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Abstract

The use of food packaging derived from petroleum-based polymers has developed signifi-
cant environmental problems, as these materials require centuries to degrade and release
hazardous pollutants. Consequently, the food industry is shifting toward biodegradable
alternatives developed from agro-industrial by-products, such as proteins, polysaccharides,
and lipids. Whey protein is a by-product of the cheese industry, which is emerging as a
promising material for producing edible and biodegradable films with effective barrier
properties. Whey-based films can be incorporated with bioactive compounds, particularly
phenolic compounds. These substances, naturally present in fruits, legumes, and vegetable
waste, possess potent antimicrobial and antioxidant activities that are essential for extend-
ing the shelf life of perishable foods. This review provides a systematic evaluation of how
the incorporation of phenolic compounds influences the physicochemical and bioactive
properties of whey-based films. Thus, an analysis of film-forming methods, the interaction
between protein matrices and phenolic compounds, and a critical discussion of the chal-
lenges remaining for their industrial application as active food packaging were evaluated.
The discussion focuses on how the incorporation of phenolic extracts influences the physic-
ochemical, mechanical, and barrier properties of the films, as well as their antioxidant and
antimicrobial efficiency. The novelty of this review lies in its comprehensive focus on the
sustained release of phenolic compounds from a whey protein film and their application in
real food systems. By utilizing these natural additives, the industry can provide sustainable
alternatives to synthetic preservatives. Active whey protein packaging represents a viable
strategy to inhibit food spoilage, prevent lipid oxidation, and maintain sensory quality,
while reducing the environmental problems.

Keywords: antioxidant; antimicrobial; food packaging; shelf life

1. Introduction

The food industry widely uses plastic packaging with the main goal of containing
and protecting food before consumption [1,2]. Many of these packages are elaborated by

Processes 2026, 14, 561

https://doi.org/10.3390/pr14030561


https://crossmark.crossref.org/dialog?doi=10.3390/pr14030561&domain=pdf&date_stamp=2026-02-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-2383-6196
https://orcid.org/0000-0002-2861-5643
https://orcid.org/0000-0002-3437-5447
https://orcid.org/0000-0002-5898-727X
https://doi.org/10.3390/pr14030561

Processes 2026, 14, 561

2 of 20

petroleum-based materials, such as polyethylene and polypropylene. However, incorrect
disposal of these can lead to pollution in landfills, rivers, oceans, and it represents an
environmental problem, as these polymers are not biodegradable [3-5]. Furthermore, the
Coronavirus Disease 2019 (COVID-19) pandemic has led to an increase in plastic waste.
The main causes of the increase in this waste are the use of plastic for medical purposes
and food packaging [5,6].

Biodegradable films are being studied and developed from natural renewable sources,
such as polysaccharides, proteins, and lipids [1,7], to reduce the adverse effects of pack-
aging and petroleum-based materials [1]. These films can be degraded in environmental
conditions by the action of microorganisms, soil conditions, water, and other factors [3,7].
The utilization of whey protein for the elaboration of biodegradable films has gained atten-
tion. Milk has two proteins, casein (~80%) and whey (~20%), and whey is a highly globular
protein powder derived from cow’s milk. Films from whey protein are interesting due to
their biodegradable, eco-friendly, film-forming, and nutrient-rich properties, with good
barrier properties against oxygen, aromatic compounds, and oil [7,8].

Natural compounds, such as phenolic compounds, can be incorporated into these
matrices to create active films [7-9]. These films can protect food products by preventing
physical damage, moisture absorption, and steam. Furthermore, they can act as a barrier to
microorganisms, oxidation, and other causes of food spoilage. The interaction of phenolic
compounds with the bacterial cell membrane can modulate its permeability, resulting in
the loss of cell integrity and subsequent bacterial death [3,8].

The incorporation of active compounds into whey films is promising, combining the
film-forming potential of whey with the bioactive capacity of natural compounds because
phenolic components show strong antioxidants and antimicrobial activities [3]. While
promising, the development of these materials faces challenges related to formulation
optimization. Specifically, it is difficult to achieve a balance that preserves both desirable
mechanical properties and adequate barrier of these films [3,10]. According to Phoolklang
et al. [10], phenolic compounds can increase the water resistance (WR) of the film, but some
extracts had a negative effect in WR, because different types of extracts have varying effects
on film properties. This resistance can be attributed to the hydrophobic interactions and
hydrogen bonds formed between the phenolic compounds and the polar groups in protein
film matrix, which reduced the inter-chain space of matrix and the availability of amino
and OH groups and hindered the binding with water.

Phenolic compounds are natural substances known to have one or more unique aro-
matic rings coupled to a hydroxyl group. Phenolic compounds are secondary metabolites
in plants, generally found in vegetables, fruits, tea, and wine, among other sources [11-13].
They are responsible for organoleptic characteristics, such as bitterness and color, and act
as plant defense strategies [14]. However, they can also be obtained from unconventional
parts of plants characterized by being by-products, such skin and other parts [15]. Stud-
ies are being carried out with the incorporation of phenolic compounds from different
sources, such as rambutan (Nephelium lappaceum) and peanut skin (Arachis hypogaea L.),
among others, in biodegradable films [15,16], with promising results being reported. This
review provides a systematic evaluation of how the incorporation of phenolic compounds
influences the physicochemical and bioactive properties of whey-based films. Thus, an
analysis of film-forming methods, the interaction between protein matrices and pheno-
lic compounds, and a critical discussion of the challenges remaining for their industrial
application as active food packaging were evaluated.
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2. Biodegradable Films

A film can be defined as a pre-formed thin layer, developed from biopolymers, which,
after formation, can be used as food packaging [17]. Films can be made using biopolymers,
which are biologically based polymers with a biodegradable nature, with proteins, lipids,
and polysaccharides being the most widely used [1,7].

Biodegradable films are an alternative replacement for synthetic polymers, due to their
fast decomposition by the action of microorganisms. Extracellular enzymes secreted by
microorganisms catalyze the primary biodegradation processes for biopolymers, including
the hydrolysis of ester bonds to liberate monomers [1,18]. Furthermore, biopolymers can be
made from natural, renewable, low-cost sources, which can form a continuous matrix and
are found in large quantities in by-products from agroindustry, such as polysaccharides
and proteins [19].

