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Abstract

Food needs a step ahead technology to store food fresh and safe for a more extended period. At the same time, ecological
awareness and consumers’ demand for safe food and quality products have led us to explore emerging food preservation
techniques, including active food packaging. Antioxidant and antimicrobial are emerging practices in the active packaging
segment. The chemical additives adversely affected the food and were not economical for commercial production. The active
packaging with natural additives such as natural antioxidants and antimicrobial agents could bring a sustainable solution
to this concern. Plant (herbs, spices), animals, mushrooms, enzymes, and microorganisms are considered the natural active
component’s reservoirs. The active compounds from natural sources were recently utilized to develop active packaging
materials. Here we reviewed various natural sources as an antioxidant and antimicrobial compounds for food packaging
application. We present the mechanism of active compounds methods of incorporation of active compounds into packaging.
Further, we discussed the food packaging applications and challenges in the utilization of natural antioxidant and antimicro-

bial compounds for food packaging industries.

Keywords Active packaging - Natural - Antioxidant - Antimicrobial - Sustainability - Extract - Edible - Biopolymer

1 Introduction

Nature has abundant active components as different parts
of the plants, animals, or soils. For the food industry, par-
ticularly for food preservation and packaging, these extracts
have significant utilization as bio-preservative and functional
ingredients in the active and intelligent packaging system for
food application. Packaging is a critical factor in the food
processing sector and is dominated by a synthetic petroleum-
derived non-biodegradable polymer. Food packaging is the
fastest expanding area in worldwide packaging market [1,
2]. At the global level, many materials such as paper, glass,
wood, and plastics are utilized to make packaging material,
with more than two-thirds used in food packaging alone.
This effect is being generated due to changes in food prepa-
ration and consumption habits and the profitable growth of
various places and markets worldwide [3].
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At present, the polymer has become an integral part of
daily life due to its desired quality parameters and ease in
terms of the manufacturing process. According to previous
reports, the plastic (Thermoplastics, thermosets, elastomers,
adhesives, coatings and sealants, and polypropylene-fibers
production was 359 million tonnes in 2019 at the global
level. The major contributors are Asia (51%), China (30%),
Europe (17%), Middle East & Africa (7%), and others [4].
India is one of the leading countries for plastic manufactur-
ing; in 2019, polyethylene (PE) was the most used plastic,
with over 15 million tonnes of films and sheets being pro-
duced [5]. The excessive utilization of the synthetic polymer
increases the accumulation that causes adverse environmen-
tal concerns, including a significant contribution from food
packaging application [1]. The rising difficulties in dispos-
ing of garbage and the negative impacts on the ecology and
public health caused by synthetic polymers have sparked
worldwide concern about developing an environmentally
suitable alternative material [6]. Biodegradable polymers
can be utilized as alternatives in place of synthetic polymer
for many industrial applications, including food packaging.
Biodegradable plastic, according to the American Society
for Testing and Materials (ASTM), is “plastic that dissolves

@ Springer


http://orcid.org/0000-0002-2543-0192
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02623-w&domain=pdf

4420

Biomass Conversion and Biorefinery (2024) 14:4419-4440

CO,
0, emitter

Ethylene

scavenger
scavenger

Enzyme
emitter

Chlorine
dioxide

Humidity
regulator

Alcohol
emitter

T\

Odor \\

7
d /Kscavenging r)

Moisture
absorbing

Antimicrobial

Self
heating

Antioxidant

Thermal
insulation

t\
N

Scavenging

Active packaging

Fig. 1 Classification tree of different types of active packaging sys-
tems for food applications which helps in extension of shelf life,
monitor freshness, display information on quality, improve safety, and
improve convenience

due to the activity of naturally occurring microorganisms
such as bacteria, fungi, and algae” [7]. Biopolymers such as
proteins, polysaccharides, and lipids are commonly used in
the food industry to produce biodegradable and environmen-
tally friendly packaging films [8].

