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ABSTRACT: Active packaging systems, which react either with the environment or with the food itself, are a new
addition to traditional food packaging to improve food preservation. Consumer demand for natural foods with
minimal processing has resulted in the integration of natural compounds, including catechins, which are polyphenolic
compounds abundant in numerous sources like green tea, cocoa, berries, etc. These compounds are considered bioactive
agents due to their high antioxidant, antimicrobial, and anti-inflammatory potential. This review comprehensively
analyzes catechin-based active packaging, covering catechin sources, physicochemical and biological properties, and
fabrication techniques. It also evaluates the functional properties of these systems and their practical applications in
food packaging. The main fabrication techniques, such as solvent casting, electrospinning, and melt processing are
used, and each method has specific advantages in incorporating catechins into polymer matrices. The properties of
packaging film, such as free radical scavenging, prevention of foodborne pathogens, better UV-blocking activity, and
improved thermal stability are discussed extensively. Numerous studies have exhibited that catechin-based active film
significantly helps to extend the shelf life of various food products such as meat, seafood, fresh produce, and dairy.
Challenges such as the thermal instability of catechins, bitterness after consumption, industrial production, and safety
concerns related to migration and toxicity still need to be addressed. The use of encapsulation methods and providing
proper regulatory guidelines can create a sustainable and effective solution in catechin-based active packaging.
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1 Introduction
Traditionally, the notion of packaging implies that it is used as a shield against contaminants and

mechanical damage to preserve the packed food [1]. But the development of active packaging has brought an
improvement in packaging by not only acting as a barrier but also interacting actively with the food or the
surrounding environment to enhance the quality and safety of food products [2]. This innovative approach
has brought a significant impact on the concept of food packaging, improving properties such as shelf-life,
monitoring the freshness of foods, and increasing convenience to customers [3]. Active packaging operates
by adding material capable of releasing or absorbing the causes of spoilage of food products within or outside
the packaging. The ability of active packaging to inhibit microbial and oxidative spoilage results in delaying
the ripening of items by absorbing ethylene and regulating moisture [4,5]. Also, antimicrobial agents and
carbon dioxide emitters are deployed to minimise pathogens and retard the deterioration of packaged foods,
respectively, and thus maintain the quality of the product [6]. In combination with the incorporation of
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active agents, this has transformed packaging into responsive packaging and given packaged food products
a longer shelf life [7].

The recent innovation in active packaging is particularly evident in the incorporation of natural
compounds, driven by consumer demand for safer, minimally processed foods with transparent, clean
labels [8]. Secondly, there is a rising demand to limit food waste and to reduce the huge amount of food
loss globally, which ultimately impacts the environment [9,10]. These trends led to the development of
packaging ideas that focus on natural functional elements that provide both preservation and environmental
benefits [11]. The global packaging market is now moving away from fossil-driven materials and towards
the principles of the circular economy to reduce the great environmental impact of plastic waste. Although
high-performance multilayer packaging is essential, it is complex and burdens current recycling systems.
The innovations of smart and active packaging systems, which provide real-time monitoring and active
preservation of the quality of the product, are increasingly contributing to the growth of the sector in
the future. Among natural preservation agents, catechins are a standout as a key compound in the class
of naturally occurring polyphenolic compounds, primarily in the flavan-3-ol group, which is abundantly
found in green tea, cocoa, and berries [12]. They are known for their antioxidant, antimicrobial, and anti-
inflammatory effects [13]. The integration of catechins into packaging as an active material inhibits oxidative
degradation and suppresses spoilage bacteria, thereby extending shelf-life while maintaining nutritional and
sensory qualities [14,15].

Initial advancements with catechins include the incorporation of green tea catechins into chitosan films,
a biopolymer that improves antimicrobial and antioxidant protection, along with water vapour resistance
and mechanical properties in packaging [16]. Recent innovations include blending catechins with polylactic
acid (PLA), cellulose, and other plant-derived materials to yield biodegradable packaging with enhanced
oxidative stability, protection against pathogens, and an improved sensory profile [17,18]. Therefore, these
developments have shown that catechins are not just used as additives but are bioactive agents used in modern
value-added packaging technology. The growing research activity in this area is also supported by the fact
that the number of research publications has steadily increased in the past ten years. A bibliometric search of
the Scopus database, which is given in Fig. 1, indicates that the number of publications devoted to catechin-
added active packaging has been increasing considerably over the years 2013–2024, indicating that it has
become a focus of strategic innovation in preserving food sustainably [19].

Figure 1: Chronological distribution of scopus publications for catechin-based active packaging.
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Due to the increasing focus on health and sustainability, and the current market demand for natural
food preservation, catechin-based packaging has great potential as a strategic innovation in active packaging.
While the previous studies have often focused on singular aspects such as the biochemistry of catechin, the
biopolymer, or the application on single food products, this review aims to provide a comprehensive, source-
to-application analysis. It covers the extraction of catechins, their incorporation into polymer matrices
through various fabrication processes, and their specific applications in extending the shelf-life of various
food products.

2 Catechin and Its Biological Activity

2.1 Sources
Catechins are abundantly available in numerous plants and are widely consumed as part of everyday

diets worldwide. Green tea, chocolate, legumes such as faba beans and lentils, and fruits such as grapes,
berries, and peaches are major sources of catechins. Beverages such as red wine and black tea also contribute
to catechin intake. A description of these major dietary sources, their catechin content, and their biological
actions is displayed in Table 1. Several environmental factors influence the catechin level in berries, including
the level of ripeness, temperature, water availability, and soil quality.

2.1.1 Green Tea
Green tea (Camellia sinensis) is known for its abundant catechins, which make up approximately

15%–27% of its dry weight. The types of catechins present include epigallocatechin gallate (EGCG), which
constitutes 40%–69% of total catechins and exhibits potent antioxidant, antimicrobial, and neuroprotective
activities. This is followed by epigallocatechin (EGC) at 12%–23%, epicatechin gallate (ECG) at 13%–21%,
and epicatechin (EC) at 5%–9% [20–22].

Table 1: The key catechins, their sources, types and their biological activities related to food packaging.

Source Major Catechins Key Biological Activities References

Green Tea EGCG, EGC, ECG,
EC

Antioxidant and antimicrobial properties delay
the lipid oxidation and microbial growth in
packaged food products, along with radical

scavenging, in order to extend shelf life.

[16,23,24]

Chocolate/Cocoa EC, Catechin,
Procyanidins

Antioxidant activity in the films leads to a
decrease in oxidation and improves preservation

in packaging.
[25–29]

Berries
(Strawberry,
Raspberry,
Blueberry)

Catechin, EC, EGCG

Provides antioxidant and antimicrobial
properties along with the enhancement in

mechanical strength and barrier properties of
edible films, which helps in food preservation

and shelf-life extension.

[30–33]

Grapes Catechin, EC, EGCG,
Proanthocyanidins

Potent antioxidant, antimicrobial effects in
films; natural preservatives delaying spoilage

and oxidation
[34,35]

(Continued)
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Table 1 (continued)

Source Major Catechins Key Biological Activities References

Red Wine

Catechin, EC,
Proanthocyanidins

(oligomers and
polymers of
flavan-3-ols)

Natural antioxidant and antimicrobial agents
that reduce lipid oxidation and inhibit spoilage
microorganisms, enhancing shelf life and safety

in food packaging.

[36–39]

Black Tea

Theaflavins,
Thearubigins (formed

from oxidation of
catechins like EGCG,

EGC, EC, C)

They provide prolonged antimicrobial and
antioxidant protection. [40–42]

White
tea/Oolong Tea

EGCG, EGC, EC,
theaflavins

They show strong antioxidant, antifungal and
antimicrobial properties and upon adding to the

films, exhibit improved tensile strength of the
films.

[18,43,44]

Peaches Catechin,
Procyanidins, EC

They exhibit radical scavenging properties of
metal ions, which reduce the reactive oxygen

species in the packaging.
[45–48]

Lentil Catechin, EC,
Procyanidins

Antioxidant activity supports the maintenance
of food quality in packaging films. [49,50]

Faba bean Catechin, EC Antioxidant and antimicrobial bioactivity are
used in protein-based films to extend shelf life. [50,51]

The processing method chosen considerably has an impact on the catechin content, since the green tea is
minimally manufactured by steaming the freshly collected leaves to avoid enzymatic oxidation and preserve
the catechin levels [41]. In contrast, black tea undergoes fermentation, during which the enzyme polyphenol
oxidase converts catechins into theaflavins and thearubigins, leading to reduced catechin levels [42]. In
packaging, when green tea catechins are incorporated into chitosan films, they significantly enhance the
antimicrobial and antioxidant properties, reducing foodborne pathogens and delaying spoilage in fresh foods
like minced meat [24]. The addition of catechins improves the film strength and barrier qualities, making
them useful for recyclable packaging.

2.1.2 Cocoa Beans
Cocoa beans are an important source of polyphenols, in particular epicatechin and proanthocyanins,

which combined contribute roughly 10% of the dry weight [25–27]. However, processing steps such as
fermentation, drying, roasting, and alkalisation result in a significant reduction in catechin levels. The process
of fermentation itself lowers the level of catechin and epicatechin by 80% via oxidation and polymerisation.
Roasting beyond 70○C also causes epimerization of epicatechin into decreased bioactive catechin isomers,
while alkalisation reduces the amount by 78.5% [28]. In the packaging system, the catechins present in the
cocoa act as antioxidants and antimicrobials, improving the mechanical strength, water barrier, and oxidative
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stability of the films. These properties help in the application of active packaging to maintain the quality and
shelf life of packaged products [29].

