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ARTICLE INFO ABSTRACT

Keywords: Chitosan is a natural and renewable polysaccharide that can form biopolymers. It is derived from the deacety-

Chitosan lation of chitin mainly from crustaceans’ shells, but also from fungi and insects. Thanks to unique characteristics

:gsftialmable material such as antimicrobial effects, antioxidant properties or film forming capacities, it has triggered an important
1011lms

amount of research in the last decade about possible applications in industrial fields. The main application field
of chitosan is the food industry where it can be used for preservation purposes and shelf-life improvement for
fresh food products such as fruits or meat. For beverages, it is used for clarification and fining as well as elim-
ination of spoilage flora in beverages like fruit juices or wine. And in agriculture, it can be used as a plant
protection product through different mechanisms like the elicitation of plant defences. The mechanisms of action
of chitosan on microorganisms are multiple and complex but revolve mostly around the disturbance of micro-
organisms’ membranes and cell walls resulting in the leakage of cell material. The use of chitosan is still minor
but is promising in finding environmentally friendly alternatives to synthetic chemicals and plastics. Therefore,

Natural plant protection product
Fining agent
Antimicrobial properties

its characterization is primordial for the future of sustainable production and preservation processes.

1. Introduction

The first mention of a “modified chitin” resulting from its deacety-
lation that could be then solubilised in acetic acid appears in Charles
Rouget’s works in 1859 [1]. However, the name chitosan was first used
by Felix Hoppe-Seyler in 1894 [2]. Since those first discoveries, there
has been a significant interest in chitin and its first derivative chitosan in
many fields of applications. Chitosan was first industrially produced in
1971 in Japan [3,4].

Nowadays, chitosan is the collective name of a group of poly-
saccharides biopolymers resulting from the full or partial N-deacetyla-
tion of chitin (Fig. 1) which is the most abundant renewable material on
earth after cellulose [5]. It is composed of copolymers of f-1,4-linked
p-glucosamine and N-acetyl-p-glucosamine units.

The main parameters used to characterize chitosan are its molecular
weight (Mw) and its deacetylation degree (DDA). Usually, its Mw varies
between 20 kDA and 2000 kDa and chitosans can be classified as low
Mw (<100kDA), medium Mw (100-1000kDA) and high Mw (1000-
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2000kDA) with this classification influencing greatly some of its prop-
erties [7,8]. The DDA of commercial chitosans can vary between 50 %
and 100 % [9]. The degree of deacetylation of chitin influences chitosan
properties and its solubility in acidic conditions.

The different monomer units of chitosan can be distributed randomly
or as blocks along the chitosan polymer, influencing greatly some of its
biological effects [10]. Highly reactive groups located along its carbon
chain give it its rigid structure (Fig. 2).

Chitosan is not found in nature except in some fungi (mostly Zygo-
mycetes), therefore it is produced by using chitin mainly from crusta-
cean’s shells [5,11-14]. This provides an opportunity to reduce the
amount of crustaceans’ waste and makes it an easy material to extract
for further applications [15].

The chitosan polysaccharide is naturally sourced, non-toxic, biode-
gradable, and biocompatible. This environmental friendly aspect makes
it an object of high interests for industries like the food industry or
pharmaceuticals, and we have observed a rise of fundamental research
on the subject in the last decade [16]. In fact, there is a high demand for
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Fig. 1. Illustration of the chemical structures of chitin and chitosan from Saberi
Riseh et al. (2012) [6].

new sustainable materials and polymers for industries to replace the
polymers 1 currently used deriving from petroleum and other fossil fuel
industries. Nowadays, chitosan has numerous applications possible in
different sectors and industries such as: food, beverages, pharmacy,
medicine, dentistry, veterinary medicine, cosmetics, agriculture, aqua-
culture, textile, pulp and paper, biotechnologies, chemistry, environ-
mental chemistry, and other industries such as the wood industry or
semiconductors [3].

The current research focus on chitosan mostly revolving around
advances in chemical modifications of chitosan to create derivatives
have opened new possibilities of application in various industries such
as textile or biomedicine. Such modifications include carboxylation,
esterification, acylation, alkylation, Schiff base reaction or sulfonation
to improve its water solubility as well as some of its antimicrobial
properties and biocompatibility [17,18]. Those modifications are mostly
studied because of the various possible applications in the sector of
pharmaceuticals and biomedicine. For example, it has been recently
studied as an interesting component of tissue regenerating material
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[19], as a bioadhesive [20] and more generally to form various types of
biomaterials that can be used in medicine [7]. Furthermore, chitosan
possesses a strong adsorption potential for compounds such as metallic
ions, it has recently been studied for the removal of heavy metals or
chemicals from wastewater [21].

2. Origins and production of chitosan

Generally, chitosan is obtained from deacetylation of chitin from
crustacean’s shells such as shrimps or crabs [12,13] or more generally
seafood waste [5,14], but it can also be produced from fungi [22] or to a
lesser extent from insects [23]. For the product to be considered chito-
san, it requires usually a minimum threshold of 60 % of deacetylation
[24].

The extraction of chitin from crustaceans’ waste comprises steps of
washing and grinding for the removal of proteins, the removal of min-
erals with chemicals like NaOH and the removal of pigments with sol-
vents such as acetone [5,25]. The chemicals and solvent used for those
steps can be released and disturb ecosystems. This method is still
majorly used as chitosan from crustaceans is the most commercially
available.

Those steps are not existent in fungal chitosan preparation which
reduces the effluents used and makes the extraction process simpler and
more environmentally friendly. Moreover, fungal chitosan is free of
allergenic compounds compared to crustacean chitosan [11,26] and can
achieve higher deacetylation degrees and significantly lower molecular
weight [27], those two characteristics play a key role in the bio-
polymer’s antimicrobial abilities [11]. Insects sourced chitosan is not
significantly developed at the moment, but first comparison results have
shown similarities with crustaceans’ chitosan in terms of deacetylation
and molecular weight [23].

