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Abstract: Sustainable packaging has been steadily gaining prominence within the food industry,
with biobased materials emerging as a promising substitute for conventional petroleum-derived
plastics. This review is dedicated to the examination of innovative biobased materials in the context
of bread packaging. It aims to furnish a comprehensive survey of recent discoveries, fundamental
properties, and potential applications. Commencing with an examination of the challenges posed by
various bread types and the imperative of extending shelf life, the review underscores the beneficial
role of biopolymers as internal coatings or external layers in preserving product freshness while
upholding structural integrity. Furthermore, the introduction of biocomposites, resulting from the
amalgamation of biopolymers with active biomolecules, fortifies barrier properties, thus shielding
bread from moisture, oxygen, and external influences. The review also addresses the associated
challenges and opportunities in utilizing biobased materials for bread packaging, accentuating the
ongoing requirement for research and innovation to create advanced materials that ensure product
integrity while diminishing the environmental footprint.

Keywords: biobased polymers; active biomolecules; shelf life; bread packaging

1. Introduction

As a result of rapid socio-economic development, bread (and, generally, bakery prod-
ucts) has gained widespread popularity, becoming an essential part of people’s daily diet
worldwide [1]. To preserve bread quality, it is essential that the packaging maintains its
properties for as long as possible, increasing the “shelf life”, i.e., the duration during which
a product can be stored without losing its suitability for use, consumption, or sale [2].
Understanding the reasons behind physical, chemical, and microbial spoilage of bakery
products in the food industry is crucial to prevent quality deterioration and economic losses
for both manufacturers and consumers [3]. Indeed, the potential for microbial contami-
nation and lipid and protein oxidation in bakery products also poses significant health
concerns [4]. Therefore, ensuring the quality and safety of these products is paramount, and
this heavily relies on the selection of appropriate packaging materials and technologies [5].

In this context, it is necessary to establish an innovative, resilient, productive, and,
above all, sustainable bread-packaging economy by disconnecting the bread-packaging
industry from fossil fuel resources and enabling the return of nutrients to the soil [6].

From these insights comes the need for a comprehensive review regarding the inno-
vative biobased and sustainable polymer packaging solutions for extending bread shelf
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life. In detail, the objective of this review is to discuss the latest developments in bread-
packaging biobased polymer systems, focusing on the diverse typologies of solutions and
the major challenges that bread packaging must address soon to enter the virtuous loop of
circular bioeconomy.

In fact, traditional packaging faces limitations in effectively safeguarding and main-
taining the safety, hygiene, and quality of final products; indeed fossil-based plastics
pose serious disposal challenges and have significant negative environmental impacts
due to their non-biodegradable nature and dependence on non-renewable resources [7].
Nevertheless, advancements in modern technology enable packaging to interact with ac-
tive/functional substances, enhancing its protective capabilities; innovative packaging is
revolutionizing the way food items are packaged, introducing various methods to extend
and monitor the shelf life of products [8]. Moreover, the toxic chemical components, such
as flame retardants, pigments, and plasticizers, utilized in plastic packaging preparation
can migrate and contaminate food, leading to adverse health effects [9].

In this context, biodegradable packaging or environmentally friendly alternatives, like
biobased and compostable films and coatings, are gaining popularity for their ability to
preserve bread while reducing environmental impact [10]. To meet the requirements of
the eco-conscious consumer market and enhance product longevity, sustainable packaging
solutions relying on biobased and/or biodegradable polymer systems must be viable.

The current review is organized to start with a comprehensive overview of common
issues associated with bread degradation and the current packaging technologies employed
to pack the bread. Subsequently, it will delineate the challenges involved in developing
innovative, sustainable, biobased systems specifically designed for packaging bread with
the goal of prolonging its shelf life. The overall objective is to highlight the advantages
and constraints of biobased polymers used in bread packaging in comparison to traditional
materials. The analysis will also encompass the role of active biomolecules that can be
integrated into biopolymeric matrices to enhance the shelf life of bread products. Further-
more, the review will explore existing market applications, underscore the significance of
aligning innovative materials with sustainable design principles, and discuss future trends,
including legislative and economic obstacles that need to be overcome in this field.

Therefore, summarizing, in our opinion there is a need to collect updated knowledge
about the biobased polymeric systems with the addition of active biomolecules capable
of providing specific properties to the packaging and increasing the shelf life of bread.
Certainly, in the literature, there are several review works, including recent ones, concerning
the issues related to ensuring good packaging for bread [11,12], but there is a lack of
information regarding biobased and sustainable solutions that address this matter.

2. The Bread: Characteristics and Problems Related to the Packaging
2.1. Main Features and Characteristics of the Bread Typologies

The accelerated growth in the bread product industry can be attributed to the in-
creased availability of consistently high-quality raw materials, the introduction of novel
bakery products, and cost reduction measures [13]. Typically, bread is a baked product
comprising a simple combination of ingredients, namely flour, water, salt, and yeast [14].
The transformation from a mixture of these ingredients and other functional elements
into the final baked loaf of bread is often likened to a shift from a foam to a sponge. In a
foam, gas bubbles introduced during mixing remain separate, encapsulated by the gluten
network, while in a sponge, the gas cells are open and interconnected. This transition is
responsible for the distinctive cellular structure of bread [15].

The process of bread production involves a series of biochemical and physicochemical
transformations that influence the characteristics of the final product [16]. Notably, water
and flour stand as the primary constituents in a bread recipe, exerting the most substantial
influence on its texture and crumb structure [17], while the flavor of bread is influenced by
the baking process, which leads to the formation of a colored crust as a result of the Maillard
reaction, as well as the development of acidity within the crumb due to fermentation [18].
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Cauvain et al. [19] stated that the primary differentiation in various bread-making
methods lies in the way dough ingredients are mixed and how the gluten network is
developed, categorizing the main bread-making processes into four primary groups:
(i) straight dough bulk fermentation; (ii) sponge and dough; (iii) rapid processing;
(iv) mechanical dough development. Each of these processes within the primary bread-
making groups tends to yield subtly different characteristics in the end product, which, in
turn, has implications for the shelf life and stability of the bread.

Generally speaking, shelf life of bread kept at room temperature ranges from
3–7 days but may vary depending on ingredients, type of bread, and storage method.
It is also pertinent to emphasize the significance of production conditions and the reactions
occurring during the bread-making process, which convert the initial raw ingredients into
the final product. Each stage contributes to a certain degree to the ultimate rheological and
flavor characteristics of the bread product and, consequently, its shelf life [20].

For instance, many commercially available bread products such as sandwiches, loaves,
and bakery breads are frequently enriched with preservatives to ward off mold formation
and extend their shelf life [21]. In the absence of preservatives, conventional bread typically
remains fresh for 3 to 4 days when stored at room temperature. In contrast, gluten-free
bread, due to its elevated moisture content and limited use of preservatives, is more prone to
mold development [22]. This is why it is commonly distributed in a frozen state rather than
at room temperature [23]. Conversely, dried bread items like breadcrumbs and crackers
tend to have a longer shelf life as mold growth necessitates moisture [11].

Definitely, bread shelf life is primarily governed by the onset of staling and microbial
spoilage-induced ropiness [24]. Additional factors impacting shelf life include rancidity,
crystallization, grittiness, syneresis in jams and jellies, the development of undesirable
flavors and odors beyond rancidity, structural degradation, fading color, and moisture
migration. To prolong the shelf life of bakery products, it is imperative to employ effective
preservation methods that address these factors [25]. Subsequent paragraphs will delve
into this subject in greater detail.

2.2. Current Packaging Technologies Employed for Bread Products

Various are the bread-packaging solutions. Among these solutions, also shown in
Figure 1, bread-based products can be packaged, for example, in a modified atmosphere
through modified atmosphere packaging (MAP) considering the control of oxygen, carbon
dioxide, and nitrogen levels within the packaging to effectively slow down the staling
process of the product and prevent microbial growth [26]; in it, CO2

′s fungistatic properties
disrupt the growth of mold by altering the metabolic activity of the cell membrane, leading
to a detrimental impact on its growth [27]. Bread packaging can also be vacuum-sealed
to remove air from the package, creating an oxygen-free environment; this reduces the
potential for lipid oxidation and microbial contamination, effectively extending the bread’s
freshness [28]. It is also possible to package bread with the flow pack method using mi-
croperforated bags: these packaging bags have small perforations that allow for controlled
airflow while limiting excess moisture, striking a balance between maintaining optimal
moisture levels and preventing mold growth [25]. Another solution frequently used is the
possibility to cover a polymer surface by applying sustainable coatings, creating a protective
layer that prevents the migration of moisture and gases with improved and multifunctional
performances [29]. Indeed, during bread storage, microbial changes primarily impact
the quality and consumers’ acceptance, necessitating the use of antimicrobial packaging.
By incorporating antimicrobial agents into packaging materials, the growth of harmful
microorganisms can be inhibited, ensuring the safety and quality of the bread [30]. It is
also important to prevent the formation of mold, whose formation is, indeed, influenced by
a combination of extrinsic and intrinsic factors, encompassing temperature, rainfall, hu-
midity, and light as extrinsic factors and oxygen availability, preservatives, the pathogen’s
behavior in the food matrix, and water activity as intrinsic factors [31]; in this context,
active packaging systems incorporate additives, such as oxygen scavengers or moisture
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absorbers, which are useful to maintain a desirable environment within the package and
extend shelf life [32].
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Other solutions are also the combination of both traditional systems and intelligent
packaging, for example, it has been demonstrated that combining modified atmosphere
packaging (MAP) with active packaging enhances bread shelf life, nutritional characteristics,
and safety of the products [33].