2.1.3 Berries
Berries, such as strawberries, blueberries, and blackberries, are major sources of catechins, proantho-

cyanidins, and anthocyanins, which are known for their strong antioxidant activity [30–32]. In particular,
blueberries are rich in proanthocyanidins, which develop the blue colour and the biological activity [33].
The catechin content in berries is affected by several environmental factors such as ripeness, temperature,
water availability, and soil conditions [34]. To take advantage of this rich chemical composition, berry
extracts are increasingly being used in edible films and coatings for active food packaging. These systems
focus on protecting various food products by inhibiting oxidative degradation and microbial spoilage. The
packing material is mechanically active and resistant to moisture and gases, and it exhibits mechanical and
barrier properties against gases and moisture that are usually strengthened in the presence of berry extracts,
providing it with a direct antioxidant and antibacterial effect [35].

2.1.4 Other Plant Sources
Beyond tea, cocoa, and berries, catechins are also found in other plant-derived foods. Red wine contains

a moderate concentration of catechins, epicatechins, and proanthocyanidins, which are associated with
cardiovascular effects due to their antioxidant and anti-inflammatory properties [36–39]. The catechins
and procyanidins present in legumes, faba beans, and lentils give those foods their antioxidant and anti-
inflammatory effects [49,51]. Peaches are a valuable source of catechin, epicatechin, and procyanidin B1,
which elevates the level of antioxidants [45–48]. The field of active packaging is also using various plant
extracts. Polyphenols are potent antibacterial and antioxidant agents and are present in red wine and legumes.
In natural films, they prevent oxidative reactions and microbiological activity [39,50]. In addition, peach
polyphenols produce these properties and are employed as food coating functional ingredients to extend the
shelf life and freshness of perishable food products [48].

2.2 Major Catechin Derivatives
The catechin family consists of structurally different compounds, and thus generates different biological

properties. The non-galloylated compounds are (+)-catechin (C), (−)-EC, (+)-gallocatechin (GC), and
(−)-EGC. Their bioavailability, antioxidant activity, and membrane interactions are affected by different
stereochemistry and hydroxylation patterns [52,53]. The galloylated compounds are (−)-ECG and (−)-EGCG
that contain an esterified gallic acid fragment, which enhances their lipid peroxidation inhibitory, enzyme
regulation, and cellular signalling activities [54,55]. The most significant catechin in green tea is EGCG,
which is believed to be the most biologically active catechin because of its trihydroxylated B ring and galloyl
ester [56]. These structural attributes confer great cardioprotective, anti-inflammatory, and antioxidant
properties [54,57]. It can be applied in the packaging of foods, pharmaceutical products, and nutraceuticals
since it can react with proteins, transcription factors, and lipid membranes [52,58].

Structural differences may significantly influence the performance of an active packaging system based
on catechin derivatives. They have positive antibacterial and antioxidant effects, which increase the shelf life
of food packaging by decreasing microbial degradation and retarding lipid breakdown [59]. Also, molecular
properties like galloylation determine the stability of catechins and how quickly they release themselves
from the packaging, which affects their ability to remain and how readily they preserve [55]. Additionally,
combinations of various catechin derivatives can result in combined benefits, which improve the overall
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performance of the packaging [53,57]. Fig. 2 shows the structure of the main catechins, with the A, B, and C
ring systems that are typical of flavan-3-ols.

Figure 2: The chemical structures of the major catechins (A) the basic structure of flavonoids (B) the structure of eight
catechins [60].

After discussing the structural variation of the individual catechin derivatives and the individual roles
of galloylation and hydroxylation in their bioactivity, the following section will consider how these structural
characteristics are applied to the overall physicochemical properties of catechins that determine their stability
and performance in packaging matrices.

2.3 Physicochemical Properties
Most catechins are commonly soluble in water and other polar solvents, including dimethylformamide

(DMF), dimethyl sulfoxide (DMSO), and ethanol. This characteristic of being dissolved in organic solvents
allows for easy extraction and addition to various formulation matrices [52,61]. As an illustration, catechins
are easily broken down when subjected to factors such as oxidation, heat, light, and alkaline pH condi-
tions [62]. Catechins are sensitive to pH, with stability being better in weakly acidic conditions (pH 3–4) [63].
Studies demonstrate that the degradation of catechins increases with high pH and temperature [64]. When
thermal degradation takes place, it usually follows first-order kinetics, and the half-life values decrease sig-
nificantly as the temperature rises; the products formed from this breakdown are phloroglucinol carboxylic
acid and protocatechuic acid [62,65]. Heat treatment also causes chemical changes, such as epimerization,
which changes stereoisomers like (−)-epicatechin to (−)-catechin, and hydrolysis, both of which lower the
number of polyphenols in storage [66].
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Catechins are sensitive to light, which causes photodegradation, which can be prevented by using
packaging materials that protect against light and limit the penetration of ultraviolet and visible light to make
the product more stable [61,67]. Under normal processing and storage conditions, catechins suffer from
plenty of challenges that lead to decreases in bioactivity and cause undesirable taste changes, like bitterness
and color changes, that make customers less likely to purchase them [68]. These challenges have been
addressed by developing encapsulation techniques, such as liposomes, nanoemulsions, and cyclodextrin
inclusion complexes, to prevent catechin degradation during processing and storage. Such techniques
allow for sustained release applications and make it possible to maintain antioxidant activity and reduce
sensory degradation [69]. The degradation mechanisms of oxidation, epimerization, and hydrolysis are
well known and require consideration of several factors, such as pH, temperature, and light exposure, to
ensure the most effective protective methods are used [61]. Besides, studies reveal that catechins are more
stable in acidic environments, suggesting that preservation can be enhanced by packaging formulations
and matrices that ensure the stability of catechin for a long time in a slightly acidic pH [63]. The reduced
oxygen levels of controlled atmosphere packaging and temperature control also contribute to the integrity of
catechin [56]. Together with these protective approaches, the biological activities of catechins can be made
into practical, effective active packaging solutions that retain functionality throughout processing, storage,
and consumer use.

2.4 Biological Properties
The incorporation of catechin into packaging materials imparts different biological properties that

significantly improve food preservation. As detailed in Fig. 3, these key functions include antioxidant,
antimicrobial, UV-blocking, enzyme inhibition, and anti-biofilm formation, which protect food products
from various forms of spoilage and extend their shelf life.

Figure 3: The key functional properties of catechin-added active packaging.
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2.4.1 Antioxidant Activity
The antioxidant effect of catechins is associated with the high antioxidant potential of the B-ring

phenol rings, particularly the presence of hydroxyl (–OH) groups. These compounds not only readily donate
hydrogen atoms but also chelate and bind metal ions such as iron (Fe2+) and copper (Cu2+), preventing
catalytic activity [70]. Structural changes affect antioxidant activity, with epigallocatechin gallate (EGCG)
commonly being the most effective catechin derivative [56]. These two antioxidant processes play a vital role
in active packaging by inhibiting lipid oxidation in high-fat food. Thiobarbituric acid reactive substances
(TBARS), the major rancidity indicators, are prevented by incorporating catechins into films and aid the
preservation of flavor, color, and nutritional value [71]. Indicatively, gelatin films fortified with catechins
have significantly lowered the levels of TBARS in pork patties, and equally fortified films exhibit antioxidant
properties in edible oils and dairy products, resulting in superior shelf life and product quality [72].

2.4.2 Antimicrobial Activity
Catechins exhibit a wide range of antimicrobial effects through a variety of pathways. Among the main

mechanisms of action of EGCG, there is cell membrane disruption which is linked to the lipid bilayer of
bacterial membranes, increasing permeability and releasing vital intracellular components, leading to cell
death [73,74]. Besides, catechins suppress vital microorganism enzymes, including fatty acid synthase and
DNA gyrase, which are involved in replication [75]. Catechins have been demonstrated to have antimicrobial
activity against both Gram-positive and Gram-negative bacteria and pathogenic fungi, the effectiveness of
catechins depending on their type and concentration [76]. In packaging, films with catechins produce an
active antimicrobial surface that prevents spoilage organisms like Listeria monocytogenes and Escherichia
coli. Chitosan-catechin composite coatings have shown that they can prevent fungi from growing on fruit
surfaces, like strawberries, which makes food safer and reduces the need for synthetic preservatives [24,77].

2.4.3 Enzyme Inhibition
Catechins are also enzyme inhibitors of various enzymes that break down food matrices, which produce

the possible risk of unsuitability for consumption. Polyphenol oxidase (PPO) is a major enzyme in the
oxidation of fruits and vegetables, resulting in fast browning. Catechins are non-competitive inhibitors
and they come into contact with copper ions located at the active site of PPO, thus inactivating the
enzyme [78]. This type of inhibition can be beneficial to use in the preservation of fresh-cut produce, and
recently electrospun nanofibers containing catechin have shown a significant browning inhibition on sliced
apples [79]. Also, catechins inhibit lipases and amylases involved in lipid rancidity and starch hydrolysis,
respectively [80]. Catechin-based packaging solutions have the potential to reduce the enzymatic activities
of numerous food items, such as seafood and baked goods, to maintain their texture, visual and functional
characteristics, nutritional specifications, and the total quality of the product [81].

2.4.4 Anti-Biofilm Formation
The formation of biofilms by bacteria is considered a serious food safety issue because of their resistance

capability to sanitization. Catechins block the growth of biofilm by interfering with various phases of its
growth. They disrupt early adherence of bacteria to surfaces and inhibit quorum sensing (QS), which is a
cell-to-cell communication involved in biofilm formation. EGCG inhibits QS by reducing the formation of
signalling molecules, which inhibits the full growth of biofilm [82]. Also, catechins dismantle the extracellular
polymeric substance (EPS) within the biofilms, which makes them susceptible to disinfectants [83].
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The successful reduction of pathogen colonization by adding catechins to packing films to promote the
improvement of food hygiene and reduce cross-contamination risks (Staphylococcus aureus and Salmonella
spp.) has been observed [84].