3. Applications of chitosan in the food industry

One of the main fields of application of chitosan is the food industry.
The chemical properties of the biopolymer as well as its antioxidant and
antimicrobial effects are interesting for different types of food packaging
like biofilms and coatings (edible or not), gels, beads, and nanoparticles
to preserve food and extend the shelf-life of perishable products [3,28,
29] (Table 1). Chitosan is also used in association with other compounds
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Fig. 2. Structure of chitosan with the different reactive functional groups according to Ardean et al., 2021 [10].
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Table 1
Recapitulative table of the different applications and origins of chitosans in the articles cited.
Industry Applications Origin References
Food o Shelf life extension for fresh food products (packaging, intelligent packaging, Crustaceans: shrimp shells, crab shells [3,13,25-37,
industry biofilms, flavour extension and preservation) 39-42]
Agriculture e Plant protection against diseases Crustaceans: Shrimp shells, crab shells [3,6,46-73,
Fungi: Aspergillus niger 75-78]
Insects

Fruit juices e Clarification Crustaceans: shrimp (Pandalus borealis), crab shells, [75,79,88-91]
e Preservation (antimicrobial effects) squid gladius (Loligo vulgaris)
e Modifications of visual and taste characteristics Fungi

Tea e Clarification Crustaceans [36,92-94]
e Improvement of taste
e Coupling of tea with chitosan for various applications

Beer o Clarification Crustaceans: shrimp shells [80,95,97,98,
e Preservation against spoilage flora Fungi 119]
e Encapsulation of compounds

Wine e Clarification Fungi: Aspergillus niger, Agaricus bisporus [99-118]
e Fining Crustaceans: shrimp shells, crab shells
e Modification of sensory profile and visual characteristics
e Preservation against spoilage flora

to improve nutritional qualities of food products or as an additive for
flavour extension for example. It is becoming more and more popular
among the actors of the food industry due to the heterogeneity of its
possible beneficial functions [3].

3.1. Biofilms and packaging

Chitosan has an ability to form edible films and coatings. However, it
cannot be used on its own for film production as it is sensitive to
moisture and humidity [30]. Therefore, the biofilms can be prepared by
coupling chitosan with different active components and additives like
acetic acid, ascorbic acid, cellulose, glucose, sunflower oil, blueberry
leaf extract, grape seed extract, green tea or different kinds of essential
oils (of which rosemary, oregano, rosemary, clove, cinnamon and sage
are the most commonly used), as well as different levels of irradiation
[30-34].

The coating of food products like fresh fruits has shown promising
results in improving the post-harvest storage time [31,32,35]. For
example, it helps maintaining the levels of ascorbic acids and vitamin C
longer in fruits stored or delays the browning of the fruits by inhibiting
the activity of enzymes from the category of Polyphenol oxidases [31].

Chitosan based coating films have been also used on meat and cheese
to improve their shelf life by preventing oxidation and microbial con-
taminations by pathogens like Staphylococcus aureus and Listeria mono-
cytogenes [15,36,37]. Moreover, it has been observed that chitosan can
also prevent oxidation of lipids in seafood products such as different
types of fishes [38] and can be used in association with clove bud
essential oil or glycerol to remove odd-flavour compounds from raw fish
[39].

Additionally, chitosan could be used as an active packaging material
that would participate in the food preservation process by releasing
antioxidant or antimicrobial compounds [37,40]. It can be used to create
intelligent packaging that can help monitor the preservation of food
products or beverages by changing colour according to the temperature
or the pH of the product [37,40,41]. For example, chitosan combined
with gold particles can indicate the frozen status of a food product [42].
This can also be applied for beverages packaging [43].

3.2. Flavour improvement and extension over time

It has been showed that chitosan can remove odd-flavour volatile
compounds in food products such as glucosinolates, hexanal, octanal or
1-octen-3-ol that are responsible for bad smells and tastes. This could
extend the shelf life of those sensitive products by extending the quality
of the flavours in time [29,39,44].

However, this characteristic of chitosan has been shown to change

according to its level of deacetylation [44,45]. For example, Gao et al.
(2014) [44] showed that chitosan with a higher degree of deacetylation
(89 %) was more efficient in removing glucosinolates from radishes and
the lesser deacetylated one (76 %) was bound more easily to anthocy-
anins. The odorant volatile compounds and odd flavours were reduced
by 70 % after the treatment with, showing it can successfully be used to
remove odd-flavour compounds in food.

4. Applications of chitosan in agriculture

Pathogens and plants diseases are an important threat to agriculture
and plant production in the world and there is a need for protection to
make sure the food production is sufficient. During the last century,
plant protection strategies relied mostly on chemical synthetic products
which could have potential negative impacts on ecosystems. Chitosan is
a promising product for the agricultural field as it has been shown to
have beneficial effects on crop production by protecting plants [46,47].
Some products classified as biopesticides containing chitosan are
already commercially available [48]. From a research point of view, it
has been tried successfully on many crops [49] and different action
mechanisms that could be interesting for agriculture have been identi-
fied such as overall plant protection by antimicrobial actions against
pests or antioxidant properties. It can be applied to cultures, in
agro-chemistry, as part of a soil enrichment strategy, or postharvest
treatments [3]. Furthermore, it can be used to deliver products into
plants or agricultural soils by encapsulating them [6,49,50] (Table 1).

4.1. Plant protection mechanisms of chitosan

The chitosan biopolymer, because of its versatile composition and
molecular organisation can act on many fields of the infection to protect
the plant against pathogens [46,51]. The action mechanisms of chitosan
in plant protection can be described as following.

4.1.1. Direct activity against pathogens

Chitosan can act directly on pathogens like fungi, bacteria or against
viruses. The action against viruses seems however to be dependent on
the biopolymer’s molecular weight [52], whereas the antifungal action
of chitosan has been more broadly demonstrated as well as the anti-
bacterial one [47,48,53,54]. The detailed mechanisms of the direct
antimicrobial action of chitosan will be further discussed later in the
“antimicrobial properties of chitosan” section.

4.1.2. Elicitation of plant defences
The main and most promising action of chitosan for plant protection
is the elicitation of plant’s defences against pathogens. This property of
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chitosan is complex and involves many mechanisms.

4.1.2.1. Physical barrier. Chitosan is responsible for the creation of a
physical barrier around the pathogen penetration sites, protecting the
plant against the propagation of the contaminating agent. This mecha-
nism heals the wounds created by the intrusion of a pathogen into the
plant’s organism by either creating more rigid cell walls through ligni-
fication or increasing the level of expression of peroxidase to stop the
entry of the pathogens [47,54,55].

4.1.2.2. Modification of membrane associated functions of plant’s cells. It
was demonstrated that chitosan induces different modifications of
membrane associated functions in plants cells such as H" ATPase ac-
tivity (proton pump) inhibition or transient depolarization of biological
membranes. This activity induces morphological and chemical condi-
tions changes in the plants treated and participates to the plant’s defence
mechanism against the pathogens [56].

4.1.2.3. Effect on nuclear distortion and cell death. Chitosan is able to
trigger programmed cell death and nuclear distortion in the plants’ cells
and mostly on epidermal cells. The mechanism seems to be related to
calcium influx into the cytosol and involves the condensation of the
chromatin inducing a destruction of the nuclei and the genetic material
of the plant’s cells [57,58].