2.3. Volatile Compounds Involved in Bread Aroma: Their Development and
Packaging-Related Problems

Bread aroma is of the utmost importance in driving consumers’ preference: as a
widespread product, its flavor is a key attribute to consider during the processing and
storage phases. The former is fundamental for the development of the involved molecules,
while the latter must ensure the retention of these volatile compounds and avoid the
production of off-flavors due to spoilage.

Over 540 volatile organic compounds (VOCs) have been identified in bread, with a
focus on different recipes and parts (crust and crumb) [34]. Wheat flour’s contribution to
flavor appears minimal, but subsequent processing phases play a crucial role in developing
the bread aroma bouquet [35]. Flour hydration and mixing trigger enzymatic activities,
including amylases, proteases, and lipoxygenases, crucial for flavor development [36];
these enzymes contribute to the formation of precursors, such as peptides and free amino
acids, which transform into aroma-active compounds during baking [37]. Yeasts and
lactic acid bacteria in the fermentation phase generate key compounds for bread aroma,
especially in the crumb [38,39]. Baking induces sugar caramelization, non-enzymatic
Maillard reactions [40], and the absorption of flavor molecules during the cooling phase;
moreover, volatiles absorbed during cooling evaporate mainly from the crust, leading to
a fast dissipation of bread aroma [13]. Finally, bread aroma undergoes changes during
storage, with a decrease in desirable roasty, malty, and sweet notes and an increase in fatty
off-flavors due to lipid oxidation when staling off-flavors begin to be perceived [41,42].
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While the effect of different packaging techniques to prolong the shelf life has been
widely studied regarding microbiological stability and physical properties, their effect on
bread aroma needs to be explored.

Some alternative modified atmosphere packaging (MAP), such as the inclusion of oxy-
gen scavengers in sachets, can reduce the development of oxidation-induced off-flavors [43].
Antimicrobial compounds have also been formulated in sachets to be added to bread, such
as eugenol and citral, which exerted a synergistic inhibition against Aspergillus niger with-
out affecting the sensory attributes of bread [44]. However, the presence of a sachet is
not consumer-friendly for safety reasons (i.e., risk of accidental ingestion) and has higher
costs [43]. Another MAP technique uses ethanol emitters in the headspace of bread: how-
ever, while it successfully retards the growth of spoilage microorganisms, it could induce
the generation of off-flavors [45]. Moisture-absorbing sachets are also used in baked prod-
uct packaging [46]: the control of the relative humidity of the final product is important to
avoid the modification of the partition coefficients of the volatiles between the headspace
and the matrix, thus avoiding the loss of the desirable aroma notes from the bread [40].

2.4. Factors Affecting Shelf Life of Bread and Bakery Products

The spoilage of bread and bakery products is directly correlated to their shelf life and
it is affected by molds, bacteria, and yeasts [47]. Molds are the major spoilage problem.
These microorganisms are a type of fungus that consists of multiple cells in contrast to
yeasts, which are single celled. Mold proliferation is favored by the presence of water, thus
appearing frequently in bakery products with a high-water activity level such as cakes
and creams. Rhizopus stolonifera, Penicillium, and Aspergillus are well-known species. Some
molds are more hazardous to mankind when consumed, as they produce mycotoxins [48].

Bacteria also have the potential to contaminate baked products. The spores of Bacillus
subtilis, for example, are heat resistant and will not be killed by the baking process. Staphy-
lococcus aureus is one type of bacteria known to contaminate pie fillings. In the European
Union, around 100,000 human cases related to Salmonella (e.g., Salmonella enteritidis) are
reported each year by the EFSA, 4% are dedicated to bakery products according to a report
of the EFSA published in 2014 [49].

Problems caused by yeasts can be divided into two types: visible yeasts which grow
on the surface of the bread and fermentative spoilage, associated with alcoholic and essence
odors and hence osmophilic yeasts. Food producers want to prevent or delay mechanisms
of food deterioration and spoilage to reduce costs, ensure food safety, and extend shelf life,
while maintaining food quality. Usually, three techniques are considered: (i) inactivation of
microorganisms; (ii) prevention or inhibition of microbial growth; (iii) restricting the access
of microorganisms to products [50].

Impacting on mold, bacterial, and yeast proliferation, several physical chemical in-
ternal or external factors (Figure 2) influence shelf life of bread and bakery products [51].
Internal factors are the characteristic of the product, including its water content, its pH
value, and its redox potential (influencing its behavior to oxidation). Nutrients contained
in raw materials can support the growth of microorganisms. The composition, including
specific additives, can much affect the shelf life. For instance, fats and salts generally
induce an increase in shelf life. In microbiology, four major groups of microorganisms are
classified based on their temperature ranges for growth, from the highest to the lowest:
thermophiles, mesophiles, psychrophiles, and psychotrophs. Mesophiles, with optimal
temperature around 37 ◦C, include many of the common foodborne pathogens [52].
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Temperature is a fundamental external physical–chemical factor affecting bread and
bakery spoilage. Microorganisms have their specific range of temperature where growth is
accomplishable. In particular, microorganisms are not able to grow at temperatures below
−8 ◦C and above 100 ◦C. Bacteria are normally limited to a temperature span around 35 ◦C
and molds around 30 ◦C. Baking, chilling, and freezing prevent or limit microorganism
growth. The relative humidity of the environment interacts with the relative humidity
inside the product. Moisture in bakery products and its immediate environment will always
transfer from high to low relative humidity [53]. Regarding gaseous atmosphere, the typical
air atmosphere allows microorganism proliferation, whereas a modified atmosphere can
inhibit microorganism growth. Moreover, in this context, the gas barrier properties of
packaging can play a very important role, as evidenced by Licciardello et al. [54]. The
presence of competitive species, for instance, antibiotics, can play a role in preventing
microorganism growth. Controlling all these factors through suitable technologies in food
processing is fundamental to grant product quality, safeness, and a long shelf life. The use
of different kinds of physical–chemical, image, and sensorial analysis allows obtaining
complementary results, which help to draw general conclusions on the overall quality loss
of a bakery product [55].

2.5. Problems to Overcome for Slowing the Spoilage

Generally, contamination originates predominantly in the post-baking step by fungal
spores being deposited from the bakery environment. Oxygen, temperature, pH, and water
are the parameters mainly affecting this process [23] as also evidenced in the previous
paragraph. Additionally, plant pathogens during cultivation and fungal contamination in
the post-harvest, storage, and pre- and post-processing stages can introduce microorganism
contamination in bread. In the bakery chain, the air is described as one of the principal
sources of contamination (Figure 3). In fact, the spores present in the industrial processing
environment may recontaminate the food after baking, which mainly occurs in the slicing
and packaging steps. The hygienic–sanitary conditions of the production environment and
time that the bread is exposed to environmental air after its removal from the oven are also
relevant factors that influence fungal load.
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The ineffectiveness of traditional synthetic preservatives due to the development of
resistance by several fungi increased the pressure to find alternative agents. In general
bakery practice, molds do not survive the bread-baking process, but mycotoxins produced
by crop pathogens and food spoilage fungi are relatively heat stable. The latter represents
an important issue in the cereal chain worldwide, especially in climatic regions where the
humidity and temperature are higher. Weak organic acids, such as propionic and sorbic
acid, are commonly added as traditional chemical preservatives because they suppress the
growth of undesired microorganisms [56]. Generally, easy to handle potassium, calcium, or
sodium salts are used. Nevertheless, high concentrations of sorbate or propionate can also
alter the organoleptic and sensory properties of the product.

Alternative preservation routes, considering biotechnology, can be considered. Fer-
mentation of lactic acid bacteria (LAB) [21] can be exploited because it results in the
production of acetic and lactic acid, suppressing fungi. Lactic acid bacteria were also
explored for their effectiveness versus mycotoxins, but more work is required for better
exploitation of this biotechnology.

The application of yeasts other than baker’s yeast (Saccharomyces cerevisiae) is also
suggested as a promising alternative for bread preservation. Moreover, the use of plant
extracts and essential oils for controlling common food spoilage fungi was explored: raisin
extracts, cherry laurel leaf extracts, antifungal proteins from vegetables (for instance, from
Amaranthus seed extracts) or microorganism sources, and water/salt-soluble extracts
of different legume flour hydrolysates (soy, lentil, pea, chickpea, and faba bean) were
considered [57]. The use of biosurfactants or biopreservatives derived from plants is
frequently proposed as an alternative to synthetic preservatives. Antifungal proteins were
explored as well as antimicrobial essential oils, that could also contribute to an improved
sensory profile.

Predictive microbiology (or microbial modeling) is the use of mathematical models
or equations to predict in a food system the growth and/or activity of a microorganism
as a function of time. With the development of predictive mycology, models have been
developed to describe mainly fungal germination and the inactivation of these microorgan-
isms [48]. Predictive methods could be important tools to extend the shelf life of bread and
bakery products.