Combining biodegradable polymers with natural extract
is one of the most successful ways to create new materi-
als with desired qualities. Furthermore, they have antioxi-
dants, antibacterial, antifungal, and antiviral activities [9].
When compared to films consisting of individual compo-
nents, packaging films generated by adding plant extract into
polymers frequently resulted in modified physicochemical,
mechanical, and barrier properties and have been employed
for a wide variety of applications in polymers [1]. The active
packaging classification can be seen in Fig. 1. Plant extract
compounds have been extensively used in the food busi-
ness to increase the shelf-life of perishable food. The use
of active compounds derived from natural sources in food
is an intriguing opportunity to put their biological proper-
ties to use, as illustrated in Fig. 2. It renders the production
potential without chemical additives because the current
scenario reduces the chemical intervention to assure con-
sumers safety. Recently, the biodegradable packaging system
developed employing natural antioxidant and antimicrobial
agents has attracted producers and consumers. Incorporating
natural extract from different sources as antioxidants and
antimicrobials improves the biopolymers matrix properties.

Furthermore, this improves the oxidative stability of food
products and limits the formation of foodborne pathogens
[10, 11]. They give further safety measures to food even
when cold storage, controlled atmospheric packaging (CAP),
or modified atmospheric packaging (MAP) are not available.

Fig.2 Schematic representation
of incorporation of different
natural sources of antioxidant
and antimicrobial compounds
into packaging material via
extrusion, solution casting, and
dipping/coating methods for
food packaging application
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Most of these antioxidants and antimicrobials are found in
extracts and essential oils derived from various bioresources
and have been extensively investigated in earlier studies.
Natural antioxidants and antinutritional agents are produced
from natural sources. They are biodegradable, biocompat-
ible, and easily decomposable in the environment, making
them an effective alternative for developing effective antioxi-
dants and antimicrobial biopolymer matrix synthesis. This
article has thoroughly discussed different antioxidant and
antimicrobial agents from numerous natural sources, which
have been utilized to prepare biodegradable packaging films.
Moreover, this review focused on the recently reported
studies on the plant, animal, and microorganisms-derived
sources of antioxidant and antimicrobial components used in
biopolymer-based packaging films. Besides, various impedi-
ments and future research opportunities in the coming time
towards sustainable food packaging solutions in the industry
are outlined.

2 Natural antioxidants and antimicrobial
compounds

2.1 Sources of natural antioxidants

The natural extracts have been extensively used to develop,
modify and increase the desirable properties of packaging
film. The natural additive or extracts obtained from plants,
herbs, spices, animals, or microflora were considered
resources for active components [12]. The natural antioxi-
dant extract is called phenolic chemicals, often known as
polyphenols. They are classified as secondary metabolites
of plants engaged in defense from ultra violet (UV) radia-
tion or oxidative chemicals. These antioxidants belong to
a large family of chemicals. They can be found in a wide
variety of fresh produce, including fruits, vegetables, herbs,
spices, and by-products of these foods. Plant phenolics have
become increasingly popular in recent years because of their
sources and compatibility with the biopolymers in which
they are used [13]. Hydrogen atom transfer (HAT), single
electron transfer (ET), reducing assays, metal chelation, and
other techniques can be used to detect antioxidant levels.
These extracts are accompanied to develop a natural or syn-
thetic antioxidant mechanism in the packaging or coating
of produce. These active components can migrate to food
or absorb antioxidative radicals to improve food quality and
shelf-life. Previously, butylated hydroxy toluene, butylated
hydroxy anisole, and tert-butylated hydroquinone were used
in research to develop active packaging film for the preser-
vation of oxygen sensitive foods [14]. These synthetic anti-
oxidants are poisonous and hazardous to health, and healthy
alternatives for antioxidants are being researched in a variety
of sources, including plants, herbs, spices, and microflora.

