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ABSTRACT: The continuous increase in petroleum-based plastic food packaging has led to numerous environmental
concerns. One effort to reduce the use of plastic packaging in food is through preservation using biopolymer-based
packaging. Among the many types of biopolymers, chitosan is widely used and researched due to its non-toxic,
antimicrobial, and antifungal properties. Chitosan is widely available since it is a compound extracted from seafood
waste, especially shrimps and crabs. The biodegradability and biocompatibility of chitosan also showed good potential
for various applications. These characteristics and properties make chitosan an attractive biopolymer to be implemented
as food packaging in films and coatings. Chitosan has been tested in maintaining and increasing the shelf life
of food, especially seafood such as fish and shrimp, and post-harvest products such as fruits and vegetables. In
addition to its various advantages, the properties and characteristics of chitosan need to be improved to produce
optimal preservation. The properties and characteristics of chitosan are improved by adding various types of additive
materials such as biopolymers, plant extracts, essential oils, and metal nanoparticles. Research shows that material
additives and nanotechnology can improve the quality of chitosan-based food packaging for various types of food
by enhancing mechanical properties, thermal stability, antimicrobial activity, and antioxidant activity. This review
provides a perspective on the recent development and properties enhancement of chitosan composite with additives
and nanotechnology, as well as this material’s challenges and prospects as food packaging.
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1 Introduction
Food products, especially plantation and marine products, are abundant and have a very good market

potential, especially in tropical countries with fertile soil and large marine areas like Indonesia. However, food
products such as fruits, vegetables, fish, and meat are highly susceptible to spoilage due to enzymatic activity,
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air circulation, and microbial growth. Microorganisms’ activity is one of the major contributors to the rapid
spoilage of food products. They can produce various enzymes and biofilms that lead to undesirable changes
in food, including pH, nutrients, physical properties, and moisture content [1]. These changes indicate
that food spoilage is happening rapidly. Therefore, microbial control is essential. Refrigeration, freezing,
dehydration, and smoking are common methods to preserve food quality [2]. Despite their widespread
use, these techniques have limitations in long-term storage due to their incomplete inhibition of microbial
growth. In order to protect and maintain the quality of food products, food packaging is widely used for
preservation. Packaging is the most applied method for food processing and safety, as it effectively prevents
oxygen-containing air in food products, which can lead to bacterial growth [3].

Glass, with its inherent properties, is well-suited for packaging. Nevertheless, the weight and cost of glass
have led to a dominance of metal and plastic packaging in modern markets. Plastic has become the ubiquitous
choice for food packaging due to its flexibility and affordability [4]. However, the environmental implications
of plastic’s non-biodegradability have sparked a search for more sustainable alternatives. Biopolymers,
derived from natural sources, represent a promising alternative to replace non-biodegradable plastic. Several
methods of innovative food packaging that have recently been widely researched are edible film and coating.
Biopolymers derived from polysaccharides, proteins, lipids, and their derivatives can be applied as coatings
and films for various food products [5]. Generally, the synthesis of film and coating matrices can be carried
out using a similar method. The difference lies in the packaging process. In film packaging, the thin film
packaging is synthesized and dried until it forms a plastic-like solid packaging. The film is then applied to
the food to be tested. In the coating technique, the matrix remains in a liquid form. The food can be dipped
into the coating solution for a certain period, then removed and dried [4].

To reduce the environmental impact of conventional packaging materials, innovative biopolymer-based
food packaging materials such as alginate, pectin, chitosan, and cellulose have gained significant attention.
Chitosan is widely used due to its natural antimicrobial properties [6]. Biopolymer-based films and coatings,
particularly those made from chitosan, have shown their effectiveness in extending the shelf life of a wide
range of food products, including seafood like shrimp [7,8] and tuna fish [9,10], chicken meat [11,12], beef
meat [13,14], and also post-harvest products such as cherries [15], apples [16,17], green chilli peppers [18],
papayas [9,19], bananas [20–23] and strawberries [24,25].

However, the performance of chitosan-based food packaging needs to be further enhanced to more
effectively inhibit bacterial growth. Besides that, chitosan also has limitations regarding its water retention
and mechanical properties, resulting in brittle and rigid films forming [5]. Recently, a significant amount
of research has focused on combining chitosan with other materials as additives to enhance its properties,
particularly its antimicrobial activity [26]. Nanotechnology offers a promising approach to improving the
antimicrobial efficacy of chitosan-based packaging [27]. This review explores various combinations of
natural additives with chitosan and the role of nanotechnology on the performance of chitosan-based food
packaging, as summarised in Fig. 1.

2 Chitosan Properties and Characteristics
Chitosan is a natural biopolymer synthesized through the deacetylation of chitin, which is extracted

from natural sources using a two-step chemical extraction process involving deproteinization and demineral-
ization [28]. Chitin can be obtained from crustaceans (crabs, shrimps, lobsters), arthropods (spiders, beetles,
scorpions), mollusca (squids), and microorganisms (fungi and cell walls). Currently, the primary source of
chitin production is seafood waste, especially the exoskeletons of crabs, lobsters, and shrimps [5]. Both chitin
and chitosan are co-polymers of N-acetyl-D-glucosamine and D-glucosamine, linked together by β-(1-4)-
glycosidic bonds [4,6]. The chemical structures of chitin and chitosan are illustrated in Fig. 2. Chitosan is
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a biopolymer that has been extensively studied compared to other polymers. Research on chitosan-based
food packaging has steadily increased year after year [6]. Chitosan is currently applied in various industries,
particularly in the food sector.

Figure 1: Effect of additives on the performance of chitosan-based food packaging

Figure 2: Chemical structures of chitosan (adapted from Kumar et al. [29])

2.1 Ionic Bonds and Solubility
Chitosan’s ability to form complex compounds with transition metals is an important discovery.

Research has shown that it can ionically bind with Cu2+, Hg2+, Zn2+, Cd2+, Ni2+, and other metal ions [30].
This unique property is of utmost importance for active food packaging, as it can bind metal nanoparticles
and regulate antimicrobial activity for extended periods, underlining the broad potential for its application
in food safety. The ionic strength of the solvent, ion interactions in the solvent, and solution pH are important
parameters that determine the solubility properties of chitosan in water [4]. Chitosan has a unique property
of being soluble in acidic conditions but insoluble in basic conditions. However, chitosan with a medium
molecular weight and a degree of acetylation (DA) of around 0.5 can be soluble at a pH of around 7.
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Differences in solubility values will significantly affect the biological properties of chitosan due to changes in
enzyme interactions [31].

2.2 Antimicrobial and Antioxidant Activity
Chitosan is a natural polysaccharide with antimicrobial properties against bacteria, fungi, and yeast.

This antimicrobial activity depends on its cationic nature, degree of acetylation, concentration, and the test
organism [4]. The mechanism of chitosan’s antimicrobial activities is still being discussed. Chitosan can
form a protective layer like cellophane on the food surface, which keeps microbes from physically attacking
it [32]. The chitosan layer can limit gas exchange from food to the external environment, thus inhibiting
oxygen transport for microbes to grow and develop [33]. According to its structure, the cationic groups
of chitosan can easily interact with the anionic peptidoglycan in bacterial cell walls, causing the cell wall
to disintegrate and damage to the cell wall results in the leakage of intracellular parts, leading to bacterial
death [34]. Chitosan also forms a watertight layer around bacterial cells, preventing the exchange of solutes
and thus disrupting bacterial metabolism [35]. Meanwhile, low molecular weight chitosan can go through
the cell nucleus directly and inhibit the translation of DNA into RNA by binding to DNA molecules [36].
By incorporating various additives, including metal and metal oxide nanoparticles, essential oils, and plant
extracts, the antibacterial properties of chitosan films can be significantly improved [37].

