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Abstract

Chitosan, produced through deacetylation of chitin from crustacean byproducts and,
increasingly, fungal biomass and insects, is attracting food-sector interest because it
combines antimicrobial activity, antioxidant capacity, biodegradability, and film-forming
behavior in a single polymer. This review discusses how source, molecular weight (MW),
degree of deacetylation, solubility, and charge density shape its performance in food
systems. The paper then follows the main technological routes now tested or used:
edible films and coatings, hydrogels, cryogels, nanoparticles, microcapsules, and hybrid
matrices. These formats can protect fresh produce, meat, poultry, fish, seafood, and
dairy foods, while also supporting beverage clarification, emulsion control, release of
natural antimicrobials or antioxidants, and freshness monitoring in active or intelligent
packaging. The evidence indicates strong promise, especially where microbial growth,
lipid oxidation, moisture transfer, and short shelf life remain limiting factors. Yet, wider
industrial use is still slowed by water sensitivity, sensory effects, raw-material variation,
cost, process scale-up, and regulatory alignment. Future work should move beyond
laboratory efficacy and address reproducible production, food-specific validation, and
consumer acceptance.

Keywords: chitosan; food preservation; active packaging; controlled release; animal-
derived foods

1. Introduction

The growing environmental impact of petroleum-based plastics, together with the
need to reduce food losses, has increased interest in biodegradable, bio-based and func-
tional materials for food packaging and preservation [1-4]. Biopolymers are widely
studied for this purpose because they may combine environmental compatibility with
useful technological functions, including gas regulation, moisture control, antimicrobial
activity and the controlled release of bioactive compounds [1,5,6]. Among these ma-
terials, chitosan has received broad attention due to its biodegradability, film-forming
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capacity, cationic nature, antimicrobial activity and ability to interact with natural and
synthetic compounds [7-10].

Chitosan is obtained by the partial deacetylation of chitin, a polysaccharide com-
monly recovered from crustacean shells, fungal biomass, and, more recently, insect-
derived sources [10-12]. Its behavior in food-related systems depends on several factors,
including degree of deacetylation, molecular weight (MW), purity, source, solubility
and processing conditions [8,13,14]. In acidic media, protonation of amino groups gives
chitosan a positive charge, allowing electrostatic interactions with microbial cell mem-
branes, anionic biopolymers and bioactive molecules [8,14,15]. These properties make
chitosan suitable for the development of edible films and coatings, hydrogels, cryogels,
nanoparticles, microcapsules and composite materials used in food preservation, ac-
tive packaging, intelligent packaging, beverage clarification and controlled delivery of
functional ingredients [6,16-20].

Recent studies have shown that chitosan-based systems can extend the shelf life
of fresh and processed foods, limit spoilage microorganisms, reduce oxidative changes
and support freshness-monitoring functions [9,20-23]. However, their transfer from
laboratory formulations to industrial food use remains limited [24-26]. The main bar-
riers include sensitivity to humidity, variability caused by raw material source and
molecular parameters, weak water vapor barrier performance, lack of standardization,
uncertain scale-up, sensory effects, cost limitations and regulatory requirements for
food-contact materials [27-29]. These issues become more relevant when chitosan sys-
tems include nanoparticles, metal oxides, essential oils, plant extracts or other active
compounds [30,31].

Previous reviews have addressed specific parts of this field, such as chitosan-based
active and intelligent films, edible coatings, flavonoid-loaded packaging, fungal chi-
tosan, nanotechnology-based coatings and chitosan nanoparticle-stabilized Pickering emul-
sions [32-37]. Nevertheless, the available literature is still divided across material science,
food preservation, packaging technology, safety assessment and industrial use. For this
reason, there is a need for a structured analysis that connects the chitosan source and
the molecular properties with processing routes, food-matrix behavior, functional results,
safety aspects and barriers to industrial application.

Therefore, this review evaluates chitosan-based systems for food industry applications
by linking material properties, processing strategies and performance in food preservation
and packaging. The review discusses chitosan’s origin and production, the effects of pH,
temperature, and humidity on functionality, and the main technologies used to obtain
films, coatings, hydrogels, cryogels, nanoparticles, microcapsules, and hybrid materials.
It also examines applications in active and intelligent packaging, preservation of animal-
derived foods, encapsulation and controlled release of bioactive compounds. Finally, the
review identifies the technological, economic, safety and regulatory barriers that must
be addressed before chitosan-based systems can be more widely used in animal-derived
food chains.

An integrated overview of the chitosan sources, key functional properties, technologi-
cal formats, applications in animal-derived foods and the major challenges for implementa-
tion is summarized in Figure 1.
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Figure 1. Graphical overview of chitosan sources, functional properties and technological applications

in animal-derived food.

2. Novelty and Contribution of This Review

Recent reviews on chitosan in food applications can be grouped into three main
categories: broad surveys across food packaging and preservation, reviews organized
around specific material formats, such as films, coatings, nanoparticles, hydrogels, or
emulsions, and reviews focused on a particular source or product group, such as fungal
chitosan, postharvest produce, fruits, meat or fish [6,24-26,32-40]. However, fewer reviews
use animal-derived foods as the main framework for comparing chitosan performance.
This distinction is relevant because meat, poultry, fish, seafood and dairy products combine
protein-rich surfaces, lipid oxidation risk, high water activity, drip formation, refrigerated
or frozen storage, and, in some cases, starter-culture activity [23,39-41]. The present review
addresses this gap by holding the food category constant and examining how the chitosan
source, DD, MW, processing route and formulation strategy affect product-level behavior
in animal-derived foods. It also links laboratory performance with safety, sensory quality,
migration, allergen perception, cost, regulatory requirements and plant-level feasibility,
which are often treated only briefly in material-centered reviews. The positioning of the
present review in relation to recent reviews is summarized in Table 1.

Table 1. Positioning of the present review in relation to recent reviews on chitosan-based

food applications.

Food or Material Focus Distinction of the Present Review

Main Scope/Organizing Axis

Overview of chitosan-based
materials for food packaging

Broad food-packaging
applications

Adds a matrix-based comparison focused on

animal-derived foods

Chitosan-based biodegradable
functional films

Film-centered discussion

Links film properties with high-moisture,

protein-rich animal-food matrices

Structural features, modification
strategies and commercial viability

Fresh-food packaging

Adds product-level barriers specific to meat, fish,

seafood and dairy systems
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Table 1. Cont.

Reference Main Scope/Organizing Axis Food or Material Focus Distinction of the Present Review
[26] Chitosan composites in packaging Composite packaging ('Zon.nects composite design with dr}p, p.rotem
systems binding, sensory effects and processing-line use
[32] Chitosan-based active and intelligent Active and intelligent Places active and intelligent systems within
: films containing flavonoids packaging films animal-food spoilage and storage conditions
Broad review of chitosan-based . N Narrows the discussion to food-matrix behavior
[33] o Cross-field applications . . :
applications in animal-derived products
Fungal chitosan sources, production . Compares source-related questions with
[34] . Source-focused review . . ot
and commercial use animal-food safety, purity and market suitability
Pickering-emulsion coatings and T .
[35] films stabilized with chitosan Postharvest commodities Dlst1ngu}shes pla.n t-product pres ervation from
. animal-derived food requirements
nanoparticles
Chitosan and derivatives for fruit . Explains why animal-derived foods require
[37] . Fruits . . ..
postharvest coatings different formulation criteria
[42] Chitosan films and coatings with Bioactive edible films and Compares release and performance barriers
bioactive compounds coatings across meat, seafood and dairy matrices
[38] Chitosan films and coatings for food Broad shelf-life Adds animal-food-specific barriers related to
g shelf-life extension applications moisture, proteins, lipids, safety and processing
Chitosan, starch and chitosan-starch . Places meat data beside fish, seafood and
[39] . . Meat preservation . ..
composites for meat preservation dairy applications
[40] Edible coatings for fish preservation Fish preservation Compares fish-sp ec1f1.c requirements with meat
and dairy systems
Chitosan source, DD, MW, Animal-derived foods: . .
. . . Integrates polymer chemistry, food-matrix
Present processing route and formulation meat, poultry, fish, behavior. safetv. sensorv qualitv. cost. reeulation
review strategy linked with matrix behavior seafood and ! ¥ Y4 Y 1 Te8

and industrial barriers

dairy products

and industrial use

Animal-derived foods require a separate review framework because their deterioration
routes and surface chemistry differ from those usually targeted in plant-product coatings.
In fruits and vegetables, chitosan coatings are commonly designed to reduce respiration,
transpiration, firmness loss and fungal decay [5,37]. By comparison, meat, poultry, fish,
seafood and dairy products are governed by microbial growth on protein-rich surfaces, lipid
oxidation, drip or purge formation, pigment change, high water activity and refrigerated
or frozen storage [23,39—-41]. These conditions alter chitosan’s performance: near-neutral
pH can reduce the protonation of amino groups, proteins may bind chitosan and modify
release, lipids can limit contact with hydrophilic polymer phases, and drip or melted ice
can dilute active compounds or weaken coating adhesion [8,40,43,44]. In dairy matrices,
interactions with casein, whey proteins, salt and starter cultures may affect turbidity,
texture, ripening and culture viability [41,44-46]. Therefore, findings from plant-food
coatings should be validated in animal-derived products before being used to justify
formulation or processing decisions.

Against this background, the novelty of this review lies in connecting chitosan chem-
istry and processing with application needs in animal-derived foods. Rather than pre-
senting chitosan only as a bio-based polymer, the review relates its origin, degree of
deacetylation, molecular weight, pH response, humidity sensitivity and thermal behavior
to product-level outcomes such as shelf-life extension, lipid oxidation delay, microbial
control, coating stability, controlled release and consumer acceptance [4,8,10,13,22].

A further contribution is the comparison of several chitosan-based material formats
within the same application field. Films, edible coatings, hydrogels, cryogels, nanoparticles,
microcapsules and hybrid systems are discussed in relation to meat, poultry, fish, seafood
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and dairy products. This structure helps identify which material formats are better aligned
with surface protection, active packaging, frozen seafood glazing, antimicrobial cheese
coatings, probiotic protection or the controlled release of bioactive compounds.