These antioxidant chemicals include aqueous and alcoholic
extracts, essential oils, and a wide range of phenolic compo-
nents derived from various waste bioresources [15]. The nat-
ural antioxidant from fruits and vegetable sources increased
last years due to their availability and economic perspec-
tives. Fruits such as cherry, grapes [16], pomegranates, ber-
ries, olive (Olea europaea L.) and olive oil [17], lemon, and
a wide range of products and vegetables such as spinach,
broccoli, and cauliflower along with waste generated from
their inedible parts such as peel, seeds or stones, and un-used
pulp have been extensively studied in recent years. Table 1
shows the exploited sources in previous studies for develop-
ing active packaging film or coating as antioxidant activ-
ity [18]. Recent studies have found that eating whole grain
products have several health benefits. Nutritious metabolites
found in dietary grains with significant antioxidant potential
include rice and bran [19]. Tea has long been regarded as a
critical commercial product due to its health advantages and
strong phytochemical content with antioxidant capabilities.
Catechins are the most prevalent and potent components in
tea. Tea extract from various sections of the plant, such as
the leaves and stems, was used as an essential antioxidant
agent in the manufacture of biopolymers for food packaging
applications [20]. Antioxidant properties of spices and herbs
have discovered long time ago, food preservation with garlic,
mint, rosemary extract had already been popular since the
ages [21, 22]. The microflora such as algae or yeast as source
of antioxidant agents, many studies have been presented this
as a potential antioxidant effect of marine algae along with
their active compounds [23].

2.2 Antioxidant mechanism of natural compounds

The oxidation in food is initiated with unsaturated fatty acid in
the presence of a catalyst, such as iron, copper, enzymes, heat,
or light. It is a chain reaction that begins with auto-oxidation
and ends with termination; once launched, self-acceleration
of the process takes it further. Free radicals are atoms, mol-
ecules, or ions with an unpaired electron, which reacts rapidly
with another molecule present in them. Free radicals are often
consequent from oxygen, nitrogen, and sulfur molecules in the
biological system. ‘“These free radicals are subdivided into dif-
ferent groups such as reactive oxygen species (ROS), reactive
sulfur species (RSS), and reactive nitrogen species (RNS)”
[24]. These free radicals cause a nucleic acid breakdown, pro-
tein degradation, and a double bond in unsaturated fatty acids.
Conjugated dienes, hydroperoxide, aldehyde, and ketone are
formed and exert rancid aroma and flavors before combination
with other functional groups to impair the Physico-chemical
properties of foods [25]. Inhibiting lipid oxidation with the
antioxidant agent or active packaging can potentially preserve
foods with high unsaturated fatty acids from possible qual-
ity deterioration and extend the shelf life. The antioxidant
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packaging systems’ effectiveness depends upon the release
rate of active compounds and the oxidation mechanism of
particular food constituents. If the release rate of active agents
is uncontrolled, the effectiveness evaluation of antioxidant
mechanism can be difficult. The antioxidant packaging films or
coating has three parts: packaging matrix, active components,
and the food material. The significant migration activity of
active components is diffusion in the polymer matrix, releas-
ing from packaging material to food surface, and distribution
between molecular level inside food constituents. The selection
of a suitable packaging matrix to incorporate the active agents
depends upon the molecular structure, polarity, and releasing
property of the packaging system. Active compounds diffuse
through the polymer to the food surface and promote numer-
ous chemical and biological reactions inside the food. With the
myriad of synthetic and natural antioxidant compounds, it is
difficult to explain a single molecular mechanism to account
for their antioxidant activity [26].

The primary pathway to lipid peroxidation involves a chain
of self-catalytic free radicals’ reactions from initiation to prop-
agation to termination as shown in Eq. (1) to (5), where R
refers to the lipid alkyl group [27, 28].