2.4.5 UV-Blocking Properties
Catechins absorb UV-A (315–400 nm) and UV-B (280–315 nm) electromagnetic radiation with their

conjugated double bonds and aromatic rings, respectively. When catechin is added to packaging films, it acts
as a biological UV filter that inhibits the photooxidation of light-sensitive products [85]. Such protection is
required to preserve lipids and all the necessary vitamins (e.g., riboflavin, vitamin A) in milk, cheese, and
edible oils [86]. Films made with catechin do not require any artificial UV-blockers to maintain product
color, flavor, and nutrient content; catechin also enhances the properties of biopolymer-based packaging,
along with its environmental impact and effectiveness [87].

Following the knowledge of the biological activity of catechins, which include antioxidant, antimicro-
bial, enzyme-inhibitory, anti-biofilm, and UV-blocking activities, the following section discusses effective
ways of incorporating the active ingredients into packaging material through certain fabrication processes,
characterisation methods, and functional properties.

3 Catechin-Added Active Packaging and Its Properties
Active agents, including catechins, are effectively emulated in different methods to fabricate an active

packaging system that has a better functional property. The choice of production technique is determined
by the specific features of the catechin extract, release profile, as well as the composition of the polymer
matrix. Common thermoplastic materials such as polyethylene (PE), polypropylene (PP), and polyethylene
terephthalate (PET) are still used as the primary barriers against contaminants and mechanical damage.
Nevertheless, in order to surpass the low physical and mechanical characteristics of biocomposite films,
the incorporation of nanoclays as a reinforcing filler has emerged as an effective approach in increasing
mechanical strength, thermal stability, and gas barrier properties. These nanofillers enable a more organized
film structure and maintain the biodegradability necessary to meet the modern environmental require-
ments [88]. Table 2 discusses the fabrication methods along with the advantages and disadvantages of each
method. Table 3 denotes how these methods are used in incorporating catechins in various polymers and
how the functional properties are increased in various packaging films or coatings.

3.1 Fabrication Processes
3.1.1 Solvent Casting

One popular method of preparing films containing catechin is solvent casting due to the minimal
effort needed to fabricate and the ability to interact with hydrophilic biopolymers. Under this technique,
the polymer and catechin are combined with the appropriate solvents, such as water, ethanol, or acetic
acid, followed by pouring onto flat surfaces. Subsequently, the control of drying is performed, ensuring
catechins are incorporated into the polymer matrix, and drying can be more readily controlled in terms of
film thickness, uniformity, and distribution [89]. The principal benefit of solvent casting is that it is very
easy, and no special or expensive materials are needed. Solvent casting has become the standard technique
of early optimization studies because it is easy to use. This enables researchers to thoroughly investigate the
interaction of catechin with polymers, determine the optimal dose size of the formulations, evaluate the
characteristics of the films, and proceed with more complex production stages [90].
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Regarding particular procedure steps, the polymer is initially dissolved in a chosen solvent system
(usually water, ethanol, or 1% v/v acetic acid), and catechin is then dispersed in the polymer at a concentration
of 0.5% to 5% w/w with constant magnetic stirring. The solution is then degassed, poured onto a flat Teflon or
glass plate, and dried under controlled conditions (25○C–40○C, 50%–60% relative humidity) to give uniform
films of specified thickness [90,91].

Another necessary benefit is the sensitivity of solvent-casting processing. The process operates at normal
or slightly higher temperatures without induction of mechanical strain, hence minimizing the likelihood
of catechin breakdown. The heat and pH sensitivity of catechins necessitate the maintenance of bioactivity,
and these compounds may become deprived of their antioxidant and antibacterial properties due to high
processing conditions. This method allows the proper control of the film thickness and uniform catechin
distribution, resulting in a homogenous product quality [90]. Catechin retention rates of 70%–90% have been
observed under optimized solvent casting conditions, with increased retention at low drying temperatures
and reduced drying times [89,91]. Moreover, polymer compatibilities have been offered under solvent casting
to a wide range. This has been found to work with hydrophilic polymers, which includes chitosan, gelatin,
polyvinyl alcohol, and other biopolymer mixtures. The formulation is easily adapted with adjustment of
polymer ratios, additives, or adjustment of solvent systems to achieve individual optimums. This allows the
accurate filtering of products, eliminating impurities and providing high optical clarity of the final films [16].

Nevertheless, there are major drawbacks that limit its use in industries. Continuous production is
not feasible because drying times of 12–24 h and solvent residual can affect the film safety and biocom-
patibility [89,90]. Scale-up is also limited by the batch nature of the process, and solvent recovery and
disposal are also of environmental and economic concern [91]. Solvent casting is thus most appropriate in
the fabrication of edible films, transparent packaging of fresh produce and dairy products, and laboratory
scale investigations to optimize catechin-polymer interactions before scaling up.

3.1.2 Electrospinning
Electrospinning is a procedure in which high-voltage electric fields are used to apply a solution,

and the solvent evaporates, forming ultrafine fibers to achieve a polymer-catechin film [92]. The most
important process parameters are applied voltage (10–30 kV), feed rate (0.1–2.0 mL/h), tip-collector distance
(10–20 cm), polymer concentration, and humidity, which should be optimized systematically in every
polymer-catechin system [93–95]. The most effective method of increasing bioavailability and stability of
catechins is stabilization of catechins in the form of nanofibers [96,97]. Nanofibers produced through
electrospinning have a number of distinct advantages for catechin use and delivery. The extensive specific
surface area contributes to the increased contact of catechins with the surrounding environment and their
possible application with improved antimicrobial and antioxidant functionality [98]. Nanofibers are created
by the three-dimensional (3D) fibrous structure, which creates a wide variety of micro- and nano-sized pores
that can regulate the release dynamics of catechin for a long period. This characteristic of controlled release
is particularly useful in active packaging applications where long-term antimicrobial and antioxidant effects
are required [97].

Recent studies have demonstrated successful electrospinning of various polymer-catechin systems [94].
In practice, encapsulation efficiencies exceeding 90% have been reported for catechin-loaded zein nanofibers
with fiber diameters in the 200–500 nm range, confirming the effectiveness of electrospinning in preserving
catechin bioactivity during processing. It was found that processing parameters, including applied voltage,
feed rate, and polymer concentration, may have a profound effect on the fiber morphology and catechin
retention. Likewise, (catechin) nanofibers made with gelatin have also demonstrated potential antibacterial
activity against Staphylococcus aureus, confirming that bioactivity is maintained in gelatin-based nanofibers.
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Dual-nozzle electrospinning instruments restore the opportunity to process various polymer solutions
simultaneously, which makes it possible to distribute catechin more diversely and in a more controlled
manner. Through this method, it is easy to generate films of gradient properties whereby special layers
can be used to offer certain functionalities like barrier properties, mechanical strength, or a desired release
profile [92].

Nevertheless, electrospinning is associated with serious issues restricting its use at an industrial level.
This process uses advanced devices such as high-power voltage supplies, accurate pump systems, and
regulated atmospheric pressure. The rate of production is usually low when compared to conventional film
production techniques, and therefore, the process proves to be economically challenging for large-scale
applications. The difficulty of the optimization of the parameters, such as voltage, distance, flow rate, and
environmental conditions, requires a high level of knowledge and careful control of the processes [16,95].
Despite these limitations, electrospinning is specifically an ideal process for high-value specialty active
packaging uses, including antimicrobial nanofiber mats on fresh produce and active food-contact surfaces,
where the controlled-release and high-surface-area properties of the process are justifiable for the extra
processing cost.

3.1.3 Melt Processing
Melt processing methods, such as extrusion and compression molding, are industrially employed to

create catechin-loaded films. These solvent-free techniques involve heating polymers above their melting
temperature, mechanically mixing in catechin, and then forming the film using different shaping techniques.
This approach is suitable for thermoplastic polymers like polylactic acid (PLA), polyhydroxybutyrate-co-
valerate (PHBV), and thermoplastic blends of starch [99]. The main benefit of melt processing is its economic
feasibility and industrial scalability. Extrusion lines can operate continuously, producing extensive amounts
of uniform films with identical characteristics. This technique eliminates the need for solvents, avoiding
environmental issues related to solvent recovery and disposal, making the process more sustainable and cost-
effective. Contemporary extrusion machines allow for controlled temperature profiles, residence time, and
shear rate, optimizing catechin incorporation and reducing degradation [100]. Twin-screw extrusion systems
are particularly favoured over single-screw systems for preparing catechin-loaded films, as their high shear
mixing and reduced residence time more effectively promote catechin dispersion throughout the polymer
network and minimize thermal exposure [99,100].

Incorporating catechins in melt processing systems requires careful research into thermal manage-
ment. Although catechins are thermo-reactive, studies have shown that bioactivity can be largely retained
under optimal processing conditions. Temperature profiles should be well-regulated to minimize residence
time at high temperatures while ensuring sufficient mixing and dispersion. Additives such as stabilizers,
antioxidants, or encapsulation systems may be added to further preserve catechins during processing [16].
Co-extrusion and multilayer technologies also enable manufacturers to fabricate complex film structures
using melt processing. These methods can produce films in which catechins are placed in a specific layer,
optimizing catechin functionality while maintaining the overall integrity of the film. Barrier coatings can
protect catechins against environmental degradation, and surface coatings can provide controlled release
properties [100,101]. In melt-extruded films, catechin retention rates of 50%–75% have been reported under
optimized processing conditions and can be further increased to around 85% when encapsulated catechin
systems (e.g., β-cyclodextrin inclusion complexes or maltodextrin-coated catechin powders) are used as the
starting material [5,102,103].
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These methods can present challenges related to catechin thermal stability and compatibility with
hydrophobic polymer matrices. Processing temperatures typically range from 150○C–200○C, and if not prop-
erly controlled, these temperatures can lead to significant catechin degradation. Catechins are hydrophilic
and may be incompatible with hydrophobic polymers, resulting in poor dispersion and reduced film
characteristics. Nevertheless, these issues can be addressed using compatibilizers, surface modification, or
encapsulation techniques [101]. Melt processing is the most industrially practical approach for large-scale
production of active packaging films containing catechin, especially in biodegradable multilayer barrier films
and rigid packaging formats for meat and seafood packaging, due to its demonstrated processing capabilities
and solvent-free nature [99–101].