4.1.2.4. Induction of signal transduction. Chitosan can also induce signal
transduction in the plant’s resistance mechanisms against pathogens. It
can be recognized by cell receptors (like lectin) at the membrane surface
to induce production of different defence mechanisms. The fixation of
chitosan to the cell membrane receptors can trigger complex signalling
pathways involving many actors such as Ca?* or ethylene. Chitosan can
be recognized by the cells of the plant as a Pathogen/Microbe Molecular
Associated Pattern (PAMP/MAMP) through specific receptors at the
surface of the plant’s cells (PRR) which triggers different response
mechanisms such as an increase of the Ca>* or H' influx into the cytosol
[59-61].

4.1.2.5. Elicitation of proteins and enzymes production. Chitosan can also
be perceived inside plant cells to trigger the expression of pathogenesis
related genes by binding to DNA. This can trigger the upregulation or
downregulation of specific genes coding for compounds such as Reactive
Oxygen Species (ROS) [62] involved in the antioxidant metabolism,
hydrogen peroxide, polyphenol oxidases [53,63], peroxidases [53,641,
superoxide dismutase [47,55,61], or stilbenes and flavanols in V. vinifera
[51,55]. Chitosan can also increase the activity of the catalase enzyme
which can help for plant defence mechanisms by eliminating free radi-
cals [47,65].

The chitosan biopolymer can also induce the expression of
pathogenesis-related genes that are involved in the resistance to disease
mechanisms of plants. They are activated through a diverse range of
pathways like the activation of membrane receptors by chitosan or
direct interactions with the plant’s DNA to induce their expression [66].

More specifically, Chitosan can trigger the production of secondary
metabolites and other compounds [47,61,66,67], directly or indirectly
involved in the elimination of pathogens such as.

e Phytoalexins: phytoalexins are antimicrobial compounds produced
in plants in reaction to a pathogen attack. Chitosan was showed to be
able to enhance their production and accumulation in plant cells.
Aziz et al. (2006) and Reglinski et al. (2010) [54,68] proved the
efficiency of this action in helping plants against Botrytis cinerea and
Plasmopara viticola in grapevine production, and chitosan treated
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bunches showed an accumulation of enzymes involved in phyto-

alexins synthesis in Lucini et al. (2018) [55].
o Lignification: chitosan can induce lignification which makes the cells
of the plants thicker and more resistant to mechanical aggressions by
pathogens, creating a barrier against fungi or enzymes that can
degrade the cells [53,69,70]. The production of polyphenol oxidase
that can be influenced by the chitosan treatment catalyses the pro-
duction of lignin [47].
Suberization: suberization is a wound healing mechanism of resis-
tance by the plant that involves creation of a matrix of polyphenols
and other compounds in the tissues armed [53,71], restricting the
entry of pathogens by creating physical barriers in plants cells [69].
Callose: callose is associated with plant’s resistance mechanisms and
helps protecting wounds caused by pathogens infection mainly by
reducing the necrosis spread. Chitosan can induce callose deposition
where the pathogens has entered the plants in the beginning of the
infection [72-74]. It has been shown that callose apposition is a
process controlled and regulated by abscisic acid (ABA) that can be
induced by chitosan [61,74,75].
Phenolic compounds: chitosan can increase the total phenolic con-
tent in plant cells [70] which are associated with plant resistance like
chlorogenic acid, rosmarinic acid [76], or ferulic acid [77].

4.2. Chitosan nanoparticles to deliver pesticides or biopesticides

Chitosan can be used as a secondary or priming agent for other
biopesticides to help enhance their effectiveness. It can encapsulate
agents for pest control such as bacteria or other types of biopesticides. It
has notably been tried to coat seeds in the form of nanoparticles con-
taining plant growth promoting bacteria. The use of the chitosan
biopolymer for delivery of agents can be beneficial to increase the pre-
cision of application of those products and for bacterial biopesticides it
can help control the release of the bacteria on a longer period of time and
prevent contaminations during storage and transport [6,50]. Further-
more, the contact time between the target of the product and the product
itself is longer, improving the efficiency of the treatment and reducing
the doses needed. The release of the product can be by the burst of the
layer due to osmotic pressure, diffusion through the chitosan layer, or
degradation of the layer [49,50].

To create chitosan nanoparticles, many techniques are used such as
ionotropic gelation, emulsion cross linking, emulsion-droplet coales-
cence, precipitation, reverse micellar method, sieving method or spray
drying method [49].

This more technological approach of chitosan could be interesting in
reducing the doses of pesticides used by improving the precision of their
application [6,47,78]. We could envision many other applications
possible of chitosan nanoparticles in agriculture as they can hold
different compounds such as genes or fertilizer to improve soil man-
agement for example.

As chitosan is a naturally occurring element and seems to have
efficient and diverse action mechanisms against plant pathogens it could
be a sustainable alternative to synthetic pesticides. In many cases, the
indirect action of chitosan through elicitation of the plant’s defence as
well as the direct action against the pathogen happen at the same time,
improving the efficiency of the biopolymer against pathogens such as
Botrytis cinerea in grapevine production [54,68].

Chitosan has already been used for some time in the biopesticides
industry and many products containing diverse ranges of chitosan con-
centrations are already available for use. It has been showed that, even
though those products are efficient against plant pathogens such as
Botrytis cinerea, they are still less efficient than conventional products.
However, it has been suggested that using chitosan products coupled
with other biopesticides could prove to be more efficient thanks to
synergies between the products [48].
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5. Applications of chitosan in beverages

Chitosan has been applied increasingly to the beverage industry over
recent years. This is due to technological and research advances on the
properties of the biopolymer in beverages. In fact, chitosan can be used
for filtration and clarification purposes as it is a natural flocculant, it can
also help adjust the acidity of beverages as well as stabilize their colour
and their flavours over time and remove from beverages a multitude of
unwanted elements while also being an efficient preservation agent
against microbial development [3] (Table 1).

5.1. General applications and mechanisms of chitosan in beverages

5.1.1. Clarification

Chitosan has a polycationic behaviour in acidic media which means
that it can interact with negatively charged compounds by electrostatic
interactions. It can be used in much lower doses than other clarifying
agents used commonly in the beverages industry like bentonite as it can
interact strongly with negative anionic compounds like polyphenols [79,
80]. Chitosan from crustaceans is mostly used for clarification but there
is also commercialized fungal chitosan on the market. Chitosan is used in
fruit juices (apple, grape, lemon, orange, passion fruit, pomegranate,
acai ... etc), beer, wine (and must) or green tea for clarification [30,43,
80-82].