The review also addresses the transition from laboratory systems to animal-food in-
dustry use. For this reason, the discussion includes not only antimicrobial and antioxidant
performance, but also moisture sensitivity, coating uniformity, drying time, sensory effects,
cost, polymer variability, migration testing, allergen perception and regulatory require-
ments. These factors are needed to assess whether chitosan-based systems can move from
laboratory trials to processing lines.

In addition, the review gives attention to source-related and safety questions. Since chi-
tosan is often obtained from crustacean waste, its use in meat, dairy or ready-to-eat animal
products may raise questions related to residual proteins, labeling, consumer perception
and product suitability. Fungal chitosan is also discussed as an alternative when batch
uniformity, shellfish-origin concerns or market requirements must be considered [11,34].

Taken together, this review is intended to support the selection of chitosan formula-
tions for specific animal-derived products and to guide future studies toward real storage
conditions, sensory testing, safety data and processing feasibility.

3. Methodology

This study was designed as a structured narrative review with scoping elements
and a PRISMA-informed screening strategy [47]. The review focused on chitosan-based
systems for food industry applications, including edible films, coatings, hydrogels, cryo-
gels, nanoparticles, microcapsules, composite materials, active and intelligent packaging,
food preservation, encapsulation of bioactive compounds, beverage clarification, and
emulsion stabilization.

A fully systematic review and meta-analysis were not selected because the field
includes highly heterogeneous materials, food matrices, processing methods, storage
conditions and analytical endpoints. Therefore, a structured narrative approach was
selected to allow for a broad synthesis while maintaining transparency in the literature
identification, screening and selection. The literature selection process and the sources
included are summarized in Figure 2.

[ Records identified through database searching (n=2145) ]

I

[ Duplicates removed (n=512) ]

]

[ Records screened (n=1633) ]

I

[ Records excluded after title/abstract screening (n = 1284) ]

I

[ Full text records assessed for eligibility (n = 349) ]

[ Full text records excluded (n = 205) ]

I

[ Sources included innarrative synthesis (n = 144) ]

Figure 2. PRISMA-informed flow diagram of literature identification, screening and inclusion for this
narrative review.

3.1. Literature Search

The literature search was conducted in the Scopus, Web of Science Core Collection,
PubMed, ScienceDirect, SpringerLink, Wiley Online Library and MDPI databases. Google
Scholar was used only for secondary checking and for identifying additional records from
the reference lists. The search covered studies published between 2014 and 2026, with
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particular attention to papers published from 2020 to 2026. Because the review was focused
on the literature published from 2020 onward, classical concepts in chitosan chemistry and
characterization were addressed through recent reviews and studies that synthesize and
update established structure—property relationships.

The following keyword combinations were used: (chitosan) AND (“food packaging”
OR “food preservation” OR “food industry”), (chitosan) AND (“edible film*” OR “edible
coating®” OR “active packaging”), (chitosan) AND (“intelligent packaging” OR “smart
packaging” OR indicator* OR sensor®), (chitosan) AND (nanoparticle* OR microcapsule*
OR encapsulation OR “controlled release”), (chitosan) AND (hydrogel* OR cryogel* OR
composite* OR nanocomposite*), (chitosan) AND (fruit* OR vegetable* OR meat OR fish OR
seafood OR dairy OR beverage*), (chitosan) AND (fungal OR crustacean OR insect*) AND
(food OR packaging), (chitosan) AND (safety OR migration OR regulation OR scalability
OR cost OR consumer).

3.2. Eligibility Criteria

Studies were included if they reported data or structured discussion on chitosan-
based systems used in food applications, including packaging, preservation, edible films,
edible coatings, active or intelligent packaging, encapsulation, controlled release, safety or
industrial translation.

Studies were excluded if they focused only on biomedical, pharmaceutical, wastewater,
textile or agricultural applications without a direct food-related component; if the full text
was unavailable; if chitosan was only mentioned but not analyzed; or if the study lacked
enough methodological or application data for synthesis.

3.3. Screening Process

All records were exported to a reference manager, and duplicates were removed.
Titles and abstracts were screened first, followed by a full-text assessment. Studies were
selected according to the eligibility criteria. The selection process was summarized using
a PRISMA-informed flow diagram showing the number of records identified, screened,
excluded and included.

3.4. Data Extraction

For each included study, the following data were extracted: publication year, chitosan
source, molecular weight, degree of deacetylation, concentration, solvent, pH, processing
method, type of chitosan-based system, food matrix, storage conditions, target microorgan-
isms or quality markers, main performance indicators, comparison group, sensory data,
safety or migration data, and reported limitations.

3.5. Data Synthesis

The studies were grouped according to system type, food matrix and application. The
synthesis compared the role of chitosan’s properties and processing route in determining
food-related performance, including the antimicrobial effect, antioxidant activity, gas and
moisture barrier behavior, mechanical properties, controlled release, shelf-life extension
and industrial readiness.

4. Origin and Synthesis of Chitosan: Deacetylation of Chitin

Chitosan is obtained from chitin, a linear polysaccharide composed mainly of (3-
(1—4)-linked N-acetyl-D-glucosamine units [7,8,10]. The conversion of chitin into chitosan
requires the partial removal of acetyl groups from the polymer chain, which increases
the proportion of D-glucosamine units and gives the material its cationic behavior under
acidic conditions [8,10]. This conversion is measured through the degree of deacetylation
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(DD), one of the main quality parameters used to define chitosan for food, packaging and
bioactive delivery uses [6,8,10]. Chitin is commonly found in crustacean shells, insect
cuticles, cephalopod structures and fungal cell walls, but the chemical composition, mineral
content, protein content, crystallinity and polymer chain length vary with the biological
source and processing route [10-12,28].

4.1. Chitin Sources

Crustacean processing waste remains the main industrial source of chitin [10,28].
Shrimp, crab and krill shells are widely used because they are generated in large amounts by
seafood processing and contain chitin, together with proteins, calcium carbonate, pigments
and lipids [10,28]. Crustacean shells generally contain around 15-40% chitin on a dry basis,
although narrower values have also been reported, such as 13-15% in crab waste and
14-27% in shrimp waste [48,49]. A study on marine crustacean shell waste reported chitin
contents between 17.50% and 23.75%, while a recent comparison found 24.06% chitin in
Antarctic krill [50].

Insects are gaining interest as non-marine chitin sources [12]. Beetles, grasshoppers,
locusts, silkworm pupae and larvae from farmed insects may contain chitin in the cuticle or
exoskeleton [12]. The reported values are broad because insect species, life stage, extraction
method and defatting conditions differ between studies [12]. Recent reviews indicate that
insect exoskeletons often contain about 10-15% chitin, while some species may exceed 40%.
Whole insects are reported to contain about 5-25% chitin, together with protein, lipids,
catechols and minerals [12].

Cephalopods are another source, mainly through squid pens and cuttlefish bones.
Squid pens are rich in (3-chitin, which is less tightly packed than «-chitin and may be more
reactive during chemical processing. Recent data reported around 26.03% chitin in squid
pen, while another study indicated about 30 & 1.3 wt% chitin on a dry basis [51,52]. In one
comparison of non-conventional sources, chitin yields for cuttlebone and squid pen were
around 4% and 35%, respectively [53].

Fungal sources, including Aspergillus, Mucor and Rhizopus species, are also used for
chitin and chitosan production [11,34]. Fungal biomass contains lower mineral levels
than crustacean shells, which reduces the need for strong acid demineralization [11,34].
Fungal chitosan may also provide a more uniform quality because production can be
carried out under controlled fermentation conditions and is less dependent on fishing
seasonality [11,34]. Recent work also points to Aspergillus terreus as a possible production
strain, with a reported chitosan productivity of 2.92 g/L under optimized fermentation
conditions [54]. A comparative analysis of the main chitin sources, the chitin content, and
their relevance for chitosan production are presented in Table 2.

Table 2. Main chitin sources and typical chitin content reported in the recent literature.

Source Group

Main Notes for Chitosan

Examples Reported Chitin Content or Yield References

Production

Shrimp, crab, lobster, often 14-27%; crab waste often

15-40% dry shell; shrimp waste Main industrial source; high

Crustaceans kil 13-15%; Antarctic krill around mineral 'conter}t rgqulres [48,49,55,56]
o demineralization

24.06% in one recent study

Beetles, grasshoppers, Often 10-15% in exoskeleton; Lower mineral load tha.n

. . o many crustaceans; defatting
Insects locusts, silkworm some species may exceed 40%; . . [12,55,57]

. . o and depigmentation may

pupae, insect larvae whole insects about 5-25%

be needed
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Table 2. Cont.
Source Group Examples Reported Chitin Content or Yield Main Notes f01: Chitosan References
Production
Squid pen, cuttlefish riqlctﬁecpéle?h?’;?\uniglzlg_aiooﬁ;t p-chitin-rich materials may
Cephalopods quud pen, (},) my be more reactive than [10,51-53,55]
bone 35% for squid pen and about schitin
4% for cuttlebone in one study
. . . Lower mineral content;
Fungi Asp ergl}lus, Mucor, Highly strain- and controlled fermentation can [11,34,54,56]
Rhizopus culture-dependent

give more uniform batches

4.2. Chemical Deacetylation

Chemical deacetylation is the most used route for converting chitin into chitosan [7,8,10].
In the conventional process, chitin is treated with concentrated sodium hydroxide, usually
40-50% NaOH, at an elevated temperature [10]. Conditions commonly reported for alkaline
deacetylation are in the range of 80-120 °C, with the reaction time varying from less than
one hour to several hours depending on the target DD, the chitin source and the desired
molecular weight [57,58]. Treatment with 50 wt% NaOH for 1 h at 100 °C has been reported
to produce chitosan with about 82% DD [10].