Incorporation of volatile antimicrobial substances from spices and herbs into packag-
ing materials may provide alternative effective ways of prolonging the shelf life of bread
without the use of synthetic preservatives. A combination of allyl isothiocyanate (AITC)
and sorbate may also solve this problem [12]. Isothiocyanates are a group of potential
antimicrobial substances. They occur naturally in cruciferous vegetables, such as broccoli,
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cabbage, cauliflower, kale, turnip, radish, canola, rapeseed, and various mustards. They
could be effective in reducing aflatoxins in bread [58].

To improve shelf life, physical treatments such as UV, MW, or IR irradiation resulting in
an antimicrobial action can also be considered. Lipopeptides produced by microorganisms
have attracted the attention of the food industry due to their antimicrobial activity. The
addition of ethanol is also a traditional preservative method. Sourdough fermented with
antifungal strains showed high potential to produce breads with an extended shelf life but
also an improved nutritional value, bread quality, and safety [59].

3. Active Biomolecules for Improving Bread Shelf Life

In the following subsections, the review will describe the state of the art regarding the
potential biomolecules that can be utilized to impart specific properties to sustainable pack-
aging, including oxygen barrier, water vapor barrier, antimicrobial properties, antioxidants,
and molecules capable of acting as preservatives for bread.

3.1. Oxygen Barrier

In food conservation, it is necessary to consider that oxygen is highly reactive because
it can oxidize some components of foods (for example, causing fats to oxidize, making the
food rancid).

The introduction of oxygen barrier layers in packaging is generally carried out if the
bakery product’s shelf life needs to be increased. The polymers with greatest oxygen barrier
properties, mainly poly(ethylene-co-vinyl alcohol) (EvOH) and poly(vinylidene chloride)
(PVDC), have poor mechanical properties and are very sensitive to external agents. In
fact, the former is sensitive to water, thus it is mainly present as an intermediate layer
in multilayer packaging in which external polyolefin and polyester layers guarantee a
barrier to water vapor and CO2, respectively, depending on the specific food to pack. The
latter is sensitive to temperature which may cause the bonds between carbon and chlorine
to break, resulting in a decrease in the transparent appearance of the material, ideal for
packaging, and making it brown. Increasing the oxygen barrier properties of plastic film
is a challenge of current research. The use of oxygen barrier packaging containing EVOH
layer in fossil-based plastic like polyethylene and polyamides was considered a correct
strategy for bakery products [60].

Interestingly, several biobased polymers were efficient in increasing the barrier properties
of plastic films and cellulosic substrates. The intrinsic hydrophilicity of protein films results in
good adhesion to polar surfaces, such as paper or paperboard, and a good barrier to apolar
gases such as oxygen and carbon dioxide but not water vapor [61,62]. Thanks to their good
oxygen barriers at low relative humidity, various proteins have been tested and used as edible
coatings/films such as those from gelatin [63], casein, whey, corn zein, wheat gluten [64], and
peanut. In addition, some high-molecular-weight proteins are insoluble in water, thus they
may be used to obtain water-resistant films [65]. Gelatin-based coatings on PE, PET, and PP
improved barrier properties of substrates against oxygen and also UV radiation [66]. Trezza
et al. showed that zein-coated paper had better oxygen barrier properties than PE (barrier
improvement factor up to 73) so they suggested that they can applied on paper packaging as an
alternative to paraffin [67]. Plasticized corn zein coating (having a thickness of 3–4 µm) applied
on PP films resulted in a reduction in oxygen permeability of three orders of magnitude [68].
In addition, when combined with a protein-based coating, biodegradable substrate materials
maintain their ability to biodegrade [69]. Polysaccharides were also considered to develop
coatings for improving the gas barrier properties of plastic and bioplastic films as well as
cellulosic substrates [70]. Nanocellulose was recently explored for the production of coatings
for fossil or biobased substrates or biocomposite films [71]. Coatings made of plasticized
nanocellulose cross-linked with sorbitol and citric acid were produced for improving paper-
based packaging. The synthesized nanocellulose was dip coated on paper. It was found
that the toughness, barrier properties, and thermal stability were enhanced. The oxygen
permeability value was found to be low (0.7 mL µm day−1 m−2 kPa−1 at 49% RH) and it
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had thermal stability up to about 300 ◦C. The oxygen permeability was found to be better
than other polymer samples like polystyrene (PS), PLA, and polyethylene terephthalate (PET).
Moreover, the water vapor permeability was reduced by 60% [72]. In biocomposite films,
the dispersion of nanocellulose by extrusion was reported to improve PLA gas barrier
properties, without, however, reaching standard food-packaging requirements [73]. Thus,
multilayer packaging was proposed by Guivier et al. [74] considering a PLA film layer
and a nanocellulose coating. Corona treatment and chitosan were used to improve the
adhesion of nanocellulose to PLA. The multilayer packaging was efficient in decreasing
the oxygen permeability of a PLA film by two orders of magnitude. Chitin is the second
most abundant polysaccharide after cellulose. In fact, it represents the structural polymer
of arthropods (including crustaceans and insects), mollusks, and several mushrooms [75].
After demineralizing and deproteinizing, biomasses are converted into chitin [76]. Chitin
can be modified into chitin nanofibrils, representing its crystalline part, or chitosan [77]
though a partial or complete deacetylation, respectively. Chitosan and chitin nanofibril
coatings were found to improve oxygen barrier properties of both cellulosic substrates [78]
and bioplastic films [79], thus suggesting an efficient strategy to obtain packaging that is
fully renewable and compostable. Hence, these coatings can be particularly useful to reduce
oxygen permeability for bread and bakery products as assessed by Bhardwaj et al. [80] who
tested the consumer acceptance and storability of chitosan and beeswax-coated cellulose
packaging for whole wheat bread. Ji et al. [81] applied chitin nanowhisker-based coating
onto cellulose acetate films and, after optimizing the formulation and coating process, they
obtained a reduction of oxygen permeability of 91–99% thanks to the applied coating.

In all the biopolymers described above, strong intermacromolecular hydrogen bonds
are present. Thus, apolar molecules like O2 and CO2, on one hand, have a poor chemical
affinity to the highly polar proteins and polysaccharides, and, on the other hand, struggle
to diffuse through the biopolymer film due to the existence of an enormous number of
hydrogen bonds between the macromolecules [82].

3.2. Water Vapor Barrier

Polyolefin films are considered the best for granting a reduced water vapor perme-
ability in food packaging. However, renewable, recyclable, and compostable alternatives
should replace them in the future [83]. Biopolyesters are a class of polymers that can be
produced on a wide industrial scale from renewable sources. Among these polymers,
starch-based materials and poly(lactic acid) (PLA) are the most widely used and cheap.
However, other polyesters like polybutylene succinate (PBS) and its copolymers and
poly(butylene adipate-co-terephthalate) (PBAT) are also almost completely renewable and
compostable. These polyesters generally show slightly higher water vapor permeability
than polyolefins, but it is still low enough to grant a water vapor barrier suitable for bak-
ery products. In these products, water vapor should not diffuse out from the packaging,
otherwise the product may become dry and lose its organoleptic properties [84]. Inter-
estingly, poly(hydroxyalkanoates) (PHAs) are a class of polymers produced by bacteria,
compostable in several environmental conditions (included marine environments), and
with enhanced oxygen and water vapor permeability. These good barrier properties are
attributed at the high crystallinity of some PHAs [85]. The production of blends of dif-
ferent biopolyesters can be an additional strategy to modulate properties, as well as the
production of biocomposites and multilayer systems [86].

Coatings based on natural waxes can also be considered to improve films’ hydropho-
bicity, resulting in an enhanced water vapor barrier. In particular, beeswax was used by
Spotti et al. [87] in edible polysaccharidic films to enhance their hydrophobicity. Soybean
oil was also used to prepare packaging for bakery products [88]. The presence of vegetable
oil in a formulation based on corn starch and methylcellulose decreased the water vapor
permeability of the packaging.

Cutin is a polymer present in the peel of fruits and vegetables and it consists of a
cross-linked polyester [29]. Cutin can be extracted by depolymerization (cleavage of the
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ester bonds) using alkaline hydrolysis. The method has been patented and a pilot plant
for cutin production is currently exploiting it [89]. Moreover, tomato cutin was used in
combination with sodium alginate and beeswax in a green solvent (i.e., ethanol and water)
to obtain a hydrophobic biopolymeric film [90]. Interestingly, Manrich et al., to confer
hydrophobicity to packaging wraps, combined cutin with pectin [91]. All these studies
suggested that cutin can be used as an additive, in polymeric formulation or coatings, to
improve the hydrophobicity of packaging and, reasonably, the permeability to water vapor
should be decreased [92].