5.1.2. Preservation and sanitary aspects

Thanks to antimicrobial and antioxidant activities, chitosan can be
used for preservation of beverages [81,83] (the action mechanisms for
antimicrobial activity will be further discussed in the section “antimi-
crobial properties of chitosan”). The antioxidant activity of chitosan can
be explained by different mechanisms such as the scavenging of free
radicals or the chelation of metal ions that are catalysts of oxidative
reactions [83,84]. Because chitosan can be bound to metallic ions, it can
help remove them from beverages by precipitation, which can have
sanitary benefits. Those beneficial effects can be influenced by the mo-
lecular weight of the biopolymer as well as by the pH of the beverage
[43,81].

5.1.3. Encapsulation

Chitosan can be used for the encapsulation of bioactive compounds
that can be found in beverages like anthocyanins that are responsible for
colour [85], or probiotics such as Lactobacillus plantarum [86] that can
be degraded over time during storage of the beverages [43]. Chitosan
can also help for the protection of the beverage from gastrointestinal
environment, the improvement of water solubility of lipophilic com-
pounds, or mask odd tastes [43]. It can encapsulate compounds
important for beverages production such as enzymes or microorganisms
responsible for fermentation [81].

The efficiency of encapsulation of compounds such as vitamin C
depends on the molecular weight of the chitosan used. The lower the
molecular weight, the lower the size of the particules, and vice versa. In
Alishahi et al. (2011) [87], the highest encapsulation efficiency of
vitamin C was determined at 110kDA.

Chitosan has been studied extensively in different beverages and has
been shown to be a promising agent to improve the quality and pro-
cesses of production. We will detail some of the results of chitosan use in
different types of beverages in the following sections.

5.2. Fruit juice

Chitosan’s use has been reported in many types of fruit juices in
research mostly for preservation and improvement of organoleptic
characteristics purposes.

Carbohydrate Research 543 (2024) 109219

Chitosan has shown interesting clarification properties in fruit juices
such as apple, grape, orange, lemon juice, passion fruit, or acai juice [79,
88-90]. When compared to Bentonite (another widely spread clarifying
agent), or other clarifying treatments such as enzymes or gelatin, its
clarification action is quicker and at lower doses [89] and seems to be
more efficient without showing dose dependency [75]. This clarifying
potential seems to be due to the polycationic nature of chitosan that can
help it bind with solids charged negatively in the beverages [79] and
results in a lower viscosity of the drink in the end using a dose of 300
mg/L of shrimp chitosan [89].

In some studies, it is advised to use chitosan as part of a clarification
process including other steps such as centrifugation or enzyme treat-
ment to increase their efficiency [88,89] and in others, it is showed to be
an efficient tool in reducing the steps of the clarification process as it can
replace all of them and be used by its own without enzyme pretreatment
[90]. In any case, it is showed to be efficient and interesting to imple-
ment in fruit juices.

As explained, chitosan can reduce the turbidity of fruit juices by
removing solids from the liquid but its clarifying action can be accom-
panied by the removal of other elements of the juices. In fact, it has been
showed to reduce the colour intensity of the juices quite significantly
[89,90], for example, Chatterjee et al. (2004) [79] saw a reduction of 76
% the grape juice colour after chitosan treatment at a dose of 2 mg/mL.
Along with this colour reduction, an improvement of the visual char-
acteristics of the fruit juices has been noticed with an increase in lumi-
nosity and brightness in orange juice [91] and acai juice [88]. Therefore,
according to the result wanted, this reduction of colour could not be
problematic (for clear apple juice for example) and balanced by the
increase of brightness.

Other than visual and physical modification of the fruit juices, chi-
tosan has effects on the nutritional value and the taste characteristics of
fruit juices treated with it. For example, the implementation of chitosan
has reduced the titratable acidity and increased the pH of orange juice or
apple juice improving their likability as they received better tasting
scores [90,91]. Furthermore, chitosan treatment (at concentrations
higher than 1 g/L) induced a reduction of Vitamin C (ascorbic acid)
content in orange juice as well as in acai juice [88,91]. It is advised by
Martin-Diana et al. (2009) [91] to use chitosan at concentrations lower
than 1 g/L to avoid this negative effect as well as the apparition of a
bitter taste. This reduction of vitamin C proves that chitosan treatment
can also cause a change of the nutritional value of beverages, either in a
positive or negative way.

5.3. Tea

The use of chitosan for the clarification of tea has been studied and
has shown promising results. In fact, just as in fruit juices, chitosan
seemed to be more efficient than other treatments such as ultrafiltration
to clarify the tea [92]. In green tea especially, compounds such as pro-
line (amino acid) are undesirable because they are responsible for the
apparition of a haze in the tea (“tea cream”) after some time of storage.
Chitosan was proved to reduce its content by as much as 24 % reducing
the haze formation potential as well as the turbidity of the tea [92]. In
this study, green tea clarification was accompanied by a reduction of the
green colour (chlorophyll) and its lightness.

Furthermore, green tea contains tannins that can be responsible for
odd tastes such as too much bitterness. In Li et al. (2018) [93] chitosan is
used to coat an enzyme called tannases responsible for the hydrolysis of
the tannins to improve the taste by lowering its astringency and bitter-
ness. The chitosan and Fe3O4 particles added to the beverages proved to
increase the clarification of the tea as well as an improvement of the
colour, with overall better organoleptic characteristics.

The use of chitosan coupled with tea has also been extensively
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studied [36,94] to improve the coating ability of the biopolymer and to
extend food quality and shelf life (see part about food sector).

5.4. Beer

In beer, clarification is an essential step of the production process.
Similar to fruit juices, when chitosan was compared to other clarifying
agents used in beer making such as bentonite (the most commonly used
clarifying agent in beer) or stabifix, it was shown to be the most efficient
for flocculation and for viscosity reduction as well as suspended solids
reduction. Furthermore, the polyphenolic content of the beers can be
reduced when treated with chitosan at 5 mg/L [80].

Additionally, chitosan can be used for its antimicrobial activities
against spoilage flora of beers. It can be very efficient in totally inhib-
iting bacteria like Pediococcus or Lactobacillus plantarum but it can also
have a negative effect on fermenting yeasts [95]. Therefore, according to
the dose and the timing of the treatment, chitosan can have negative or
positive effects on the final product.

Chitosan can be used to coat and entrap compounds that can help
during the beer making process such as yeast for fermentation [96,97].
The encapsulation of the yeast immobilizes them, and beers fermented
with immobilized cells show different sensory profiles with less
complexity but likeable flavours such as fruity or honey like [96]. The
immobilisation of yeast cells for beer fermentation could be beneficial
for practical purposes in the beer industry that aims to realise contin-
uous fermentations. In fact, it could enhance the efficiency of the
fermentation, reduce risks of contamination and is easier to control. The
fact that the cells are confined in a small space induces a higher biomass
and a higher fermentation rate and could ensure a better cell stability
over time. This is a process aimed at industrial beer making for more
cost-effective production techniques [96,97]. Encapsulation of other
compounds such as enzymes to neutralise off flavours in wine like
diacetyl have also showed promising results [98].