The DD increases when the NaOH concentration, temperature or reaction time are
increased [8,10]. However, these parameters also affect chain scission [10]. Stronger alkali
treatment can produce chitosan with a higher DD, but it may also reduce the molec-
ular weight through depolymerization [8,10,59]. This is relevant for food use because
high-DD, low-MW chitosan tends to show better solubility and stronger antimicrobial
action, while higher-MW chitosan may give films with better mechanical strength and
viscosity [8,13,15,60].

The main drawbacks of chemical deacetylation are high alkali use, energy demand,
wastewater generation, partial loss of polymer chain length and batch-to-batch variabil-
ity [10,28]. These issues are more evident when crustacean shells are used, since extraction
also requires demineralization, deproteinization and, in some cases, discoloration before or
after deacetylation [10,28]. For food applications, residual proteins, ash, salts and pigments
must be carefully controlled because they may affect purity, color, odor, solubility, safety
and regulatory suitability [10,28,34].

Enzymatic Deacetylation

Enzymatic deacetylation uses chitin deacetylases (CDAs), enzymes able to remove
acetyl groups from chitin or chitin-derived oligomers [10]. CDAs have been identified
in bacteria, fungi, arthropods, protozoa and algae [61]. Microbial CDAs are of interest
because they can work under milder conditions than concentrated alkali and may offer
better control over the deacetylation pattern along the polymer chain [10,11].

The main advantage of enzymatic processing is product control. In principle, enzymes
can reduce polymer damage, lower chemical use and produce chitosan with more defined
acetylation patterns [10]. This may be useful for food systems where solubility, viscosity,
antimicrobial activity, film formation and interaction with proteins or polyphenols must be
tuned [6,24,32,59]. Recent work on cold-active CDAs also shows interest in enzyme systems
that work at low temperatures, which may reduce thermal damage and energy use [62].

The main limitations are enzyme cost, a lower conversion yield compared with chemi-
cal alkali treatment, long reaction times and limited action on highly crystalline chitin [10].
Because native chitin is insoluble and highly ordered, enzyme access to the substrate is
restricted [7,10]. For this reason, enzymatic deacetylation often requires pretreatment, size
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reduction, partial swelling, ionic liquid treatment or the use of chitin oligomers rather
than raw chitin [10]. At present, enzymatic deacetylation is better suited for the controlled
production of selected chitosan fractions than for large-volume commodity chitosan [10].

4.3. Physical and Assisted Deacetylation Methods

Microwave-assisted deacetylation has been proposed to reduce reaction time and
energy demand. Microwave heating allows rapid volumetric heating of the reaction
mixture and may accelerate alkali penetration into chitin particles [63-66]. Studies report
high DD values within minutes or a few hours [64-66]. For example, microwave-mediated
deacetylation of shrimp chitin after ionic liquid pretreatment reached 85% DDA in two
hours using 40 wt% NaOH [64], while another comparative study reported chitosan with
DD close to 90% and yield above 50% [66].

Ultrasound-assisted deacetylation uses cavitation to improve mass transfer, reduce
the particle size and support alkali diffusion into chitin [67-69]. Ultrasound can also
contribute to deproteinization and surface modification during extraction [67-70]. Reports
show that ultrasound-assisted processing can produce chitosan with a higher DD than
non-sonicated alkali treatment under similar conditions; one study reported DD values
of 87.73% with low-frequency ultrasonic irradiation versus 66.82% without conventional
thermos-alkaline process [71].

Plasma-assisted deacetylation is less mature but has been proposed as a way to reduce
alkali concentration [72,73]. Solution plasma can generate reactive species that participate
in deacetylation and chain modification [73,74]. One study reported that solution plasma
induced the deacetylation of chitin hydrogels in methanol/water systems containing only
1-12% NaOH, suggesting a possible reduction of alkali demand [73]. However, plasma
methods still need more data on reproducibility, polymer chain damage, DD control,
food-grade compliance and scale-up [72,73,75]. A comparative overview of the main
deacetylation routes, processing conditions, targeted deacetylation degrees, advantages
and limitations is presented in Table 3.

Table 3. Comparison of deacetylation routes.

DD Range Commonly

Method Typical Conditions Main Advantages Main Limitations References
Targeted
Alkaline 40—500/0 NaOH, . Established, lc?w Chain scission, [7,8,10,48,49,
. 80-120 °C, 1-6 h or 60-95% reagent cost, high wastewater,
chemical route . 58,64—-68]
repeated cycles conversion energy use
Better control of Cost. slow rate
Enzvmatic route CDA enzymes, mild Often lower or more acetylation 00; Access tol [10,48,58,61,
y pH and temperature controlled DD pattern, lower p . .. 62,76]
. crystalline chitin
chemical load
. Equipment cost,
Microwave- . NaOH Wlth. Often >75%; reports Shorter time, fast heat control,
. microwave heating; K . [55,64-68]
assisted route . near 85-90% heating scale-up data
minutes to hours
needed
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4.4. Main Quality Parameters: DD and Molecular Weight

The degree of deacetylation defines the proportion of deacetylated glucosamine units
in the polymer chain [7,8,10]. Commercial and laboratory chitosans often show DD values
in the range of 60-95%, although higher values can be obtained under harsh or repeated
alkaline treatment [8,10]. Chitosan is usually considered distinct from chitin when the
deacetylated fraction is high enough to allow solubility in diluted acidic media [7,8].
Because DD affects charge density, solubility, viscosity, film formation and antimicrobial
behavior, it should be reported in all food-related studies using chitosan [6,8,10,60].

Several methods are used to determine DD. Fourier-transform infrared spectroscopy
(FTIR) is widely used because it is fast and accessible, but the result depends on base-
line correction, selected absorption bands and calibration equation [8,10]. Proton nuclear
magnetic resonance (‘"H NMR) is often treated as a more reliable approach for DD de-
termination, although it is more expensive and requires soluble samples and specialized
instrumentation [8]. Acid-base or potentiometric titration is simple and low-cost, but the
accuracy depends on sample solubility, purity and the calculation model [8,10]. Recent
work comparing UV, FTIR and 'H NMR found DD values between 74% and 99%, with
differences depending on the method and chitosan source [77].

Molecular weight (MW) is the second main parameter controlling chitosan functional-
ity [8,13]. Chitosan is commonly grouped as low molecular weight (LMW, <150 kDa),
medium molecular weight (MMW, 150-700 kDa) and high molecular weight (HMW,
>700 kDa) [13]. These ranges are practical rather than universal, because MW also de-
pends on the analytical method, solvent system, ionic strength and polydispersity [8,13].

The DD-MW relation is central for food applications [6,8,13]. A higher DD increases
the number of free amino groups, improving protonation in acidic media and strengthening
the electrostatic interactions with microbial cell surfaces, proteins, pectins, alginates and
polyphenols [8,15,19]. A lower MW usually improves solubility and diffusion, which may
favor antimicrobial and antioxidant action in coatings or liquid systems [13,15]. In contrast,
a higher MW can improve viscosity, gel formation, and film strength, but may reduce
solubility and mobility in the food matrix [13,60]. In animal-derived food systems, the
degree of deacetylation (DD) and molecular weight (MW) act together, but their effects
are not fully uniform across studies. A higher DD increases the number of free amino
groups, which favors protonation in acidic environments and interaction with microbial cell
surfaces, anionic polysaccharides and food proteins [8,15,19]. This can support antibacterial
activity, although the effect depends on pH, MW, concentration and the extent of contact
between the chitosan and the food surface [13,15]. Lower-MW chitosan is often associated
with better solubility and diffusion, which may support antimicrobial contact in coatings
or liquid systems, but it may form weaker films [13,15,60]. Higher-MW chitosan can
increase viscosity, film strength and network formation, although reduced mobility may
limit diffusion toward microbial cells [13,60]. The published findings on the MW effect
are not fully consistent, since the reported response may vary according to the target
microorganism, solvent system, DD, pH and test format [13,15]. In high-moisture foods
such as fish, fresh meat, and soft cheese, these DD-MW effects must also be balanced with
the plasticizer level and polymer blending, since hydrophilic chitosan films may absorb
water, swell and lose mechanical resistance during refrigerated storage [29,38,39,60,78].
Therefore, MW should not be interpreted as a single predictor of antimicrobial activity or
film performance; it should be reported together with DD, concentration, pH, food matrix
and storage conditions because the results from solution tests may not be reproduced on
structured animal-derived food surfaces [8,13,15,43,44].

For this reason, the chitosan source and deacetylation route should not be treated only
as extraction details [8,10]. They determine DD, MW, crystallinity, ash content, residual
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protein, solubility and biological activity [7,8,10]. In food packaging and preservation
studies, reporting these parameters is necessary for comparing results across fruit, vegetable,
meat, fish, dairy and beverage systems [6,60].

4.4.1. Edible Films and Coatings

Chitosan is widely used in the preparation of edible films and food coatings due
to its ability to form continuous, transparent and flexible polymeric networks [6,24,60].
Film formation is usually achieved by dissolving chitosan in dilute organic acid, most
often acetic acid, followed by casting the solution onto a flat surface and allowing sol-
vent evaporation under controlled conditions [29,60]. The resulting films can be used as
stand-alone biodegradable layers, wrapping materials, interlayers or carriers for active
compounds [3,6,24].

The performance of chitosan films depends on several formulation and processing
factors, including the chitosan concentration, molecular weight, degree of deacetylation,
solvent type, pH, drying temperature, plasticizer content and the presence of other biopoly-
mers or active agents [6,29,60]. Glycerol, sorbitol and other food-grade plasticizers are
commonly added to reduce brittleness and improve flexibility [60]. However, excessive
plasticizer content may increase water uptake and water vapor transfer, which limits use in
high-moisture foods [29,78].

The antimicrobial role of chitosan films is discussed in detail in Section 5.1.1. In films
and coatings, this function may be supported by essential oils, plant extracts, organic acids,
bacteriocins, enzymes, phenolic compounds, or metal oxide particles, depending on the
target food product and intended shelf-life effect [3,20,22,41,79].