Besides that, one of the most essential properties that need more concern is antioxidant activity.
Antioxidants are substances that prevent damage to biological processes caused by free radicals. They work
by giving electrons to free radicals, rendering them harmless [38]. Free radicals are often associated with
oxidative stress, which occurs when oxygen combines with certain chemicals. These harmful radicals can
damage essential cell components like DNA, proteins, and membranes. Antioxidants neutralize free radicals
before they can cause harm. Plants produce a variety of antioxidants as secondary metabolites. Chitosan has
been shown to exhibit antioxidant activity [39], but further improvements are needed.

3 Natural Additives to Enhance Chitosan Properties
Although chitosan has good properties, the quality of chitosan-based food packaging needs further

improvement for longer-term food preservation. With amine and hydroxyl groups, chitosan can facilitate
its interaction with the other molecules to improve and modify its properties [4]. The combination between
chitosan and the other molecules can also be classified as a composite. Incorporating nanomaterials
into a composite blend produces a nanocomposite [40]. Additive materials include biopolymers, plant
extracts, essential oils, and metal nanoparticles. These various types of materials can generally improve the
performance of chitosan as food packaging.

3.1 Biopolymer
Several studies have tested the performance of chitosan as food packaging combined with other biopoly-

mers, showing an improvement in the properties and characteristics of chitosan-based composites [6].
Some biopolymers previously studied are starch, cellulose, alginate, gelatin, and pectin. Various types of
biopolymers that can be combined with the chitosan matrix are shown in Table 1.

Table 1: Composites of chitosan and other biopolymers for food packaging

Supplementary biopolymer Properties improvement References
Starch Water permeability, mechanical properties [41]

Cellulose Mechanical properties [42]

(Continued)
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Table 1 (continued)

Supplementary biopolymer Properties improvement References

Carboxymethyl cellulose Antibacterial activity, mechanical properties [43]
Texture (fruit firmness) [44]

Hydroxypropyl methylcellulose UV light barrier properties [45]
Alginate Water vapor permeability [46]
Pectin Mechanical properties [47]

Carrageenan Mechanical properties [48]
Gelatin Texture (fruit weight loss) [19]

Starch-based biodegradable films share similar physical properties with synthetic polymers, such as
being tasteless, transparent, odorless, and resistant to gases like oxygen and carbon dioxide [49]. However,
starch’s strong intermolecular bonds make it difficult to melt, limiting its direct use in film production.
Additionally, the high water content and low melting temperature of starch make film processing complex.
Incorporating active agents into starch films can also be challenging, as these agents may degrade or lose
efficacy during processing or storage [50]. Blending chitosan with starch produces food packaging films with
enhanced antimicrobial and antioxidant properties due to improved water barrier properties. When added
with thyme leaf extract, the chitosan-starch matrix also demonstrates improved mechanical properties [41].

Cellulose, another abundant natural biopolymer, is commonly derived from plant stems. Films formed
from the chitosan-cellulose combination exhibit excellent mechanical properties due to electrostatic inter-
actions between the two polymers [42]. The cationic nature of chitosan and the anionic nature of cellulose
facilitate strong interactions, resulting in food packaging that has been shown to extend the shelf life of prod-
ucts like cheese [42]. Other forms of cellulose, including methylcellulose, hydroxypropyl methylcellulose,
quaternized hemicellulose, carboxymethyl cellulose, and microfibrillated cellulose, can also be combined
with chitosan to create biocomposite-based films. Research on cellulose derivatives, such as carboxymethyl
cellulose, has demonstrated their potential as additives for chitosan to improve mechanical properties and
enhance antibacterial activity. The chitosan-carboxymethyl cellulose matrix effectively inhibits the growth
of Staphylococcus pneumonia, Bacillus subtilis, and Escherichia coli [43]. A study also revealed that avocados
coated with moringa, chitosan, and carboxymethyl cellulose experienced slower respiration rates and
maintained higher firmness than uncoated avocados throughout the storage period. These factors reduced
moisture loss and improved overall fruit quality and shelf life [44]. Another form of cellulose, hydroxypropyl
methylcellulose, exhibited excellent UV barrier properties when combined with chitosan [45].

Alginate, a biopolymer sourced from seaweed, is gaining significant attention as a sustainable alternative
to traditional petroleum-based polymers. Seaweed, a plentiful marine resource, doesn’t require land for
cultivation, making it an environmentally friendly choice [51]. Alginate can also interact electrostatically
with cationic chitosan. This interaction significantly influences contact angle, microstructure, and thermal
performance. Adding alginate to the chitosan matrix enhances water and gas barrier properties [46].

Pectin, another plant-based biopolymer, is rich in structural polysaccharides. Pectin is a complex
carbohydrate extracted from plants, primarily composed of galacturonic acid units. These units can be
chemically modified, with some carboxyl groups esterified with methyl groups or neutralized with bases [52].
Pectin possesses an anionic layer, facilitating stable intermolecular interactions with chitosan [53]. Chitosan-
pectin composites exhibit improved properties and characteristics while preserving fruits’ physicochemical
and sensory properties [47].
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Carrageenan, a seaweed-based biopolymer, can work effectively with chitosan to improve food preser-
vation. Carrageenan is a linear polysaccharide composed of galactose and ester sulfates, distinguished by the
presence of sulfur groups. Lambda (λ), kappa (κ), and iota (ι) carrageenan are the three primary types, each
characterized by a unique arrangement of sulfate groups in their repeating units [54]. According to Nguyen
et al. (2021), with a specific combination of 1% chitosan and 0.2% κ-carrageenan could reduce weight loss in
dragon fruit stored at 10○C and successfully delayed the yellowing of the fruit’s skin. A natural aging process
like yellowing is a major visual sign that influences consumer choices [48].

Gelatin can also be added to chitosan matrices as a co-agent to enhance the quality of food packaging.
Gelatin is a naturally occurring water-soluble protein obtained from the partial hydrolysis of collagen.
A study applied a carboxymethyl chitosan matrix with added gelatin to cherries. The results indicated
that this combination of biopolymers could improve food packaging quality. This study also demonstrated
that the biopolymer blend supplemented with ascorbic acid could enhance the antioxidant properties of
the packaging [55]. A specific study investigated food packaging from a chitosan matrix combined with
gelatin from tuna fish skin as a preservative for papaya fruit. This matrix combination improved antioxidant
properties and reduced mass loss, thereby successfully extending the shelf life of peeled papaya [19].

3.1.1 Nanotechnology Application on Biopolymer
Besides combining multiple types of biopolymers, improving the performance of food packaging can

also be achieved by changing the size of the polymer to nanoscale. Biopolymer-based nanoparticles are a
common type of biodegradable nanoparticles made from natural polymers in living organisms. Biopolymer-
based nanoparticles are being developed to address toxicity, biocompatibility, and biodegradability issues.
They can be applied in various industries. However, biopolymer-based nanoparticles are considered safer
and more environmentally friendly than metal nanoparticles [56].

Using nanotechnology in food preservation offers numerous advantages. These include enhancing
the properties of polymers in terms of mechanical characteristics and adding new functionalities, such
as active packaging based on the characteristics of the nanomaterials [27]. Nanomaterials, which include
nanoparticles, as defined by the European Commission, are substances composed of unbound or aggregated
particles, where at least 50% of the particles in the size distribution have one or more external dimensions
ranging from 1 to 100 nm. These materials can be composed of a single element or compound, or a
combination thereof [57]. The other form, nanoemulsions, are tiny oil droplets in the water mixture or vice
versa, with a size of around 50 to 1000 nm. Typically, they are between 100 and 500 nm in size and can be
either oil-in-water or water-in-oil system [58].