3.3. Antimicrobial Properties

Prevention of microbial contamination and growth plays a major role in food packag-
ing, contributing to avoiding deterioration and extending the shelf life of foodstuffs [93].
Bread after baking is usually free of bacteria and mold, but due to the relatively high
content of water (approximately 40%), it may be easily contaminated by environmental
mold following exposure to air during cooling, packaging, or storage. The most com-
mon spoilage microorganisms of bread and other bakery products are molds belonging
to the genera Eurotium, Aspergillus, and Penicillium [94]. They may reduce the shelf life to
3–4 days at room temperature, in the absence of preservatives. Among bacteria, a concern-
ing source of spoilage is represented by the heat-resistant spores of Bacillus species (e.g.,
B. subtilis, B. licheniformis, B. pumilus, and B. cereus) that may survive the baking process
and, once germinated, result in the rope formation of bacteria, which cause a sticky texture
and a fruity odor in bread [95]. Indeed, microbial contamination of bread may result not
only in an unpleasant appearance but also be responsible for off-flavor and odor formation,
alteration of bread texture, and possible production of microbial-derived toxins and aller-
genic compounds which may be present even before growth is visible [96]. Thus, besides
reducing huge economic losses, prevention or delay of bread microbial contamination is of
paramount importance to ensure consumers’ health.

Several methods can be exploited to confer antimicrobial properties to food packaging
(Figure 4). These essentially fall into two main categories: (i) systems that act by direct
contact with the spoilage organisms without implying an active release of the antimicrobial
moiety (Figure 4a–c); (ii) systems, also referred to as “controlled release packaging” [97],
that release the antimicrobial moiety over extended periods of time to maintain the quality
and the safety of foods (Figure 4d).
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A third strategy is currently emerging as an innovative evolution of these systems.
Referred to as “responsive packaging”, it consists in systems able to react to a stimulus
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present in the food or the environment [98]. In this case, the release of the antimicrobial
compound is not continuous but can be triggered by chemical, biochemical, or biological
changes occurring in the food product or the package environment following the biological
activity of specific microorganisms. Although implementation of responsive material
technology in food packaging is still in its infancy, this strategy could have a great impact
on food safety in the years to come [99]. In general, antimicrobial agents can interfere with
microbial growth by several mechanisms including destabilization of bacterial membranes,
inhibition of replication, transcription, and translation of nucleic acids, alteration of the
structure of key proteins through modification or denaturation, interference with cellular
metabolism and enzymes involved in cell wall synthesis, and generation of reactive oxygen
species. When incorporated in active food packaging, antimicrobial agents can alter the
structure and the properties of the packaging materials including the mechanical strength,
gas permeability, and optical, thermal, morphological, and physical properties, making the
monitoring of all these characteristics mandatory when innovative antimicrobial substances
are tested.

Antimicrobials are compounds or materials that significantly reduce the proliferation
of bacteria, fungi, and mold. Common synthetic antimicrobial chemicals used in food, active
towards bacteria and mold, are organic acids and their salts, sulfites, nitrites, antibiotics,
and alcohols. Organic acids such as sodium benzoate and potassium sorbate are the most
widely used preservatives [100]. Potassium sorbate was the most effective preservative to
be used in bakery products. Currently, natural antimicrobial agents coming from biobased
materials are preferred. Allyl isothiocyanate, a compound extracted from mustard and
other plants, is also known as a good antimicrobial [101].

Natural antimicrobial compounds are reported to inhibit microbial growth in solution,
on culture media, or on a variety of foods. Organic acids are added to food, but they are
generally too polar to modify polymeric packaging for foods [102].

Phenolic acids, polyphenols, flavonoids, tannins, quinones, coumarins, terpenoids,
and alkaloids are the major classes of compounds showing an antimicrobial action. Several
naturally occurring phenolic compounds that are present in various herbs (garlic, oregano,
thyme, and rosemary), plant sources such as fruits (apple, grape, pomegranate, and or-
ange), vegetables (cabbage and onion), and spices (pepper, cardamom, and clove) showed
antimicrobial properties [103]. Rosmarinic [104], ferulic, and caffeic acids extracted from
plant or food waste can thus be used as additives for developing antimicrobial packaging.
However, it is necessary to consider the necessity of controlling an efficient but modulable
release of these beneficial additives. Often, the incorporation of these additives in inorganic
nanostructured materials can be a correct strategy to achieve this goal.

The efficacy of these natural antimicrobials has been demonstrated in the laboratory.
Nevertheless, their effectiveness in food packaging should be better explored. Other
additives that should be mentioned are bacteriocins (nisin and lacticin), seed extracts, spice
extracts (thymol, p-cymene, and cinnamaldehyde), enzymes (peroxidase and lysozyme),
honey, and propolis extract. Essential oils are also strong antimicrobials (see Section 3.5),
but generally they are lipophilic, hence they may not be concentrated in the aqueous media
of food where microbial growth occurs [101].

In the food industry, the possible use of antimicrobial biobased polymeric systems
is a growing trend, stimulating studies aimed specifically at exploring such systems as
packaging to inhibit microbial growth and prolong the shelf life of bread and other bakery
products [101]. For instance, recently poly(vinyl alcohol) (PVA) films functionalized by the
incorporation of lignin were tested for their ability to inhibit mold growth on bread [105].
Lignin was synthesized from the waste leaves of Ficus auriculata obtained after the extraction
of gallic acid. By virtue of its high content of phenolic moieties and other functional groups,
lignin displays antioxidant and antimicrobial properties that make it an interesting element
for food packaging [106]. Incorporation of lignin into PVA films caused a slight browning of
the films that, however, retained sufficient transparency and an increase in tensile strength
of the films, possibly due to the characteristic rigidity of lignin [105]. Interestingly, when
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progression of spoilage of bread packed with lignin-incorporated PVA films was analyzed,
a net retardation of visible mold growth was observed as compared to commercial packages
(3–4 days versus 22 days). Of note, the maximum retarding effect was obtained with PVA
films added with 1% lignin, while when the lignin content was increased to 3% and 5%
the antifungal performance of the films worsened. This finding highlights that several
factors can contribute to the antimicrobial properties of a package that go beyond the
content of the antimicrobial moieties and may involve other characteristics with impact
on microbial growth such as oxygen or water permeability. In another study, pectin was
evaluated as a polymeric matrix for the preparation of edible films incorporated with
essential oils (EOs, Section 3.5.1), i.e., cinnamaldehyde (cinnamon oil) and eugenol (clove
oil), as antimicrobial additives [107]. Pectin, one of the main components of plant cell walls,
is considered a suitable polymeric matrix for the preparation of films for food packaging
as it is biodegradable, biocompatible, edible, and exhibits suitable chemical and physical
properties such as gelation and selective gas permeability. Incorporation of EO into pectin-
based films resulted in transparent and homogeneous films, although slightly yellowish,
with an increased tensile strength and tearing resistance as compared to control films.
Incubation of moist bread with EO-enriched films at 30 ◦C increased the shelf life of 4 days,
retarding the growth of Penicillium and Aspergillus [30]. Cinnamaldehyde (CIN) was also
used as an antimicrobial additive to prepare poly(lactic acid)/konjac glucomannan/wheat
gluten bilayer films (PLA/KGM/WG) consisting in PLA as the outer layer and CIN-loaded
KGM/WG as the inner layer [108]. Microbiological analysis of homemade bread samples
demonstrated a net increase in the total fungal count (from less than 1 log CFU/g at
day 0 versus about 6 log CFU 7 g at day 10) in samples exposed to air. A very weak
antifungal activity was observed in bread samples packed with PLA/KGM/WG films as
compared to samples without film protection. In contrast, CIN-loaded PLA/KGM/WG
films exhibited a strong antifungal effect decreasing the viable fungi count up to 5.8 CFU/g
at the end of the observational period. An interesting aspect was disclosed by the study
of Wang and coworkers that may have important implications for the food industry. The
authors found that the antifungal efficacy of PLA/KG/WG-CIN films might vary according
to the fermentation time of the homemade bread, being the highest in bread fermented
for 200 min, followed by the bread fermented for 130 min and the bread fermented for
80 min [109]. This finding may be related to the possible effect of the fermentation time
on microbial diversity of bread as well as on the structural properties of the final bread
product (volume, microstructure, pore size) that, in turn, can impact the CIN absorption
of bread and its antimicrobial activity. Long fermentation times may provoke yeasts to
consume the nutrients (e.g., water, sugar, and proteins), causing a decrease in nutrients
essential for subsequent fungal growth. Likewise, long fermentation times may yield bread
products with a large pore size that may favor the diffusion and the interaction of bioactive
molecules with microbial cells.

Chitin nanofibrils and chitosan biopolymers deserve to be mentioned in this section
because of their antimicrobial properties, probably attributable to the presence of proto-
nated -NH2. Chitin nanofibrils and chitosan induced antimicrobicity in paperboard-based
packaging and resulted in the improvement of shelf life for fresh pasta [110]. Moreover,
chitin nanofibrils present in a coating, made the surface of bioplastics antibacterial against
Staphylococcus aureus and Escherichia coli [111].

From the few examples reported above, it can be inferred that the use of biobased
polymeric systems to prevent microbial growth and extend the shelf life of bread looks
promising, but the field is not free of possible pitfalls [112]. For instance, large-scale use of
antimicrobials in active packaging could have a deleterious effect on the development of
microbial resistance, an aspect that needs to be carefully taken into account when choos-
ing new antimicrobial additives. Likewise, it is crucial to evaluate the type of microbes
involved in the spoilage of specific food products in order to properly match the releasing
kinetics or mode of action of the bioactive moieties with the time of growth of contaminants.
Antimicrobials highly compatible with the polymeric matrices could be released too slowly
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to block the growth of fast-growing contaminants, while, vice versa, incompatible additives
will be released within minutes and ineffective against slow-growing microbes [113]. More
dedicated studies are therefore needed involving multidisciplinary teams that bring to-
gether experts from the fields of microbiology, food technology, engineering, and material
science to ensure an effective and safe use of antimicrobials in the food-packaging industry.