Initiation : RH - R*"+H" — - — — — — — — — — @))]
Propagation : R* + O, > ROO* — — — — — — — —— )
ROO* + RH — ROOH + R* — — — — — — 3)
Termination : ROO* + R* - ROOR — — — — — —— )
RE+R >RR—————— —— — — ()

External factors such as moisture, light, oxygen, inherent
free radicals, and metal ions influence the initial radicali-
zation of peroxidase, fatty acids, and glycerol, as shown in
Eq. (1). Then autoxidation occurs at the propagation stage,
as in Eqgs. (2) and (3), with lipid radical oxidation or peroxide
radicalization of high lipid foods. Further, at the termination
stage, the lipid-free radicals may recombine with peroxide
radicals as in Eq. (4) or with themselves as in Eq. (5) [29].
The antioxidant prevents undesirable lipid oxidation; chemical
compounds containing polyphenols and phenolic derivatives
or organic sulfides are the antioxidants most frequently used.
They turn in to serve as radical scavengers, which prevents
photo or thermal degradation of many organics and polymeric
materials [30]. Chemical reaction Eq. (6) to (12) explains anti-
oxidation reaction with free radicals, where AH refers to anti-
oxidant molecules.

Radical/AO

ROO* + AH — ROOH + A* — — — — — — (6)

@ Springer

R+AH » RH+A* — — — — — — — —— @)
RO*+AH - ROH+A"———————— ®)
ROO* +A* 5 ROOA — — — — — — — — — — )
RO* +A* > ROA — — — — — — — — — — (10)
A A 5 A A e — - —— (11

From all the above equations, the antioxidant mechanism
involves scavenging reactive oxygen and nitrogen-free radi-
cal species, hence decreasing the free radicals in Egs. (6) to
(8) and antioxidant combination shown in Eqs. (9) and (10).
Antioxidant activity is inhibited by these reactions, which
degrade lipid peroxidase into non-radical products and che-
late metal ions [31]. Active packaging is an innovative way
to prevent oxidation without adding any antioxidant additive
directly to food. The incorporation of active components in
the packaging matrix (synthetic or natural) and its release
to the contained food in a controlled manner is depicted in
Fig. 3 illustrates the antioxidant mechanism of packaging
material.

2.3 Sources of natural antimicrobials

Consumers’ preferences change over periods, becoming
more conscious about the safety parameters and nutritional
content. Over the last decades, food quality and safety con-
cerns have arisen due to the increased foodborne outbreak
caused by pathogenic organisms. Therefore, it needs to
seek alternative methods of food preservation rather than
chemical and artificial antimicrobial methods. Much fresh
produce contains natural components with antimicrobial
activity [32]. Consumer demands have increased recently
for premium quality food with high nutrients. The need to
use natural preservation systems or preservatives to remove
or destroy the pathogenic organisms is a major requirement
at present, where the synthetic preservative has dominated
now. For these reasons, preservatives from natural sources
such as plants, animals, and microflora have come into trend
now [12]. The active material in the packaging can play a
vital role in extending the shelf life of foods when applied
to the biopolymer matrix. The antimicrobial agents from
natural sources are gaining considerable attention; search
for combined interaction of two or more factors would be
beneficial to control the microbial growth in the food. Spices
and herbs are the reservoirs of antimicrobial effects against
gram-positive pathogens like Listeria monocytogenes. The
active compounds from the spices and herbs can extend
the storage time considerably with their antimicrobial and
antioxidant effects, such as aldehyde, ketone, esters, and
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Fig. 3 Representation of oxidation and antioxidant mechanism (a) oxidation mechanism before inclusion of antioxidant compounds into packag-
ing materials and (b) after inclusion of natural antioxidant compounds in packaging material for food applications