Several studies seek to develop films from raw materials, such as whey proteins [20],
soy [19] and corn [3], as well as collagen and gelatine [21], in addition to polysaccharides
such as starch [22], and chitosan [23], among others. In this context, protein films showed a
good barrier to oxygen and other gases with good mechanical resistance. However, protein
films are sensitive to humidity [20].

Whey proteins have been gaining prominence in the production of active edible films
and coatings for food packaging. In cheese production, whey is generated as a by-product,
which deserves special attention as it is possible to obtain an isolated protein with more
than 90% protein and concentrated protein between 35% and 80% protein [24]. Thus, whey
and dairy products have stood out in the production of biodegradable films, as they form
films with important characteristics, such as transparency, flexibility, absence of taste and
odor, as well as mechanical and oxygen barrier properties [25]. Furthermore, they can serve
as a matrix for the incorporation of bioactive compounds, which can be released into food,
which is one of the active film characteristics [20].

When incorporated into films, these bioactive compounds with antimicrobial and
antioxidant effects interact with the product and can improve its conservation through
the release or absorption of compounds [26]. Therefore, the bioactive film can protect the
food from lipid oxidation and spoilage and/or pathogenic microorganisms, increasing the
shelf life of the food and improving the quality of the product [2,27]. According to Li and
Chan [28], whey protein concentrate (WPC) and whey protein isolate (WPI) films were
rapidly degraded in a compost pile, showing visible darkening within two days, with over
80% of total solids lost in a week.

2.1. Production of Whey Protein Films and Derivatives

Cow’s milk contains proteins casein (nearly 80%) and whey (nearly 20%) [29]. Temper-
ature, pH, shear forces, and organic solvents result in protein unfolding and dissociation.
Whey proteins are globular proteins, and the initial step is protein unfolding by relieving
low-energy intermolecular bonds [29,30].

Biodegradable protein films are obtained through the homogenization of a polymer
matrix, a solvent, a plasticizer, and an adjustment of pH, which are subjected to heat
treatment. Biodegradable whey protein films (WPF) can be elaborated from protein isolate
(WPI, >90% protein) or concentrate (WPC, 35-80% protein) in different concentrations, and
their formation depends on the thermal denaturation of the protein in aqueous solutions to
obtain strength, resistance, and poor solubility in water [31,32].

Films without plasticizers are very brittle and have little elasticity, which makes their
use unfeasible. The plasticizers, which have good compatibility with films, are used to
improve the elasticity and extensibility of films [31-33]. The most used plasticizers are water,
polyols (glycerol and sorbitol), monosaccharides (fructose and glucose), disaccharides
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(sucrose), and lipids (fatty acids) [31,33]. Plasticizers modify the structure of bonds and
reduce intermolecular forces, due to their ability to restrict hydrogen bonds between
polymer chains, reducing their rigidity. As a result, they increase the mobility of polymer
chains and improve film properties, contributing to reducing fragility, and increasing
flexibility and extensibility [31,32].

In the formation of films based on whey and derivatives, the most used plasticizer
is glycerol, This occurs due to its structure and hydrophilic nature, facilitating incorpora-
tion and compatibility with macromolecules [32] at the time of homogenization with the
polymer and solvent. Therefore, the separation of these components is avoided, reduc-
ing the formation of hydrogen bonds and causing an increase in the free volume of the
polymer [33]. Additionally, when formulating the films, in addition to the film-forming
agent (macromolecule) and the plasticizer, it is essential to add a solvent, such as water or
ethanol, to solubilize the polymer matrix [9,31,32].

In many studies regarding the production of films using whey protein, the denatura-
tion temperature range used was between 75 and 100 °C, which promotes the unfolding of
globular whey proteins, exposing internal hydrophobic groups that later form intermolecu-
lar disulfide (5-S) bonds during drying. This molecular reorganization is what ultimately
results in a more resistant and water-insoluble matrix [20,31,34,35]. This occurs because
-lactoglobulin, one of the major proteins in whey, is denatured at temperatures above
60-70 °C [31,36]. Briefly, temperature favors the denaturation of protein molecules, causing
a modification of the 3-D structure of whey proteins by exposing internal hydrophobic
groups, and, after drying, these S-H groups stimulate links between intermolecular and hy-
drophobic S-S bonds [29,37]. This causes the bonds to be ordered during drying, obtaining
stronger, more resistant, and water-insoluble films [38].

It is also known that the pH of protein solubilization can directly influence the proper-
ties of the films [31,39]. This parameter alters the electrostatic repulsion between protein
chains, as it favors hydrogen bonds. This electrostatic repulsion occurs when the pH is
far from the isoelectric point (pl) of the proteins. For instance, adjusting the pH away
from the isoelectric point (plI) of 3-lactoglobulin (pH 5.2) or x-lactalbumin (pH 4.2-4.8) is
crucial to induce electrostatic repulsion, which facilitates protein solubilization and ensures
a homogeneous film-forming solution (FS) [31,36]. When the pH is between 5-6, that is,
at the pl or close to it, proteins accumulate, and their precipitation occurs [39]. However,
at pHs above the pl, the protein has a net negative charge, and, when below its pl, it has
a net positive charge. Therefore, these excess charges of protein molecules interact with
water molecules, contributing to their solubilization [39,40]. So, to obtain a more homoge-
neous film, pH adjustment is carried out with acid or base, such as acetic, ascorbic acid,
and sodium hydroxide, among others, aiming for the macromolecule to reach maximum
solubility [9,31,33,39,40].

Due to their hydrophilic nature, these films are highly permeable to water, which limits
their application in products that require a moisture barrier, such as cookies [41]. Guimaraes
et al. [25] incorporated lactic acid bacteria Lactobacillus buchneri and Lactobacillus casei (10, 20,
or 30%) in films of whey protein concentrate (10%; w/w) to evaluate the antifungal effect on
cheeses. Films containing different concentrations of L. buchneri showed antifungal activity
during 30 days of storage. Furthermore, the properties of these films did not change when
compared to the control film (without the addition of lactic acid bacteria).