Chitosan-based coatings are applied directly onto food surfaces by dipping, spraying,
or brushing, followed by drying [6,24]. Unlike pre-formed films, coatings are formed in
situ and must remain uniform, thin and well attached to the product surface [80,81]. These
coatings act as semi-permeable layers that can reduce moisture loss, gas exchange and
surface contamination [6,24].

In meat and seafood products, chitosan coatings can reduce lipid oxidation, delay
discoloration and slow the growth of spoilage bacteria [81,82]. The polymer layer may also
act as a carrier for antioxidants and antimicrobials, allowing for a gradual release at the
food surface [3,4,22]. This is relevant for fish and meat products, where oxidative reactions
and microbial growth often occur at the surface during refrigerated storage [23,82].

Despite these advantages, neat chitosan films and coatings have limitations [6,24,29].
Their water vapor barrier is weak under high humidity due to the hydrophilic nature of
the polymer [6,29]. They may also become brittle under low humidity or swell under moist
conditions [29]. In addition, residual acid, coating thickness and active compounds may
affect taste, odor, color or mouthfeel [30,60,82]. For industrial use, further work is needed
on drying time, coating uniformity, mechanical resistance, compatibility with automated
processing, food-contact safety and consumer acceptance [24-26].

For these reasons, recent formulation strategies often combine chitosan with
lipids, waxes, proteins, polysaccharides, nanocellulose, clay minerals or biodegradable
polyesters [19,21,24,26]. Such blends can improve water resistance, flexibility, barrier be-
havior and mechanical stability while preserving the antimicrobial role of chitosan [6,21,24].
The most promising applications are those in which chitosan is not expected to fully re-
place conventional packaging, but to act as an active food-contact layer, edible coating or
functional inner layer in multilayer packaging [3,4,24,26].
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4.4.2. Hydrogels and Cryogels

Chitosan can also be processed into hydrogels, which are three-dimensional polymer
networks able to retain large amounts of water [17,83,84]. These systems are formed
through physical, ionic or covalent cross-linking [17,83]. In food-related applications,
ionic gelation is one of the most common routes because it can be performed under mild
conditions [10,17]. For example, sodium tripolyphosphate can interact with protonated
amino groups of chitosan, forming ionically cross-linked networks [17,83]. Polyelectrolyte
systems with alginate, pectin, carrageenan or other anionic biopolymers can also be used
to produce food-compatible gels [19,85].

The structure and properties of chitosan hydrogels depend on the chitosan concentra-
tion, DD, MW, pH, ionic strength, cross-linker type and gelation time [10,17,83]. Hydrogels
can be designed as carriers for bioactive compounds, flavors, antimicrobials, antioxidants,
enzymes or probiotic cells [10,18,84,85]. Their hydrated structure allows for diffusion
of active compounds, while the polymer network can slow release and protect sensitive
ingredients against environmental stress [17,18,85]. This is useful in functional foods,
active packaging layers and delivery systems for compounds that are unstable in a free
form [18,33,86].

In probiotic delivery, chitosan-based hydrogels are often combined with alginate-
based or other anionic polymers to protect bacteria from acidity, oxygen, osmotic stress
or processing conditions [87]. The cationic nature of chitosan also allows for adhesion
to biological surfaces and interaction with proteins, which may be useful in edible films,
coatings and oral delivery systems [8,10,86]. However, the antimicrobial activity of chitosan
must be balanced carefully when living starter cultures or probiotic bacteria are included,
because a high chitosan concentration or low pH may reduce cell viability [9,88].

Cryogels are obtained by freezing a chitosan solution or gel precursor, followed by
solvent removal, usually by freeze-drying [89-91]. During freezing, ice crystals act as poro-
genic templates [92,93]. After sublimation, a porous sponge-like network remains [90,92].
Compared with compact hydrogels, cryogels have larger pores, lower density and faster
liquid uptake [92,94]. These properties make them suitable as absorbent materials, enzyme
supports, carriers for active agents or porous matrices for food-related separation and
purification [90,92,95,96].

In food technology, chitosan cryogels may be used for the adsorption of unwanted
compounds from liquids, immobilization of enzymes, controlled release of preservatives
or the production of absorbent pads for moisture-rich foods [89,91,95,97]. Their porous
structure can help retain exudates in meat or fish packaging, while incorporated antimi-
crobial agents may reduce microbial growth in the absorbed liquid [98,99]. Nevertheless,
food-contact use requires the testing of mechanical stability, swelling behavior, extractables,
biodegradation and safety under storage conditions [95,97,99].

The main challenge for chitosan hydrogels and cryogels is obtaining stable networks
using food-grade methods [17,83,85]. Chemical cross-linkers such as glutaraldehyde can
produce strong gels, but they are not suitable for direct food-contact or edible systems due to
toxicity concerns [100]. Safer alternatives include genipin, citric acid, oxidized polysaccha-
rides, enzymatic cross-linking and ionic complexes with food-grade polyanions [17,83,85].
The choice of a cross-linker must be matched with the final use: edible delivery system,
absorbent packaging component, enzyme support or purification material [17,85].

Overall, hydrogels and cryogels extend the use of chitosan beyond dry films and sur-
face coatings [17,83,86]. They provide hydrated or porous platforms for active compound
delivery, moisture management, probiotic protection and food process applications [18,85].
Their future use will depend on reproducible gelation, food-grade cross-linking, stability
during storage and clear proof of safety in contact with real food matrices.
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4.4.3. Nanoparticles and Microcapsules

Chitosan can be processed into nanoparticles, nanocapsules, nanospheres and
microcapsules for the encapsulation, protection and controlled release of active com-
pounds [18,33,101]. These systems are of interest in food science because many natural
antimicrobials, antioxidants, flavors, pigments and nutraceuticals are sensitive to oxygen,
light, heat, pH changes or interactions with food components [18,102-104]. Encapsulation
can reduce degradation, mask undesirable sensory notes, improve dispersion in aqueous
systems and regulate release during storage or consumption [18,79].

Chitosan nanoparticles are commonly prepared by ionic gelation, based on the in-
teraction between positively charged chitosan chains and multivalent anions, such as
tripolyphosphate [15,18,19,33,101]. Other techniques include polyelectrolyte complexa-
tion, emulsification, coacervation, spray-drying, nanoprecipitation and milling [18,19].
Particle size, surface charge and encapsulation efficiency depend on the chitosan concentra-
tion, DD, MW, pH, chitosan-to-cross-linker ratio, stirring conditions and the nature of the
encapsulated compound [15,18,101].

The positive charge of chitosan nanoparticles allows interaction with negatively
charged microbial surfaces, proteins, polysaccharides and mucosal surfaces [15,18,101]. In
food systems, this property may support adhesion to food surfaces, antimicrobial action
and controlled delivery of bioactive agents [18,19,33]. Particle sizes reported for chitosan
nanoparticles often fall in the nanometer range, although aggregation may occur in food
matrices with high ionic strength and near-neutral pH [15,18,101]. Therefore, nanoparti-
cle performance should always be tested in the target food matrix, not only in a model
solution [18,19].

Essential oils such as clove, thyme, oregano, rosemary or cinnamon oils are often encap-
sulated in chitosan-based particles to reduce volatility, improve water dispersion and slow
release [79,104,105]. This approach can maintain antimicrobial action for longer storage
periods and reduce the strong aroma usually associated with free essential oils [79,104]. Phe-
nolic extracts, flavonoids, carotenoids, vitamins and other antioxidants can also be incorpo-
rated into chitosan particles or capsules to limit oxidation and improve stability [18,32,102].

Microcapsules are larger than nanoparticles and are often produced by spray-drying,
coacervation, emulsion-based methods or layer-by-layer assembly [18,26]. In food applica-
tions, chitosan microcapsules are used for flavors, probiotics, vitamins, enzymes and plant
extracts [18,26,106]. For probiotic systems, chitosan is frequently combined with alginate to
form polyelectrolyte capsules that protect bacterial cells under acidic conditions and release
them later under intestinal conditions [45,106]. The protective effect depends on the capsule
size, wall composition, cross-linking density, pH response and drying method [45,106].

Chitosan can also be used in multilayer capsules, where it forms an outer cationic
layer around an anionic core, such as alginate, pectin, or carrageenan [19]. This design can
improve capsule stability and control release in response to pH, enzymes, ionic strength
or mechanical disruption [107-109]. In beverages and dairy products, transparent or low-
turbidity systems are preferred, so particle size, aggregation and optical clarity must be
controlled carefully [109,110].

Despite their potential, nano- and microencapsulation systems require careful safety
and regulatory assessment [33,111]. For food-contact materials or edible applications, it
is necessary to assess particle migration, digestion behavior, dose, long-term exposure,
interaction with the food matrix and the possible effects of added cross-linkers or active
agents [112,113]. Nanoparticle-based systems should not be described as safe only because
chitosan is biocompatible; the final formulation must be tested as a whole [114,115].

In practical terms, chitosan-based nanoparticles and microcapsules are most useful
when they solve a specific limitation of a bioactive compound, such as poor solubility,
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fast oxidation, strong flavor, high volatility or rapid loss of antimicrobial activity [18,80].
Their use is less justified when the active compound is already stable, soluble and sensory-
neutral in the food matrix. Future studies should report particle size distribution, zeta
potential, encapsulation efficiency, release kinetics, storage stability, food-matrix compati-
bility and sensory effects, so that results can be compared across formulations and product
categories [18,102].

5. Applications of Chitosan in the Food Industry

In food applications, chitosan may act either as a direct food-contact material or
as a component of packaging systems [6,24,26]. The following sections discuss these
applications with an emphasis on animal-derived foods and on the formulation factors
that control performance under real storage conditions. Chitosan can be applied as an
edible coating on fresh products, incorporated into active packaging films, used as a carrier
for antimicrobial and antioxidant agents, or combined with natural pigments to obtain
freshness indicators [3,6,20,32,60]. Its performance depends on the chitosan source, degree
of deacetylation, molecular weight, pH, food composition, storage temperature and relative
humidity [8,10,13,60].