3.1.4 Other Techniques
In addition to basic fabrication methods such as solvent casting, electrospinning, and extrusion, other

methods are necessary in order to optimize catechin-packed films. One of the most important preparatory
steps is mixing, where the catechins should be uniformly distributed throughout the polymer matrix;
uniform distribution is necessary for improving the mechanical strength of the film and its uniform bioactive
performance [104]. Once formed, vacuum drying is another important post-processing technique that
eliminates residual moisture at low temperature to improve film stability and barrier properties without
oxidative destruction of the delicate bioactivity of catechin [105]. Also, the pre-formed films need to be
coated and adsorbed, meaning that the catechins are applied directly to the surface, which allows the
targeted antimicrobial and antioxidant activity to be attained without changing the bulk polymer proper-
ties [106]. Some of the other methods with increasing popularity include layer-by-layer (LbL) assembly,
where oppositely charged polyelectrolytes like chitosan and alginate are deposited in alternating layers
over a substrate surface over 5–50 cycles, with catechin substituted into one or more layers [107,108].
This method at room temperature allows the thickness of the coatings to be controlled at the nanometer
level and provides tunable kinetics of catechin release that can be varied by the number of bilayers,
deposition pH, or ionic strength, with coating efficiencies of 80%–95% reported in the literature [109]. Edible
coatings LbL is especially well-suited to fresh produce edible coatings and the addition of catechin-activity
functional coatings to existing packaging substrates, without affecting their bulk mechanical or barrier
properties [107,109,110]. Encapsulation-based pre-treatment methods including nanoemulsions, liposomes,
and β-cyclodextrin inclusion complexes represent another critical auxiliary technique used in combination
with the primary fabrication methods described above [69,105,111]. Encapsulation enhances catechin thermal
stability (to 180○C in maltodextrin systems), encapsulation efficiencies of 85%–98%, effectively masks
characteristic bitter catechin taste, and allows controlled, sustained release when the encapsulated particles
are embedded in the polymer matrix via solvent casting or melt extrusion [69,112].

These complementary techniques, in combination, mixing, drying, and coating, are essential when
it comes to improving the stability and functionality of catechin as well as the overall quality of active
packaging films.

As the key fabrication strategies of the catechin-incorporated films are identified, it is also vital
to test their structural integrity and distribution of active compounds; the section below examines the
characterization methods employed to study these packaging systems.
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3.2 Characterization Techniques
3.2.1 Structural Analysis

The Fourier transform infrared spectroscopy (FTIR) is applied to interpret the molecular dynamics
between catechins and polymer matrices. The method determines the functional groups, hydrogen bonding
patterns, and chemical alterations that exist due to the addition of catechins [118]. The spectra are within the
4000–400 cm−1 range, the resolution is 4–8 cm−1, and the catechin characterization included the extended
band of 3200–3600 cm−1, which is assumed to be the O–H stretching vibrations of the phenolic hydroxyl
group. The band at 1600–1650 cm−1 corresponds to aromatic C=C stretching vibrations, and the bands at
1000–1300 cm−1 are associated with the C–O stretching vibrations. The alterations in the positions of the
peaks and intensities, and the emergence of new bands, suggest that the interactions between catechins and
the polymer chains on an intermolecular level are yielding information on the process of film formation and
stability [107].

The other method of analysis is X-ray diffraction (XRD), which allows for the visualization of the
crystal structure and degree of crystallinity of catechin-loaded films. The technique identifies the crystal
peaks of catechins, polymers, and other crystalline complexes that were developed during the film-forming
process [119]. Changes in the diffraction patterns observed imply the presence of molecular interactions,
phase transitions, and structural changes. The XRD patterns in catechin-based films indicate the presence of
peaks approximately at 2θ of 20–22 degrees, which is dependent on the polymer matrix and the concentration
of catechins. This change or formation of new diffraction peaks, or a change in the existing ones, is a sign
that inclusion complexes or crystalline structures are forming. The level of crystallinity can be determined
and correlated with mechanical and barrier properties, which can be computed based on the intensities of
the various peaks [120].

3.2.2 Morphological Analysis
The instrumental analysis used in the study of the surface morphology and the microstructure of the

catechin-loaded films is scanning electron microscopy (SEM). SEM provides high-resolution pictures that
may reveal the distribution of catechins throughout the polymer framework, its surface texture, and whether
agglomerations or phase separations exist [102]. The samples are typically mounted on carbon sample holders
that have been thinly coated with gold and analyzed under accelerating volts of 10–15 kV using magnifications
of 1000× to 10,000× in the instance of the catechin-loaded films [16]. SEM analysis has been able to assess
the homogeneity of catechin distribution. The experiments also proved that poorly dispersed catechins will
result in aggregates and rough film surfaces, and well-dispersed catechins will result in smooth and uniform
film surfaces [118]. The technique has also been adopted to determine the effect of processing parameters on
the morphology of the films and also to determine the compatibility of catechins and polymer matrices.
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The data provided by atomic force microscopy (AFM) has nanoscale resolution with regard to the
surface topography, roughness parameters, and mechanical properties. The technique is effective in charac-
terizing catechin-loaded nanofibers and thin films where surface attributes are significant in functionality.
AFM can be used to visualize the surface topography in three dimensions, and it is also possible to measure
the values of the root mean square roughness, along with the ratios of the surface areas [130]. In the case of
nanostructured catechin delivery systems, transmission electron microscopy (TEM) is employed to provide
information on the internal morphology, size distribution, and structural arrangement. The procedure
is required in the characterization of catechin-loaded niosomes, liposomes, and other nanoencapsulated
systems that are incorporated in the packaging films [118].

3.2.3 Spectroscopic Analysis
The spectroscopic analysis employed is nuclear magnetic resonance (NMR) spectroscopy, which pro-

vides a detailed molecular level analysis of catechin-polymer interaction, molecular mobility, and structural
change. Both 1H and 13C NMR are used in studies of the mechanisms and structural changes [131]. The
content of catechin, photodegradation, and the development of the release kinetics are also monitored
by UV-Visible spectroscopy. The approach is also particularly useful when the light-protective features
and photostability of catechin-loaded films are to be investigated. Such tests as DPPH and ABTS are also
determined by UV-Vis spectrophotometry, and catechins concentration and antioxidant activity [132]. The
microstructure of vacuum-dried chitosan-catechin films has been linked with the antifungal activity in the
paper [105].

3.2.4 Electrochemical Analysis
The most sensitive electrochemical methods in quantification of catechin and redox mapping are

electrochemical techniques like cyclic voltammetry (CV) and differential pulse voltammetry (DPV). To
determine the detection limit of catechin-loaded biosensors using CNT-GNP electrodes [133], it was
demonstrated that the biosensing device could allocate a 4.9× 10−8 M range of catechin, which outperformed
the conventional spectrophotometric techniques. This is because such instruments are essential in the
real-time determination of catechin stability, dynamics of release, and quality of antioxidants in active
packaging systems.

3.2.5 Chromatography
High-performance liquid chromatography (HPLC) analyzes catechins content, identifies degradation

products, and release profiles. The technique is required to conduct quality checks and stability tests of
catechin-loaded films. HPLC was employed to establish whether catechin retained in ethylene-vinyl alcohol
copolymer (EVOH) films, and evaluate whether catechin could migrate to food simulants [127]. Liquid
chromatography–mass spectrometry (LC-MS) was one of the tools that were utilized to determine the
distribution of the catechins in soy protein films, and to determine that the mechanisms of leaching are
minimal as well as the maintenance of the antioxidant activity [125]. The instruments used are important
in regulatory compliance and also to ensure that the active compounds are bioavailable during the storage
of food.

3.3 Functional Properties
3.3.1 Antioxidant Properties

One of the most crucial functioning features of the films that has been extensively researched and
confirmed is the antioxidant value of films containing catechin. The use of antioxidant packaging films
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(APFs) is a revolutionary change in food preservation, where naturally derived polyphenols and flavonoids
are used to prevent enzymatic and non-enzymatic browning. These bioactive composites actively react
with the food or the headspace atmosphere to scavenge free radicals and thus maintain the nutritional
value and sensory quality of oxidation-prone products such as oils and meats. Further advancements
in encapsulation technology have improved the delivery of these antioxidants, which are stable and can
be released at an appropriate rate during the shelf life of the product [134]. The strong free radical
scavenging ability of catechins is thought to follow a number of mechanisms, with the major mechanism
being the donation of hydrogen atoms through the assistance of phenolic hydroxyl groups to reactive
oxygen species (ROS). They are commonly monitored by standard analytical assays, which include DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging, ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)) decolorization, and oxygen radical absorbance capacity (ORAC) [70].

Research shows that the antioxidant property of catechin-impregnated films depends on the content of
catechins; the higher the loading, the higher the radical scavenging effect. Catechin-encapsulated films using
ethylene-vinyl alcohol copolymer (EVOH) have demonstrated excellent antioxidant potential, and released
catechins have retained their reactivity in food systems. EGCG has the most effective antioxidant potential
of the catechin derivatives since it has a trihydroxylated B-ring structure and a gallic acid ester bond [127].