Ampessan and Giarola [42] produced films using whey protein isolate as a macro-
molecule, glycerol as a plasticizer, and coconut oil at concentrations of 1, 2, and 3%. The
films presented antibacterial, antifungal, and antioxidant properties. An increase in co-
conut oil concentration from 1% to 3% caused the film thickness to rise from 1.2 mm to
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1.5 mm. This is because the added hydrophobic substance induces molecular interactions
and reorganization during the film’s formation and drying stages [42].

Silva et al. [43] developed blends based on a whey protein isolate (5%) using glycerol
(2%) and dispersed in water. Different concentrations of pectin (0.5%, 1%, and 2%) were
added and the pH was adjusted to 3.0. For films without pectin, the pH was adjusted to 7.0,
at 75 °C. The solubility of the film with 1% pectin was higher (75.3%) when compared to the
control film (66.8%). The tensile strength varied from 0.94 MPa and 2.12 MPa, for the films
added with 0.5 and 2% pectin, respectively. The elongation at break of films with pectin
decreased when compared to the control film, demonstrating a reduction in the mechanical
properties of the film added with pectin.

Andrade et al. [34] developed bioactive films based on whey protein concentrate
(8%, w/w), with glycerol (8%, w/w) as a plasticizer, water as solvent (83%, w/w), and
incorporated with rosemary extract (1%, w/w) to inhibit or delay lipid oxidation of salami
slices. This solution was heated to a temperature of 80 °C for better interaction between
the protein chains. The active films showed a reduction in lipid oxidation with a hexanal
amount of approximately 70 ng /100 g after 90 days when compared to fresh salami (without
coating), which presented approximately 140 ng/100 g.

Kontogianni et al. [35] created films based on whey protein concentrate using glycerol
as a plasticizer, and rosemary and sage extracts (2%) as bioactive compounds, at 75 °C
and pH 5.5. They observed that the solubility of films with sage extract increased from
25.2% (control) to 26.3%. The film containing rosemary extract showed higher solubility
(28.7%) when compared to the control film (25.2%). The tensile strength of films with
added rosemary extract (1.44 MPa) and sage extract (1.56 MPa) showed a higher value
when compared to the control film (1.33 MPa). However, the elongation and rupture
decreased in the films containing the different extracts, which may have been caused by the
reduction in mobility between the interactions of the polyphenolic compounds within the
polymer chain.

Agudelo-Cuartas et al. [20] prepared films of whey protein concentrate (10%) in
distilled water added with glycerol (5%), and tocopherol (2%), Natamycin (0.0123 ppm),
or a mixture of both, at pH 7 and 90 °C. The films incorporated with active compounds
showed lower tensile strength (3.3 MPa tocopherol, 6.4 MPa Natamycin, and 5.9 MPa with
the two active compounds) and an increase in elongation at break (45.6% Natamycin, 48.6%
tocopherol, and 46.4% with both), when compared to the control film (10.8 MPa; 29.4%).
These results indicate that tocopherol and Natamycin acted as plasticizers in the film.

2.2. Film Elaboration
2.2.1. Casting Technique

In the formation of films based on whey and derivatives, as shown in Table 1, are
used some raw materials and compounds by casting. It is based on the solubilization of
the polymer (macromolecule) in the solvent and the incorporation of plasticizers, thus
obtaining the film-forming solution. The FS is dispersed in molds or plates, using different
materials, such as glass, Teflon, and plastic, among others. Subsequently, they are dried
through solvent evaporation, thus obtaining films, consisting of continuous and cohesive
matrices [20,35,44].
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Table 1. Films based on whey protein and derivatives by casting method.

Concentration

Raw . Phenolic/Active TS/Young EAB WVP .
Material 1\7[2 tlziiv;] Plasticizer Source (MPa) (%) Gm-1s-1Pa-1 Evaluated Properties Reference
> mL Antibacterial /antifungal
WPI 3.5% (Glycerol) Coconut Oil (1-3%) 3.98t07.09 9.08 to 11.20 - properties; film thickness [42]
4 increased with oil concentration.
5% No Antifungal activity in cheese for
WPC 10% (Glycerol) Lactic Acid Bacteria 0.6 53.8 significant 30 days; film properties remained [25]
y change stable.
29, Pectin increased film stiffness;
WPI 5% (Glycerol) Pectin (0.5-2%) 0.94-2.12 Decreased Decreased plasticizer content significantly [43]
Y influenced rigidity.
5 Rosemary and Sage Sage reinforced the matrix;
WPC 10g @l C%rol) (2}(],/ ) & 1.44-1.56 Decreased 0.85t00.72 polyphenols reduced chain [35]
4 ° mobility and water interaction.
30% WVP established at
WPI 5g (Glycerol) - - - 1.09 1.09 g'mm-h~!-m~2.kPa~! for [45]
Y WPI matrices.
o Delayed lipid oxidation (hexanal
WPC 8% Gl Scﬁrol) Rosem(alr; )E xtract - - Reduced reduction) in salami slices for [34]
4 ° 90 days.
59 Active compounds acted as
WPC 10% (Glycerol) Tocopherol/Natamycin ~ 3.3-6.4 45.6-48.6 - secondary plasticizers, increasing [20]
y elasticity but reducing strength.
8 Evaluated as a control matrix for
WPC 12.77% ’ - - - - lipid oxidation efficacy in food [46]
(Glycerol)
models.

WPC: Whey protein concentrate; WPI: Whey protein isolate; WVP: water vapor permeability; TS: tensile strength;
EAB: elongation at break; -: not observed.

The steps involved in the casting technique are shown in Figure 1. To prepare pro-
tein films, the macromolecule (whey protein and derivatives) is first homogenized, and
different concentrations of water can be used (Figure 1a). Then, the plasticizer is added to
different specifications, according to the type of film that we are seeking to obtain. Then,
homogenization occurs under constant stirring [20,46]. Subsequently, the film-forming
solution is heated to a given temperature, which can vary between 75 and 90 °C [43,45]
(Figure 1b). For the development of active films, after cooling the film-forming solution,
bioactive compounds are added. Then, the film-forming solution is transferred to the
molds (Figure 1c), which can be acrylic [20] or glass [42] Petri dishes, as well as Teflon
plates [46,47].