These uses are especially relevant for fresh fruits and vegetables, meat, fish, seafood,
dairy products and beverages, where microbial spoilage, oxidation, moisture loss and
quality changes occur during storage [23,41,96,110].

5.1. Active and Intelligent Packaging

Active and intelligent packaging are among the most studied applications of chitosan
in food systems [19-21,32]. In active packaging, the packaging material does not only act
as a passive barrier but also interacts with the food or the headspace to limit microbial
growth, oxidation, dehydration or quality loss [3,4,21]. Chitosan is suitable for this role
because it can form continuous films and can also carry antimicrobial agents, antioxidants,
plant extracts, essential oils, enzymes, organic acids or nanoparticles [6,22,24,79].

In intelligent packaging, chitosan can serve as a polymer matrix for indicators or
sensors that respond to changes in the food or package atmosphere [20,32]. These systems
are designed to provide visual or measurable information about freshness, spoilage, pH
variation, volatile amine formation, oxygen exposure or temperature abuse [20,32]. Chi-
tosan is useful in such systems because it is transparent, film-forming, compatible with
many natural pigments and able to interact with charged compounds [20,32,60].

The dual role of chitosan, as both an active material and a sensor-support matrix,
makes it useful for designing packaging that can protect food and provide quality informa-
tion during storage [20,21,32]. However, practical use requires stable color response, low
migration risk, mechanical resistance, clear visual interpretation and compatibility with the
target food.

5.1.1. Antimicrobial and Antioxidant Packaging

The antimicrobial activity of chitosan is mainly linked to the protonation of amino
groups under acidic conditions [8,15]. Positively charged chitosan chains can interact
with negatively charged microbial cell surfaces, leading to membrane damage, leakage of
intracellular components and reduced microbial growth [15]. This mechanism has been
reported against several spoilage microorganisms and foodborne pathogens, although
the intensity of the effect depends on the pH, molecular weight, degree of deacetylation,
concentration, contact time and food matrix [13,15].

Chitosan films and coatings may act in two ways [42,116,117]. First, they can form a
physical layer that limits direct contact between the food surface and external contamina-
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tion [42,116,117]. Second, they can provide antimicrobial action through the polymer itself
or through active compounds incorporated into the film [42,116,117]. These compounds
may include essential oils, phenolic extracts, organic acids, bacteriocins, enzymes, silver
particles, zinc oxide particles or other antimicrobial agents [42,115]. In meat, poultry, and
seafood, such systems have been used to limit microbial growth at the product surface,
where spoilage usually begins during refrigerated storage [23,82].

The antioxidant action of chitosan is related to its ability to bind metal ions, reduce
free-radical reactions and carry antioxidant compounds [22,33]. In foods rich in lipids,
such as meat and fish, oxidation leads to off-odors, color changes, texture loss and re-
duced sensory quality. Chitosan-based films can delay these changes, especially when
combined with phenolic compounds, flavonoids, plant extracts or essential oils [33,42,105].
Examples include chitosan—gelatin films containing quercetin, ferulic acid or plant-derived
antioxidants, which may reduce lipid oxidation during storage [42,105].

Active packaging based on chitosan is also compatible with the current interest in
reducing the direct addition of synthetic preservatives to foods [3,42]. Instead of adding
preservatives into the whole food matrix, antimicrobial or antioxidant agents may be
placed in the packaging layer and released slowly at the surface [3,33,42]. This approach
can reduce the amount of active compound needed and may limit the sensory impact,
especially when essential oils are used [42,105].

Nevertheless, active chitosan packaging still faces practical limits [115,118,119]. Essen-
tial oils may have a strong odor or flavor. Metal oxide particles require safety and migration
assessment, and antioxidant release must be controlled to avoid rapid depletion [115,118].
In addition, the antimicrobial activity observed in agar diffusion tests or model media
does not always match performance on real foods [43]. For this reason, active chitosan
packaging should be tested under realistic storage conditions using target microorganisms,
real food matrices, sensory analysis and shelf-life indicators [23,119]. A recurring gap in
the literature is the distance between screening assays and product trials. Antimicrobial
activity measured by agar diffusion or broth-based methods may overestimate the effect ob-
tained on meat, fish, seafood or cheese surfaces, where near-neutral pH, surface fat, protein
binding, salts, moisture and drip can reduce chitosan protonation, diffusion and contact
with target microorganisms [23,40,43,82]. For this reason, the results from single-assay
studies should be interpreted with caution, and active chitosan packaging should be tested
under realistic storage conditions using target microorganisms, real food matrices, sensory
analysis and shelf-life indicators [23,40,43,82,119].

5.1.2. Freshness Indicators and Quality Sensors

Chitosan can also be used as a matrix for freshness indicators and quality sensors [120,121].
In this application, the packaging material provides a visible or measurable response
to chemical changes related to food spoilage [6,120]. The most common systems are
colorimetric pH indicators prepared by incorporating natural pigments into chitosan
films [6,85]. These pigments change color when the acidity or alkalinity of the package
environment changes [6,85].

Anthocyanins from red cabbage, grape skin, blueberry, purple sweet potato, hibiscus
or other plant sources are often used for this purpose [20,85]. In acidic media, anthocyanins
usually show red or pink tones, while at a higher pH, they may shift toward purple, blue,
green or yellow [6,85]. This behavior is useful for monitoring meat, fish, shrimp and poultry,
where spoilage is often linked to the formation of volatile basic nitrogen compounds,
ammonia and amines [122-124]. These compounds increase the pH of the headspace or
food surface and can trigger a visible color change in the indicator film [122-124].

https:/ /doi.org/10.3390/app16126197


https://doi.org/10.3390/app16126197

Appl. Sci. 2026, 16, 6197

16 of 32

Chitosan is a suitable carrier for these pigments because it can form transparent films
and can hold polar compounds through hydrogen bonding and electrostatic interaction [60].
The film must allow contact between spoilage volatiles and the indicator, while maintaining
color stability during normal storage [6,85]. A good freshness indicator should show a clear
color change, low response time, stability under light and humidity, and good correlation
with microbiological and chemical spoilage markers [85,125,126].

In addition to pH indicators, chitosan films can be used in redox-sensitive labels,
oxygen indicators and temperature-abuse indicators [38,125,126]. Redox dyes may respond
to oxygen consumption or oxidative changes, while thermosensitive pigments can be
designed to show irreversible color changes when the cold chain is interrupted [38,125,126].
Chitosan can also be combined with nanomaterials or fluorescent probes for the detection
of microbial metabolites, although such systems require more safety data before food-
contact use [125,126].

For commercial applications, intelligent chitosan-based packaging must meet several
requirements [120,121,126]. The indicator must be easy to read, stable during storage, safe
in contact with food, compatible with printing or coating technologies, and resistant to
false responses caused by light, humidity, or package composition [38,85,125]. It is also
necessary to validate the color change against standard freshness markers, such as total
viable count, total volatile basic nitrogen, pH, lipid oxidation and sensory quality [124,126].

5.2. Food Preservation

The antimicrobial, antifungal and film-forming properties of chitosan support its use
in food preservation [9,38,86]. Chitosan and its derivatives can be applied to fresh and
processed foods as coatings, films, glazing agents, active packaging layers or carriers for
bioactive compounds [38,86,117]. Their main role is to slow microbial growth, reduce
oxidation, limit moisture loss and delay visible quality changes during storage [2,22,23].

Chitosan has been studied in many food categories, including fruits, vegetables, meat,
poultry, fish, seafood, dairy products, bakery products and beverages [23,37,41,110]. In
meat and seafood, they may delay microbial spoilage, lipid oxidation and color deterio-
ration [23,39,40]. In dairy products, chitosan-based layers may help limit mold or yeast
growth, depending on the formulation and product conditions [41,127].

The preservation effect is not uniform across food systems [38,86]. It depends on
pH, water activity, surface structure, fat content, protein content, storage temperature,
initial microbial load and the presence of other preservatives [38,40]. Therefore, chitosan
should not be presented as a universal preservative. Its use must be matched to the food
matrix, target spoilage mechanism and expected storage conditions [23,40]. Although meat,
fish, seafood and dairy products share high water activity and microbial spoilage risk,
chitosan-based coatings do not perform identically in these matrices. In fresh meat and
poultry, surface pH, drip release, myofibrillar proteins and color stability influence coating
adhesion, antimicrobial contact and consumer acceptance [23,39,44,82]. In fish and seafood,
higher surface moisture, ice contact, freeze-thaw cycles and lipid oxidation can weaken
the coating layer and increase the loss of active compounds into drip or melted ice [40,128].
In cheese and fermented dairy products, interactions with casein, whey proteins, salt and
starter cultures must be considered, because the coating should limit yeasts and molds
without disturbing ripening, texture or culture activity [41,44,46,127]. For this reason,
chitosan concentration, molecular weight, degree of deacetylation, plasticizer level and
active-agent release rate should be selected according to the product category rather than
transferred directly from one animal-derived food to another [8,13,38,40,41].
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6. Encapsulation and Controlled Release of Bioactive Compounds in
Animal-Derived Foods

In animal-derived foods, chitosan-based encapsulation is used to protect antimicrobial,
antioxidant, enzymatic or probiotic compounds and to control their release during storage
or digestion [18,33,42,45,79,105]. This role is relevant for meat, poultry, fish, seafood
and dairy products, where high moisture, microbial spoilage, lipid oxidation, protein
degradation, color changes and off-odor formation can reduce shelf life [1,23,40,41,46,128].
Chitosan-based capsules, nanoparticles, hydrogels and active films may reduce the direct
interaction between active agents and food components and can act as reservoirs that release
active compounds after contact with moisture, enzymes or pH changes [18,33,79,118].