5.5. Wine

Chitosan is a Generally Recognized as Safe compound in the US
(United States Food and Drugs Administration 2011) for the use of it in
wine. It was authorized as a fining agent for wine in 2009 by the OIV
(International Organisation of Vine and Wine) [99]. It can be used for
purposes such as removing toxins from wine (mostly Ochratoxin A
which is a concern for human health), copper, other heavy metals or
pesticide residues, removing odd taste compounds like volatile phenols
and other organoleptic compounds and inhibiting microbial spoilage
flora such as Brettanomyces, as well as improving aesthetical character-
istics of the wines by inhibiting chemical and enzymatic browning
[100-102]. Only fungal chitosan is authorized in wines because of the
risk of allergies of consumers to crustacean sourced chitosan [103]. Its
use as an adjuvant in the wine industry is developing but remains
confidential compared to sulphur dioxide and other fining agents.

5.5.1. Removal of negative compounds in wines: contaminants, proteins,
odd flavours, heavy metals, and improvement of organoleptic qualities

Chitosan has been used as an alternative to bentonite as a fining
agent for wines and has showed interesting results. In white wines, it can
help stabilize the wines by reducing the amount of heat unstable pro-
teins that can cause haze and visual defects in wines used at a dose of
100 g/hL [104]. Even though the wines are still susceptible of forming
haze, there is an interesting reduction of the risks with chitosan treat-
ment compared with other treatments such as egg albumin or PVPP
(polyvinyl polyvinylpyrrolidone) for example [105]. In more contrast-
ing results, it has been shown that for white wines vinified with a skin
maceration, chitosan can help reduce the protein instability but is less
effective than other fining agents in doing so [106].

Chitosan can also show a very high affinity with phenolics such as
cinnamic acids, flavanols or anthocyanins, mainly through van der
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Waals or hydrogen bonds [107]. Therefore, showing interesting capac-
ities in modifying and improving organoleptic characteristics of wines.
For example, it has been shown that it can strongly bind volatile phenols
in wines such as 4-ethyguaiacol or 4-ethylphenol that are associated
with odd tastes and bitterness, causing a decrease of their concentration
from 14 to 23 %, improving greatly the sensory profiles of the wines
[108]. Furthermore, other phenolic acids were shown to be reduced by
chitosan treatment such as hydroxycinnamic acids of which caftaric
acid, caffeic acid or ellagic acid [109,110]. This effect could prove to be
beneficial especially for red wines as those hydroxycinnamic acids are
the main precursors of volatile phenols. Furthermore, the reduction of
caftaric acid could reduce the risk of non-enzymatic browning of the red
wines [110]. The addition of chitosan could, however, reduce the an-
thocyanins content of red wines, resulting in less colour [111].

In Marin & Chinnici (2021) [109] the reduction of colour was
explained by the fact that chitosan significantly reduced the
co-pigmentation of the red wines. In fact, it seemed that co-factors
responsible for the co-pigmentation such as hydroxycinnamic acids,
flavanols and ellagic acid were reduced, which reduced the overall
colour values of the treated samples even if the total amount of antho-
cyanins was not affected. This process could increase the ageing process
of the wines in the cellar, which can be interesting as well as negative
according to the type of wine wanted [110].

When applied during the second fermentation of a sparkling white
wine in bottles, chitosan can induce changes in the sensory character-
istics of the wines. In Castro Marin et al. (2020) [101] contrary to the
previous studies mentioned on red wines, the polyphenols content of the
sparkling white wine was not affected overall. But chitosan seemed to
increase the content of volatile fatty acids in wines when ageing “sur
lies”, which changed their sensory profiles. It is explained that the
biopolymer releases more fatty acids in wines by electrostatic in-
teractions between positively charged parts and negatively charged
components of cell membranes from yeasts which results in more
excretion of fatty acids by the permeable cells. Moreover, in this study,
the samples treated with chitosan showed a higher number of esters like
isoamyl acetate (banana taste). This seems to be due to the higher
number of fatty acids in the wines treated with chitosan that increase the
frequency of the esterification reaction. The resulting wines were found
more aromatic and fruitier, as well as more bodied and structured and
the persistence of the foam was improved.

In Nunes et al. (2016) [112], chitosan can be used as a protection
agent of white wines in the form of a film put on the surface of the wine
to replace the use of sulphur. This use can improve sensory character-
istics like body and balance, as well as fruity and floral notes with a
higher content of benzaldehydes, furfural and other volatile positive
compounds. The presence of these compounds at higher doses in the
chitosan treated wines is explained in this study by the Maillard reaction
and the Strecker degradation. In fact, amine groups of chitosan seem to
interact with wine compounds such as sugars or amino acids to enhance
the production of volatile compounds associated with pleasant aromas.

5.5.2. Antimicrobial effects on spoilage flora: chitosan as a SO2
replacement

Due to its antimicrobial and antioxidant characteristics, the chitosan
biopolymer can be considered an alternative to SO2 in wines. It has been
tested as so on many spoilage flora microorganisms such as Acetobacter
[113], Brettanomyces bruxellensis [114,115], non-Saccharomyces and
Saccharomyces yeasts [116,117].

When comparing the effects of chitosan on Saccharomyces cerevisiae
and other non-Saccharomyces yeasts such as H. uvarum, O. oeni, or
L. plantarum, Bagder Elmaci et al. (2015) [116] observed that the
non-Saccharomyces yeasts studied were significantly more sensitive to
chitosan (as soon as 2 g/L for L. plantarum) than Saccharomyces cerevisiae
(sensitive from 0,6 to 2 g/L). The growth rate of Saccharomyces cerevisiae
was not affected at doses that were biocidal for other yeast species. This
result was also observed by Miot-Sertier et al. (2022) [117]. Guzzon



M. Bertrand et al.

et al. (2022) [118] observed that S. cerevisiae and T. delbrueckii (2
fermentative yeasts) showed remarkable resistance to chitosan
compared to other spoilage microorganisms but still were affected by it
with no effect on fermentation rates observed. On the other end Picar-
iello et al. (2020) [111] found that chitosan can still affect the fermen-
tation kinetics by decreasing the fermentation rate, but without any
significant effect seen on the alcohol content of resulting red wines.
Therefore, the fact that chitosan seems to inhibit spoilage flora at lower
doses than for S. cerevisiae is encouraging as its use would not disturb
alcoholic fermentation. The use of chitosan before malolactic fermen-
tation, however, was shown to possibly delay or even stop it [117].