In addition, studies have established that catechin bioactivity can be preserved throughout film process-
ing. An example of this is that poly (L-lactic acid) films containing catechin and epicatechin produced about
32.90% and 36.68% of DPPH radical scavenging activity, respectively, following extrusion, which means that
proper processing conditions retain the functionality of catechins [128]. The antioxidant property of catechin-
containing films is particularly necessary for the preservation of foods. They have also been found to prevent
the oxidation of stored food, contributing to lipid oxidation by inhibiting the formation of thiobarbituric
acid reactive substances (TBARS). The inclusion of catechins into chitosan films can also be adopted as
other modifications, which can prevent the oxidation of maize oil, and although it proves to be nutritionally
beneficial, it can be utilized in practice to increase the shelf life of packed food, improving the nutritional
value of the product [16].

3.3.2 Antimicrobial Properties
Films with catechin exhibit considerable broad-spectrum antibacterial activity against a variety of

foodborne pathogens and food spoilage organisms. Their antimicrobial effects are general, comprising
membrane destruction by disrupting lipid bilayers, inhibiting key enzyme systems, causing oxidative stress,
and disrupting key cellular activities, resulting in metabolic dysfunction. Their antimicrobial activity is
typically tested using widely used microbiological tests, including disk diffusion tests, minimum inhibitory
concentration (MIC), and direct contact with target microorganisms to determine their inhibitory and
bactericidal activities [6,135]. As demonstrated by [24], chitosan-based films supplemented with green tea
extract (GTE) reduce the transmission of murine norovirus (MNV-1) and inhibit the growth of Escherichia
coli K12 and Listeria innocua. The bioactivity of these films is significantly associated with green tea catechins,
especially EGCG, which are potent antiviral and antibacterial agents. Although chitosan is not a good
antimicrobial agent, its incorporation with GTE enhances the antimicrobial and antiviral properties of the
films. This communication demonstrates the potential of chitosan-GTE edible films in reducing food-borne
diseases in food packaging. These films have antimicrobial properties, which are important especially in
active food packaging systems developed to handle highly perishable food. Films that contain catechin have
been found to be very effective in reducing microbial load on meats, dairy products, and fresh produce. The
gradual and prolonged release of the catechins from the film matrix gives continuous antibacterial protection
in the storage process, therefore, enhancing food safety and increasing the shelf life [121].
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3.3.3 Mechanical Properties
Introduction of catechins has greatly affected the mechanical properties of packaging, and the impacts

vary based on catechin concentration, type, and processing conditions. The mechanical properties include
functional properties such as tensile strength (TS), elongation at break (EAB), elastic modulus, and puncture
resistance [125]. Small quantities of catechins act as plasticizers, increasing the flexibility and stretchability
of films with a corresponding decrease in strength. This was demonstrated by a study performed by [129]
where a 0.5 percent catechin-lysozyme mixture was added into gelatin films. The result was a tremendous
increase in elongation (27.82% to 143.17%) and a massive reduction in tensile strength (33.49 to 3.31 MPa).
This occurs because the catechins interfere with the internal structure of the polymer, breaking some bonds
and forming others.

An anti-plasticizing effect of catechins can be achieved at higher concentrations, making the film
stiffer and less extensible. This is due to the development of large hydrogen bonding networks between
the polymer chains and catechin molecules, consequently producing more rigid film structures. To achieve
the appropriate mechanical properties, the influence of plasticizing and anti-plasticizing should be well
adjusted to obtain the most desirable catechin concentration [103]. Crosslinking is a key approach toward
addressing the intrinsic mechanical and thermal drawbacks of natural biopolymer films such as starch and
chitosan. This method stabilizes the polymer matrix, decreases water solubility, and enhances moisture
barrier properties. By employing sustainable crosslinking technologies, these films are capable of being
environmentally friendly and having the longevity needed in the commercial environment [136]. According
to current studies, catechin-polymer conjugates can improve the mechanical properties of a material without
decreasing its bioactivity. These covalent bond systems tend to be more effective in mechanical terms than
standard physical blends because the chemical attachments provide more stable interactions at the core of
the film [123].

3.3.4 Water Vapor and Gas Barrier Properties
The addition of catechin considerably influences packaging film properties. It affects how the films regu-

late the mass transfer of water vapor, oxygen, and light. Improving these properties is vital to preserving food
quality and extending the shelf life of food products during packaging. Catechins usually improve the water
vapor blocking properties of standard polymer matrices. The addition of catechin to the fish myofibrillar
protein structure has reduced the water vapor transmission rate (WVTR) due to the ability of catechins
to form intermolecular hydrogen bonds, consequently forming a smaller, more orderly structure [72]. This
anti-plasticizing action of catechin was directly shown in PLA-PHB melt-blend films, with the addition of
catechin raising elastic modulus and hardness due to the hydrogen bonding of catechin with the polymer
matrix. The addition of ATBC (Acetyl Tributyl Citrate) as a plasticizer undid this effect to some extent by
breaking the catechin-polymer network and affecting the barrier properties [137]. In addition to natural
extracts, the use of functionalized fillers in PLA, such as polyethylenimine-functionalized mesoporous silica
(PEI-MS), has been demonstrated as an effective method to increase thermal stability and crystallization
rates. These biocomposite films have a more torturous route for gas molecules, effectively reducing the rate
at which oxygen can be transmitted to better preserve food [138].

3.3.5 UV Barrier Properties
One of the most significant barrier improvements provided by catechin incorporation is enhanced

UV protection. Catechins have aromatic rings and conjugated systems that aid in strong absorption of UV
radiation in both UV-A (315–400 nm) and UV-B (280–315 nm) ranges [116]. A study done by [87] on catechin
extracts incorporated into chitosan films exhibited excellent UV-shielding properties in the packaging. The
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UV-blocking effect is important in safeguarding light-sensitive foods like dairy products, oiled edibles, and
beverages against photooxidation. Gelatin films containing catechin, as illustrated, had low UV transmission
(0.1–14.14) and satisfactory transparency in the visible spectrum (64.6%–84%). This selective UV absorption
preserves visual appearance while preventing UV degradation of food ingredients [123].

3.3.6 Thermal and Optical Properties
The thermal encapsulation of catechins by maltodextrin has raised the decomposition temperature

from 130○C (free catechin) to 290○C (encapsulated catechin), which has significantly improved their heat
stability and maintained their antioxidant properties [103]. Catechin and epicatechin are more susceptible
to degradation with increasing temperatures; however, trehalose almost doubled their half-life because of its
protective effect against heat degradation [112].

Optical characteristics of catechin-loaded films play a crucial role in the acceptability and functionality
of the films in packaging. Transparency, light transmission, and UV absorption characteristics are considered
for catechin-based films. Catechin incorporation in films typically results in a color ranging from pale
yellow to brown, depending on catechin concentration and type. This is used as a visual indication of the
film’s bioactivity, and the color development is due to the phenolic nature of catechins [3]. Transparency is
maintained in catechin films at moderate catechin levels. Reference [126] showed that gelatin films containing
catechin-lysozyme maintained good transparency with retention of optical clarity and product visibility,
which is essential for packaging applications.

3.3.7 Release and Migration Properties
The controlled release of catechins is essential in packaging films, as the bioactivity has to be main-

tained throughout the storage period. The major factors that influence the release behavior of catechins
are film matrix composition, catechin-polymer interactions, environmental conditions, and the medium
properties [109]. The release kinetics generally follow Fickian diffusion mechanisms, which indicates that the
release rates are dependent on the temperature, pH, and polarity of the medium. Iñiguez-Franco et al. [128]
showed that catechin from poly (L-lactic acid) films release into ethanol followed Fickian behavior, with
diffusion coefficients of 0.5 to 50 × 10−11 cm2/s. The extent of catechin release varies significantly with the
type of food simulant, reflecting the importance of catechin-medium interactions. Jiang et al. [111] observed
that catechins released in aqueous and alcoholic food media rather than in fatty food media, which indicates
the hydrophilic nature of catechins and their solubility.

4 Applications of Catechin-Incorporated Packaging in Food Systems
The intention to use catechins in various studies has proven that their application is essential to

increase shelf-life, food safety, and sensory characteristics. To prevent senescence in fresh produce, Wang
et al. [139] applied a composite aloe vera and tea polyphenol coating on passion fruit to inhibit post-harvest
senescence and maintain fruit quality. Research integrating blanching and vacuum impregnation with green
tea extract on carrots enhanced antioxidant properties, texture, and color during frozen storage [140]. The
use of catechin-loaded gelatin films in the preservation of minced pork has been studied in processed
meat products [141]. By working in combination with nisin, the active film minimized lipid oxidation and
microbial growth within a given duration, which increased shelf life and quality. In the dairy industry,
Ref. [142] utilized whey protein isolate films with catechins to lower the number of microbes of Pseudomonas
spp. and Lactobacillus in order to eliminate microbes during 14 days of storage. Research on the action of
catechin and ferulic acid on Pacific white shrimp revealed that it inhibits melanosis and maintains quality
when placed under refrigerated conditions [143].



22 J Polym Mater. 2026;43(2):7

Catechins are employed in liquid foods since, when included in apple juice, microbial growth and
enzymatic browning have been inhibited, and antioxidant activity has been enhanced [144]. These case
studies have demonstrated the use of catechins in fresh and processed food. Table 4 highlights the role of
catechin in reducing major spoilage issues and the observed effects in foods. Fig. 4 shows an overview of
catechin-based active packaging sources, the fabrication processes by which it is incorporated into various
polymer matrices, and the various food applications.

Table 4: Applications of catechin-based packaging in food preservation.