Macromolecule  Plasticizer Solvent

(f) (e) (d)

Figure 1. Steps involved in the casting technique: (a) homogenization, (b) denaturation, (c) film-forming
solution is transferred to the molds, (d) drying, and (e f) storage under controlled relative humidity.
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The molds containing the film-forming solution are taken to ovens with forced air
circulation with temperatures that can vary from 25 to 40 °C [25,42], for 1248 h [20,47]
(Figure 1d). Drying is the removal of water from the material by heated air, where there is a
difference between the partial water vapor pressure of the film surface and the partial vapor
pressure of the drying air. In this way, the moisture contained in the material exerts vapor
pressure, so the moisture in the film will evaporate until its water vapor partial pressure is
equal to the partial pressure of the environment [48]. After drying, the plates are placed in
desiccators with controlled relative humidity (Figure le,f) to balance the humidity.

2.2.2. Tape Casting

The tape-casting technique, an improvement on the casting method, is underutilized
to produce biodegradable films, but it is widespread in the paper and ceramics industries
(Figure 2). Tape casting has become a suitable technique for producing biodegradable
films on a larger scale, as it allows obtaining films with a larger area and more uniform
thickness [49,50].

P,

Wl

58:
I

3

1

Micrometer

(b) | \— e o _
\‘ ,/ e e R o R e

Direction of substrate movement

Figure 2. Tape-casting technique: (a) preparing the solution and (b) spreading the solution on a
continuous conveyor.

The basic principle of the process consists of preparing a film-forming solution con-
taining the polymer (macromolecule), solvent, and plasticizer (Figure 2a). This suspension
is spread on a support with a continuous conveyor (Figure 2b), where a leveling blade
(Doctor Blade) controls the thickness of the suspension. This spread suspension is dried
at a temperature controlled by heat conduction, convection by infrared radiation, or the
union of these mechanisms [49,51].

2.3. Properties of Active Whey Protein Films

In recent decades, the packaging and food industries have been joining efforts to
reduce synthetic polymers for food packaging and to use biodegradable materials as an
environmentally friendly alternative [39]. Protein-based films are a sustainable alternative
to conventional petroleum-based materials for food packaging applications. Whey protein
film showed flexible, translucent, flavorless, and colorless films with good mechanical
properties and are effective gas barriers. This characteristic makes these films an excellent
matrix for incorporating bioactive compounds to potentially increase the antioxidant and
antimicrobial properties of phenolic compounds [52,53].
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Films elaborated from whey proteins with added plasticizers become transparent
and flexible and have excellent oxygen barrier properties [31]. However, the different
compositions of whey protein isolates or concentrate can have a strong influence on the
barrier, mechanical, and thermal properties of the films, as well as the method used
in its production and environmental factors [54]. Furthermore, adding plant extracts,
such as phenolic compounds, to filmogenic solutions resulted in alteration in barrier,
physicochemical, mechanical, antioxidant, and antimicrobial properties compared to films
elaborated with control film without active components [39,52].

The antioxidant effect is a direct result of the chemical structure of the phenolics
present in the whey protein matrix. Phenolic compounds interact with proteins, such whey
protein, by some mechanisms, which are essential for developing active films. Phenolic
groups act as hydrogen donors that bond with protein carboxyl groups, often initiating
the formation of protein—phenolic complexes. Phenolic structures have hydroxyl (-OH)
groups that can donate a hydrogen atom to a free radical, stabilizing it and breaking the
chain reaction of auto-oxidation [13].

The antimicrobial activity of phenolic compounds can occur due to these interactions
with microbial cells, which can lead to growth inhibition or cell death. Furthermore, the
phenolic compounds interact with the microbial cell membrane, resulting in structural
destabilization. This alteration in membrane permeability results in a loss of cell wall
integrity and the leakage of essential intracellular components. The antimicrobial activity of
these compounds is because they bind to the hydrophobic regions of extracellular microbial
proteins and enzymes, therefore reducing their activity and disrupting the metabolic
processes of the microorganism [30,50,52,55].

Nonpolar aromatic rings of phenolics bind to nonpolar protein side chains. Under
specific conditions, such as alkaline pH, phenolics oxidize into quinones, forming irre-
versible cross-links that can improve the thermal stability and structural integrity of films.
In packaging, these interactions allow for the controlled release of phenolics, providing
sustained antioxidant and antimicrobial protection to food. The resulting cross-linking
alters the protein’s secondary and tertiary structures, typically decreasing solubility while
enhancing the mechanical properties of the active film [10,15,34,35,55].

2.3.1. Mechanical Properties

Plastic materials are widely used in packaging due to their robust resistance properties to
a range of mechanical and environmental factors [29,55]. The mechanical properties of films,
including tensile strength (TS), elongation at break (EAB), Young’s modulus of elasticity, and
others, are important because they allow packaging to provide adequate mechanical resistance
and maintain its integrity during food handling and storage [39]. According to Kontogianni
et al. [35] the TS corresponds to the maximum tensile stress that the film can sustain; Young’s
modulus indicates the stiffness of the film, while EAB indicates the increase in film length
from the initial point to the break point, determining its extensibility [35]. They depend on
raw material composition and elaboration conditions [29,39].

Elaboration conditions, the process of obtaining the film and its formulation, such
as the concentration of the biopolymer and the plasticizer content, affect the mechanical
properties. The lower the plasticizer content used in production, the more brittle the films
will be. However, the higher the plasticizer content in the films, the greater the elongation
until rupture and the lower the tensile strength [39,42].