3.4. Antioxidant Properties

Primary and secondary antioxidants can be distinguished [114]. The former are es-
sentially free-radical scavengers. In this class, the synthetic butylated hydroxy anisole
(BHA), butylated hydroxy toluene (BHT), and tertiary butyl hydroquinone (TBHQ) [115]
are included but, nowadays, due to their harmfulness to human health, natural compounds,
including plant extracts and essential oils, are generally preferred. Plant extract-based
natural antioxidant packaging can release the active compounds to protect foods from free
radicals, intermediates, and secondary breakdown products. Moreover, these compounds
can protect food because they integrate good antimicrobial and antifungal properties.
Three subclasses can be considered to classify natural antioxidants: (i) vitamins (for in-
stance, vitamins C and E), (ii) carotenoids (for instance, carotenes and xanthophylls), and
(iii) polyphenols (for instance, flavonoids, phenolic acids, lignans, and stilbenes), illustrated
in Figure 5.
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Regarding the antioxidant properties of plant extracts, composition features determine
the antioxidant effectiveness. Hence, the adopted extraction process (methodology, temper-
ature, stirring efficiency, etc.), affecting the yield of extraction of the different compounds
present in the extract, significantly affects the final antioxidant properties.

One important feature is the solubility in water. In fact, smaller and polar molecules,
like flavonoids and phenolic acids, behaving as weak electrolytes, are generally more
water soluble than larger lignans or stilbenes. Hence, they are more interesting for their
antioxidant properties. Glycirrhetinic and rosmarinic acid [116] were added as antioxidant
and antimicrobial additives in renewable and biodegradable biopolyester blend films
consisting of polylactic acid (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) for
packaging. The release behavior as well as antioxidant and antimicrobial properties were
tested and interesting differences were evidenced so a promising strategy for modulable
active packaging was assessed.

Secondary antioxidants include: chelators that can be synthetic like EDTA or poly-
acrylic acid, but citric acid or lactoferrin can also be effective; UV absorbers, generally
synthetic and consisting in benzophenones; singlet oxygen quenchers, like carotenoids
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and polyphenols; oxygen scavengers, that can be inorganic (metal oxides) or consisting in
natural compounds like enzymes or ascorbic acid.

Ulvan [116] is a polysaccharide extracted from algae and thus available from marine
sources. Ulvan is a hydrosoluble polysaccharide extracted from algae belonging to the
Ulva genus, such as Ulva rigida, and it represents the main component of their cell walls.
Ulvan is a sulfate polysaccharide (mainly including repetition of disaccharides) formed
by different percentages of rhamnose sulfate, xylose, urinic acid, and iduronic acid. The
composition and structure of ulvan differ in Ulva species [117]. Ulvan can react in water
solution, forming a gel with low viscosity. However, its derivatives show an amphiphilic
character, useful for packaging [118]. It has shown significant antioxidant properties so
that potentialities in food packaging applications are expected in the future [119,120]. Some
authors designed new coating film by using ulvan with other polysaccharides to combine
different properties and enhance its application.

Ulvan and cellulose combined the antioxidant property with the thermal stability and
good barrier of cellulose, producing a barrier against oxygen, UV, and visible light [121].

Other combinations of ulvan with carrageenan produced a new coating film that
can increase the gelling property and help the prevention of oil oxidation of food prod-
ucts [122]. Therefore, ulvan represents a new component in packaging products, offering
good solubility, barrier, optical, and mechanical properties.

3.5. Protective Agents and/or Biopreservatives for Bread Packaging
3.5.1. Essential Oils

Essential oils (EOs) are complex mixtures of volatile compounds produced and stored
by several plant species. Overall, terpenes (mono-, sesqui-, and some di-terpenes), in
both their hydrocarbon and oxygenated forms, represent the most abundant chemical
class in their composition. However, many other chemical groups can be present, such as
phenylpropanoids, apocarotenoids, and other volatile non-terpene derivatives (aldehydes,
ketones, alcohols, etc.). Despite consumers generally perceiving them as safe products, due
to their natural origin, EOs can have human safety issues, such as acute and chronic toxicity
by inhalation, allergic reactions, acute oral and dermal toxicity, skin sensitization, skin
and eye irritation, photo-sensitization and -carcinogenesis, neurotoxicity, and reproductive
toxicity [123]. However, the risk is dose- and composition-dependent, and, especially
concerning their use in foods, based on the work of many international organizations, such
as the Food and Drug Administration (FDA), the International Organization of Flavor
Industries (IOFI), and the Council of Europe (CoE). Each country has produced safety regu-
lations regarding good practice for the processing of plant material, extraction, chemical
and toxicological analyses, and the dosage limits [124]. In the US, the FDA has listed the
EOs generally recognized as safe (GRAS) that are permitted for use in food for human
consumption [125].

Among their biological properties, the antimicrobial efficacy of many EOs has been
known for centuries and has been demonstrated by numerous in vitro studies [126–129] and
their antimicrobial potential has also been demonstrated on foodstuffs [130–133]. EOs have,
thus, gained the attention of the scientific community for their use as active ingredients in
the food preservation field; regarding the focus of the present review, their use as active
ingredients in the preservation of baked products during storage has been evaluated using
different techniques, such as (i) the exposure of the product to EO vapors prior to their
packaging; (ii) their incorporation in sachets to be inserted in the packaging; (iii) their
incorporation in packaging films of different compositions. According to Suhr and Nielsen
(2003), the application method to use depends on the composition of the EO, as larger
volatiles, such as thymol and eugenol, work best when directly applied to the medium,
while smaller molecules, such as citral and isothiocyanates, are more effective when used
in vapor form [134].

The exposure of bread to lemongrass (Cymbopogon citratus (DC.) Stapf) EO vapor
inhibited mold (Penicillum expansum) growth on the treated sample for up to 21 days,
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without significantly interfering with its aroma [135]. On the other hand, the treatment
with vapors of marjoram (Origanum majorana L.) and clary sage (Salvia sclarea L.) EOs
effectively controlled the growth of bread spoilage molds, but their aroma persisted on the
product for hours after the removal of the package; the panelists deemed the product flavor
and taste as “strange and unacceptable” [136].

The problem of the residual aroma in the final product when using EOs as protec-
tive agents in active packaging solutions is also reported when using sachets. Oregano
(Origanum vulgare L.) EO incorporated into a polymeric resin contained in a sachet used
in the packaging of bread slices exhibited antimicrobial activity, most probably due to its
content in carvacrol and thymol, towards yeasts an molds, as a function of its concentration;
however, its residual aroma in the slices packaged with the highest concentration of EO
was reported as unpleasant by the panelists [137].

EOs can also be used as active protective agents by incorporation in packaging films.
Nanoemulsions of clove bud (Syzygium aromaticum (L.) Merr. & L.M.Perry) and oregano
(Origanum vulgare L.) EOs added to a methylcellulose film reduced the growth of molds and
yeasts in sliced bread for up to 15 days [138]. Gliadin films incorporating cinnamaldehyde,
the main constituent of cinnamon (Cinnamomum verum J.Presl) EO, were highly effective in
delaying fungal growth in sliced bread [139]. Cinnamaldehyde was also incorporated in
a cellulose-based film used on bakery products, confirming its antifungal efficacy when
used as protective ingredient in active packaging [140]. Cinnamon EO incorporated in
microperforated polypropylene was also reported as an active packaging agent able to
extend the shelf life of several bakery products for up to 10 days; however, to avoid the
flavor alteration due to the EO aroma, the package had to be metalized to further minimize
its interaction with the contained product [141]. However, except for Gutiérrez et al. (2009),
the above-cited studies about the incorporation of EOs in protective films did not report any
panel test analysis of the final product, so modifications of the sensory profile (especially
the aroma) of the bread packaged with the proposed solutions cannot be excluded and
should be further evaluated.

A combined approach, coupling MAP and the incorporation of EO in active packaging,
has been reported as the most efficient solution for shelf life improvement for up to 30 days:
Suhr and Nielsen (2005) tested mustard (Brassica nigra W.D.J.Koch) EO, whose composition
is mainly represented by allyl isothiocyanate; they did not report any panel test analysis,
however, the EO concentration needed for wheat bread was higher than that required for
rye bread, thus implying possible sensory quality alterations in the final product [142].

There are, thus, several factors to take into account regarding the use of EOs in the
development of active packaging solutions, such as (i) the possible residual odor of the EOs
on the final product, which can impact consumers’ preference; (ii) the different regulations
ongoing in each country regarding the safety of the use of EOs; (iii) the in vitro conditions
of use to test the antimicrobial activity of EOs may not be applicable in the development
of active packaging (i.e., excessive needed concentrations, the composition of the active
material, etc.); (iv) different EOs are active towards different microorganisms, thus the
appropriate combination of EOs and active packaging must be chosen based on the specific
product to store [143]. Moreover, better performances could be achieved using EOs in
conjunction with other packaging techniques (such as MAP, low temperature, high pressure,
etc.) and/or encapsulated in specifically designed delivery systems.