Chitosan nanoparticles have been reported to be capable of increasing the mechanical, barrier, thermal,
and antimicrobial properties of films. These results suggest that using chitosan nanoparticles can make
an edible and biodegradable film better suited for food packaging [40]. Naskar et al. (2019) outlined
various techniques for producing chitosan nanoparticles, including ionotropic gelation, emulsion droplet
coalescence, emulsion solvent diffusion, and reverse micellization [59]. In addition, adding one of the
nanocellulose types, cellulose nanofibers (CNF), to chitosan films enhanced the mechanical properties and
prevented water vapor from passing through. The increased strength was likely due to the nanofibers evenly
spreading throughout the chitosan and the good connection between the fibers and the polymers [60].
Nanocellulose, including cellulose nanofiber, cellulose nanocrystal, and bacterial nanocellulose possesses
good oxygen, water vapor, and ultraviolet barrier properties [61].
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3.2 Plant Extract
Despite having antimicrobial and antioxidant properties, chitosan’s potential can be further maximized

through improvements in these areas. One method to enhance the antioxidant and antimicrobial properties
of chitosan-based food packaging is by adding extracts from plant parts such as leaves, fruit peels, stems,
and seeds [6]. In addition to being non-toxic, plant extracts are widely available in nature. Adding extracts
rich in polyphenols, like banana peel and mango peel extracts, can improve the antioxidant properties of
chitosan-based films and coatings. Various plant extracts that have been studied as antioxidant agents are
shown in Table 2.

Table 2: Plant extracts as antioxidant agents in chitosan-based food packaging

Plant extract DPPH Inhibition (%) References
Banana peel 52–89 [62]

Green tea leaf 29–51 [63]
Grape seed 30–58 [64]
Jujube leaf <45 [65]

Propolis 30–55 [66]
<50 [67]

Mango leaf <87 [68]
Purple sweet potato <80 [69]

Olive leaf <75 [70]

Antioxidant properties are often tested using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent. The
DPPH method for testing antioxidants is one of the most widely used methods for testing plant extracts. This
method is based on measuring electron paramagnetic resonance spectroscopy of DPPH depletion during its
reaction with antioxidants. Antioxidant activity is usually expressed as a percentage of free radical inhibition.
Although widely used, the DPPH method needs to be standardized [68]. The kinetic properties of each
sample greatly influence antioxidant activity. Plant extracts can react rapidly with DPPH, while essential oils
undergo a slower reaction [71]. In addition to antioxidant properties, plant extracts also potentially have
antimicrobial properties.

Banana peels, often considered waste, have shown potential as an additive in chitosan-based packaging.
Research has indicated that banana peels can alter chitosan films’ physical and mechanical properties. Banana
peels contain phenolic compounds such as carotenoids, ascorbic acid, and biogenic amines that function
as antioxidants [62]. The addition of banana peel extracts significantly enhanced the antioxidant capacity
of the films compared to pure chitosan films. As the banana peel extract concentration increased, so did
the antioxidant activity. It shows a similar trend observed in the total phenolic content [62]. Meanwhile,
this research also demonstrated that increasing the concentration of banana peel extract led to a decrease in
mechanical properties, specifically tensile strength [62].

Green tea leaves (Camellia sinensis) are a rich source of phenolic compounds like catechin, theaflavin,
and thearubigin [63]. These three compounds have been shown to inhibit microbial growth and possess
good antioxidant properties. Studies have shown that adding green tea extract to chitosan films can enhance
their antioxidant properties. Results indicate that the higher the concentration of the extract, the better the
antioxidant properties [63]. The study also indicated that adding green tea extract to chitosan films improved
their mechanical and barrier properties. The interactions between chitosan and the polyphenolic compounds
present in green tea extracts likely contributed to these modifications in film properties [63].
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Research on developing chitosan-based food packaging has also been conducted using extracts from
red grape seeds combined with Zataria multiflora Boiss essential oil. Grape seeds have a high content
of flavonoids. Research has proven that chitosan films with these natural compounds can improve their
antioxidant and antimicrobial properties [64]. A comparative analysis revealed that chitosan films fortified
with grape seed extract possessed a greater capacity to scavenge DPPH radicals than those fortified with
Zataria multiflora Boiss essential oil [64].

Jujube leaves, also known as ziziphus leaves, have been shown to improve the antioxidant properties of
chitosan films [65]. Jujube leaves exhibited the highest DPPH scavenging activity compared to pine nutshell
and peanut, similarly, demonstrating the total phenolic content. The variation in antioxidant activity among
the composite films could be attributed to the intricate interplay of the three plant extracts. The incorporation
of the three plant extracts into chitosan films led to a significant decrease in the water swelling capacity
and mechanical strength of the films. Conversely, it increased the permeability of the films to water vapor,
oxygen, and carbon dioxide. These modified properties hold potential for the development of active modified
atmosphere packaging systems for fruits and vegetables [65].

Propolis, a substance bees produce, can also be used as an antioxidant and antimicrobial agent. Propolis
contains many beneficial compounds, such as flavonoids, phenolic acids, phenyl aldehydes, and other amino
acids. The addition of propolis extract to chitosan films led to an increase in total phenolic content and DPPH
scavenging activity. Furthermore, as the concentration of propolis extract increased, so did the antioxidant
activity and total phenolic content [66]. Another study explored the use of propolis extract from three
types of Malaysian stingless bees: T. apicalis, H. fimbriata, and T. binghami. These propolis samples were
found to contain flavonoids and phenolic compounds, known for their potential in creating biologically
active substances and exhibiting strong antioxidant properties. The results indicated that all three types
of propolis demonstrated significant antioxidant activity, with H. fimbriata propolis exhibiting the highest
performance [67]. Propolis has been studied as a compound that can inhibit bacterial growth such as Bacillus
cereus, Listeria monocytogenes, and Staphylococcus aureus [66].

Mango leaf extract has been investigated as an additive in producing chitosan-based films implemented
on cashew nuts. Research has shown an increase in antioxidant activity after adding mango leaf extract at
a concentration of 5%, resulting in a maximum inhibition percentage in the DPPH test of 87.16% [68]. The
increase in inhibition is due to the thickening of the chitosan composite film with the extract. The increase
in antioxidant activity also suggests the involvement of other phenolic compounds present in mango leaf
extract. In addition, the parameter of oxidation resistance was also shown to increase significantly after the
film was supplemented with mango leaf extract at concentrations of 3% and 5%. The morphological results
showed an interaction between the phenolic polymer of mango leaf extract and chitosan, resulting in a
smooth film structure [68].

Purple sweet potato is a source of anthocyanins. Anthocyanins are phenolic compounds that play a role
in antioxidant activity. Plants rich in anthocyanins exhibit various colours such as orange, red, purple, and
blue, depending on the type of plant [72]. Research has reported that the addition of purple sweet potato
extract can improve the antioxidant properties of chitosan. This antioxidant mechanism is related to the
chelating efficiency that can inhibit lipid peroxidation. Due to these advantages, chitosan films supplemented
with purple sweet potato extract can protect food from oxidative damage [69].