Guimaraes et al. [25] created films with 10% whey protein concentrate added with 5%
glycerol, obtaining a film with 0.6 MPa of TS and 53.8% EAB. Silva et al. [43] evaluated
the mechanical properties of films made with 5% whey protein isolate and 2% glycerol,
obtaining a tensile strength of 2.18 MPa and an elongation at a break of 11.24%. Accord-
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ing to these authors, it is clear how the formulation and plasticizer content can interfere
with the mechanical properties of the films: (i) the film with the lowest plasticizer con-
tent showed greater rigidity, that is, greater resistance to deformation, while (ii) the film
with higher plasticizer content proved to be more elastic, as it presented lower resistance
to deformation.

In some studies, it has been shown that nanoparticle incorporation can improve the
characteristics of whey protein films. Zinc oxide nanoparticles, when added into whey
protein films, can change the mechanical and barrier properties [29,56]. The nanoparticles
increase the number of discontinuities and aggregates in the material, which promotes the
nucleation and propagation of cracks by creating localized stress concentrations [56].

Many studies have demonstrated an increase in TS and EAB with the addition of
natural extracts, such as phenolics [35]. Kontogianni et al. [35] evaluated whey protein films
activated by rosemary and sage extracts to preserve soft cheese. They verified that extract
does not interfere significantly in the film structure. The presence of rosemary infusion
did not significantly influence the mechanical properties of the films and sage infusion
reinforced films compared to the control film without phenolic extract. However, the
modulus elasticity and TS of aqueous sage extract reinforced films compared to the control
film. Furthermore, the EAB diminished with sage extract addition in whey protein films
because this reduced the mobility of the chain by stronger interactions of the polyphenolic
compounds with the polymer chain. This behavior is attributable to the higher content of
rosmarinic acid and flavonoids in sage, as well as the unique contribution of salvianolic
acid K, where polyphenols act as cross-linkers. Ampessan et al. [42] showed that most
extracts reinforce the film; coconut oil acted as a dual agent, increasing TS and EAB. This
suggests that the lipid fraction of certain extracts can provide flexibility that pure phenolic
powders or aqueous extracts cannot.

Ju and Song [16] verified that the TS of Red algae (Gloiopeltis furcata) film incorporated
with yellow onion peel extract decreases as the concentration of the extract increases. The
EAB verified that the film incorporated with yellow peel onion extract had higher values
than the control film 27.4%. However, it decreased as the concentration of the extract
increased from 0.3% to 1% with 35.7% and 20.5%, respectively. The extract incorporation
into film results in modified structural changes in the film through interactions between
the polymer and extract molecules, respectively.

According to Chollakup et al. [15] rambutan peel extract (RPE) and cinnamon oil (CO)
incorporated in cassava starch (CS) and whey protein isolate blends, in proportion 1:4;
m/m, results in increased TS, coincident with reduced EB values and suggesting that the
addition of starch in the presence of RPE and CO formed more rigid chain networks. In
general, the results show that differences can depend on different interactions between the
protein backbone of the WPC-based film and phenolic compounds present in the extracts.
Several authors reported the occurrence of intermolecular hydrogen bonding between the
N-terminal protein end and the hydroxyl group (-OH) of the aromatic hydrocarbon in
edible films containing polyphenols phenolics [20,35,47,56].

2.3.2. Barrier Properties

Barrier properties, such as water vapor permeability (WVP), relative humidity, and
oxygen permeability [57], are important parameters in defining the film for many applica-
tions. WPFs are hydrophilic in nature and, for this reason, have an affinity for water, which
affects their physical and barrier properties. These properties indicate how they will remain
intact after contact with water, temperature, and specific time of storage or exposure [58].

Barrier properties, such as permeability to oxygen and carbon dioxide, are important
because many foods degrade in the presence of O,. This property is essential to better define
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the application of films and contribute to food conservation [25,35,57]. WPFs are fragile
because of the bonding of proteins through hydrogen and disulfide bonds, which show a
hydrophilic nature. The films have greater permeability to water vapor than caseinate-, soy
protein-, wheat gluten-, and corn zein-based films [31,35,58].

WVP is evaluated because some applications require insolubility in water to main-
tain the integrity of the product [58]. During storage, foods are susceptible to chemical
and enzymatic reactions due to their water activity, which can harm their nutritional
and organoleptic characteristics, in addition to the possible development of spoilage and
pathogenic microorganisms [25,35,46].

WPFs showed high water vapor permeability, due to the amount of hydrophilic amino
acids in their structure, but low gas permeability [59]. Agudelo-Cuartas et al. [20] prepared
films containing 10% whey protein concentrate and 5% glycerol and found that water
solubility and WVP were 58.9% and 1.4 x 10710 gm~!.s~1.Pa~!, respectively. Fernandes
et al. [45] produced films of whey protein isolate with 30 g/100 g of glycerol, finding a
value of 1.09 gomm-h~!-m~2.kPa~1.

The addition of phenolic compounds generally shows a reduction in WVP to protect
food from moisture. Kontogianni et al. [35] verified that the incorporation of phenolic
compounds of rosemary and sage infusions resulted in interactions between them and the
group of whey proteins, which decreased water interaction with the polymer chain. It is
suggested that the films containing phenolic compounds have hydroxyl groups (OH) and
cross-linking between proteins and phenolic compounds, thus lowering WVP. However,
Chollakup et al. [15] demonstrated that the incorporation of plant extracts, such as rambutan
peel extract (RPE), results in an increase in WVDP, highlighting a key structural limitation
because phenolic extracts exhibit high hygroscopicity or cause excessive protein network
disruption; these factors can supersede the benefits of cross-linking, leading to higher
permeability.

2.3.3. Bioactive Properties

Films based on whey protein and derivatives are excellent carriers of additives,
such as natural antioxidants, antimicrobials, and flavors [52]. The incorporation of ac-
tive agents makes the film more efficient, due to the slow migration of the active compound
to the food surface; this slow release guarantees action for as long as the product is
packaged [60,61]. The choice of active agent depends on the desired antimicrobial and
antioxidant activities, the resistance of the microorganism and its growth rate, the physical-
chemical characteristics of the food and the active agent, the release mechanism, and the
storage conditions, among others [8,15,60,61].