The release pattern depends on chitosan’s molecular weight, degree of deacetylation,
particle size, cross-linking density, pH, ionic strength, fat content, protein content and stor-
age temperature [18,85,118]. In acidic dairy products, chitosan remains more protonated
and may interact strongly with milk proteins [44]. In meat and fish products, where the pH
is closer to neutrality, release may be slower and more dependent on the salt concentration,
surface moisture and protein binding [43]. At the food-matrix level, chitosan’s performance
is governed by contact with water, proteins, lipids and charged biopolymers. In meat and
fish, positively charged chitosan can interact with negatively charged groups on muscle
proteins, which may support surface adhesion but may also reduce the mobility of encapsu-
lated active compounds [8,15,43,44]. Drip loss can dilute or remove low-viscosity coatings,
especially in fish, seafood and fresh meat. Therefore, coating viscosity, drying behavior
and polymer network strength are relevant for retaining the active layer during chilled
storage [23,40,82]. Lipid-rich matrices add another constraint because oxidation often
occurs at the surface, while hydrophilic chitosan has limited affinity for lipid phases unless
it is blended with lipids, proteins or other polymers [22,29,38]. In dairy systems, chitosan
may form complexes with casein and whey proteins through electrostatic interaction and
hydrogen bonding, affecting capsule stability, turbidity, release rate and texture [41,44,45].
In alginate—chitosan capsules, the cationic chitosan layer can bind to the anionic alginate
surface, lowering capsule porosity and slowing the diffusion of encapsulated compounds
or probiotic cells [19,45,106]. These interactions explain why a formulation that works
on meat may require adjustment before use on fish, seafood, cheese or fermented dairy
products [38,40,41,44].

6.1. Antimicrobial and Antioxidant Compounds

Animal-derived foods often require protection against spoilage bacteria, pathogenic
microorganisms and oxidative reactions [23,40,41]. Chitosan-based encapsulation can be
used to deliver antimicrobial agents such as nisin, lysozyme, lactoferrin, lactoperoxidase,
bacteriocin-rich preparations or organic acids [18,41]. These compounds can be incorpo-
rated into chitosan particles, multilayer capsules, hydrogels or active films intended for
contact with meat, poultry, fish, seafood or dairy products [18,38,79].

In meat and poultry products, encapsulated antimicrobials may provide a slower and
more localized release at the surface, where contamination usually begins [39,71]. This may
be useful for chilled cuts, minced meat, sausages and ready-to-eat meat products [38,82].
Compared with direct addition, encapsulation can reduce rapid depletion of the active
compound and may limit sensory changes [79,118]. The system must still be tested for
odor, taste, texture, color and interaction with meat proteins [39,82].

In fish and seafood, chitosan carriers may help control psychrotrophic bacteria and
delay the formation of spoilage markers, such as total volatile basic nitrogen and biogenic
amines [40,129]. Encapsulation may also be useful for compounds that lose activity quickly
in wet and protein-rich matrices [18,130]. For products such as fish fillets, shrimp, and
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surimi, chitosan-based films or coatings can place the active agent at the surface and reduce
direct loss into drip or melted ice [40,129].

Antioxidant delivery is another use of chitosan in animal-derived foods [3,18,22].
Lipid oxidation is one of the main causes of quality loss in meat and fish, especially in
products rich in unsaturated fatty acids [22,23,40]. Chitosan particles or films may carry
antioxidant compounds suitable for animal-food use, including tocopherol, peptides with
antioxidant activity, casein-derived peptides, whey-protein hydrolysates or marine-derived
antioxidant fractions [18,22]. Controlled release can help delay rancidity, color loss and
odor formation during storage [3,22,118].

Chitosan can also bind the metal ions involved in oxidation reactions [3,33]. This
action, together with controlled delivery of antioxidants, may reduce lipid peroxidation
in meat and fish systems [3,22,40]. However, the effect depends on formulation, dose,
food composition and storage conditions [38,40]. For this reason, studies should report
thiobarbituric acid reactive substances, peroxide value, carbonyl content, color parameters,
microbial counts and sensory scores [40,74,129].

For active packaging, chitosan microcapsules or nanoparticles can be immobilized
in a film layer or coating applied to the food surface [18,38,79]. In meat, fish and cheese
packaging, this design can allow slow release of antimicrobial or antioxidant agents during
storage [3,40,41]. The release should be matched with the spoilage rate of the product. A
release that is too fast may lose activity early, while a release that is too slow may fail to
control microbial growth during the first days of storage [118,130].

6.2. Functional Compounds, Enzymes and Probiotic Cultures

Chitosan-based encapsulation can also be used for functional compounds, enzymes
and microbial cultures in animal-derived foods [18,45,86]. In dairy products, this is mainly
relevant for probiotic cultures, bacteriocin-producing lactic acid bacteria, enzymes used in
ripening and bioactive peptides [41,45]. In meat and fish products, encapsulation may be
used to protect enzymes, peptides or antimicrobial systems until they are released under
defined storage or processing conditions [18,38,40].

For probiotic dairy products, chitosan is often combined with alginate, casein, whey
proteins or other food-grade polymers to form protective capsules [44,45]. These capsules
can help maintain cell viability during storage and gastric passage [45]. The outer chitosan
layer may reduce capsule porosity and improve resistance to acidic conditions [45]. How-
ever, the chitosan concentration must be selected carefully because high levels may inhibit
sensitive bacterial strains [88].

In fermented milk products, yogurt-type products, and cheese, encapsulation can help
separate probiotic cells from oxygen, acidity, and salt stress [45]. It may also reduce direct
interaction between cells and the antimicrobial compounds present in the product. For
cheese, encapsulated cultures may be used to control ripening, texture development and
flavor formation, but the release rate and capsule breakdown must match the ripening
process [41,46].

Enzyme encapsulation is another possible use [84,85]. Chitosan-based carriers can
hold enzymes such as lysozyme, lactoperoxidase or selected proteases used in dairy or
meat systems. Encapsulation can protect enzymes from early inactivation and allow more
gradual action during storage or maturation [84,85]. In cheese, such systems must be
designed with care because excessive proteolysis may cause bitterness, softening or defects
in texture [46,84].

Chitosan capsules may also carry bioactive peptides obtained from milk, whey, casein,
meat or fish proteins [18,44]. These peptides can be sensitive to oxidation, aggregation or
enzymatic degradation. Encapsulation may protect them during processing and storage,
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while allowing release under acidic or enzymatic conditions [18,45]. For food use, the
capsule wall must be food-grade, sensory-neutral and stable under the product’s storage
conditions [38,86].

In animal-derived products, encapsulation should be assessed not only through release
kinetics but also through product-level tests [38,40,41]. These include microbial counts,
oxidation markers, pH, water activity, texture, color, sensory quality and storage stabil-
ity [40,82,131,132]. When live cultures are used, viability during storage and after simulated
digestion should also be reported [45].

7. Recent Developments in Chitosan Functionalization for
Animal-Derived Foods

Chitosan contains amino and hydroxyl groups that can be modified to obtain deriva-
tives with better solubility, stronger antimicrobial action, improved moisture resistance or
more controlled release behavior [8,133]. For animal-derived foods, such modifications
are mainly directed toward packaging films, edible coatings, active pads, antimicrobial
layers and delivery systems for compounds used in meat, poultry, fish, seafood and dairy
products [39-41,86].

One of the most studied derivatives is quaternized chitosan [133]. This material is
obtained by introducing permanent cationic groups into the chitosan chain. Unlike native
chitosan, which loses charge at neutral or alkaline pH, quaternized chitosan keeps a positive
charge over a broader pH range [8]. This is useful for meat, fish and dairy systems, where
pH may vary during storage or fermentation [20,41]. In these products, the derivative can
be used in antimicrobial films, coatings or active layers intended to limit the growth of
spoilage bacteria, yeasts and molds [20,41].

Quaternized chitosan is also of interest for refrigerated meat and seafood because
its antimicrobial action is less dependent on acidic conditions [20]. This may be useful
for products with a pH close to neutrality, such as fresh poultry, fish fillets and some soft
cheeses [40,44]. However, its use in food-contact materials requires a careful assessment of
migration, residual reagents, dose and sensory effect. The final material should be tested in
the target food matrix rather than only in model media [38,40].

Grafting reactions are another route for modifying chitosan [133]. Chitosan can
be grafted with polymers such as polyvinyl alcohol or polyethylene glycol to change
flexibility, water uptake, film strength and release behavior. In animal-derived foods, these
systems may be used to prepare coatings for meat, fish or cheese, where resistance to
surface moisture is needed [39—41]. The aim is to maintain antimicrobial function while
reducing swelling, tackiness and loss of mechanical strength under refrigerated and humid
storage [38].

Hydrophobic modification, including acylation with fatty acid chains, can reduce
water sensitivity and slow the release of active compounds [133]. This strategy is relevant
for high-moisture foods such as fish fillets, shrimp, fresh cheese and poultry cuts [39-41].
By increasing hydrophobicity, modified chitosan films may better resist moisture, but
excessive hydrophobic modification can reduce solubility and lower interaction with
microbial cells. Therefore, the formulation must balance water resistance, antimicrobial
action and release rate [38].

Nanostructured chitosan systems have also received attention for animal-derived
foods. Electrospun chitosan fibers, chitosan-based nanofibrous mats and porous active
layers can provide a high surface area and allow for the incorporation of antimicrobials,
antioxidants or enzymes [134,135]. These materials may be used as active liners in meat
and fish packaging or as surface-contact layers for cheese [39-41]. Their porous structure
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can support controlled release, but safety, fiber stability, migration and interaction with
food moisture must be checked [134,135].

Enzymatic cross-linking is another route for preparing chitosan-based gels and coat-
ings under milder conditions [85,136]. Food-compatible cross-linking systems can reduce
the need for harsh chemical agents and may be more suitable for edible or direct-contact
applications [136]. In dairy products, such materials may be used to carry antimicrobial
proteins or enzymes [41,44]. In meat and seafood, they may serve as hydrated coatings or
active pads, provided that they remain stable under cold storage and do not affect odor,
taste or texture [39,40].

Overall, functionalized chitosan offers a way to tune performance for animal-derived
foods [38,133]. The most relevant targets are moisture resistance, antimicrobial action at
near-neutral pH, lipid oxidation delay, controlled release and compatibility with refrig-
erated storage [3,22,40]. Future studies should report the chitosan’s source, degree of
deacetylation, molecular weight, modification route, residual reagent levels, migration
behavior, sensory results and tests in real meat, fish, seafood or dairy products [8,38-40].