Food Product Main Spoilage
Issues

Role of Catechin
Packaging Observed Effect References

Meat and poultry
(Frankfurter-type

Sausage)

Lipid oxidation,
microbial growth,
and discolouration

Antioxidant,
Antimicrobial

Reduced TBARS, lower microbial
load, and delayed spoilage for

45 days.
[141,145]

Sea Food
(Yellowfin tuna

slices)

Amine formation,
texture degradation,

melanosis (black
spot)

Enzyme inhibition,
bacterial

suppression, and
antioxidant

Reduced total volatile basic nitrogen
levels, preserved texture and

elasticity, inhibited melanosis, and
maintained fresh odour and

appearance by 12 days.

[143,146]

Fresh Produces
(Cut Apples and

Strawberries)

Enzymatic
browning, moisture

loss, microbial
spoilage

Polyphenol oxidase
inhibition,

antioxidant barrier,
antimicrobial

Less browning, maintained colour
and firmness, reduced weight loss,
extended freshness, and inhibited

mould growth by 7 days.

[139,140,147]

Bakery items
(Muffins)

Enhancing
nutritional value,
improving quality

attributes, and
replacing synthetic

leavening agents

Incorporated as a
component in baking
powders to provide

antioxidant and
rheological benefits.

Increased total phenolic content
(TPC) and total antioxidant capacity
(TAC) in muffins. Improved sensory
profiles (appearance, olfactory, taste,
texture). Enhanced dough rheology

and mechanical properties of
muffins. Potential to serve as a

health-promoting ingredient and
alternative to phosphate-based

leavening agents.

[69,148]

Dairy Products
(Full Fat Cheese)

Yeast/mold
contamination,

oxidative rancidity,
flavor deterioration

Antimicrobial layer
on film surface,

antioxidant diffusion

Fewer spoilage organisms (yeasts
and molds), reduced lipid oxidation,

retained sensory quality (flavor,
appearance), and extended storage

life by 90 days.

[131,142,149]

Edible oil (Corn
oil)

Lipid oxidation,
Rancidity

Strong antioxidant
properties

Significant reduction in peroxide
value (PV) and thiobarbituric acid

reactive substances (TBARS),
extended induction period, and
maintained oxidative stability by

10 days.

[16,23,71]

Ready to eat
(Food simulant)

Microbial spoilage,
oxidative

degradation, and
quality deterioration

Combined
antioxidant and

antimicrobial barrier

Improved the thermal stability
during microwaving, which

prolonged the freshness of the food.
[135,144,150]
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Figure 4: An overview of the sources, fabrication processes, and food preservation applications of active packaging
films.

Representative Case Studies of Catechin-Based Active Packaging in Food Systems
To further give evidence of the effectiveness of catechin-based active packaging, five typical representa-

tive studies will be examined in detail. Each case has its experimental design, control group set-up, specific
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quantitative results, and conclusions. The studies cover processed meat, seafood, dairy, fresh produce, and
liquid food systems, which all illustrate the versatility of catechin applicability to various food systems, as
shown in Tables 5–9.

Table 5: Comparison of control and catechin-treated groups of minced pork [141].

Parameter Control Group Catechin-Treated Change with
Catechin Shelf-Life Impact

Film type Plain gelatin film
(no active agents)

Gelatin film +
catechin

(antioxidant) +
nisin

(antimicrobial),
cross-linked with

microbial
transglutaminase

(MTGase)

Active film
combines

antioxidant and
antimicrobial

agents in a single
cross-linked

matrix

Active film
substantially

delayed microbial
spoilage and lipid

oxidation in
minced pork

Total viable
count (TVC)
time to reach
spoilage limit
(107 CFU/g)

Reached 107 CFU/g
in 1 day under

aerobic
refrigerated storage

(5○C)

Reached 107 CFU/g
threshold on day 4

under the same
conditions

3× extension of the
time to reach the

microbial spoilage
threshold

Acceptable shelf
life extended from
1 day to 4 days, a

tripling under
demanding aerobic

storage

Lipid oxidation
(TBARS)

Higher TBARS
values; faster lipid

deterioration
throughout storage

Catechin
incorporation
significantly
retarded the

increase in TBARS
values

Lipid oxidation
was measurably

reduced by
catechin

antioxidant activity
within the film

Delayed onset of
rancidity;

maintained
sensory quality

(odour, colour) for
longer

In vitro
antibacterial

activity of film

Absent with no
antimicrobial
agent present

Confirmed
antibacterial

activity (nisin
component)

against
Gram-positive

spoilage bacteria

The film surface
acquires an active

antimicrobial
property not
present in the

control

Microbial load on
the meat surface is

reduced; slower
growth rate

throughout the
storage period

Film structural
integrity (water

solubility)

Higher solubility
in contact with
meat exudate

MTGase
cross-linking

markedly reduced
film solubility

Cross-linked film
maintains integrity

in a moist meat
environment

Sustained active
agent retention

and delivery
throughout the
storage period
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Table 6: Comparison of control and catechin-treated groups—frankfurter-type sausage [145].

Parameter Control Group Catechin-Treated Change with
Catechin Shelf-Life Impact

Preservation
system

Nitrite-free
sausage with no

natural
antioxidants or
antimicrobials

(negative control);
conventional

nitrite-containing
sausage (positive

control)

Nitrite-free
sausage with

natural
antioxidants

including catechin
incorporated into
the formulation

Catechin-based
natural

preservatives
replaced synthetic

nitrite as the
primary

preservation agent

Natural catechin
formulation

achieved
commercially

viable shelf life
without synthetic

additives

Lipid oxidation
(TBARS)

Nitrite-free
control: highest
TBARS; fastest

oxidative
deterioration

throughout 45-day
storage

Significantly
reduced TBARS

compared to
nitrite-free control;
comparable trend

to
nitrite-containing

sausage

Catechin reduced
lipid oxidation by
scavenging free

radicals and
chelating

pro-oxidant metal
ions

Delayed rancidity
onset; maintained
acceptable flavour

and odour
throughout 45-day

storage period

Microbial load
(TVC)

Nitrite-free
control: highest

microbial counts;
fastest growth

throughout storage

Reduced TVC;
microbial growth

suppressed relative
to nitrite-free

control across the
full 45-day period

Catechin
antimicrobial

activity
(membrane

disruption, enzyme
inhibition) slowed
spoilage organism

proliferation

Maintained
microbial safety

within acceptable
limits throughout
extended 45-day

refrigerated storage

Colour stability
(redness, a*

value)

Nitrite-free
control: most rapid
redness loss; fastest

colour
deterioration

Better redness
retention than

nitrite-free control;
colour maintained
at higher a* values
throughout storage

Catechin
antioxidant activity
partially protected
myoglobin from

oxidation to
metmyoglobin

Preserved visual
appearance (fresh

red
colour)—critical

for consumer
acceptance of fresh

sausage

Acceptable shelf
life achieved

Nitrite-free
control: short

acceptable shelf
life; spoilage
parameters

exceeded limits
rapidly

45 days of
acceptable

refrigerated storage
achieved with

natural
catechin-based

preservation

Catechin extends
shelf life without

synthetic
preservatives—

clean-label
alternative
validated

45-day shelf life:
commercially

viable for retail
supply chains;

matches industry
requirements
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Table 7: Comparison of control and catechin-treated groups—yellowfin tuna slices [146].

Parameter Control Group Catechin-Treated Change with
Catechin Shelf-Life Impact

Treatment

Distilled water
dip—no active
agents (control

group)

Dip treatment with
EGCG

(200–400 mg/kg)
and/or squid pen

chito-
oligosaccharide
(COS); stored at
4○C for 12 days

Active agents
delivered via

aqueous dip prior
to chilled storage

Active treatment
significantly

extended
microbiologically

and chemically
acceptable shelf life

of tuna slices

Lipid oxidation
(TBARS)

Higher TBARS
values throughout

12-day storage;
progressive lipid

deterioration

Both COS and
EGCG reduced

TBARS vs. control;
COS showed

stronger inhibition
of lipid oxidation

Antioxidant
activity of catechin
(EGCG) and COS

jointly reduced
fatty acid oxidation

in tuna

Rancidity
development

delayed; it
maintained an

acceptable flavour
and aroma profile

throughout storage

Total volatile
basic nitrogen

(TVB-N)—
freshness
indicator

TVB-N exceeded
the acceptable

limit (30 mg/100 g)
within the storage

period at 4○C

TVB-N increase
was significantly
retarded; values

remained at lower
levels vs. control

throughout storage

Catechin (EGCG)
and COS inhibited

microbial
proteolytic activity,

reducing volatile
amine formation

Freshness
maintained for

longer; acceptable
TVB-N sustained
beyond day 6 (the

control limit)

Melanosis
(black spot
formation,
score 0–5)

Progressive
melanosis

development;
visible blackening

of tuna surface
during storage

COS significantly
reduced melanosis;
EGCG alone had

less effect on
melanosis (and

accelerated
metmyoglobin
formation at

higher
concentrations)

COS inhibits
polyphenol oxidase
(PPO) preventing
melanosis; EGCG
is more effective

for lipid/microbial
control than colour

COS preserved
visual appearance

of tuna (critical for
consumer

acceptance of raw
fish)

Microbial
growth (TVC)

TVC increased
progressively;

microbial spoilage
limit (7 log CFU/g)

was reached
during storage

COS showed
higher microbial
inhibition than
EGCG; COS +

EGCG
combination was

also effective

COS antimicrobial
activity

(membrane
disruption) was the

dominant
mechanism for

TVC suppression

Shelf life extended
to 12 days—

approximately
doubled vs. control

under 4○C
refrigeration



J Polym Mater. 2026;43(2):7 27

Table 8: Comparison of control and catechin-treated groups—Latin-style fresh cheese [142].