Olive leaves (Olea europaea L.) are recognized as a valuable source of various bioactive compounds,
particularly a diverse range of phenolic compounds. Olive leaf extract exhibits potent antioxidant and
antimicrobial properties, making it effective in combating diseases such as coronary heart disease, diabetes,
and certain bacterial infections [73]. It was confirmed by a study demonstrating that a chitosan-olive leaf
extract blend exhibited approximately 75% DPPH radical scavenging activity [70].
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The addition of turmeric extract to chitosan films significantly enhanced their antimicrobial properties.
Compared to pure chitosan films, turmeric extract-incorporated films demonstrated a significant reduction
in Staphylococcus aureus and Salmonella counts [74]. This improved antimicrobial activity can be attributed
to the presence of curcuminoids and terpenoids within the turmeric extract. The addition of turmeric extract
to chitosan-based food packaging also increases the value of the tensile strength parameter and significantly
improves the barrier properties against visible ultraviolet light [74]. Another study shows that the turmeric
extract could inhibit fungal growth, especially for Botrytis cinerea [75].

A study has demonstrated synergistic performance between chitosan films and apple peel polyphenols.
The high polyphenol content of apple peel extract enables it to inhibit the activity of Staphylococcus aureus,
Salmonella typhimurium, Escherichia coli, and Bacillus cereus [76]. This was evidenced by the formation of
inhibition zones on the agar medium. It was observed that as the concentration of apple extract increased,
the size of the inhibition zone also increased. The addition of polyphenols led to a decrease in the mechanical
properties of the chitosan film. This reduction in mechanical strength may be attributed to a disruption
in the crystalline structure of the chitosan matrix. The incorporation of polyphenols could interfere with
the formation of ordered crystalline structures, weakening the intermolecular hydrogen bonding within the
matrix [76].

In a study, pork coated with a tomato extract and chitosan-based edible coating was able to reduce the
population of aerobic mesophilic bacteria for up to 21 days [77]. In this study, bacterial analysis was calculated
based on the growth of bacterial colonies, represented by log/CFU. The number of mesophilic and coliform
bacteria analyzed over several days indicated that the combination of chitosan and tomato extract was able
to inhibit bacterial growth [77].

Pomegranate peel can scavenge free radicals and has antimicrobial properties. Pomegranate peel
extract has been tested to inhibit the exchange of oxygen and carbon dioxide and increase the antioxidant
activity of chitosan-based food packaging. This extract can inhibit the growth of Staphylococcus aureus [78].
The addition of 10 g/L of pomegranate peel extract of film material resulted in a notable ability to kill
Staphylococcus aureus bacteria. However, the same treatment did not affect Escherichia coli. This aligns
with the general understanding that Gram-positive bacteria, are more susceptible to antimicrobial agents
compared to Gram-negative bacteria [78].

Clove extract can also be used as an antibacterial agent, especially against Salmonella typhimurium,
Staphylococcus aureus, and Escherichia coli. This study showed that the addition of clove extract to the
chitosan matrix can inhibit bacterial activity. This is indicated by the bacterial test results observed from the
zone of inhibition formed. The largest zone of inhibition against bacteria was observed from the test using a
chitosan matrix supplemented with clove extract [7].

Similar to clove extract, the combination between chitosan and peppermint (Mentha piperita L.) extract
could be effective against bacteria (79). The chitosan demonstrated effectiveness against both gram-positive
and gram-negative bacteria. It was particularly strong against Salmonella typhimurium, Staphylococcus
aureus, and Escherichia coli. When combined with peppermint extract, the mixture exhibited a synergistic
effect, especially against Staphylococcus aureus, with a larger zone of bacterial growth inhibition compared
to the other bacteria [79].

3.2.1 Nanotechnology Application on Plant Extract
As observed in biopolymers, reducing the size of plant extracts to the nanoscale can also enhance their

performance, especially regarding antioxidant and antimicrobial activities. These nanoscale plant extracts,
as antioxidant agents, can penetrate cells more easily than the original forms [80]. Plant extracts in the form
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of nanoemulsions offer numerous benefits. Additionally, the tiny droplets in nanoemulsions enhance the
effectiveness of the extract against various pathogens [81], which also means that a smaller extract can be
used efficiently. Different methods exist for creating nanoemulsions, such as high-pressure or ultrasound
utilization. Ultrasonic homogenization has become a popular choice among food manufacturers because it
is less expensive, more energy-efficient, and allows for better control of the process [82].

As an example, in 2024, Rahmani et al. revealed that the nanoemulsion form of essential oil could
improve the inhibition process from biofilm and bacterial growth [83]. The antibacterial activities of the
synthesized formulations were evaluated by measuring their minimum inhibitory concentration (MIC), zone
of inhibition diameter, minimum bactericidal concentration (MBC), and their ability to inhibit biofilm for-
mation by Salmonella typhimurium and Klebsiella pneumoniae. The highest inhibition of biofilm formation
was observed with the combination of chitosan, nanoencapsulated nettle and wormwood leaves [83].

3.3 Essential Oil
In addition to plant extracts, the properties of chitosan-based food packaging can be enhanced using

essential oils. Numerous studies have investigated using essential oils as additives in chitosan, which can
also influence its mechanical properties. The effect of essential oils depends on their composition. Generally,
some research has shown an incompatibility between hydrophobic essential oils and chitosan, affecting the
polymer’s microstructure. The interaction between essential oils and chitosan can lead to a more porous
structure, reducing the tensile strength of the resulting film [6]. It could also happen due to the volatility of the
essential oil [84]. Despite the limitations, chitosan and essential oil have a synergistic relationship. Chitosan
can effectively slow down the evaporation rate of essential oils. Polymeric-based materials are effective in
encapsulating and preserving essential oils. Various types of polymeric platforms, including hydrogels [85],
nanoparticles, and nanoemulsions [86,87], have been studied to analyze the performance of essential oils.

Besides affecting the mechanical properties of chitosan, essential oils can improve their antimicrobial
and antioxidant properties. Similar to plant extracts, the antioxidant properties of essential oils are often
evaluated using the DPPH method. Compared to plant extracts, essential oils react more slowly with DPPH.
The differences in reaction kinetics have been classified into three categories: rapid, intermediate, and
slow [71]. Various types of essential oils that have been studied as antioxidants and antimicrobial agents are
shown in Table 3, respectively.

Table 3: Essential oil as antioxidant agents in chitosan-based food packaging

Essential oils DPPH Inhibition (%) References
Zataria multifora Boiss 20–58 [64]

Eucalyptus globulus 23–43 [88]
Apricot kernel 18–35 [89]

Caraway <85 [90]
Carum copticum 10–60 [91]

Eryngium campestre 50–60 [92]

Zataria multiflora Boiss, a fragrant medicinal plant, is part of the Lamiaceae. It grows in warm,
mountainous regions of Iran, Pakistan, and Afghanistan [93]. The essential oil from this plant contains many
oxygenated monoterpene phenols, enabling it to inhibit the activity of bacteria, fungi, and radicals [64].
Zataria multiflora Boiss essential oil-fortified chitosan exhibited improved antioxidant activity. The study
revealed a synergistic effect when grape seed extract was combined with this formulation, leading to a higher
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overall antioxidant capacity [64]. Meanwhile, another study reveals that Zataria multiflora Boiss essential oil
could more effectively inhibit Listeria monocytogenes growth than grape seed extracts [94].

Eucalyptus globulus essential oil has been shown to enhance the antioxidant properties of chitosan-based
food packaging by 43% [88]. This study also demonstrated an increased inhibition rate against Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida parapsilosis, and Candida albicans. As the
concentration of Eucalyptus globulus essential oil increases, the zone of inhibition on the agar plate becomes
larger. These findings demonstrate that Eucalyptus globulus essential oil can be effective against a broad range
of microorganisms [88].

Chitosan-based food packaging has also been tested with apricot kernel essential oil as an additive.
The results showed that this combination resulted in good antioxidant, antimicrobial, and water barrier
properties [89]. The primary components of apricot kernel oil were oleic acid and linoleic acid. The
antioxidant properties of chitosan films fortified with apricot kernel oil are likely attributed to the presence
of N-methyl-2-pyrrolidone within the apricot kernel oil. Moreover, the incorporation of apricot kernel oil
into chitosan films demonstrated inhibitory effects on bacterial growth, particularly against Bacillus subtilis
and Escherichia coli [89].