In terms of spoilage flora removal, Chitosan showed interesting re-
sults on Acetobacter (responsible for the production of acetic acid in
wines) as it can have a negative effect on the bacterial cell walls and
reduce the amount of acetic acid produced by the bacteria in the wines,
and was showed to be at least as effective as SO2 in removing Acetobacter
from contaminated wines [113].

Furthermore, chitosan showed promising effects against Brettano-
myces bruxellensis [118]. This effect can be conditioned by many factors
and is less clear than against other spoilage flora. In fact, according to
the B. bruxellensis strain, there can be a total inhibition or none [117],
the inhibition results can be observed in wine but are less evident in
other media such as petri dishes, therefore it is difficult to assess the
efficiency of the chitosan treatment in laboratory [115]. The efficiency
of chitosan is dependent on characteristics of the biopolymer such as
molecular weight and the deacetylation degree as the lower molecular
weight chitosan with a higher deacetylation degree was shown to be
more efficient [117]. Additionally, it was shown that the inhibited
populations of B. bruxellensis could start growing again after some time
in the wine, so the effect seems to be transitory and the wines treated
cannot be considered totally stable [115,117]. To improve the chitosan
efficiency against B. bruxellensis in oak barrel aged wines, it is suggested
that “batonnage” to resuspend chitosan over a long period of time (9
months) can be effective [114]. This suggestion is also supported by
Guzzon et al. (2022) [118] that found a higher efficiency of chitosan in
continuously steered media than in static media.

6. Antimicrobial properties of chitosan

Chitosan is used in many fields mainly because of its antimicrobial
properties. Although the overall mechanisms are known, details about

Electrostatic interactions between
chitosan and LPA can disrupt
fundamental aspects of the cell
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the actions of chitosan on microorganisms remain to be discovered. The
main mechanisms described for the antimicrobial actions of chitosan are
electrostatic interactions and disruption of the cell membrane, but other
mechanisms can also play a role such as the chelating of metallic ions or
interactions with the genetic material of microorganisms [47]. The ef-
ficiency of chitosan against bacteria, fungi or yeast is dependent on
many extrinsic factors such as the pH of the media, the temperature, or
the nature of the media itself. Moreover, the molecular weight and the
deacetylation degree are primordial for its efficiency [120-122].
Therefore, describing the antimicrobial mechanisms of this biopolymer
is no easy task as many factors influence it.

6.1. Action mechanism against bacteria

The main action mechanism of chitosan against bacteria is the
disruption of the cell wall. When the pKa of the chitosan biopolymer is
above the pH (in acidic media), it is predominantly charged positively
due to the protonation of its amino groups and can bind through elec-
trostatic interactions with the negatively charged compounds on outer
membrane cell surface. The composition of the outer membrane cell
surface of the bacteria therefore plays a role in the action of chitosan
[122-124].

This interaction can result in the disruption of the stability of the
outer membrane and the loss of vital functions and protection for cells
[122-124].

Chitosan was first described as having a lesser impact on Gram —
bacteria compared to Gram + bacteria [125] but recent results are more
contrasting on the subject and suggest that chitosan could have, overall,
a higher impact on Gram — bacteria due to the fact that there is a higher
amount of negative charges at the cell surface due to the higher presence
of LPS (Lipopolysaccharides) and proteins, increasing the electrostatic
interactions. For Gram + bacteria, LPA (Lipoteichoic acid) is one of the
constituents that can easily be bound to chitosan [122,123,126].

In both cases, the bactericidal mechanism starts with the disruption
of the cell wall leading to loss of vital functions and protection for the
cells (Fig. 3). Once the outer membrane is altered, the cytoplasmic
membrane is left without any protection and its permeability can be
altered by contact with chitosan through different mechanisms such as
the change of the electric charge of the membrane or changes in the
configuration of transmembrane proteins [127]. One of the observed
phenomena is the separation of the cytoplasmic membrane from the cell

Electrostatic interactions disrupt the
outer membrane, enabling chitosan to
penetrate further towards the cell
membrane
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Fig. 3. General mechanisms of chitosan on Gram+ and Gram-bacteria adapted from Hosseinnejad & Jafari (2016) and Verlee et al. (2017) [121,123].
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envelope and the coagulation of cytoplasmic components. This effect
results in a badly disrupted membrane leading to the leakage of cyto-
plasmic material such as ions, proteins or nucleic acids [123,127,128]
(Fig. 3). Furthermore, morphological changes can be observed in bac-
teria such as the change from bacille forms to spherical shapes observed
by B. Li et al. (2013) [63], or the formation of vacuole like structures at
the cells’ surface as observed by Raafat et al. (2008) [127] on Staphy-
lococcus aureus (Gram + bacteria). The binding of chitosan and its
accumulation on cell surface can be easily seen via transmission electron
microscopy (TEM) [127].

When the pH is above the chitosan’s pKa (6,5), the interactions can
change to chelating actions. In fact, chitosan now negatively charged
can bind with metallic cations such as Mg?* and Ca®". In fact, chitosan
has been applied for the removal of metals in various industries and for
water sanitation [21]. Microorganisms need metallic ions for their
overall cell wall stability and growth, the chelation of such metal ions
mediated by chitosan therefore is one of its antibacterial effects [124,
128,129]. Because of this affinity, the coupling of chitosan with metallic
compounds has also been showed to be efficient against bacteria like
E. coli or S. aureus [128].

Chitosan can increase the sensitivity of Gram — bacteria to detergents
such as DSD or Triton X-100 [126]. It was showed that the action of
chitosan was highly linked to the composition of the cell wall in teichoic
acids [127]. In fact, the deletion of the teichoic acid synthesis genes
showed bacteria with a high resistance to the chitosan treatment,
showing that the electrostatic interactions at the cell surface were
mainly between chitosan and teichoic acids [123,127].

Furthermore, the binding of chitosan to membrane proteins could
trigger metabolic pathways affecting the production of vital proteins of
the cell or affecting the production of energy pathway [122]. In more
details, the addition of chitosan can induce metabolic pathways either
by triggering receptors at the surface of the cells or by interacting
directly with the genetic material of the bacteria. In Staphylococcus
aureus, it was showed that chitosan induced a difference in expression of
genes involved in stress defence mechanisms and autolysis as well as in
energy production and more precisely, genes involved in oxidative
stress, oxygen limited conditions, energy production, protein and RNA
synthesis, and electron transport chain were either upregulated or
downregulated, disturbing the general functions linked to those genes
[127].

Chitosan can be coupled with other components to enhance its
antibacterial mechanisms such as essential oils of various kinds (cin-
namon or clove for example). It can also form micro or nanoparticles
that can be loaded with different compounds such as antibiotics [6,49,
50,130].