7.1. Greener Processing Routes and Waste Valorization for Animal-Derived Food Chains

Chitosan production can be linked to animal-derived food chains through the use of
seafood processing waste, especially shrimp, crab, lobster and krill shells [10,28]. These
byproducts contain chitin, together with proteins, minerals, pigments and lipids [10,28].
Their conversion into chitosan may reduce waste from seafood processing and provide a
polymer for packaging or preservation of meat, fish, seafood and dairy products [39-41,86].

Conventional chitosan extraction from crustacean waste usually involves demineral-
ization with acid, deproteinization with alkali and deacetylation using concentrated sodium
hydroxide [10]. Although this route is widely used, it generates salt-rich wastewater and
requires chemical neutralization [10]. For food-related uses, process control is also needed
to reduce the residual proteins, ash, odor and pigment residues that may affect purity and
sensory neutrality [28].

Greener extraction routes are being studied to reduce chemical load. Fermentation-
based methods can use lactic acid bacteria or other microbial systems to remove miner-
als and proteins from shrimp or crab shells [10,28,137]. Organic acids produced during
fermentation can assist demineralization, while proteolytic enzymes may help remove
proteins [10,137]. These methods may reduce harsh chemical use, but they require longer
processing times and tighter control of microbial growth, pH and batch quality [137].

Enzyme-assisted extraction is another option. Proteases can be used during deproteiniza-
tion, while chitin deacetylases may contribute to more controlled deacetylation [10]. Such
methods can reduce polymer damage and may give chitosan with more consistent properties.
At present, the main barriers are enzyme cost, reaction time, yield and scale-up [10,28].

Microwave-assisted, ultrasound-assisted and other energy-assisted routes have also
been tested to shorten the processing time and improve mass transfer [50,138]. In crustacean
shell processing, these methods may help reduce the reaction time during deproteinization or
deacetylation [138]. Still, industrial use requires proof that the final chitosan has a stable molec-
ular weight, controlled deacetylation, low ash content and food-contact suitability [10,28].

For the packaging of animal-derived foods, greener processing must be assessed,
together with material performance [38-40,86]. A low-impact extraction route is useful only
if the resulting chitosan forms stable films, coatings or particles with suitable antimicrobial
action, mechanical strength and storage behavior [38,40,41]. Therefore, studies should
link the production method with the final performance in meat, fish, seafood or dairy
applications [38-40,86].
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7.2. Chitosan Sources Relevant to Animal-Derived Food Applications

Crustacean shells remain the main commercial source of chitin and chitosan [10,28].
Shrimp, crab, lobster and krill processing streams are widely used because they are available
from seafood industries and contain enough chitin for extraction [28,137]. For animal-
derived food applications, crustacean chitosan is relevant because it can be used in coatings,
films, glazing systems and active packaging for meat, fish, shrimp, cheese and fermented
dairy products [39-41,86].

A point that requires attention is allergen perception [28]. Shellfish allergy is mainly
linked to proteins rather than purified chitosan, but traces of residual proteins may raise
safety and labeling questions [34]. For this reason, high-purity chitosan, protein removal,
batch testing and clear documentation are needed when the material is intended for edible
coatings or food-contact use [28]. This is especially relevant for dairy, meat and ready-to-eat
products, where consumer exposure may be direct [39,41].

Krill and other marine sources may also be used, but their availability, cost and extrac-
tion yield differ from shrimp and crab shells [28,137]. The source affects the ash content,
pigment residues, degree of deacetylation, molecular weight and final color [10,28]. These
differences may alter film transparency, odor, solubility and antimicrobial activity [10,38].
For review articles, it is, therefore, important to compare chitosan, not only by application
but also by source and material grade [10,28].

Fungal chitosan can be discussed as an alternative source when the focus is not on
the food matrix but the polymer origin [11,34]. It may be useful for animal-derived food
packaging when a non-shellfish source is preferred or when more consistent batch quality
is needed [11,34]. Fungal production can be carried out under controlled fermentation,
which may reduce seasonal variation [11,34]. However, cost, yield, purification and legal
status for food-contact use must be checked for each market.

For a review limited to products of animal origin, the source section should not expand
into plant-food applications. Instead, it should explain how the chitosan source affects
performance in meat, fish, seafood and dairy systems [11,28]. The most relevant source-
related questions are purity, residual protein, molecular weight, degree of deacetylation,
odor, color, batch consistency, allergen management and regulatory status [10,28,34]. To
complement the discussion of DD and MW in Section 4.4, the source-related comparison
was expanded to include formulation consequences for animal-derived foods. Crustacean,
fungal and insect chitosan differ in raw-material origin, mineral and pigment load, residual-
protein concerns, batch consistency, and current food-use maturity. These source-related
differences interact with DD, MW and formulation strategy when chitosan is applied to
high-moisture, protein-rich and lipid-containing matrices such as meat, fish, seafood and
dairy products. The main comparative points are summarized in Table 4.

Table 4. Comparative factors influencing the use of chitosan in animal-derived food systems.

Variable Main Comparative Point Relevance for Animal-Derived Foods References
. . Relevant for seafood-chain valorization, fish
Crustacean Main commercial source; DD and lazing, coatings and active packaging; residual
. MW depend strongly on extraction & & 88 a P sIng, [10,28,34]
chitosan and deacetvlation conditions proteins, ash, pigments and odor must be
y controlled for food-contact or edible use
Producst underconrlld Lot hen bt oy ool
Fungal chitosan fermentation; lower mineral load 5 q / ©SP y al, dairy [11,34]
ready-to-eat products where shellfish-derived
than crustacean sources . . .
materials may raise consumer questions
Emerging non-marine source; Requires further food-grade validation, impurity
Insect chitosan composition varies with species, life control and consumer-acceptance data before [12,55,57]
stage and extraction conditions routine use in animal-derived foods
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Table 4. Cont.
Variable Main Comparative Point Relevance for Animal-Derived Foods References
Higher solubility and diffusion, but ~ May support coatings or liquid systems where
Low-MW . . . - . .
chitosan weaker film-forming capacity, may  surface antimicrobial contact is needed, but may [8,13,15,60]
occur require blending for mechanical stability
Higher viscosity, network formation Useful for coatings, films or glazes that need
High-MW and film strength, but lower handling resistance, but moisture sensitivity [8,13,38,40,60]
chitosan diffusion may limit contact with remains a limitation in meat, fish, seafood and e
microbial cells soft cheese
Morefreeamino groupsand o SRR 0 D ot polymers
Higher DD stronger charge-based interactions p . poly ’ [8,15,19,43,44]
- o but performance still depends on pH, salts,
under acidic conditions . L
surface moisture and protein binding
. . Relevant for wet matrices where neat chitosan
Blends and Can improve water resistance,

cross-linking

flexibility and mechanical stability

may swell, soften or lose adhesion during chilled [19,29,38,40,41]
storage

Active
compounds

Adds antimicrobial or antioxidant
function, but release must be

Release should match product deterioration:

early antimicrobial action may be needed for

meat and seafood, while cheese coatings may
require slower action during storage or ripening

[3,22,40,41,79,118]
controlled

7.3. Industrial Use in Meat, Seafood and Dairy Systems

Functionalized chitosan is closest to use in animal-derived foods when it solves a
defined problem: microbial growth on meat surfaces, oxidation in fish, moisture loss in
frozen seafood, mold growth on cheese or instability in acidic dairy systems [38—41]. Each
product group requires a different formulation [38,40].

For fresh meat and poultry, films and coatings must remain stable under refrigeration,
resist drip, avoid sticky surfaces and preserve color [39,82]. Antimicrobial action should
be tested against relevant spoilage organisms and pathogens using real meat cuts and
realistic packaging systems [39,82]. For fish and seafood, the formulation must address
lipid oxidation, odor formation, drip loss, melanosis in crustaceans and freezer burn in
frozen products [39,129]. For cheese and fermented dairy products, the material must limit
yeasts and molds without disturbing ripening, starter cultures or texture [41,46,127].

From an industrial viewpoint, chitosan-based materials must be compatible with
current operations, such as dipping, spraying, glazing, vacuum packaging, modified-
atmosphere packaging, tray sealing and refrigerated transport [38—40]. Drying time, vis-
cosity, coating weight, film thickness and package sealing are practical factors that can
determine whether a formulation can be used at the plant level [38].

Safety and compliance testing should include migration, residual solvents or reagents,
antimicrobial release, sensory analysis, and storage stability [38,115,139]. When functional-
ized chitosan is used, the derivative should be assessed as a finished material, not only as
native chitosan [133]. This is especially relevant for quaternized, grafted, hydrophobized
or nanoparticle-containing systems [115,133].

7.4. Safety, Migration, Allergenicity and Regulatory Status

Safety assessment of chitosan-based food materials should be performed on the fin-
ished formulation rather than on the chitosan alone. This is needed because migration and
exposure may change when chitosan is chemically modified or combined with essential
oils, organic acids, bacteriocins, enzymes, metal oxides, nanoparticles or other active com-
pounds [112-115,118]. For food-contact or edible applications, testing should address the
overall migration, specific migration where relevant, release of active compounds, particle
migration, residual solvents or reagents, degradation products and sensory transfer to the
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food [38,112-115]. Systems intended as edible coatings should also be assessed differently
from non-edible packaging layers because the consumer may ingest the coating directly.

Allergenicity assessment is particularly relevant for crustacean-derived chitosan. Shell-
fish allergy is mainly associated with proteins rather than purified chitosan, but residual al-
lergenic proteins may remain if purification is incomplete. For this reason, protein removal,
batch-level protein testing, supplier specifications and transparent labeling are needed
when crustacean-derived chitosan is used in direct-contact or edible applications [28,34].
This issue is relevant for meat, dairy or ready-to-eat animal products, where consumers
may not expect a shellfish-derived coating or active layer. Fungal chitosan can reduce
shellfish-origin concerns, although its purity, production process and legal status still need
to be documented for the intended use [11,34].