Caraway can also be used as an antioxidant agent. A study showed that adding caraway to chitosan
films increased the antioxidant properties of chitosan as measured by the DPPH method [90]. The addition
of caraway essential oil to chitosan films significantly enhanced their antioxidant activity. The primary
constituents of caraway essential oil, carvone and limonene, exhibit strong antioxidant properties [90].

Carum copticum essential oil has also been tested in combination with chitosan to assess its potential as
a food packaging material. Carum copticum essential oil exhibits stronger antioxidant properties in its pure
form compared to its encapsulated form within chitosan nanoparticles. This difference may be attributed
to the limited release of Carum copticum essential oil of the nanoparticles in ethanol. The nanoparticles
remain intact, preventing the full release of the encapsulated Carum copticum essential oil [91]. This essential
oil encapsulated in chitosan nanoparticles demonstrated the strongest antibacterial activity against a range
of bacteria, including Staphylococcus aureus, Staphylococcus epidermidis, Bacillus cereus, Escherichia coli,
Salmonella typhimurium, and Proteus vulgaris [91].

Another essential oil that can be used as an additive is Eryngium campestre. Eryngium campestre L., a
perennial plant from the Umbrella family, is known for its medicinal properties. Its essential oil is valued for
its potential to cure nerve pain, rheumatic conditions, inflammation, and heartburn [95]. Chitosan combined
with Eryngium campestre essential oil can enhance antioxidant activity, particularly in neutralizing DPPH
radicals. The antioxidant effect can be primarily attributed to the presence of phenolic compounds [92].
This study prepared chitosan as nano-chitosan and combined it with essential oil through encapsulation.
Subsequently, this matrix was applied to cherries for 21 days of storage. The study demonstrated that
Eryngium campestre essential oil could reduce aerobic bacterial counts, mass loss percentage, and titratable
acidity [92].

Basil essential oil has also been investigated as an antimicrobial agent in chitosan films. Basil essential
oil is often used as a food additive to prevent oxidation, as an antimicrobial agent, or as a flavoring
agent in various products [96]. Testing chitosan films with basil oil has shown a good inhibitory effect on
Staphylococcus saprophyticus and Escherichia coli [97]. Consequently, basil essential oil demonstrated potent
antimicrobial activity against tested microorganisms, encompassing both gram-positive and gram-negative
bacteria [97].

Tea tree oil (Melaleuca alternifolia) is well-known for its various benefits. Notably, it offers a promising
alternative to conventional antifungal drugs [98]. Tea tree oil can also be used as an antimicrobial agent
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and is effective against Penicillium italicum. Tea tree oil composite films inhibited the growth of Penicillium
italicum, with the rate of inhibition depending on the oil concentration. Lower tea tree oil concentrations
had no observable antimicrobial effect. Research has shown that the addition of tea tree oil can also reduce
the activity of Listeria monocytogenes even at a storage temperature of 10○C for 12 days [99].

Cinnamon is a natural material with excellent antioxidant properties. The primary active compound
is cinnamaldehyde [100]. Incorporating cinnamon essential oil into chitosan films can enhance radical
scavenging activity. Cinnamon essential oil combined with ginger essential oil is particularly suitable for
chitosan films used to preserve meat. A common method for evaluating the antimicrobial efficacy of
agents is to measure the total viable count of microorganisms on a sample, such as meat. In this case, a
higher concentration of essential oils in chitosan-based films led to stronger antimicrobial activity against
pork slices. This suggests that specific antimicrobial compounds present in ginger and cinnamon essential
oil, including cinnamaldehyde, eugenol, limonene, and zingiberene, are responsible for this enhanced
activity [100].

Extracted essential oil from lemongrass could also improve the antimicrobial activity of chitosan-
based composite films and coatings. The essential oil contains various monoterpenoid groups of secondary
metabolites such as geranial, neral, and citral, which essentially promote a good effect on bacteria growth
inhibition [101,102]. Furthermore, a combination of chitosan and lemongrass essential oil can also improve
the anticancer properties [103], antioxidant activity [104], antifungal properties [105], and mechanical
properties [106]. Lemongrass essential oil combined with chitosan was reported to effectively inhibit the
growth of Staphylococcus aureus, Staphylococcus epidermidis [107], Rhizopus stolonifera [105], Bacillus cereus,
Escherichia coli, Listeria monocytogenes, and Salmonella typhi [101].

3.3.1 Nanotechnology Application on Essential Oils
The use of essential oils in their unaltered forms faces several significant challenges. Firstly, they exhibit

low stability and are prone to degradation through volatilization and oxidation when exposed to external
factors such as oxygen, light, and temperature. Secondly, their low solubility in water limits their application.
The incorporation of essential oils directly into water-based matrices and environments is challenging
because of their hydrophobic properties. Consequently, this limitation can reduce antimicrobial efficacy and
restrict practical applications. Thirdly, there are potential interactions with components in food that could
affect their efficacy. Notably, the presence of oxygen has been shown to cause substantial physicochemical
and compositional changes in essential oils, thereby diminishing their stability, quality, and functional
properties [108].

Therefore, it is necessary to incorporate other materials to mitigate evaporation. Nanoencapsulation or
nanoemulsification using emulsifiers can be implemented to prolong the shelf life of essential oils. Nanoen-
capsulation appears to be a promising solution to these challenges. This method not only protects essential
oils and their bioactive components from exposure and degradation by creating a physical barrier, but also
allows for their controlled release, enhancing bioavailability and effectiveness. Various nanoencapsulation
techniques have been developed, with nanoparticles and nanoemulsions being the most favorable and
frequently investigated options. These encapsulation processes involve coating bioactive substances within
a matrix, such as a synthetic or natural polymer, effectively isolating the active ingredients from external
factors [109]. On the other hand, emulsifiers possessing both hydrophilic and hydrophobic regions, facilitate
the formation of nanoemulsions and improve their stability [110]. Essential oil-based nanoemulsion could
also be applied to a biopolymer matrix. Biopolymers maintain the efficacy of essential oils, and encapsulation
using biopolymers can be adapted to gradually release their bioactive components [111]. Encapsulation also
extends the duration of antimicrobial and antioxidant effects. Nanoemulsions possess unique properties and



J Renew Mater. 2025;13(6) 1055

exhibit greater stability than traditional ones, making them highly promising for food, pharmaceutical, and
cosmetic applications. Despite their potential, they are not entirely stable, necessitating further research to
achieve stable nanoemulsions for production. Encapsulating essential oils in nanoemulsions offers numerous
benefits, enhancing product performance as well as biological and physicochemical stability [112].

A study revealed that Alhagi maororum essential oil nanoemulsions exhibited superior antibacterial
properties compared to its free forms. Additionally, this nanoemulsion also demonstrated antibiofilm
activity [113]. Similar results were obtained from experiments using Syzygium aromaticum essential oil,
where the percentage of biofilm inhibition in samples with nanoemulsions was significantly higher com-
pared to those without nanoemulsions [114]. This enhanced performance is attributed to factors such as
increased dissolution, wetting, and surface area, leading to improved cellular penetration and bioavailability.
Nanoemulsions offer several advantages, including increased efficacy, reduced dosage, and sustained release
of active ingredients. These benefits make nanoemulsions a promising approach for delivering essential oils
and other bioactive compounds [113].