Asdagh and Pirsa [41] studied the effect of adding copper oxide nanoparticles contain-
ing coconut essential oil (0-0.8%) and/or paprika extract (0-0.06%) to copper-based whey
protein isolate films. The antimicrobial activity against the microorganisms Escherichia coli
0157:H7 (Gram-negative) and Staphylococcus aureus (Gram-positive) was significant for the
films containing nanoparticles with coconut EO when compared to the films containing
only the nanoparticles.

Aziz and Almasi [62] studied the incorporation of thyme extract and nanoliposomes
to evaluate the antimicrobial, antioxidant, and release properties in whey-based films. The
film incorporated with 15% thyme extract showed the highest free radical scavenging
activity and obtained an inhibition zone of 112.25 mm? for the Gram-negative bacterium E.
coli O157:H7 and 167.19 mm? for the Gram-positive bacterium S. aureus, when compared to
the film without an active compound and that with a lower concentrations. The difference
in the inhibition zone of the antimicrobial activity of Gram-positive and Gram-negative
bacteria occurs due to structural differences in the bacterial membrane, where the cell wall

https://doi.org/10.3390/pr14030561


https://doi.org/10.3390/pr14030561

Processes 2026, 14, 561

11 of 20

of Gram-positive bacteria (e.g., S. aureus) is less complex than that of Gram-negative (e.g.,
E. coli), the latter having greater resistance due to the presence of an external membrane
that acts as a permeability barrier, reducing the absorption of bioactive compounds [63-65].

Chollakup et al. [15] demonstrated that the incorporation of plant extracts, such as
rambutan peel extract (RPE) and cinnamon oil, into CS and whey protein isolate blend
films significantly enhanced their antibacterial activity against Bacillus cereus, E. coli, and S.
aureus. These films exerted an inhibitory effect through a mechanism of action that included
the degradation of the bacterial cell wall, the leakage of cytoplasmic cell contents, and
the disruption of both mitochondrial dehydrogenase activity and the plasma membrane,
ultimately leading to cell death.

Oliveira et al. [59] produced whey-based films incorporated with oregano essential oil
(EO) (0.5-1.5%) and evaluated the antimicrobial activity against Penicillium commune. Films
with a concentration of 1.0% and 1.5% showed good antimicrobial activity when compared
to films without active compounds. The antimicrobial activity of EO is the result of their
hydrophobic character that acts by disrupting the microbial membrane, thus compromising
the functions of the microbial cell and disrupting the structure, losing its impermeability.

Cakmak et al. [66] studied the antimicrobial activity of films based on whey protein
isolate incorporated with lemon and bergamot EOs and their antimicrobial activity against
E. coli, S. aureus, and Aspergillus niger. The authors observed that the antimicrobial ac-
tivity of bergamot EO was superior to that of lemon. Sheerzad et al. [67] verified that a
whey protein isolate incorporating cinnamon essential oil (CEO) significantly improved
its antibacterial activity, effectively retarding the proliferation of mesophilic bacteria, psy-
chrotrophic bacteria, Pseudomonas spp., Enterobacteriaceae, Lactic acid bacteria, S. aureus,
mold, and yeast.

Bioactive Properties of Phenolic Compounds

Bioactive compounds offer a promising natural alternative to artificial food preserva-
tives, meeting consumer demand for sustainable solutions that ensure food quality and
safety [13]. Most natural antioxidants are phenolic compounds and can be found in fruits,
vegetables, spices, and aromatic plants [15,35]. Phenolic compounds of plant origin can
be divided into four groups: phenolic acids, phenolic diterpenes, flavonoids, and volatile
oils. The arrangement of functional groups in the nuclear structure is preponderant for
antioxidant activity and it is responsible for several properties of aromatic plants, such as
antioxidant and antimicrobial capacities [13].

Many vegetal have been studied in recent years for the extraction of phenolic com-
pounds, such as date palm (Phoenix dactylifera L.) [68], feijoa (Acca sellowiana), cherry of the
Rio Grande (Eugenia involucrata) [69], jucara palm (Euterpe edulis), yellow and red aragd
(Psidium cattleianum), butid (Butia capitata), guabiroba (Campomanesia xanthocarpa), jabuti-
caba (Plinia cauliflora), pitanga (Eugenia uniflora) [70], and peanut skin (Arachis hypogaea
L.) [71], due to their antioxidant and antimicrobial properties.

Industrial by-products are an important source of bioactive compounds, such as
peanut skin, which is rich in phenolic compounds with bioactive properties, and has low
economic value [71]. By-products from fruits are natural sources of phenolic compounds,
which exert important antioxidant properties primarily associated with the presence of
hydroxyl groups in their molecular structure [13].

Peanut skin represents around 3.5 to 4.5% of the grain mass and is underutilized, with
only a fraction destined to produce animal feed [16,72]. However, it is a source of phenolic
acids, such as proanthocyanidins, flavonoids, and resveratrol [13,72,73]. The predominant
phenolic compounds are proanthocyanidins, which can represent 17% of the skin mass
and are present in a higher concentration of procyanidin trimers and tetramers (type A)
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resveratrol [72,73]. Meng et al. [74] evaluated the antioxidant ability of peanut shell and
skin extracts and their effects on the physical and structure properties of starch—chitosan
film, and verified an influence on these properties.

Due to their promising antioxidant and health-promoting qualities, alongside favor-
able consumer acceptance, phenolic compounds are emerging as an effective alternative
to synthetic antioxidants [11,13]. The antioxidant power of phenolic compounds is de-
rived from their redox (oxidation-reduction) properties, which lead to the adsorption and
neutralization of free radicals, suppression of oxygen molecules, or decomposition of
peroxides [11-13,73].

The antioxidant activity of phenolic compounds depends on the hydroxyl group,
which is responsible for scavenging free radicals. The greater the degree of hydroxylation,
the greater its antioxidant activity, and this activity will occur due to the donation of
hydrogen to free radicals. The affinity of phenolic compounds with proteins is related to
the position of the hydroxyl group, methylation of -OH groups, or replacement of these by
methyl groups [11-13].