Regulatory approval of chitosan-based materials is use-specific and cannot be assumed
from the general biopolymer origin of chitosan. In the European Union, food-contact
materials must comply with the general safety requirements for materials intended to
contact food [140], and active or intelligent materials are subject to additional requirements
related to their intended function, released substances and labeling [141]. Plastic layers used
together with chitosan may also fall under rules for plastic food-contact materials [142].
In the United States, a Food and Drug Administration GRAS (generally recognized as
safe) notice exists for chitosan from white button mushrooms (Agaricus bisporus) used as
an antimicrobial at defined levels in specified foods and beverages [143]. However, this
does not represent blanket approval for all chitosan sources, formulations or packaging
uses. Therefore, manufacturers should match the safety documentation, migration testing
and regulatory assessment to the source, formulation, target food, contact conditions and
intended function of each chitosan-based system.

8. Challenges and Future Directions

Although chitosan-based materials show clear potential for meat, poultry, fish,
seafood and dairy products, their transfer from laboratory trials to industrial use remains
limited [39-41,86]. The main barriers are linked to the material performance, production
cost, process fit, storage stability, sensory acceptance and legal requirements for food-
contact materials [38,115]. These issues are more demanding in animal-derived foods
because such products are often rich in water and proteins, sensitive to oxidation and
stored under refrigerated or frozen conditions [23,40,41].

8.1. Technological and Economic Constraints

One of the main technical limits of chitosan-based films and coatings is their poor
resistance to moisture [38,40,117]. This is a major issue for fresh meat, fish, seafood, soft
cheese and fermented dairy products, where surface water, drip or brine can weaken the
polymer layer [39-41]. Under humid storage, chitosan films may swell, lose strength and
allow higher water vapor transfer [38,40]. For this reason, neat chitosan often requires
plasticizers, cross-linkers, lipid components or polymer blends before it can be used in real
packaging systems [38,136].

Mechanical performance is another barrier [38,144]. Films intended for meat
or seafood packaging must resist handling, sealing, transport and contact with wet
surfaces [39,40]. Chitosan layers may crack under dry conditions or become soft under high
humidity [38,40]. In cheese and fermented dairy products, the coating must limit yeast
and mold growth without blocking the gas exchange needed during ripening [41,46,127].
Therefore, the formulation must be adjusted for each product rather than applied as a
universal coating [38,40].
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Industrial processing also remains difficult. Chitosan solutions must have suitable
viscosity for dipping, spraying or glazing [38,40]. The drying time must be short enough
for use in processing plants. The coating must not interfere with vacuum packaging, tray
sealing, modified-atmosphere packaging or frozen storage [23,39,40]. In fish and seafood
plants, chitosan glazing must also be compatible with rapid freezing and thawing [40,128].

Cost is another limit. Chitosan-based active packaging can increase shelf life, but meat,
seafood and dairy producers may be reluctant to use it if the price cannot be recovered
through lower losses, better product quality or longer distribution time [3,38-40,86]. The
use of essential oils, enzymes, bacteriocins, nanoparticles or modified chitosan can further
raise costs and add regulatory work [115,136].

The stability of the formulation before use is also important. Chitosan solutions
containing active agents may show precipitation, viscosity changes, oxidation or loss of
antimicrobial activity during storage [38,79,105]. For industrial use, producers need stable
concentrates, simple preparation steps and clear storage instructions [38].

Future work should focus on formulations that are simple, food-grade, stable during
storage and tested in real meat, seafood and dairy systems [38-41,86]. Studies should report
the coating thickness, drying time, viscosity, sealing behavior, migration, sensory data and
cost-related information, not only the antimicrobial activity [38,40,82,115].

8.2. Consumer Acceptance

Consumer acceptance depends on how the material affects appearance, taste, odor
and trust [105,145]. In animal-derived foods, this is especially relevant because meat, fish
and dairy products are judged strongly by color, smell, texture and freshness [23,40,41,61].
Even when chitosan improves microbial stability, the treatment may be rejected if it leaves
a visible film, changes surface gloss, causes tackiness or alters flavor [146].

For meat and poultry, consumers expect a natural color and normal surface
texture [39,61,82]. A coating that changes redness, creates a wet appearance or leaves
an unusual mouthfeel may reduce acceptance [82]. In fish and seafood, the sensory margin
is even narrower, since mild odor and fresh appearance are central quality cues [29,40,61].
In cheese and fermented dairy products, a coating must not interfere with rind formation,
aroma or expected texture [41,46,127].

The origin of chitosan may also affect consumer perception [28,34]. Chitosan is often
obtained from shrimp or crab shells [10,28]. Although shellfish allergy is mainly linked to
proteins, consumers with shellfish allergy may still avoid products treated with shellfish-
derived chitosan if labeling is unclear [34]. This is relevant for meat and dairy products,
where consumers may not expect a shellfish-derived packaging or coating material.

Clear labeling and safety documentation are, therefore, needed. Producers should
state whether chitosan is used as a food-contact layer, edible coating or packaging
component [38,115]. When active agents are included, such as essential oils, bacteriocins,
or enzymes, their sensory effect and legal status should also be assessed [3,79].

Cost perception is another factor. Consumers may accept a higher price only if the
benefit is clear, such as longer freshness, less waste, safer storage or visible freshness
indication [32,142-147]. For animal-derived foods, packaging that gives reliable freshness
information may be useful, but the color change or signal must be easy to read and validated
against microbial and chemical spoilage markers [32,148].

8.3. Integration into Animal-Derived Food Chains

Industrial adoption of chitosan-based systems depends on whether they can be fitted
into current meat, seafood and dairy processing lines [25,26,38]. Producers generally
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prefer solutions that can be added with limited changes to existing steps, such as dipping,
spraying, glazing, coating, wrapping or tray packaging [38-41].

For fresh meat and poultry, chitosan coatings must work with refrigerated storage,
modified-atmosphere packaging and vacuum packaging [23,39,82]. They should not cause
purge accumulation, sealing problems or color instability [61,82]. For fish and seafood, the
material must tolerate ice contact, freezing, thawing and high surface moisture [40,128].
For cheese, coatings must be compatible with ripening, cutting, packaging and storage in
humid rooms [41,46,127].

Product-level validation should also account for the specific quality parameters of
the animal-derived matrix. For example, the poultry meat studies on broilers selected for
slow growth have shown that product assessment should include meat-quality indicators,
not only production or formulation variables [149]. This example justifies the need to test
chitosan-based materials on real animal-derived products by using matrix-specific quality
markers rather than only model systems.

Supply consistency is another issue. Food-grade chitosan must be available with
controlled purity, molecular weight, degree of deacetylation, ash content and residual
protein levels [10,28,34]. Batch variation can change the solubility, viscosity, antimicrobial
action and film properties [28,38]. Without clear specifications, producers cannot reliably
move from pilot trials to routine use [25,28].

Regulatory compliance must also be built into product design [26,115]. Chitosan-
based films, coatings and active layers intended for contact with animal-derived foods
require documentation on composition, migration, residual solvents or reagents, active
compound release and intended use [38,115]. This is especially important for modified
chitosan, nanoparticles and materials containing antimicrobial agents [115,133].

A closed-loop model may be feasible in seafood chains, where shrimp or crab shell
waste is converted into food-grade chitosan and later used for coating or packaging fish
and seafood products [28,137]. However, this model requires a stable raw material supply,
controlled extraction, quality testing and economic proof [28,137].

In the near term, the most realistic applications are likely to be chitosan-based coatings
for cheese, glazing systems for frozen seafood, active pads for meat and fish trays, and
inner active layers in packaging for refrigerated animal-derived foods [3,39-41]. Wider
adoption will depend on real-scale trials, sensory testing, cost analysis and clear legal
approval for each intended use [25,38,82,115].

9. Conclusions

Future work should focus on real product trials rather than model systems. Studies
should test defined food-grade chitosan preparations, with reported source, degree of
deacetylation, molecular weight, ash content, and residual protein, on meat cuts, minced
meat, poultry, fish fillets, shrimp, soft and ripened cheese, and fermented dairy products
under commercial storage conditions. Microbial counts, lipid oxidation markers, color,
texture, drip loss, odor, sensory acceptance and shelf-life data should be reported together
with processing-relevant parameters such as coating weight, drying time, solution viscosity,
sealing behavior and compatibility with the selected packaging method. This would
allow clearer comparison between chitosan treatments and conventional packaging or
preservation systems.

Another research direction is the design of moisture-resistant chitosan systems. Cross-
linking, hydrophobic modification, multilayer films and blends with food-grade polymers
may improve performance in wet animal-derived foods. For active packaging, the release
rate must be adjusted to the spoilage pattern of each product. Meat and seafood often
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require early antimicrobial action, while cheese coatings may require slower release during
ripening or storage.

Safety and legal assessment also need more attention. Modified chitosan, nanoparticles,
metal oxides, essential oils, bacteriocins and enzymes should be tested as part of the final
material, not as separate ingredients only. Migration, residual reagents, allergen-related
concerns, sensory effects and doses should be clearly reported. This is especially needed
when chitosan is derived from crustacean waste and used in products where consumers do
not expect shellfish-derived materials.

The transition from laboratory studies to industrial food applications requires four
linked steps: food-grade chitosan supplied with fixed specifications; pilot-scale trials
compatible with existing dipping, spraying, glazing, vacuum packaging, tray sealing and
modified-atmosphere packaging lines; a finished-material safety and regulatory dossier
covering migration, residual reagents, allergen handling and dose for modified or particle-
containing systems; and a cost assessment showing whether shelf-life extension and loss
reduction justify the added material and processing costs. Based on the current evidence,
near-term applications are the most plausible for cheese coatings, frozen-seafood glazing,
active pads for meat and fish trays and inner antimicrobial layers for refrigerated packaging.
Future studies should, therefore, connect polymer design with plant-level processing,
storage tests, sensory quality, safety documentation and cost.
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