Parameter Control Group Catechin-Treated Change with
Catechin Shelf-Life Impact

Packaging
system

Plain whey protein
concentrate

(WPC) film—no
green tea extract

(control)

WPC film
incorporating

Portuguese green
tea extract (GTE,
rich in catechins
including EGCG
and ECG); stored

at 5○C

Green tea catechin
extract

incorporated into
food-grade protein

film matrix

Active film with
catechin extract
improved both
microbiological
and oxidative

stability of fresh
cheese

Lipid oxidation
(TBARS, mg
MDA Eq/kg)

4.2 mg MDA
Eq/kg—higher

oxidative
deterioration of

cheese fat during
storage

3.2 mg MDA
Eq/kg—lipid

oxidation delayed
by catechin

antioxidant activity
(23.8% lower vs.

control)

Catechin radical
scavenging and
metal chelation
within the WPC

film delayed cheese
fat oxidation

Reduced lipid
oxidation extended
oxidative shelf life;
maintained cheese
flavour and aroma

quality

E. coli count
(CFU/g)

2.2 × 102

CFU/g—higher
E. coli

contamination
during storage

1.5 × 101 CFU/g—
approximately 93%
reduction in E. coli

vs. control film

Catechin
antimicrobial

activity
(membrane
disruption,

enzyme inhibition)
suppressed E. coli

proliferation

Improved food
safety—E. coli

count reduced to
near-negligible

levels throughout
storage at 5○C

Total
microorganism
count (30○C)

Higher total
microbial counts
during storage;
faster microbial

proliferation

Inhibited total
microorganism

growth relative to
plain WPC control

film

Catechin
antimicrobial

properties
suppressed

broad-spectrum
microbial growth

on the cheese
surface

Extended
microbiological

shelf life; reduced
risk of visible

spoilage during
refrigerated storage

Film
antioxidant

capacity (AAC)

Low—plain WPC
film has no
antioxidant

functionality

AAC ≈
595.4—high
antioxidant

capacity conferred
by GTE catechin

incorporation

Catechin
incorporation

transforms passive
WPC film into

functionally active
antioxidant
packaging

Active antioxidant
film provides
continuous

protection against
oxidative

deterioration
throughout storage
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Table 9: Comparison of control and catechin-treated groups—apple juice [144].

Parameter Control Group Catechin-Treated Change with
Catechin Shelf-Life Impact

Treatment

Plain apple juice
with no tea
polyphenol

addition (control
group)

Apple juice
supplemented with

tea polyphenols
(catechin-rich,

0.05% w/v)—direct
addition to liquid

food matrix; stored
at 25○C

(accelerated
conditions)

Catechin-rich tea
polyphenols

applied directly to
liquid food as

functional
preservative

additive

Tea polyphenols
simultaneously

inhibited
browning,
maintained
antioxidant

capacity, and
suppressed

microbial growth

Enzymatic
browning

(visual/ΔE)

Progressive
browning during
storage; colour
deterioration

evident
within days at 25○C

Browning
significantly

inhibited
throughout

storage; visual
appearance

maintained at
acceptable level

Catechin inhibits
polyphenol oxidase
(PPO) activity and
scavenges quinone
intermediates that

cause brown
discolouration

Maintained visual
appeal and
consumer

acceptability of the
juice throughout

accelerated storage
period

Antioxidant
capacity (DPPH

scavenging)

Antioxidant
capacity declined

steadily during
storage as phenolic
compounds were

consumed by
oxidation

Antioxidant
capacity better

maintained and
enhanced

throughout storage
relative to control

Tea polyphenol
catechins

replenished and
supplemented the

juice’s natural
antioxidant pool

Nutritional quality
(antioxidant value)

preserved for
longer—beneficial

for
health-conscious

consumers

Total phenolic
content (TPC)

TPC decreased
during storage as

endogenous
phenolics were
consumed by
oxidation and

browning reactions

Higher TPC
maintained

throughout storage
due to catechin

supplementation

Catechin addition
offset the loss of

endogenous
phenolics,

sustaining total
polyphenol levels

Extended period of
high nutritional
value; catechin

supplementation
functionally
replaced lost

phenolics

Microbial
growth (log
CFU/mL)

Microbial counts
increased over
time; shelf life

limited by both
microbial spoilage

and browning

Microbial growth
inhibited relative
to control; slower

proliferation
throughout storage

period

Catechin
antimicrobial

activity disrupted
microbial cell

membranes and
inhibited key

metabolic enzymes

Microbiologically
acceptable shelf life

approximately
doubled—from

~4 days (control)
to ~8 days (treated)
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Case Study 1: Minced Pork Preservation—Gelatin Film with Catechin and Nisin.
Kaewprachu et al. [141] compared the preservation properties of gelatin-based active films cross-

linked with microbial transglutaminase (MTGase) and added catechin as an antioxidant and nisin as an
antimicrobial factor. Fresh minced pork was placed in polystyrene trays and overwrapped with plain gelatin
film (control group) or the catechin-nisin active film and kept in an aerobic environment at 5○C–10○C. The
critical spoilage threshold, a total viable count (TVC) of 107 CFU/g, was reached after only 1 day in the
control group, indicating that the minced pork was highly perishable in aerobic conditions. Conversely, pork
enclosed in the catechin-nisin gelatin film took 4 days to reach this spoilage level, which is a 3-fold increase of
the microbiologically acceptable shelf life. The catechin ingredient provided quantifiable in vitro antioxidant
ability to the film and inhibited the rise in thiobarbituric acid reactive substances (TBARS) throughout the
storage period, postponing lipid oxidation and the formation of rancid flavours. Cross-linking with MTGase
greatly decreased the aqueous solubility of the film, which could retain its structural integrity in direct contact
with meat exudate and could release the catechin and nisin during storage. These findings indicate that a
synergistic combination of catechin (antioxidant) and nisin (antimicrobial) in a cross-linked protein film
matrix is much more effective than any single agent used, and that, even in the most rigorous aerobic storage
conditions, catechin-based active packaging can provide a noticeable shelf-life extension to fresh processed
meat products.

Case Study 2: Nitrite-Free Frankfurter Sausage—Natural Antioxidants Including Catechin.
The purpose of the study by Alirezalu et al. [145] was to explore the possibility of using natural antiox-

idants such as catechin to replace sodium nitrite as a food preservative in frankfurter-type sausages, as an
option to meet the increasing consumer demand for clean-label processed meat products. The experimental
design involved testing three groups: a negative control in the absence of nitrite (no preservatives), a
positive control (sausage containing nitrite), and a nitrite-free formulation with catechin and complementary
natural antioxidants. The quality parameters (TBARS (lipid oxidation), total viable count (TVC), and colour
(redness, a* value)) were tested during 45 days of refrigeration. The nitrite-free control deteriorated quickly,
and the TBARS, TVC, and colour degradation exceeded acceptable limits long before the end of the
observation period. The catechin-treated group performed significantly better with all three parameters:
TBARS values were significantly reduced, the number of microbes was reduced during the entire 45-day
storage process, and the redness was better maintained compared to the unsupplemented control. Notably,
the catechin-based formulation had 45 days of satisfactory refrigerated shelf life—a commercially significant
target that indicates the feasibility of catechin as a clean-label nitrite alternative in processed meat. The
results of this study are especially important as they position catechin not only as an adjunct to the current
preservation regimes but as an active alternative to synthetic preservatives and provide a pathway toward the
introduction of natural, label-friendly sausage products with competitive shelf life.

Case Study 3: Yellowfin Tuna Slices—EGCG and Chito-oligosaccharide Treatment.
Singh et al. [146] compared epigallocatechin gallate (EGCG) and squid pen chitooligosaccharide (COS),

and their combination (1:1, w/w) as an aqueous dip for slices of yellowfin tuna. The control group experienced
a quick decline in all parameters, as TVB-N surpassed the freshness limit of 30 mg/100 g and TVC neared the
spoilage limit of 7 log CFU/g within the time of observation. The COS and EGCG treatments substantially
delayed lipid oxidation (TBARS) and microbial growth in comparison with the control, with COS having
better antimicrobial inhibition and melanosis prevention capabilities because of its strong polyphenol
oxidase (PPO) inhibitory capacity. An interesting subtlety was found in the case of EGCG: although effective
as an antioxidant and antimicrobial agent, at higher concentrations, EGCG alone increased metmyoglobin
formation, decreasing tuna redness—a matrix-specific pro-oxidant effect on haem pigments that needs to be
taken into consideration in catechin packaging design of high-myoglobin seafoods. By complementing each
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other, the combination of COS + EGCG treatment increased the acceptable shelf life of yellowfin tuna slices
to 12 days (about twice the shelf life of the controls under the same refrigerated conditions) by concurrently
reducing lipid oxidation, microbial growth, and enzymatic browning.

Case Study 4: Latin-Style Fresh Cheese—Whey Protein Film with Green Tea Extract.
The study by Robalo et al. [142] evaluated the effectiveness of whey protein concentrate (WPC) films

to preserve Latin-style fresh cheeses (goat cheese and a goat/sheep mixture) stored at 5○C with either no
Portuguese green tea extract (GTE) (control) or 2% GTE incorporated. Goat and mixture fresh cheeses were
both tested to ensure that they were reproducibly evaluated across cheese matrices. Active film exhibited
much better preservation capability on microbiological and oxidative parameters. As a measure of lipid
oxidation, TBARS was 4.2 mg MDA Eq/kg in the control group against 3.2 mg MDA Eq/kg in the active
film group 23.8 percent less which establishes that catechin radical scavenging activity within the film matrix
slowed down the deterioration of cheese fat during storage. Microbiologically, the active film was able to
reduce E. coli counts (2.2× 102 vs. 1.5× 101 CFU/g) and generally inhibit overall microorganism proliferation.
These increases in oxidative and microbial stability reflect a significant increase in the fresh cheese shelf life
from about 7 days for the control to approximately 14 days for the active film shows a doubling in the shelf
life of the marketable fresh cheese. The research also determined that the geographic origin and extraction
mode of green tea extract had significant effects on the film efficacy, with Portuguese GTE having a higher
antioxidant activity coefficient (AAC = 746.7) in comparison to Asian green tea under study (AAC = 650),
with respect to selection of catechin source as an active ingredient in the formulation of active packaging.