Natural antimicrobial substances, such as phenolic compounds, play a key role here,
as they effectively prolong food shelf life by suppressing or destroying microbial devel-
opment [13,75]. Many microorganisms, including fungi and bacteria, can cause a series
of health problems in humans. In food, fungi can cause changes in sensory properties,
resulting in loss of product quality. Fungal contamination in food can occur through en-
vironmental contamination by fungal spores at different stages of the food production
chain [76,77].

Fungal infections, which occur in various parts of the human and animal body, are
caused by pathogenic fungi and many antifungals and preservatives can be used as a
way of inhibiting or eliminating them. Diseases caused by fungi are treated by many
types of antifungals, such as polyenes and azoles, among others. The type of antifungals
used depends on the targeted pathogen [76-78]. The antifungal agents generally used
are the disruptors that target fungal ergosterol biosynthesis, 3-glucan synthesis, fungal
membranes, or nucleic acid synthesis, among others [76]. Phenolic compounds act as
antifungals, as they inhibit the multiplication of fungi by preventing the construction of
components (i) of the cell wall, such as chitin and glucan, or (ii) the cell membrane [77,79].

Antimicrobial activity of phenolic compounds occurs because of the interaction with
proteins in the bacterial cell wall, resulting in cell lysis, as well as their ability to bind to
hydrophobic regions of extracellular microbial proteins. Furthermore, they can cause a
change in the protein structure and denaturation makes the protein non-functional, which
results in cellular death. However, the volatility and stability of the phenolic compounds
still limit their industrial application. Alternatives, such as nanoencapsulation and incorpo-
ration into edible films and coatings, can overcome these limitations, enabling the broader
use of these compounds in food preservation activity [13,79,80]. Films and coatings are
particularly advantageous for controlling microbial food contamination and oxidation
reactions, as they can act as compound carriers and release active compounds into foods.
Spoilage occurs on the food surface, where films can be used to inhibit microbial growth
and spoilage reactions [13,80,81].

3. Active Film Application

Active films interact with food through the release or absorption of unwanted sub-
stances, without altering the sensory and safety characteristics, maintaining the expected
quality of the food and prolonging its shelf life [52,82]. This type of packaging aims to
delay, inhibit, or reduce the multiplication of pathogenic and spoilage microorganisms in
food. Its interaction with food is defined as an exchange of mass and energy between the
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product, packaging, and environment and it is classified as migration, permeability, and
sorption [83]. Several formulations of bioactive films based on whey proteins incorporated
with active compounds have been studied and evaluated for their active potential for
applications aimed at extending the shelf life of foods (Table 2).

The active potential of films developed with whey protein as a matrix has been proven,
highlighting their antioxidant and antimicrobial capacity. However, it is important to
emphasize the need to apply such films in real food systems to prove their effectiveness
in reducing food spoilage reactions and, consequently, increasing their shelf life [60,61,84].
In the literature, there are reports of whey protein films incorporated with oils and plant
extracts, whose active mechanisms are due to the presence of phenolic compounds. Among
the applications are dairy products, mainly cheeses, meat products, fruits, and seafood,
among others [8,15,67,85].

The interaction of active films with the food is determined by diffusion in the matrix
and in the food of the component that migrates, in addition to the balance (partition
coefficient) and the geometric dimensions. The amount of migrated compound is controlled
by the diffusion and partition coefficients, which, in turn, are directly linked to the food
composition, the film hydration capacity, the molecules mobility of the active compound,
and the film thickness [8,15,60,61,65].

Active films release these active compounds progressively into the food, interacting
and inhibiting degrading agents. These compounds can be incorporated into the packaging
matrix, and their gradual release occurs through contact between the film and the food,
maintaining the concentration of the active ingredient at desirable levels during storage
time [52,86].

Figure 3 shows the dynamic interaction between active packaging and food, specifi-
cally showcasing the gradual migration of active compounds from the film into the food.
Figure 3a shows an uncoated meat where the meat is directly exposed to external envi-
ronmental factors, such as oxygen and microorganisms, leading to rapid degradation,
spoilage, and a shorter shelf life. Degrading agents can freely interact with the food surface,
accelerating oxidative processes and microbial growth [86,87].
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Figure 3. Bioactive film packaging: (a) uncoated meat, (b) meat coated with bioactive film and
(c) migration of active compounds from the film to food surface.

Table 2. Active films of whey protein.

Matrix Phenolic Compound (PC)  Concentration of PC (%) Purpose of Adding of PC Reference
WPC F. vesiculosus L. (seaweed) 1 Lipid oxidation in chicken [82]
breast
Antibacterial activity
Thyme, nanoliposomes evaluated against
WP containing thyme extract 15 Staphylococcus. aureus and [62]

Escherichia. coli
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Table 2. Cont.
Matrix Phenolic Compound (PC) Concentration of PC (%) Purpose of Adding of PC Reference
Cinnamon oil and Antibacterial activity of
WPI+CS 0.04 Bacillus cereus, S. aureus and [15]
rambutan peel E coli
. coli
Antimicrobial activity
WPI Oregano essencial oil 0.5-1.5 tested against a lyqphlllzed [59]
culture of Penicillium
commune
CuO nanoparticles 0-0.8 Antimicrobial activity
WPI containing coconut and 0-0 0 6 tested against S. aureus; E. [41]
paprika EO ’ coli and Aspergillus niger
Lemon and bergamot Antimicrobial activity
WPI - 14-5.6 against E. coli, S. aureus and [66]
essencial oil )
A. niger
Influence on the qualit
WPI+FU extract of yerba mate and 15 and shelf Tife of fresh curd [88]
white tea
cheese
WPC Cinnamon Egd rosemary 1-5 Lipid oxidation in salami [47]
Antimicrobial activity
WPC Rosemary extract 1 tested against Listeria [34]
monocytogenes and S. aureus
Microbiological analysis:
Pseudomonas spp.,
WPI Ginger and rosemary EO 0.5-1 Brochothrix thermosphacta, [26]
lactic acid bacteria and
yeast

WPC: Whey protein concentrate; WPI: Whey protein isolate; CS: Cassava starch; FU: furcellaria; EO: essencial oil.

