitosan samples (<5 kDa)
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induced apoptosis in Bacillus megaterium by blocking DNA synthesis, indicat-
ing that molecular weight is a critical factor influencing membrane permeability
and mode of action. Studies using Staphylococcus aureus mutants deficient in
teichoic acid biosynthesis genes demonstrated the importance of teichoic acids
for chitosan activity, as these mutants showed greater resistance compared to
wild-type strains. This suggests that polyanionic teichoic acids enhance chi-
tosan’ s antimicrobial activity against Gram-positive bacteria. Teichoic acid
functions include protection against environmental stress, controlling enzyme
activity and cation concentration in the cell membrane, and mediating receptor
binding. Electrostatic interactions between chitosan and teichoic acids may dis-
rupt these functions, leading to cellular dysfunction. Similar cationic biocides
also exhibit antimicrobial activity against Gram-positive bacteria due to these
anionic teichoic acids. These findings indicate that chitosan’ s primary mode of
action involves electrostatic interactions with teichoic acids, disrupting multiple
cellular functions and causing cell death.

2.3 Mode of Action on Gram-Negative Bacteria

Two mechanisms are proposed for chitosan’ s activity on the outer membrane
of Gram-negative bacteria. First, at pH values above its pKa, chitosan chelates
various cations, potentially disrupting cell wall integrity and interfering with
nutrient uptake (e.g., calcium and magnesium ions). Second, chitosan under-
goes electrostatic interactions with the anionic lipopolysaccharide components
of the outer membrane. The dominant mechanism remains uncertain. Recent
studies show that chitosan disrupts inner membrane function, causing leakage
of intracellular contents. Additionally, chitosan has been observed to cross the
cell membranes of Gram-negative bacteria, suggesting it may interfere with
DNA/RNA synthesis and trigger intracellular responses.

In summary, electrostatic interactions between anionic cell surfaces and chitosan
constitute a critical determinant of its antimicrobial activity against fungi and
bacteria. This is reflected in the enhanced antimicrobial activity observed with
increasing deacetylation degree and the relatively low activity of chitin. Due to
its protonated amino groups, chitosan (pKa 6.3-6.5) exhibits optimal antimicro-
bial properties at low pH, which also explains why quaternized chitosan deriva-
tives are generally more effective than chitosan itself. Despite the importance
of electrostatic interactions, chitosan can also non-covalently bind cholesterol,
suggesting that other non-covalent interactions may contribute to antimicrobial
activity.

3. Factors Influencing Chitosan’ s Antimicrobial Activity

Chitosan exhibits antimicrobial activity against various fungi and bacteria,
though its efficacy and mode of action are influenced by numerous factors.
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Generally, chitosan is active primarily at the cell surface, but depending on
microbial type and molecular weight, it may trigger additional antimicrobial
effects such as inhibiting DNA/RNA synthesis or disrupting protein synthesis.

3.1 Antifungal Activity

Recent studies testing chitosan samples with similar deacetylation degrees but
different molecular weights against three fungal species revealed that low molec-
ular weight chitosan (41.2 kDa) was most effective, though the same molecular
weight showed varying effects against different fungi. This indicates that the
mode of action depends heavily on fungal species. Another study reported that
low molecular weight chitosan (17.4 kDa) was more effective against mycelial
growth of Rhizopus stolonifer, whereas high molecular weight chitosan (307 kDa)
was more effective against spore development in Agrostis stolonifera.

Beyond molecular weight, deacetylation degree is a critical factor for antifungal
activity. Multiple studies demonstrate that increasing deacetylation enhances
antifungal efficacy. Generally, high deacetylation degree combined with low
molecular weight increases antifungal activity, as confirmed in studies testing
chitosan samples against Candida albicans. FElectrostatic interactions between
chitosan and negatively charged phospholipids are central to its mode of ac-
tion, and increased deacetylation provides more free amino groups, generating
additional positive charges and strengthening these interactions. However, like
molecular weight, the optimal deacetylation degree depends on fungal type, as
demonstrated by Younes et al. in their examination of molecular weight and
deacetylation effects on three fungal species.

3.2 Activity Against Gram-Positive Bacteria

Similar to antifungal activity, chitosan’ s antibacterial efficacy against Gram-
positive bacteria depends largely on molecular weight, acetylation degree, en-
vironmental conditions, and bacterial species. Generally, chitosan oligosaccha-
rides exhibit lower antibacterial activity than chitosan, and chitosan’ s effective-
ness varies significantly by bacterial type. Longer chains (chitosan) prove more
effective than oligosaccharides, though comparisons across different molecular
weights suggest that medium to high molecular weight chitosan shows superior
activity, indicating that optimal chain length depends on the bacterial species.

Studies on the effects of molecular weight and acetylation degree on three Bacil-
lus cereus strains demonstrated that low molecular weight chitosan (36-93.3
kDa) with high deacetylation was most effective. Deacetylation degree influ-
ences electrostatic interactions between chitosan and teichoic acids in Gram-
positive bacteria; thus, increased deacetylation enhances antimicrobial activity.
This has been confirmed in Bacillus cereus, Listeria monocytogenes, Staphylo-
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coccus aureus, and Streptococcus agalactiae. The underlying mechanism mirrors
that of antifungal activity: higher deacetylation provides more protonatable free
amino groups, creating a positively charged polymer. This effect also correlates
with increased antimicrobial activity at lower pH values.

3.3 Activity Against Gram-Negative Bacteria

Chitosan’ s antimicrobial activity against Gram-negative bacteria, similar to
that against Gram-positive bacteria, shows molecular weight effects that de-
pend heavily on bacterial species. Chitosan oligosaccharides exhibit lower ac-
tivity compared to chitosan. One study investigating oligochitosan (2, 3, 6, 10,
and 16 kDa) and low molecular weight chitosan (60 kDa) against Bacteroides
thetaiotaomicron and Bacteroides vulgatus found that antimicrobial activity in-
creased with oligochitosan molecular weight, though low molecular weight chi-
tosan remained more effective than oligochitosans. Tayel et al. reported similar
results and further observed that differences between various chitosan molec-
ular weights were minimal and largely bacterial species-dependent, with cell
membrane disruption being the primary bacteriostatic mechanism.

Regarding deacetylation degree, increased deacetylation consistently enhances
antimicrobial activity against Gram-negative bacteria, including FEscherichia
coli, Enterococcus faecalis, Enterobacter aerogenes, Pseudomonas aeruginosa,
and Vibrio parahaemolyticus.

4. Conclusion

Chitosan is a highly studied multifunctional biopolymer exhibiting numerous
advantageous properties across various fields. Among its most promising ap-
plications are the antimicrobial activities of chitosan and its derivatives. This
antimicrobial action is influenced not only by fungal and bacterial species but
also primarily by deacetylation degree, molecular weight, and the derivatization
and preparation methods employed. By integrating these properties, chitosan
can be rationally applied in animal production to improve performance, such
as by altering rumen fermentation patterns and increasing feed utilization effi-
ciency. Furthermore, chitosan shows substantial potential for disease prevention
and treatment in animals.
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