Case Study 5: Apple Juice—Tea Polyphenols as a Direct Preservative.
Zhong et al. [144] examined the effects of tea polyphenols consisting of catechins, including EGCG,

epicatechin gallate (ECG), and epicatechin (EC)directly added to fresh apple juice (0.05% w/v) at 25○C
under accelerated shelf-life conditions. Pure apple juice was prepared and, in each case, divided into a plain
control group (no addition) and a tea polyphenol-supplemented group, where quality parameters, including
browning index (-dE), DPPH antioxidant scavenging activity, total phenolic content (TPC), and microbial
count were measured at regular intervals during the storage process. In the control group, the process
of enzymatic browning was rapid at 25○C, and the endogenous polyphenol oxidase (PPO) transformed
phenolic substances into brown quinone pigments, antioxidant capacity decreased gradually, TPC reduced
with consumption of phenolics, and the number of microbes increased with time. The tea polyphenol-
supplemented group was superior to the control in all four parameters at the same time; browning was
greatly inhibited by PPO inhibitory and quinone scavenging action, antioxidant capacity was improved and
preserved, TPC was maintained at elevated levels during the storage period, and microbial growth was
inhibited by catechin antimicrobial activity. This versatile inhibition of enzymatic browning, of oxidative
degradation, and of microbial spoilage by distinct but complementary mechanisms in a single natural
additive, resulting in a 2-fold increase in the microbiologically and visually acceptable shelf-life of apple juice
at the accelerated conditions of 25○C. This case study is of special interest as it introduces the use of catechins
to a liquid food matrix for direct applications in solid food packaging films, and shows that catechins are
multifunctional natural preservatives and can be utilized in a wide range of food types.

5 Safety Concerns and Challenges
Catechins possess antioxidant and antimicrobial qualities, yet an overall safety assessment must be con-

ducted before they are added to food packaging. The main issue is that excessive concentrations of catechins,
especially EGCG, in supplements may alter their antioxidant effect, causing them to act as pro-oxidants and
induce oxidative stress and mitochondrial damage, potentially leading to hepatotoxicity [151,152]. This danger
is compounded when supplements are taken on an empty stomach, which enhances bioavailability. This is



J Polym Mater. 2026;43(2):7 31

especially important in active food packaging, since the migration of catechins between the packaging and
the food may lead to high-dose exposure, which should be regulated to maintain acceptable daily catechin
intake [153].

In addition to direct toxicity, catechins can directly interact with food components, and when consumed,
they can interfere with the nutritional value of the food. Catechins have a high affinity for diets and digestive
enzymes such as amylase and lipase, which can decrease protein digestibility and nutrient absorption in high-
protein diets. This effect may introduce an anti-nutritious property of catechins in the packaging that may
affect bioaccessibility and compound the extent of risk [154]. The European Food Safety Authority (EFSA)
has reviewed and concluded that catechins from green tea are not dangerous, but supplemental amounts of
EGCG of 800 mg/day and above can lead to the risk of hepatotoxicity [155]. Catechins offer excellent bioactive
potential; however, safe incorporation into food systems must be ensured, and the dose must be strictly
controlled and compliant with applicable regulatory requirements. They could be applied to packaging to
retain the quality and shelf life of food.

In order to effectively control catechin migration in active packaging, certain evaluation procedures
must be adhered to. Migration testing involves incubating the packaging in a food simulant that resembles the
target food under standardised conditions: 10 days at 40○C ambient storage as defined by EU Regulation No.
10/2011 and EN 1186 protocols [156]. Due to the hydrophilic nature of catechins, 10% ethanol is applied as the
simulant for aqueous foods like meat and dairy, 3% acetic acid is applied as the simulant for acidic foods like
fruits, and 50% ethanol is applied as the simulant for products with moderate fat levels like meat [157]. EGCG,
EGC, ECG and EC are then determined in the simulant by reverse-phase HPLC-UV at 278 nm (ISO 14502-2
method), and EDTA and ascorbic acid are added to the sample solution to inhibit EGCG auto-oxidation
during analysis [158]. To obtain a more detailed safety profile, with the identification of catechin oxidation
products and non-intentionally added substances (NIAS) formed during film fabrication, LC-MS/MS is
a complementary analytical technique [157]. Published kinetic data confirm that catechin release from
biopolymer films follows Fickian diffusion: chitosan-vanillin-green tea extract films delivered a burst release
within 8 h followed by sustained release over 400 h, and starch/PBAT films loaded with tea polyphenols
retained above 95% of catechin content initially and above 80% after 12 months of storage [159]. These data
indicate that migration doses of realistic packaging formats are significantly lower than the 800 mg/day
EGCG limit developed by EFSA, but the cumulative exposure from all sources of catechins in foods needs to
be evaluated. EC Regulation No. 450/2009, which regulates the deliberate release of bioactive substances by
active packaging, requires that packaging-derived EGCG be assessed as a novel active substance before any
product can be commercially marketed [160,161].

Other than safety, the environmental sustainability of catechin-based active packaging should be
assessed by means of Life Cycle Assessment (LCA). Camellia sinensis is the source of the catechin raw
material, and a cradle-to-gate LCA of green tea in a plant in China reported a total carbon emission intensity
of 32.90 kg CO2 eq per kg of dry tea, with processing stages like steaming and drying being the largest
hotspots, accounting for 57% of processing-stage emissions [161]. Obtaining catechins by using spent tea
leaves, a by-product of approximately 5.8 million tonnes worth of tea processing, can significantly decrease
this upstream footprint, as the carbon footprint of cultivation is instead assigned to the main tea product
as opposed to the waste-based catechin ingredient [162]. Regarding fabrication, optimised melt extrusion
of starch/PBAT films with tea polyphenols has provided retention of catechin levels greater than 95% at
processing temperatures, indicating that thermal EGCG degradation can be controlled and extrusion as
a fabrication pathway is energy efficient [160]. The greatest environmental advantage of catechin-based
packaging is its use phase: reported shelf life increases of 4–15 days on meat, seafood, and dairy products
alleviate food spoilage, and in high-carbon foods like beef (ca. 27 kg CO2eq per kg), even modest decreases
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in waste compensate for a significant fraction of the packaging film production footprint. Future research
in LCA needs to incorporate a functional unit that incorporates both packaging functions and reduction of
food waste to fully encompass this environmental value with an ISO 14040/14044-compliant methodology
and established databases like Ecoinvent or AGRIBALYSE [162,163].

Now that the existing safety concerns, regulatory issues, and sustainability concerns of catechin-based
active packaging have been identified, the concluding section will consolidate the main findings of this review
and give recommendations for possible future research.

6 Conclusion and Future Perspectives
Catechin-based active packaging is another food preservation innovation that has changed the

paradigm of packaging from a passive, inert barrier into an active system, protecting and improving food
quality. This review has emphasized the application of catechins as natural, sustainable, and bioactive
compounds in packaging to address the increased global market demand for safer and clean-labelled
products. Catechins exhibit high biological activity, presenting enormous potential for food waste reduction
and minimizing the dependence on synthetic preservatives. Their mechanisms are complex: they possess
strong antioxidant effects, scavenging free radicals and chelating metals; they have extensive antimicrobial
activities, suppressing proliferation of spoilage microorganisms in packaged foods; they may also block UV
radiation, as well as enzyme browning, which provides an added security to the sensory and nutritional
benefits of packaged foods. They can be incorporated into a wide range of polymer matrices using fabrication
techniques like solvent casting, electrospinning, and melt processing, and their characterization using SEM
and FTIR has been used to determine catechins’ interactivity with polymers.

However, this apparent potential has several hurdles to overcome before it can become a viable practice,
even in the commercial environment. Scalability and standardization are among them; experiments at lab
scale should be replicable in large-scale production, and would require cost-effective sourcing and uniform
fabrication. This has been complicated by the fact that the content of catechins among the different sources
is quite variable and cannot be standardized. Moreover, catechins may add undesirable sensory properties,
including astringency, bitterness, and color changes, and this has a direct effect on consumer acceptance,
particularly as a coating. Another major challenge is stability, since catechins are susceptible to degradation
during high-temperature processing or via exposure to light and an adverse pH environment. Lastly, even
though catechins are GRAS (Generally Recognized As Safe) in moderate concentrations, their leaching out of
the packaging into food presents a regulatory and safety issue. Specifically, the displacement of high doses of
ECG leads to concerns about possible hepatotoxicity at levels exceeding threshold limits. Thus, it is important
to conduct further research to determine the boundaries of migration and evaluate the toxicological effects
of long-term intake of packaged foods.

Future research is aimed at resolving these challenges. Methodologies such as encapsulation in nanocar-
riers, e.g., lipid-based nanoparticles or biopolymer-hydrogel composites, are promising solutions. These
techniques can fix the reactive catechins to resist light, pH, and temperature, besides controlling their
diffusion into the food. In addition, the negative sensorial challenges can be alleviated by means of these
sophisticated delivery systems, the application of bitterness-masking agents, or catechin-protein complexes.
To sum up, catechin-based packaging is a sustainable solution with potential for the future of active
packaging. By offering strong answers to the current issues about stability, sensory perception, fabrication
cost, and migration, catechins have a chance of being a safer, eco-friendly, and universally acceptable
technology in the contemporary food industry.
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