Figure 3b shows meat coated with bioactive film, incorporated with active compounds,
such as antimicrobials or antioxidants, in the matrix. This direct contact allows for the
initial interaction between the film and the food surface. Figure 3c shows the migration
of active compounds from the film to food surface. These compounds gradually diffuse
from the film matrix to the food surface and, over time, can penetrate deeper into the food.
These compounds interact with and inhibit degrading agents, such as spoilage bacteria or
free radicals. They effectively prolong the meat’s freshness, inhibit microbial growth, and
prevent oxidative deterioration, extending its overall shelf life and enhancing safety.

Nourmohammadi et al. [83] developed whey and nano clay bio-compounds incorpo-
rated with Thymus fedtschenkoi Ronniger EO and resveratrol and evaluated the cheeses for
lipid oxidation, microbiology, and sensory properties. It is important to highlight that the
main substances responsible for the active potential of this EO are thymol and carvacrol,
two phenolic compounds.

In the study by Pluta-Kubica et al. [88], a positive effect of phenolic compounds
from yerba mate and white tea incorporated into furcellaran films and whey proteins
on cheese conservation was observed. In this study, the authors highlighted that the
organoleptic quality of the cheese packaged with active films was superior, compared to
samples packaged in a commercial polymer (PEBD).

Seydim, Sarikus-Tutal, and Sogut [35] incorporated EOs from plants (oregano and
garlic) into whey protein films and applied them to cheese. They observed a significant
reduction in the growth of E. coli 0157:H7 (1.48 log reduction) and S. aureus (2.15 log
reduction) in samples containing layers of active films between cheese slices compared to
control samples. The active films prevented the development of spoilage and pathogenic
bacteria in cheese stored at 4 °C for 60 days [32]. They also contribute to conservation as
they protect the product from oxygen in the external environment of the packaging.
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In meat products, active whey protein films containing Origanum virens EO were
applied to Portuguese sausages during their industrial production. Color maintenance,
decreased lipid oxidation, inhibition of microbial load, and sensory acceptance were ob-
served, increasing shelf life between 15 and 20 days [89]. In minced lamb meat, ginger
and rosemary EOs helped preserve it when incorporated into whey protein films. Among
the results, an improvement in microbiological quality and a decrease in oxidation were
observed [26].

In salami, antioxidant and antimicrobial activity was obtained with the use of blends of
cassava starch and whey proteins incorporated with rambutan bark extract and cinnamon
oil [15]. Also in salami, Ribeiro-Santos et al. [47] observed that the addition of cinnamon
and rosemary EOs to whey protein concentrate films was effective against lipid oxidation.
The films did not show deterioration during the 180 days of storage.

In products other than cheese and meat, films of tamarind starch and whey concen-
trate were incorporated with thyme EO and applied to tomatoes. The films reduced the
respiration rate and delayed the ripening of tomatoes, increasing their shelf life by up to
14 days. Furthermore, due to the presence of phenolic compounds, such as thymol and
carvacrol, antioxidant activity and antimicrobial activity against E. coli and S. aureus were
obtained [90]. Whey proteins have also been used together with jujube polysaccharides
and cellulose nanocrystals to increase banana shelf life [27]. In sunflower seeds, whey
protein concentrate coatings contribute to increasing the oxidative stability and color of the
seeds [91].

These studies demonstrate the potential of active films of whey protein concentrates
or isolates and other sources, especially incorporated with phenolic compounds. A range
of food products, from cheeses and meats to fruits, vegetables, and even seeds, were
studied to demonstrate their ability to extend shelf life by mitigating lipid oxidation,
inhibiting microbial growth, and maintaining desirable sensory attributes like color and
flavor. Furthermore, the synergistic effect of whey proteins as a matrix for the sustained
release of phenolic compounds, such as thymol, carvacrol, and those derived from various
plant extracts, underpins their remarkable efficiency. The consumer demand for natural,
safe, and sustainable food solutions continues to grow. Whey protein-based active films,
particularly those leveraging the power of phenolic compounds, stand out as a highly
promising and versatile technology for the future of food preservation.

Future Perspectives

Recent studies demonstrate the promising antioxidant and antimicrobial capacities of
whey protein-based films incorporated with phenolic compounds. However, these films can
present some limitations, such as the high volatility and sensitivity of phenolic compounds
to industrial processing. Some results have shown that the presence of phenolic compounds
improves or decreases some properties, such as mechanical and barrier properties, which
depend on the concentration of the phenolic compound, the WPI, or WPC concentration.
Thus, studies are needed to determine the mechanical, barrier, and functional properties of
other types of whey protein-based films, such as flavor and odor absorption/release film
formulation, which can be studied to improve film characteristics [10,15,59,66].

Edible films and coatings can be categorized as food contact materials, food additives,
or even food products. There is different legislation, such as Regulation (EC) 1333 /2008 for
additives and Regulation (EC) 1935/2004 for materials in contact with food, which require
they be produced under Good Manufacturing Practices to ensure they do not threaten
human health or unacceptably change food composition. Furthermore, accurate labeling
regarding nutritional information and allergens is important. The EU specifies limits for
plastic packaging in EC 10/2011; many protein-based ingredients are not yet on that list,
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meaning regulatory compliance currently requires individual evaluation based on specific
formulations and applications [91,92].

4. Conclusions

Biodegradable polymers, such as whey proteins, are a sustainable alternative to
synthetic plastics. Their ability to form transparent and odorless films makes them ideal
for packaging. Phenolic compounds can be incorporated into these films to create active
films to enhance their functionality. This addition results in packaging with antioxidant
and antimicrobial properties. The elaboration process involves a casting technique, where
a homogenized mixture of the polymer matrix and a plasticizer is dried. These active
films not only protect food from physical damage, moisture, and oxidation but also allow
for the gradual release of bioactive compounds. Consequently, whey protein films with
phenolic compounds show great potential for extending food shelf life, ensuring greater
safety and quality, and simultaneously reducing food waste and environmental impact. The
main challenges include maintaining the stability of phenolic compounds during industrial
processing and ensuring that the sensory changes in food are acceptable to consumers.
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