3.5.2. Lactic Acid Bacteria and Their Metabolites

As part of the growing interest in the search for natural additives for food preservation,
a necessary mention must be made of lactic acid bacteria (LAB) and their metabolites. LAB
are Gram-positive, non-spore-forming, and fermentative bacteria able to tolerate low pH
values in the environment [144]. They are part of the physiological microflora of the
human intestine and are generally considered as safe (GRAS), gaining a keen interest from
the food industry as biopreservatives [145]. Upon growth in nutrient media such as De
Man, Rogosa, and Sharpe broth (MRSB) and/or in foodstuffs, LAB typically produce a
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wide array of substances including vitamins, short-chain fatty acids, organic acids (lactic
and acetic), exopolysaccharides, hydrogen peroxide, bacteriocins (e.g., reuterin, nisin,
pediocin), other bacteriocin-like substances, enzymes, and antimicrobial peptides. Many
of these substances are endowed with potent antibacterial and antifungal activity so that
the direct application of LAB and/or their metabolites to a variety of food matrices has
been extensively investigated in order to prevent microbial growth and prolong shelf
life [135,145]. The multitude of bioactive metabolites produced by LAB and other probiotic
bacteria has been widely referred to as “postbiotics”, a term that has recently also come into
use in the field of the food industry [145]. Nevertheless, the term has lately been revised by
the International Scientific Association of Probiotics and Prebiotics (ISAPP) to also include
in the definition intact non-viable microorganisms or their structural components (e.g.,
cell wall, membranes, exopolysaccharides, cell-wall-anchored proteins, pili, etc.) with or
without metabolite/end products [146]. Beyond definitions, postbiotics are increasingly
considered a valid alternative to living probiotics in food biopreservation, as they are
considered safer, especially for vulnerable or pediatric individuals, more stable, and easier
to produce and store than living cells [147].

The protective effect of postbiotics in the form of cell-free supernatants (CFSs) from
Lacticaseibacillus plantarum 4F was evaluated by inoculating them directly on slices of bread
intentionally pre-contaminated with spores of Aspergillus fumigatus [148]. As compared to
untreated samples in which about 40% of the bread surface was covered by A. fumigatus
after 3 days of incubation at 30 ◦C, samples treated with CFS remained free of fungal
growth for more than 6 weeks. Antifungal activity was retained after heat treatment of CFS
at 100 ◦C, while it decreased in the presence of proteinase K and pepsin, suggesting that at
least part of the antifungal effect was due to components with a proteinaceous nature [148].
Similar protective effects of CFS were observed in another study, in which four strains of
LAB (L. fermentum Te007, Pediococcus pentosaceus Te010, L. pentosus G004, and L. paracasi D5)
were investigated for their ability to prevent fungal growth on commercial bread [149]. The
addition of LAB supernatants to slices of bread resulted in longer shelf life than controls,
highly retarding the growth of the molds A. niger and A. oryzae at different temperatures of
incubation (20, 30, and 40 ◦C).

Despite these promising examples, the direct addition of postbiotics to foodstuffs
may have a major drawback as it may alter food properties such as color, odor, or flavor,
which would be uncomfortable for consumers. For instance, CFSs produced in MRSB
exhibit a typical brown-yellowish color that stains bread slices, giving them an unpleasant
appearance, while the organic acid content may confer an acidic taste [149]. Therefore,
postbiotics’ incorporation into suitable polymeric films for food packaging could be a valid
alternative, allowing the sensory properties of foods to be maintained. In this respect, active
food packaging based on the use of postbiotics can be fabricated via several means [147].
For instance, postbiotics can be applied on the surface of polymeric films through coating
or adsorption. Alternatively, single postbiotic products such as bacteriocins or enzymes
can be covalently linked to the polymer through a ligand. Finally, direct incorporation of
postbiotics into the polymeric matrix or lamination of the postbiotic-loaded active film
between two external layers, in order to increase postbiotics’ stability and control their
migration, could be other modalities [147].

Postbiotic-based food packaging has been investigated for food categories such as
meat and dairy products [147], but to the best of our knowledge, application of such a
strategy for specifically developing active bread packages is still very poorly investigated.
In this regard, Zheng and coworkers combined CFS from Lacticaseibacillus paracasei ZX1231
with bacterial nitrocellulose (BNC) films to produce active packaging with antifungal
activities. To this aim, dry BNC films (2 cm2) were immersed in CFS solutions with different
concentrations for different times to identify the optimal conditions for CFS-BNC film
preparation. Soaking time displayed a greater impact on the antifungal activity of the CFS-
BNC films than the CFS concentration with an optimum reached at a CFS concentration
of 63.07% (w/v) and a BNC soaking time of 60 min. Optimized films were tested for their
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mechanical properties, thermal degradation, and antifungal activity as bread packaging
against Penicillium-polonicum-inoculated bread slices. The CFS-BNC films became more
stretchable but less strong than control films, acquired a more dense appearance according
to SEM analysis, and displayed a better thermal stability at a temperature between 0
and 100 ◦C. Finally, as to the bread test, the adoption of the CFS-BNC film packaging
significantly reduced the log CFU/g of P. polonicum from 6.5 log at time 0 down to 4.2 log
within 15 days. Overall, the results obtained suggest that postbiotic-based films may be a
promising strategy for bread packaging. Nevertheless, a fine balance between the active
concentrations of postbiotics and retention of the mechanical properties of the films needs
to be found to obtain packaging with adequate characteristics [150].

4. Promising Biobased Biopolymeric Matrices for Bread Packaging

Waxed paper, paper, or glazed imitation parchment impregnated with paraffin are the
oldest materials adopted for bread packaging [151].

Nowadays, bread is mostly packed in bags made of polyolefin fossil-based films such
as low-density polyethylene (LDPE) or polypropylene (PP) [152]. However, the massive
consumption of these fossil-based plastics contributes to the depletion of natural resources,
littering, and global warming [153]. Thanks to the introduction and implementation of
the Single-Use Plastic Directive, an acceleration towards alternatives to traditional plastic
materials has occurred.

An emerging trend has been registered worldwide related to the adoption of biopoly-
mers as packaging materials driven by the major benefits (eco-friendly nature, possibility to
be biodegradable, non-toxicity, excellent film forming, etc.) over conventional plastics [154].

Based on their origin and production processes, biobased polymers can be catego-
rized into three main categories (summarized in Figure 6): polymers that are directly ex-
tracted from biomass, chemically synthetized polymers starting from renewable biobased
monomers, and polymers that are synthetized by microorganisms [155].
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In the following sections, the most promising biopolymer matrices for bread-packaging
applications are summarized, also evidencing how these matrices can be combined with
the biomolecules described in the previous sections.

4.1. Starch-Based Materials

Starch is the most abundant form of polysaccharides available in plants. Its renewa-
bility and relatively low cost make it very interesting. In the literature, many attempts
have been made to develop starch-based plastic. However, to obtain thermoplastic starch,
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blending with additives is unavoidable due to starch’s lack of stability on water absorption,
aged-induced retrogradation, inferior mechanical properties, and poor processability [156].
Starch-based polymer can be produced from potato, corn, wheat, cassava, or tapioca. Gen-
erally, thermoplastic starch (TPS) can be obtained from the blending of starch aliphatic
polyester, glycerol, and water. A linear aliphatic polyester is added to starch to create
compostable films, sheets, plastic bags, etc. [157]. However, it must be pointed out that
not all starch-based materials can be adopted for food-packaging applications due to the
migration of the additives (generally the plasticizers) adopted [158].

Kechichian et al. [159] tried to use cassava starch films containing antimicrobial cinna-
mon powder for sliced bread packaging; however, the results achieved were not promising
due to the negative effect of bread moisture on the physicochemical properties of the film.
On the other hand, encouraging results were obtained by Pankaj [160] who investigated the
effect of different grapefruit seed extracts (having antifungal properties) on bionanocom-
posite films, incorporated with chitosan, based on corn starch. The bionanocomposite
films obtained demonstrated low hydrophilicity, high water barrier, and good mechanical
properties coupled with a high antifungal activity of stored bread samples at 25 ◦C, 59% RH
for 20 days. Good antimicrobial and antifungal properties to increase the bread shelf life
were also obtained by Romanoir et al. [161], who developed antimicrobial starch-based
films containing citric acid able to efficiently inhibit the microbial growth in bread samples
compared to commercial food wrappers, extending the bread shelf life. Analogous results
were obtained by Promhuad et al. [162] who incorporated maltol (that is a widely used
flavor enhancer in baked goods and possesses an antimicrobial function) on acetylated
cassava starch films. Araùjo et al. [163] developed biodegradable active packaging made of
corn starch containing pectin extract and essential oil of turmeric (Curcuma longa L.) as a
viable solution for sliced bread packaging.

Modified corn starch has also been adopted, as edible coating, for bread preservation
by Syafiq et al. [164]; they demonstrated how the edible coating of corn starch, modified
with ascorbic acid, added with tomato powder has the potential to extend the shelf life
of bread made from frozen dough. Bravin et al. [88] proposed an emulsified edible film
composed of corn starch, methylcellulose (MC), and soybean oil to efficiently control
moistening in moisture-sensitive bakery products (like crackers).