6.2. Action mechanism against fungi

Chitosan treatment can stop fungal growth of filamentous fungi (like
Fusarium or Penicillium expansum for example) by inhibiting the mycelial
radial growth [131] as well as by inhibiting sporulation and spore
germination [132-134], with an effect increasing with the concentra-
tion [131]. The antifungal effect of chitosan can therefore occur at
different development stages of fungal growth. Those effects can be
followed by morphological changes of the mycelial cells with a change
of their shape, hyphal agglomeration, abnormal branching as well as the
formation of vesicles on the surface of the mycelia [131,132].

The action mechanisms of chitosan on fungi are quite like the anti-
bacterial ones. In fact, the positively charged chitosan biopolymer can
interact through electrostatic interactions with negatively charged
phospholipids heads of the membrane disturbing its permeability
causing leakage of intracellular material [123]. But chitosan seems to
also be able to enter the cells and interact directly with the DNA or
mRNA of the fungi cells inhibiting the synthesis of DNA, RNA and pro-
teins which disrupts the overall functioning of the cells [123,132,135,
136]. On yeasts, the effect of chitosan was showed to be concentration
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dependent and to start as soon as 2,5 pg/mL [136]. Furthermore, lipid
peroxidation was observed after chitosan treatment in cells of a fungal
plant pathogen called Sclerotinia sclerotiorum [135].

The fluidity of the plasma membrane plays a key role in the effi-
ciency of the action of chitosan. Plasma membrane is linked to its fatty
acids’ composition and their level of unsaturation, the more unsaturated
fatty acids such as linolenic acid, the more efficient the chitosan is. It is
shown that, the contact of chitosan on a fluid membrane can induce a
rigidification of the region, creating discontinuities in the permeability
of the membranes causing leakage in the end [137].

However some fungi species such as P. chlamydosporia are resistant to
the action of chitosan as it seems that for them, chitosan is unable to
permeabilise the cells, due to the lesser amounts of unsaturated fatty
acids and a higher content of p-1,3-glucan which induces a lower fluidity
of the membrane [137,138]. In fact, chitosan-resistant fungi species
have a higher content of saturated fatty acids like palmitic acid and
stearic acid, which forms a barrier making its entry and fixation on the
membrane more difficult [136,139]. Moreover, some Neurospora crassa
species are able to regenerate their cell walls making them a little less
sensitive to higher concentrations of chitosan [138]. Additionally, the
entry mechanism of chitosan in the cell seems very dependent on ATP
production activity, meaning that the energy production pathways of
the fungal cells seem to be the entry way for chitosan through still un-
known mechanisms [123].

The application of chitosan as a chitooligosaccharides (COS) can
affect the gene expression of the fungi [134,136,140]. Generally
speaking, the genes affected by the application of chitosan are down-
regulated [134]. But, over time more and more genes can be upregulated
[136]. The genes triggered by chitosan seem to be linked mainly to
membrane functions and proteins involved in the resistance mechanism
against the attack on cell integrity and the cell wall integrity pathway
[134,140]. Jaime et al. (2012) [140], found up to 39 yeast genes
affected by chitosan application. Among the triggered genes in this
study, the one responsible for the synthesis of ergosterols is overex-
pressed in yeast, which makes the membrane more rigid and therefore
more difficult to affect.

There is also an effect of chitosan on the expression of genes involved
in stress response (such as hydrolase activity), oxidative stress response
(oxidoreductase enzyme activity), cell division and organisation (cell
wall or membrane organisation), protein degradation by proteasome,
energy pathways (ATP production), cell morphogenesis and polarisation
(protein binding functions) and in cell membrane transport mechanisms
[123,134,140]. In Neurospora crassa, class 3 lipase, monosaccharide
transporter and a glutathione transferase were the main genes affected
by chitosan as well as the expression of fks, a gene involved in the p-1,
3-glucan synthesis and gel-1 involved in glucan elongation (Fig. 4)
[134]. This mechanism fragilizes the fungal cell wall by inhibiting the
production of key components [138]. In Saccharomyces yeast, chitosan
induced 3 major transcriptional responses involved in multiple stress
responses, triggering calcineurin-dependent and cell wall integrity
pathways and increasing p-1-3 glucanase resistance [136].

In Penicillium expansum, Li et al. (2019) [131], found 26 proteins
affected by chitosan. Proteins involved in DNA biosynthesis such as
nucleic acid binding proteins or ribosomal protein 14 were affected
negatively. Energy production related proteins were also found affected
by chitosan such as ATPase or NAD binding NADP oxidoreductase co-
enzymes. Additionally, proteins were found to have an increased ac-
tivity such as antibiotics resistance and response against oxidative stress
proteins like aminoglycoside phosphotransferase.

Furthermore, a few studies suggest that chitosan could act as a po-
tential blocker of the Ca2+ ion channel in membranes of fungi [139,141,
142].

The stress response induced by chitosan is complex and seems
different than other stress responses to environmental conditions such as
temperature. Therefore, chitosan seems like an interesting antifungal
agent to use as the stress it induces is very specific and complex [138,
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Fig. 4. Significantly expressed genes in response to chitosan in Neurospora crassa adapted from Lopez-Moya et al. (2016) [134].

Table 2

Effect of the deacetylation degree and the molecular weight on antimicrobial and antioxidant activities of chitosan adapted from Aranaz et al. (2009).

Physico-chemical characteristic Antimicrobial activity

Antioxydant activity

1 Deacetylation degree t Free amino groups NH3
>90 %

1 Permeabilization of the membrane

| Molecular weight

<50 kDa

1 Penetration into the cells nucleus for direct DNA interactions

t Scavenging activity of radicals

1 electrostatic interactions with microorganisms negatively charged elements

1 Scavenging activity
1 Potential for chelation of metallic ions

140].

Chitosan can also interact with other fungicidal products through
synergistic effects by enhancing their efficiency [138,140,142]. The
linked action of chitosan and another fungicidal product already
commercialized such as Fluconazole [140], Caspofungin [138] or
metallic ions such as zinc [142] can be interesting in overcoming the
resistance mechanisms of some fungi.

7. Factors influencing the antimicrobial action of chitosan

Many extrinsic or intrinsic factors influence the antimicrobial ac-
tivity of chitosan (pH, the molecular weight, the degree of deacetylation,
concentration used, temperature and time of use, the types of microor-
ganisms present in the environment ... etc) (Fig. 5). Therefore, the
antimicrobial actions described in one sector are specific and sometimes
difficult to reproduce elsewhere [120-122].

7.1. Effect of the type of microorganisms

According to the type of microorganism targeted, chitosan can be
more or less efficient. In general, it seems that chitosan is more efficient
against fungi than against bacteria. Another factor that could influence
the effect of chitosan is the cell age (whether they are in the exponential
phase of in the stationary phase for example) of the microorganism it is
used against [122].