4 Metal or Metal Oxide Nanoparticles to Enhance Chitosan Properties
The utilization of nanotechnology to enhance food packaging performance, apart from being applied

through nano-sized natural additives, can also be done by adding metal or metal oxide nanoparticles. The
incorporation of metal or metal oxide nanoparticles into chitosan-based food packaging systems presents a
novel approach for improving material performance. Metals and metal oxide nanoparticles can specifically
target and disrupt bacterial metabolic processes. Like certain antibiotics, metal compounds can differentiate
between bacterial and human cells, exploiting differences in how cells handle metal transport and proteins.
This selectivity makes metals a promising long-term solution for both bacterial infections and biofilm
control [115]. Metal nanoparticles possess intrinsic antimicrobial properties and can synergistically interact
with chitosan, offering a promising strategy to improve the overall functionality of these materials. On the
other hand, metallic ions can be introduced into a chitosan solution to increase the mechanical strength
or thermal stability of food packaging materials. These ions are then transformed into nanoparticles and
integrated into the polymer matrix [116]. Various types of metal nanoparticles studied as antimicrobial
nanocomposites are presented in Table 4. Furthermore, a more detailed analysis of the antimicrobial and
antioxidant activity, mechanical, and thermal properties enhancement of chitosan by metal nanoparticles
will follow.

Table 4: Improved properties by metal nanoparticle addition for chitosan-based food packaging

Metal or metal oxide nanoparticles Antimicrobial activity Antioxidant Thermal Mechanical
Ag Yes Yes Yes Yes
Cu Yes N/A N/A Yes

ZnO Yes No Yes Yes
TiO2 Yes Yes Yes Yes
CuO Yes Yes Yes Yes
CeO2 Yes Yes Yes Yes

4.1 Antimicrobial and Antioxidant Activity
Metal nanoparticles such as silver and copper are effective antimicrobial nanomaterials against gram-

positive and gram-negative bacteria, fungi, protozoa, and viruses. Antimicrobial agents in nanomaterials
can electrostatically bind to the microbial cell wall, altering the membrane potential and leading to various
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metabolic disruptions, including impaired cellular respiration, cell membrane damage, and transport imbal-
ances, ultimately causing cell death [6]. Another mechanism specific to metal nanoparticles involves the
production of reactive oxygen species (ROS). Certain nanomaterials can stimulate inflammation, chemically
converting toxic oxidants such as hydrogen peroxide into more reactive free radicals. Semiconductor nano-
materials can generate ROS through reactions between excited electrons and water molecules, producing
substances toxic to microorganisms. ROS can cause damage to DNA and RNA, lipid peroxidation, and inhibit
enzymes in microbes. The size and shape of nanoparticles can influence ROS production and antimicrobial
activity. Small nanoparticles can penetrate cell membranes and other biological layers [6].

The green synthesis of metal nanoparticles has found widespread application in the food industry. Silver
nanoparticles (AgNPs) are one example of metal nanoparticles used in chitosan-based food packaging. A
study investigated the synthesis of chitosan-based films incorporated with AgNPs. The results indicated
that adding AgNPs enhanced antimicrobial activity, particularly against Staphylococcus aureus, Escherichia
coli, Salmonella, and Listeria monocytogenes [117]. Antimicrobial activity enhancement was demonstrated
by the increased size of the inhibition zone observed during testing. The addition of AgNPs to the
chitosan/polyvinyl alcohol film significantly improved its antioxidant properties, and this effect became more
pronounced as the C-Ag concentration increased. The antioxidant mechanism of chitosan/polyvinyl alcohol
films involves the pairing of oxygen atoms from C-Ag with nitrogen atoms in DPPH. This pairing leads to a
decrease in absorbance at 517 nm and the disappearance of DPPH’s purple color [118].

Copper nanoparticles (CuNPs) combined with chitosan have also been studied and shown to exhibit
excellent antifungal activity against tomato fruit [119]. CuNPs were effective in inhibiting the growth of
Alternaria solani and Fusarium oxysporum. Cu ions are known to exhibit antifungal properties by generating
highly reactive hydroxyl radicals that can damage biological molecules. In this study, the enhanced antifungal
activity of Cu-chitosan nanoparticles arises from a synergistic effect between chitosan, which induces defense
enzymes, and the toxic effects of released Cu ions [119].

Metal oxide nanoparticles, such as zinc oxide (ZnO), titanium dioxide (TiO2), and copper oxide (CuO),
have also been investigated as additive materials. These metal oxide nanoparticles are commonly used as
additives in biopolymer matrices to improve the quality of food packaging. The ZnO nanoparticles have
been found to extend the shelf life of meat by up to 14 days [120]. This study tested ZnO nanoparticles as
an inhibitor of bacterial activity, specifically Staphylococcus aureus and Escherichia coli. Additionally, ZnO
has been tested in chitosan matrices for banana application. In this study, ZnO nanoparticles were proven to
inhibit the activity of Bacillus subtilis also. The best results were shown in the inhibition rate of Staphylococcus
aureus [121]. In a study reveals that adding ZnO nanoparticles to chitosan films did not significantly improve
their antioxidant properties [122].

Other research has shown that using titanium dioxide nanoparticles can help chitosan inhibit microbes
in food packaging. Antimicrobial testing was conducted on Staphylococcus aureus, Escherichia coli, Candida
albicans, and Aspergillus niger [123]. The study proved that titanium dioxide nanoparticles could inhibit the
activity of all these types of microbes. A study reveals that the antioxidant activity of the samples with added
TiO2 NPs show a decrease with increasing TiO2 NPs concentration. Meanwhile, at certain concentrations,
shows increased antioxidant activity. This is likely because the antioxidants were bound to the surface of
TiO2, limiting their ability to interact with and neutralize free radicals [124].

Copper oxide nanoparticles could inhibit the microbes Escherichia coli, Pseudomonas aeruginosa, and
Listeria monocytogenes [125]. A research study has demonstrated that copper oxide nanoparticles (CuONPs)
exhibit enhanced antimicrobial activity against gram-positive bacteria compared to gram-negative bacteria.
This increased susceptibility of gram-positive bacteria, particularly Staphylococcus aureus, to CuONPs is
linked to the higher concentration of amine and carboxyl groups on their cell surfaces. These functional
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groups have a stronger affinity for copper ions, leading to increased toxicity and disruption of cellular
processes in gram-positive bacteria [126]. The incorporation of CuO NPs into the chitosan/hydroxypropyl
cellulose matrix resulted in a substantial increase in antioxidant activity as the nanoparticle concentration
was raised. This improved antioxidant performance of the nanocomposite films is likely attributed to the
increased electron density of the CuO NPs, which enhances their ability to scavenge free radicals [127].

In addition to the various metal and metal oxide nanoparticles mentioned previously, there is another
type with high potential for improving the antimicrobial properties of chitosan. This type of nanoparticle is
cerium oxide (CeO2) nanoparticles. Cerium oxide has a unique property derived from the cerium element,
which can be reversibly converted from the Ce(III) to Ce(IV) form [128]. This property is particularly
attractive because it plays an important role in inhibiting the activity of microorganisms. Meanwhile, cerium
oxide nanoparticles could also inhibit ROS activity, which is good for improving the antioxidant activity of
chitosan [129]. A study shown that the nanocomposite chitosan films containing 2% nanoceria effectively
scavenged approximately 75% of ABTS and 50% of DPPH free radicals. This antioxidant activity is attributed
to nanoceria’s unique ability to transition between different oxidation states (Ce3+ and Ce4+) due to oxygen
vacancies within its crystal structure [130].

4.2 Mechanical Properties
Mechanical properties are one of the criteria that need to be achieved for food packaging applications.