4.2. Cellulose-Based and Lignin-Based Materials

Cellulose is one of the main constituents of paper. However, another important appli-
cation of cellulose is its use to make cellophane (film). Cellophane film has characteristics of
transparency and “dead folds”. Once the film is folded, it is irreversible. One of the major
drawbacks in using cellophane is that is not heat-sealable; thus, a sealant layer and/or bar-
rier layer is necessary for its application in packaging [165]. Among the cellulosic derivates,
cellulose acetate (CA) has also gained much interest thanks to its excellent biodegradabil-
ity, excellent optical property, high toughness, low moisture barrier properties, and its
capacity to form films [166]. Another interesting cellulose-based material adopted for food
packaging is carboxymethyl cellulose (CMC) derived from agriculture waste [167].

Of particular interest is also lignin, that is one of the major readily available renewable
resources since it is the second most prevalent biomass component [168]. Thanks to its
chemical structure rich in aromatics and phenolic hydroxyls, lignin has good antimicro-
bial properties, thus being interesting for food-packaging applications [169]. Moreover,
lignin possesses good thermal stability and UV barrier properties, and it is non-toxic and
biodegradable. Generally, lignin is added as filler to polymeric matrices for obtaining active
films for food-packaging applications [170].

Focusing the attention on bread packaging, in the literature there are several examples
of cellulose-based and lignin-based films with antimicrobial and antioxidant properties tai-
lored for bread storage and preservation. Some interesting results achieved are summarized
in Table 1.
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Table 1. Main results achieved on bread packaging with cellulose-based and lignin-based materials.

Matrix Additives and/or Active
Compounds Added Bread-Packaging Improvements Registered Ref.

CMC Chitosan/zinc oxide
nanoparticles

The antimicrobial properties of chitosan–CMC films
were tested, and the shelf life of sliced bread

increased from 3 to 35 days.
[171]

CA Sodium propionate Reduced bread mold growth of bread slices. [172]

Methylcellulose Clove oil and oregano
nanoemulsions

Inhibition of yeasts and molds in sliced bread stored
for 15 days. [138]

Cellulose-derived polymer Cinnamaldehyde Protection of the bread against
aerobic mesophiles, yeast, and mold. [140]

CA Natural additives and
oregano essential oil Improved antifungal properties of hamburger buns. [173]

PVA Lignin Inhibition of mold growth on bread samples after
3rd day. [105]

4.3. Polylactic-Acid-Based Materials

Polylactic acid is a 100% biobased polymer obtained from the polymerization of lactic
acid monomers. Since lactic acid has two stereoisomers, PLA can be found in the form of
L-(poly(L-lactide)) or D-(poly(D-lactide) or a combination of both. The D content influences
its thermochemical properties [174]. PLA is approved as food contact material, and its
compostability in industrial conditions makes it interesting for food-packaging applications.
However, to be used for this purpose, the improvement of its barrier, antimicrobial, and
thermal properties is necessary [175].

To counterbalance the excessive stiffness of PLA, a softening polymer that also pos-
sesses a different viscosity and helps to improve the processability is added. In this context,
Suwanamornlert et al. developed an active film made of PLA/PBSA added with thymol
as an active molecule [176]. The achieved results are very interesting; in fact, the addi-
tion of thymol improved not only the barrier properties but also increased the antifungal
films’ properties, achieving an increment of the bread shelf life. Moreover, the presence
of thymol reduced the water vapor, oxygen, and carbon dioxide permeability. Thymol
was also adopted, coupled with carvacrol, by Lukic et al. [177] in the development of
partially biobased biodegradable PLA/PCL films with high antioxidant activity for food-
packaging applications. Altan et al. [178] developed a composite fibrous film developed
from zein and PLA in which different carvacrol concentrations were added. A sustained
diffusion-controlled release behavior was achieved and the preliminary results on bread
samples indicated that zein and PLA fibers could be good candidates for bread preservation.
Cavalli et al. [179] developed completely biodegradable, but only partially biobased, blends
based on: PLA, poly(ethyleneco-vinyl acetate) (EVA), polyethylene glycol (PEG), and
chitosan. The presence of chitosan as a natural antifungal agent increased the bread preser-
vation; meanwhile, the EVA balanced the PLA brittleness well and the films obtained
possessed very good toughness.

Focusing the attention on PLA-based bread packaging, Table 2 summarizes the main
important studies found in the literature.
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Table 2. Main results achieved on bread packaging with PLA-based materials.

PLA-Based Matrix Additives and/or Active
Compounds Added

Bread-Packaging Improvements
Registered Ref.

PLA Chitosan
Improved capacity to inhibit S. aureus on sliced bread.

Moreover, the oxygen permeability and the film elongation
at break were also improved.

[180]

PLA/PBAT Trans-cinnamaldehyde Inhibition of mold and yeast growth in sliced bread without
altering the sensorial bread properties. [181]

PLA/PBSA Thymol
Inhibition of fungal growth for bread up to 9 days.
Moreover, an improvement of thermal and barrier

properties of the film was achieved.
[176]

PLA/PBAT Carvacrol

The PLA/PBAT ratio was optimized to control the films’
strength, permeability, and release behavior of carvacrol. A
delay in the fungal growth and sporulation of Penicillium sp.

and Rhizopus on the bread was also achieved.

[182]

PLA Schiff Delayed growth of fungi on bread slices to day 5 compared
with the control system. [183]

4.4. PHA-Based Materials

PHAs are biodegradable biopolymers obtained from bacterial cells produced as intra-
cellular food and energy reserves for bacteria. PHAs can also be produced by fermentation
of renewable sources. Among their homopolymers, poly(3-hydroxybutyrate) (PHB) is
the most widespread and best characterized of the PHA family [184]. Studies concerning
the use of PHAs for bread packaging are very few in the literature. Sharma et al. [185]
developed a biodegradable film of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) con-
taining thyme for prolonging the shelf life of bread. The results obtained are encourag-
ing, the presence of thyme extended the bread shelf life to at least 5 days compared to
1–4 days of the neat film. Mittal et al. [186] developed an active poly(hydroxybutyrate)
film incorporated with nanosilica and clove essential oil for packaging of brown bread; the
developed films extended the shelf life of brown bread up to 10 days with respect to the
bread wrapped in PE.

4.5. Other Completely or Partially Biobased Polymeric Matrices

Other completely biobased or partially biobased polymeric matrices synthesized from
renewable biobased monomers and used for bread packaging are listed in Table 3.

Table 3. Main results achieved on bread packaging with biobased polymers such as PBS, PBAT,
and PCL.

Matrix Additives and/or Active
Compounds Added

Bread-Packaging Improvements
Registered Ref.

PBAT/PBS -

The formation of oriented fibrous networks subsequently
controlled mechanical and barrier properties of the blend
films. Blending PBAT and PBS modified the morphology

and permeability of biobased films and increased the shelf
life of packaged bread.

[187]

PBS Geraniol essential oil
Shelf-life extension study informed that the spoilage of

bread stored with an antimicrobial sachet was delayed by
more than three weeks.

[188]

PCL Grapefruit seed
extract/chitosan

Inhibition of the mold growth on packaged bread with film
containing >1.0 mL/g grapefruit seed extract after 7 days. [189]

Cashew-gum-gelatin film Carvacrol Extension of the bread shelf life to 6 days with respect to the
3 days of the control system. [190]
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5. Market Challenges of Innovative Biobased/Biodegradable Packaging Solutions for
Bread and Bakery Products
5.1. Current Status of Packaging Solutions for Bread and Barriers to Overcome for
Biobased/Biosegradable Solutions

As documented in the literature, among the various techniques explored in previous
sections, the most prevalent bread-packaging system, which has not only remained a
subject of research but has also made its way into the market, is modified atmosphere
packaging (MAP) [155].

Currently, the most used materials for bread packaging are polyamide (PA), polypropy-
lene (PP), low-density polyethylene (LDPE), and high-density polyethylene (HDPE) [191].
More specifically, the most popular bread-packaging material is glazed imitation parchment
(GIP) impregnated on both sides with paraffin wax containing low-density polyethylene
(PE-LD) and other petrol-based additives [192]. These solutions provide substantial shelf
life to the product but lack sustainability. Despite stricter regulations and a growing de-
mand for sustainability, biobased and biodegradable solutions remain a small percentage
within this domain.

Why is it that all the biobased and sustainable solutions described in the previous sec-
tions of this review have not gained significant traction on the market despite the increasing
emphasis on sustainability and environmental consciousness? The reasons can be summa-
rized in the concept that encouraging sustainable consumer behavior and establishing a
business case for adopting more sustainable packaging require a thorough understanding
of current consumer driver rules [193]. Moreover, very often, these sustainable solutions
are not economically viable or profitable for the industries [194].

Comprehensive assessments and research focusing on consumer dynamics associated
with sustainable packaging are necessary, considering the complexities of food-packaging
alternatives, increasing regulations, and the need for shared value with consumers. Such
consumer research and sustainable packaging decision making are vital for stakeholders in
the food and packaging industry [195].