Among bacteria, although there are contrasting results [128], it
seems that overall, it has a higher effect on Gram negative bacteria than
on Gram positive ones [121-123]. This is due to the nature of the
Gram-bacteria membrane that is more hydrophilic than Gram-+, making

it more sensitive to chitosan [10].

The effect on microorganisms depends also on the concentration of
the solution applied on the microorganisms as well as the contact time
with chitosan which can increase the efficiency of the product [128].

7.2. Effect of the pH

Chitosan has been showed to be soluble in aqueous acidic media and
insoluble in water, therefore, pH plays an important role in chitosan’s
solubility. That is why when preparing chitosan solutions, it is diluted in
organic acids such as acetic acid or hydrochloric acid [10,121].

But, the main effect of an acidic pH is that when the pH is under the
chitosan’s pKa (around 6.3-6.5), the biopolymer becomes polycationic
because its free amino groups -NH3 are protonated increasing its posi-
tive charge [10,126,129,143]. Therefore, its positive elements can
interact more strongly via electrostatic interactions with negatively
charged components of the microorganisms’ cell surface such as fatty
acids, proteins and phospholipids. That is the main reason why chitosan
has been showed to predominantly have higher antimicrobial activity in
acidic media [121,122,128,144].

7.3. Effect of the molecular weight

In Zheng & Zhu (2003), it is suggested that against Gram — bacteria
(E. coli), the lower the molecular weight of chitosan the higher the ef-
fects, and the opposite for Gram + bacteria (S. aureus) as the higher the
molecular weight the higher the effect [145]. This is a contrasting result
compared to more recent studies that suggest that the lower the mo-
lecular weight of the chitosan biopolymer, the easier it is for it to
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Fig. 5. Extrinsic and intrinsic factors influencing the antimicrobial action
of chitosan.

penetrate inside of the cells and interact with the DNA in order to disturb
protein formation when high molecular weight accumulates at the cells’
surface and blocks the exchanges of nutrients [121].

It was shown by Miot-Sertier et al. (2023), that the lesser molecular
weight chitosan with a lesser degree of acetylation was more efficient
that the heaviest one with a higher rate of acetylation [146] (Table 2).

7.4. Effect of the deacetylation degree

As chitosan is commercially produced by a process of deacetylation
of chitin, (see part about the production of chitosan), the degree of
deacetylation of the biopolymer can vary and play a role in its antimi-
crobial efficiency [121,128]. The deacetylation process forms free
amino groups that can play a role in its solubility. It has been shown that
chitosan with a higher Deacetylation degree (DDA) is more soluble in
acidic media and can have a higher antibacterial effect than higher DDA
chitosan [121,147] (Table 2).

For example, in Li et al. (2019) [125], chitosan, with an average
molecular weight of 100 kDa and an approximate deacetylation degree
of 93 % had better antifungal activity than another chitosan with a DDA
lower than 75 % against Xanthomonas oryzae pv. Oryzae and Xantho-
monas oryzae pv. Oryzicola (bacterial pathogens of rice).

7.5. Effect of the degree of polymerisation

The degree of polymerisation (DP) refers to the amount of monomer
units of N-acetyl-d-glucosamine and p-glucosamine in the molecule. The
DP influences the solubility of chitosan in water. In fact, chitosan with
an equal or lower to 7 DP and a higher DDA is more easily soluble in
water [10,148,149]. The amount of monomeric units in chitosan can
influence greatly its antimicrobial efficiency [150]. The molecular
weight, the degree of deacetylation and the degree of polymerisation are
highly linked to one another and influence greatly its antimicrobial
activity.

To go further, parameters like crystallinity or viscosity can also be
considered in assessing chitosan and are also highly linked with the
DDA, Mw and DP discussed before.
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7.6. Effect of the source of chitosan

The difference in origins of chitin also have an incidence on the
biopolymer’s efficiency against microorganisms [121]. More precisely,
Sukmark et al. (2011) show that the antibacterial properties of crab,
shrimp or squid chitosans are different. For example, squid chitosan
showed high efficiency against Staphylococcus aureus while chitosan
from crab was more efficient against Listeria monocytogenes. In another
study, chitosan from fungi was found less efficient against S. aureus,
E. coli and K. pneumoniae than crustacean shells chitosan, but had a
higher efficiency against Gram + bacteria compared to Gram-bacteria
[151]. Therefore, the choice of the source of chitosan is primordial
and needs to be done according to the effects wanted [152].

8. Conclusion

Chitosan is a very versatile compound that can therefore be used in
many fields thanks to its chemical structure that allows it to form films of
various kinds, micro or nanoparticles or to have antioxidant and anti-
microbial properties. The chemical characteristics of chitosan are
influenced by many factors such as the source of chitin used to produce
it, the conditions of the environment it is used in (pH, temperature) as
well as its molecular characteristics and mostly its deacetylation degree
and its molecular weight (Table 2). Chitosan can be used as a direct
agent against microorganisms, or to avoid oxidation processes as well as
for clarification purposes, but it can also be used as a vehicle for other
products by encapsulating them and insuring their precise application
and delivery.

The use of chitosan in the food industry is mostly concentrated on its
film forming ability to create smart or longer lasting packaging for fresh
food products (Table 1.). This use could be interesting to replace plastic
packaging for food products while maintaining or even improving the
quality characteristics of food products as well as their shelf life.

In beverages, its use has been proven to be at least as efficient as
other clarifying agents and its antimicrobial characteristics could make
it an interesting alternative to sulphites. Chitosan treatment can induce
many changes in the final composition of a wine and its organoleptic
characteristics, when used in a specific context, it can improve the
protein stability of the wines, the colour characteristics as well as their
sensory profiles by reducing compounds responsible for odd tastes. It
can also remove diverse kinds of unwanted compounds from beverages
such as heavy metals showing interesting sanitary aspects (Table 1).

The antimicrobial effect of chitosan has been demonstrated against
many microorganisms responsible of spoilage in beverages such as fruit
juices, beer, tea or wine. But when digging deeper in those mechanisms
the effect seems to be conditioned to many internal and external factors
(Fig. 5) and is less evident for some microorganisms than for others. The
reasons for this are still blurry and need to be studied more precisely to
understand where resistance to chitosan comes from exactly (membrane
characteristics, genes expression ... etc), and if the sensitive organisms
could develop resistances after some time in contact with chitosan. For
example, the effect of chitosan on spoilage bacteria of wine such as
Acetobacter seems to be more efficient than on yeasts such as
B. bruxellensis. Furthermore, this effect if very dependent on the strain of
the microorganism and could be transitory, risking a development of the
spoilage microorganism after some time. Chitosan should be used
carefully according to the results wanted as some of the effects can be
positive for some and negative for others.
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