The strength of the packaging can affect the durability and shelf life of food. Chitosan films offer a high degree
of customization, allowing them to be tailored for specific applications, such as enhancing barrier properties
or mechanical strength. A major focus of current research is developing chitosan-based edible films that can
serve as primary food packaging, preventing moisture loss and oxygen access [131]. However, to increase its
resistance to external disturbances, the mechanical properties of chitosan still need to be improved.

A study was shown that the addition of AgNPs enhances the hydrophobicity of the material, resulting
in contact angle measurements for the chitosan/PVA layer that exceed 90 degrees [118]. Other studies have
shown that the presence of AgNPs also enhances the mechanical properties of chitosan-PVA composites.
For chitosan/PVA-Ag nanocomposite films, a significant increase in tensile strength, stress at break, and
elongation at break was observed. This improvement can be attributed to the formation of an additional
bonded network created by the incorporation of AgNPs within the polymer blend. This network is formed
through hydrogen bonding and strong electrostatic interactions between the polymer blend and AgNPs [132].

The other study reveals that the tensile strength of chitosan and CuNPs films was higher than pure
chitosan films. Both tensile strength and elongation at break showed an increasing trend with increasing
CuNPs concentration up to a certain value. However, as the concentration of CuNPs increased, the tensile
strength gradually decreased. The reduction in strength is likely caused by a weakening of the interaction
between the nanoparticles and the chitosan matrix at higher concentration [133].

Typically, a higher elongation at break, coupled with a good tensile strength, indicates superior material
quality. By incorporating ZnO nanoparticles into a blend of chitosan and xanthan gum, the mechanical
properties of the resulting films were significantly enhanced. This improvement is attributed to the enhanced
interaction between the biopolymers and the nanoparticles [134]. The ZnO nanoparticles could also signifi-
cantly weaken the films’ mechanical properties. The nanoparticles interfere with the crystalline order of the
chitosan, reducing the strength of the intermolecular bonds between the polymer chains [122].

The addition of TiO2 nanoparticles to chitosan significantly improved the tensile strength and elonga-
tion at break of the resulting nanocomposites. The tensile strength and deformation at break were both higher
in samples containing TiO2 compared to those without [135]. As the concentration of TiO2 nanoparticles
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increased, so did the mechanical properties [136]. This enhancement is likely due to the electrostatic
interaction between the positively charged TiO2 nanoparticles and the negatively charged carboxyl groups
in the chitosan matrix. Additionally, the incorporation of nanoparticles into the chitosan chains may
increase chain mobility, further contributing to the improved tensile strength and elongation. However, these
molecular interactions can also strengthen the polymer network, potentially reducing its flexibility [136].

In the other study, the chitosan/hydroxypropyl cellulose film with CuO nanoparticles showed a signif-
icant increase in tensile strength and Young’s modulus compared to the control film without nanoparticles.
This improvement is attributed to the nanoparticles reinforcing the polymer matrix, creating a denser net-
work that restricts molecular movement [127]. Meanwhile, another study demonstrated that a combination
of 1% CuO/NiO nanoparticles could enhance the tensile strength and elongation at break of polyvinyl
alcohol/starch/chitosan films. However, further increasing the nanoparticles concentration to 2% led to a
significant decrease in tensile strength and elongation at break. This decline suggests that the nanoparticles
may have agglomerated, reducing the number of effective interactions with the polymer and potentially
disrupting the hydrogen bonding network within the polymer matrix [137]. The optimal concentration of
both nanoparticles and polymers must be carefully considered to ensure the quality of food packaging.

Chitosan-based nanocomposite with the gelatin and CeO4Zr nanoparticles showed the improvement
of structural, morphological, mechanical, and thermal properties [138]. Although there is not much research
on cerium oxide nanoparticles, the development of this metal oxide has a high potential for improving the
properties and characteristics of chitosan as food packaging.

4.3 Thermal Stability
The addition of metal or metal oxide nanoparticles improves the thermal stability of chitosan. For

example, adding silver nanoparticles to chitosan films enhanced their thermal resistance, especially at higher
temperatures. This improvement is attributed to the interaction between the metal nanoparticles and the
polymer chains. The specific interactions, such as van der Waals forces, hydrogen bonding, and other
chemical bonds, influenced the thermal properties of the composite films. While the thermal profiles of the
composite films were similar to pure chitosan at lower temperatures, a significant increase in thermal stability
was observed at higher temperatures [139].

The thermal stability of the chitosan/polyvynil alcohol films was enhanced by increasing the AgNPs
content. This improvement was due to the stable nature of the AgNPs. Polyvynil alcohol-Ag and chitosan-
Ag nanocomposites exhibited higher thermal stability compared to pure polymers. This suggests that the
incorporation of AgNPs into the chitosan/polyvynil alcohol mixture improved heat resistance and delayed
thermal degradation [118].

On other hand, the thermal stability of chitosan, ZnO nanoparticles, and their composite was inves-
tigated under high temperatures by Aouadi et al. (2024). Chitosan was less thermally stable than both
ZnO nanoparticles and the chitosan-ZnO nanoparticle composite. This is due to the heat sensitivity of
chitosan’s polysaccharide structure, which is prone to degradation at elevated temperatures. In contrast, ZnO
nanoparticles and the composite exhibited higher thermal stability, suggesting that the addition of chitosan
did not significantly compromise their thermal properties. Interestingly, coating ZnO nanoparticles with
chitosan enhanced their thermal stability, indicating a synergistic effect between the two materials [140].
Meanwhile, adding a small amount of ZnO nanoparticles to the chitosan films did not significantly affect
their thermal stability. This may be because the limited number of nanoparticles hindered the interaction
between the chitosan chains, leading to a slight decrease in thermal stability [141].
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TiO2 nanoparticles to chitosan enhanced the thermal stability of the resulting composites. The addition
of TiO2 nanoparticles to chitosan films led to the formation of TiO2 bonds, which strengthened the
interactions between chitosan molecules. This enhanced interaction resulted in improved thermal prop-
erties of the composite film [142]. This improvement is attributed to the formation of hydrogen bonds
between the functional groups of chitosan and the TiO2 crystallites. The presence of TiO2 nanoparticles
altered the decomposition mechanism of the chitosan matrix. Interestingly, increasing the concentration of
nanoparticles led to a further increase in thermal stability [136].

Another study reveals that incorporating NiO/CuONPs into the polyvinyl alcohol/starch/chitosan
blend slightly enhanced the thermal stability of the resulting bio-nanocomposites. This improvement is
attributed to the formation of stronger chemical bonds between the polymer chains, which slows down the
degradation process. Given their enhanced thermal stability, these bio-nanocomposite films show potential
for use in food packaging applications [137].

On the other hand, the incorporation of 1% nanoceria did not significantly affect the thermal stability
of the chitosan film matrix. However, increasing the nanoceria concentration to 2% led to a notable decrease
in thermal stability. This reduction is likely due to the lower concentration of nanoceria at this level, which
may result in a more uniform distribution throughout the polymer matrix [130].

5 Properties Improvement by Natural Additives and Metal or Metal Oxide Nanoparticles
The various additive materials discussed earlier offer unique benefits for enhancing the properties of

chitosan-based films and coatings. A comparative analysis of these additives, considering different evaluation
parameters, is summarized in Table 5. Based on the analysis and comparison in Table 5, several aspects can
be used for comparison, including the improved properties and characteristics of chitosan films and coatings,
environmental and sustainability issues, economic aspects, availability and synthesis difficulty, and sensory
properties. Compared to their influence on chitosan films and coatings, all additive materials have particular
benefits depending on the type and concentration of additives and the specific application. Biopolymers are
generally added to the chitosan matrix to create electrostatic interactions that can improve the mechanical
strength of chitosan films and coatings, making them less susceptible to damage [42,46]. Plant extracts and
essential oils, both plant-based additive materials, can improve the antioxidant and antimicrobial properties
of chitosan films and coatings [143]. Metal nanoparticles are generally added to enhance antimicrobial
properties because nanoparticles can inhibit microbial activity on chitosan films and coatings [144].