In some cases, marketed innovations claiming to be sustainable through biobased
resources or biodegradability often lack a comprehensive environmental assessment. Many
of these eco-friendly solutions fall short of expectations, with uncertain renewable resource
utilization and compostability claims. Moreover, the key aspect of sustainable food con-
sumption, reducing food loss, is not adequately addressed in these innovations. Bridging
the gap between sustainable food consumption and innovative packaging technologies is
crucial for enhancing food sustainability [196].

While biopackaging solutions using renewable and biodegradable materials have
received attention, technical challenges hinder their widespread adoption among pack-
aging producers [197]. Additionally, the lack of tools to tailor packaging to specific food
requirements and accurately assess the sustainability of biopackaging innovations limits
their full potential. Addressing these challenges and promoting research and development
efforts can unlock promising opportunities for sustainable food-packaging practices.

5.2. Examples of Biobased Innovative Solutions on the Market for Bread and Bakery Products

Despite the concerns expressed in the previous paragraph, the market for biobased
polymers is expected to achieve a valuation of EUR 30 billion by 2027, displaying a robust
CAGR of 14% from 2022 to 2027 [198]. Currently, bioplastics represent less than 1% of the
more than 367 Mtons of plastic produced annually; but it has continuously grown thanks
to the rising demand combined with the necessity of more sophisticated and sustainable
applications and products in relation to environmental concerns [199]. In the previous
sections, we discussed the primary polymeric matrices explored in the literature, along
with an extensive review of active biomolecules aimed at enhancing specific properties of
packaging.
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In this subsection, the solutions that have progressed beyond the laboratory scale and
have been tested on a pilot scale and put into the market are shown in Figure 7 and detailed
as follows.
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Earth & Wheat, a D2C company, has made a significant change in its packaging
approach by transitioning from a fossil-based bag to a compostable one derived from
renewable resources. This eco-friendly packaging (Figure 7a) shows similar properties to
LDPE, including impact, puncture, and water resistance. It is now utilized to ship a diverse
assortment of bakery bread varieties. The trade name is “C-Bag”, it is made from renewable
resources compounding starch and other biopolymers, and it is certified by TUV as OK
Home Compostable [200].

Eureka! Baking Co. (Figure 7b) has recently introduced into the market, working
closely with supplier Braskem, biobased bread packaging using bio polyethylene, which
derives from sugarcane ethanol—a 100% renewable raw material. The sugarcane used is
non-GMO, ensuring a natural and environmentally friendly source. Remarkably, for every
ton of green plastic produced, approximately 2.15 tons of CO2 are sequestered from the
atmosphere, contributing to a greener and more eco-conscious packaging solution [201].

Renewable biobased polyethylene is also the raw material used by Amerplast to
produce a full range of bakery packaging including films, laminates, and ready-made
bags [202] (an example is shown in Figure 7c).

PLA-based plastics are used to make transparent and side-sealed bags produced by
BioPack (Figure 7d). They have a thickness of 40 microns, and they are also certified
compostable according to European Standard 13432 [203]. BioPack also produces 100%
biobased home-compostable cellophane baking bread loaf bags (Figure 7e, [204]).

A mixture of cellulose/PLA has been optimized by ThePureOption to develop biodegrad-
able compostable bakery bread bags made using sustainable cellulose board from well-
managed wood stocks and corn-based PLA; this product is also certified home compostable
(Figure 7f, [205]).

5.3. Material Savings for Improving Bread Shelf life through Personalized Design and/or
Processing Optimization

It is noteworthy to underline that, to reduce the material environmental footprint,
customized design of packaging applications [206], accompanied by an optimization of the
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production process parameters [207], will improve the efficiency of the biobased packaging
itself and, consequently, the shelf life of the food; indeed, materials innovations have to be
accompanied by new packaging designs for representing real opportunities to reduce food
waste within the supply chain [208].

Within the realm of designing food packaging, including that of bread, the augmenta-
tion of product value is achieved through customization to align with consumer preferences.
Personalization is intricately connected to adaptation, allowing for enhancements in packag-
ing properties from various perspectives, encompassing functionality, aesthetics, economics,
and ecology [209]. Hence, the meticulous choice of the food-packaging-manufacturing
process holds significant importance, with the thermoforming process standing out as one
of the most frequently employed methods in this scenario [210].

It is crucial for innovative packaging designs to be accessible for biobased/biodegradable
materials suitable for bread. In this context, an effective design has the potential to enhance
sustainability by reducing both food and packaging waste at the end of their lifecycle [211]. In
this context, ensuring the chemical safety of materials can be advanced through a bottom-up
approach using green chemistry principles in the creation of novel biobased and biodegradable
materials [212].

Research on the ecotoxicity of biobased materials is actively pursued, particularly
post-composting or soil degradation, consistently yielding encouraging findings [213].
Additionally, in contrast to non-biodegradable fossil-based plastics, biodegradable bioplas-
tics have the potential to break down into smaller particles, contributing to microplastic
pollution and adversely impacting various plant and animal species [214].

Moving on to practical examples, in the design of multilayer film packaging for bread,
various layers can be intricately arranged [215]. To enhance the techno-functional properties
of biobased polymers, an internal barrier layer film typically comprises polymers with
superior oxygen barrier properties, while polymers exhibiting heightened water vapor
barrier properties and mechanical resistance function as the outer layer [216]. The barrier
layer comes into direct contact with the external environment, serving as a shield against
elements that can lead to the degradation of packaged food, including moisture, oxygen,
and microorganisms [217].

Alias et al. [218] have reported that multilayered films incorporating biomass and
synthetic biodegradable polymers derived from natural monomers demonstrated superior
transparency, water solubility, and mechanical properties compared to single-layer films.
Furthermore, achieving high-performance biodegradable multilayer films with customized
properties necessitates an understanding of their microstructure and the various steps
involved in film processing; the challenge lies in enhancing the protective barrier of indi-
vidual layers and optimizing matrix design, prompting the redirection of current research
efforts in this direction.

Additionally, innovative approaches have emerged for creating micro- and nanosys-
tems responsible for delivering antioxidant and antimicrobial agents in active packaging.
However, advancements are still needed in both the design and large-scale production of
these active biomaterials for application in the food industry [219]. Cutting-edge research
is underway to develop composite materials (also for bread packaging) that incorporate
both natural and synthetic additives, employing emerging technologies like 3D printing
that has the potential to enhance the functionality of the resulting biocomposites [220].

5.4. Future Perspectives and Legislation for the Application of Biobased Materials in
Bread-Packaging Fields

As far as our knowledge goes, the applications described in the previous sections
still appear to be niche. For bread packaging to truly become sustainable, it is essential to
upscale all the biobased solutions that, due to the reasons outlined in Section 5.1, have not
yet found their way into the market and remain confined to laboratories.

It is important that the future of packaging for fresh bread could involve a combination
of sustainable materials, advanced technology for freshness monitoring, and packaging
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solutions tailored to consumer preferences and environmental considerations. It is also
important for stakeholders in the industry to stay adaptable and responsive to evolving
consumer demands and global sustainability goals [221].

Ensuring that the innovative ideas bridging the gap between academic research and
market application do not fall into the abyss of neglect is imperative. For sustainable
packaging solutions for bread, it is essential that the production and manufacturing pro-
cesses align with both economic sustainability for companies and international legislation
favoring biobased or otherwise sustainable options in bread-packaging applications. These
solutions must not only showcase technological prowess but also prove economically viable
for both producers and consumers.

Currently, in Europe, a major challenge lies in utilizing natural antimicrobial agents or
other biobased additives in bread packaging that are not yet present on official lists for their
use. The effectiveness of these agents is described in the literature but the possibility of mi-
gration and/or contamination depends on factors like the polymeric matrix and employed
technology [191]. Global standards for food packaging are currently undefined, creating
significant variations. To ensure future food safety and security, it is essential to integrate
diverse technological advancements in novel food packaging. This integration requires
a comprehensive examination of food–package interactions, considering legislative con-
cerns. Consequently, conducting a risk-based study on various innovative food-packaging
strategies across the food chain becomes critical for assessing and quantifying potential
risks [222].

6. Conclusions

This review represents the culmination of interdisciplinary efforts, drawing upon the
expertise of materials scientists, agricultural scientists, biologists, and experts from various
fields to understand and to update the state of the art of the innovative biobased polymeric
systems for bread packaging to extend its shelf life.

The integration of active biomolecules within bioplastic matrices represents a promis-
ing avenue for enhancing the shelf life of bread products. By improving oxygen and water
vapor barrier properties, as well as imparting antimicrobial and antioxidant attributes, this
innovative packaging approach holds great potential for addressing the challenges associ-
ated with bread spoilage and quality degradation. It is evident that such advancements
will play a crucial role in extending the freshness and safety of bread while aligning with
sustainability goals through the use of active biomolecules and bioplastics in a synergistic
way.

Further research and development efforts in this area are warranted to unlock the full
spectrum of benefits and commercial viability of active bioplastic packaging for bread and
other perishable goods in order to spread their adoption among packaging producers.

In conclusion, the key to the development and the introduction in the market of innova-
tive biobased materials lies in striking a delicate balance where technological performance
meets economic sustainability, fostering a harmonious relationship between producers and
consumers in the pursuit of sustainable packaging solutions for bread.
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