Table 5: Comparison of the use of additives in chitosan-based films and coatings

Comparisons Biopolymer Plant extracts Essential oil Metal or metal oxide
nanoparticles)

Improved properties Mechanical properties Antioxidant and
antimicrobial activity

Antioxidant and
antimicrobial activity

Antimicrobial activity,
large surface area,

thermal properties,
mechanical properties

Environmentally
issues and

sustainability

Environmentally
friendly,

biodegradable,
sustainable (derived

from natural sources)

Environmentally
friendly, sustainable

(derived from natural
sources)

Environmentally
friendly, sustainable

(derived from natural
sources)

Potentially cause
negative effects on

human health and the
environment

Economic aspects Relatively high due to
purification process

Relatively low due to
the simple process

Relatively high due to
the low yield
production

Relatively high due to
the expensive

precursor

(Continued)



1060 J Renew Mater. 2025;13(6)

Table 5 (continued)

Comparisons Biopolymer Plant extracts Essential oil Metal or metal oxide
nanoparticles)

Availability and
synthesis difficulty

Relatively easy to
obtain, already widely

available in powder
form

Relatively easy to
obtain, mostly use the

simple extraction
process

Relatively easy to
obtain, but more

challenging synthesis
process

Relatively difficult and
requires a high energy

process

Sensory properties Odorless Lightly odor, almost
odorless

Strong and unique
aroma

Odorless

Nanoscale effect
improvement

Mechanical
properties,

antimicrobial activity,
large surface area

Antioxidant and
antimicrobial activity,

large surface area

Antioxidant and
antimicrobial activity,

large surface area

–

Another important aspect of comparison is environmental and sustainability issues. Environmental
issues are currently a major focus in various sectors. Biopolymers are materials based on natural materials,
so they are easily biodegradable [4]. Similarly to biopolymers, plant extracts and essential oils are derived
from plants, which are easy to degrade due to the biodegradable natural material sources [143]. However,
the production of metal nanoparticles is more complex and can produce chemicals that are toxic to the
environment. Based on current technological developments, the term “green synthesis” is known, which is
a more environmentally friendly method for producing metal nanoparticles using green materials such as
microorganisms and extracts from flowers, fruits, peels, and seeds [145]. Furthermore, due to their potential
toxicity, metal nanoparticles could negatively affect human health and the environment. However, there are
still limited studies investigating the environmental impact and standardized exposure limit of nanoparticles
of all types [146].

Economic aspects can also be used as a comparative parameter to select the most suitable additive
material. The evaluation of economic aspects can be reviewed from capital costs, such as production costs,
equipment, and materials, to operational costs, such as electricity costs. Most current biopolymer production
is still quite costly compared to fossil-based plastics due to the need for various expensive raw materials,
complex production processes, and small-scale production [147]. Plant extracts require relatively low costs
because they generally come from natural materials that are easily obtained and have simple production
processes. Unlike plant extracts, the production costs of essential oils are much higher due to complex
production processes that require various special equipment and relatively low production yields [148]. The
production costs of metal nanoparticles are also quite expensive because they require many chemicals and
more complex production processes [145].

The next aspect to compare is the level of availability and the difficulty of the synthesis process.
Biopolymers come from natural materials that are relatively easy to obtain [4], but the production process is
still considered complex and requires many chemicals. However, biopolymers are now widely sold in powder
form. Plant extracts can be obtained easily for certain types of plants. However, many types of plants may
only be able to grow in certain places and at certain times of the year [149]. Even so, the plant extraction
process can be done with simple methods. The synthesis process of essential oils is almost similar to that
of plant extracts, but the production process is more difficult because it requires specialized equipment. In
addition, the difficulty of producing metal nanoparticles is perhaps the most difficult compared to other
types of additives because it requires many chemicals and various material characterizations [145].

Another aspect that can influence is the aroma. Films and coatings implemented on various types of
food will need to be adjusted to determine whether the aroma of the additive material will affect the smell
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and properties of the food. Edible films and coatings are generally transparent and odorless so as not to
interfere with the sensory properties of the coated food [6]. Mostly, biopolymers and metal nanoparticles are
known odorless. Plant extracts produce a mild aroma and, even in some types of plants, are odorless. Unlike
other additives, essential oils generally have a distinctive and intense aroma that has the potential to affect
the taste of food [148]. From the comparison of various types of additives, each additive possesses its unique
set of advantages and limitations. The compatibility between chitosan and these additives depends on the
specific application. Therefore, the consideration of additives for chitosan-based food packaging should be
more deeply learned.

While various additives are beneficial, proper mixing of materials is essential to produce biofilms or
edible coatings with a uniform composition to ensure their enhancement effects are evenly distributed.
Using bulk materials can lead to complete mixing if the mixing process is adequate. Therefore, one approach
to address this issue is to convert the materials into a nanoscale form. Nanocomposites made by mixing
nano-based materials into a polymer matrix offer superior properties to conventional composites. The key
to unlocking their full potential is developing methods to distribute the nanoparticles evenly throughout
the material. This even distribution improves the bond between the matrix components, improving overall
performance [150]. Nanotechnology has offered new ways to food preservation techniques, improving its
physical and chemical properties. Nanomaterials have unique properties like a large surface area, high
reactivity, high strength, quantum effects, and increase flexibility when combined with matrices, making
them valuable in various applications [27,151,152]. Nanoparticles, nanoemulsions, and other nanomaterials
can enhance food packaging performance depending on their characteristics and interactions between each
type of constituent composite material. These superior properties differ from bulk materials, which must be
evaluated and researched more deeply. These superior properties could also advance the agricultural and food
sectors, especially food packaging and preservation. Modifying materials at the nanoscale for food packaging
applications can enlarge and increase surface area, improving their physical, antimicrobial, and antioxidant
properties and extending shelf life for post-harvest products and meats [151]. While nanotechnology offers
significant potential, there are safety concerns associated with nanomaterials, as their toxicological profiles
may differ from conventional materials. Further research is necessary to address these concerns and promote
the safe and widespread use of nanotechnology [153].

6 Conclusion
The exploration of chitosan, which has non-toxic, antimicrobial, and antifungal properties, as a

sustainable alternative for food packaging has shown promising results. However, improving the limited
properties and characteristics of chitosan as food packaging requires enhancement for optimal performance.
Combining chitosan with various natural additives such as biopolymers, plant extracts, and essential oils is
an effective way to improve the quality of chitosan as food packaging. Nanotechnology could further improve
the properties and characteristics of chitosan food packaging. Comparative studies conducted on various
essential oils and plant extracts show that by transforming natural additives into nanoscale, substantial
improvements in antimicrobial and antioxidant properties could be achieved. The incorporation of metal
and metal oxide nanoparticles into chitosan-based food packaging materials significantly improves antimi-
crobial, antioxidant, thermal stability, and mechanical properties. However, further studies investigating
nanoparticles’ environmental impact and standardized exposure limit still must be performed. Meanwhile,
further development on chitosan-based food packaging also needs to be performed to explore a lot of
bio-based and other nanomaterials as additives suitable for a particular need of food products, and there
are also challenges in achieving improved quality and performance of chitosan-based food packaging. The
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continued development of chitosan composites holds great potential for reducing the environmental impact
of petroleum-based plastic food packaging and promoting sustainability in the food industry.
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