hydrocarbon in the onion, garlic, and cinnamon. The first
evidence on the preservative effect of spice was found in
the 1880s, and they observed the antimicrobial action of
cinnamon oil against spores of Bacillus anthracis [32].
The antimicrobial action of major herbs and spices found
against the bacteria, molds, and yeast was found consider-
ably [33]. The extract of bell pepper hydrosols, rosemary,
and bay leaves exhibited the antimicrobial effect against the
vegetative cells of pathogenic organisms [34, 35]. Spices
and herbs were categorized according to their effectiveness
as strong (cinnamon, clove, and mustard), medium (corian-
der, cumin, thyme), and weak (ginger, black pepper) [36].
Ethanol and hexane extracts of different plants and herbs
have shown potential antimicrobial action against Listeria
innocua, S. aureus, and P. fluorescence [37]. Extraction of
the active components through aqueous solvent extraction
has lower antimicrobial activity against bacteria such as
Bacillus fastidious, S. choleraesuis, K. pneumoniae, and P.
aeruginosa at a different strength. ( 1:1, 1:5, and 1:20) [38].
Green tea components have an antibacterial effect against B.
cereus and L. monocytogenes, and rosemary shows strong
inhibition against B. cereus in soy broth solution [39]. Plant
extracts with a mixed composition of cinnamon, rosemary,
and clove oil exhibited a significant antimicrobial effect
in vacuum-packed fresh pork from 1.81 to 2.32 log reduc-
tion during the storage period with the control sample [40].
Dried oregano powder and lemon were combined to reduce

microbial degradation during 12 days of storage at refrig-
eration temperature [41]. Table 2 shows the investigated
antimicrobial agents to food preservation either directly or
with the packaging film or coatings. Food quality and safety
are affected by physicochemical and microbiological fac-
tors. Food must be protected from microbiological invasion
because microbiological factors are responsible for most
physicochemical changes in food. The use of food additives
from natural origin involves different steps such as extrac-
tion, isolation, filtration, stabilization, and incorporation of
these antimicrobial agents into the food and/or food pack-
aging film or coating. At the same time, it is expected not
to affect adversely the sensory properties, nutrition, and its
health promoting elements.

2.4 Antimicrobial mechanism of natural
compounds

Microbial proliferation reduces the product's quality and
safety. The microbial population accelerates the creation of
off-odors, and changes in aroma, color, and texture can also
occur. Furthermore, several secondary pathogenic bacteria
and toxins can produce severe foodborne outbreaks. Effec-
tive preventive measures and intelligent preservation tech-
nologies have been implemented to reduce food spoilage and
extend food shelf life. Packaging materials, biodegradable,
edible films, and coating can be incorporated with natural
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Table 2 The summary of natural antimicrobial agents incorporated for the antimicrobial biopolymer food packaging application

Biopolymer Matrix

Antimicrobial agent

Observations

Reference

Polylactic acid

Pectin and Polylactic acid

Biodegradable bacterial cellulose

Hydroxypropyl methylcellulose

Alginate

Chitosan

Zein protein

Protein-polysaccharide composite

Carrageenan

Polylactic acid/ polyhydroxy butyrate
Chitosan

Pullulan and carboxylated cellulose
Oxidized cellulose

Sodium caseinate

Alginate

Bio-based zein
Nano-emulsion
Chitosan/nano clay nanocomposite

Carboxymethyl cellulose/agar biocomposite

Polyvinylalcohol/Polyethylene glycol

Pediocin

Nisin

Sorbic acid

Ethanol, citric acid

Nisin

Lactic acid

Sorbic acid

Nisin

Nisin and lysozyme

Citrus peel extract

Procyanidins

Tea polyphenols

Nisin

Matricaria recutita essential oil
Clove, cinnamon, and marjoram oil

Cinnamon essential oil
Thyme and lemongrass oil
Rosemary essential oil

Summer savory sensory oil

Thyme essential oil

Active agents added polylactic acid (PLA) film
reduced the growth of L. monocytogenes'
growth when raw pork was packed

Pectin-polylactic acid composite film having
nisin as antimicrobial agents reduce the growth
of L. monocytogenes in growth medium and
food products

Antimicrobial film was effective against the
growth of Escherichia coli

Active coating inhibits the growth of S. Monte-
video and maintains the quality of tomatoes up
to 18 days

Nisin inhibits the growth of S. aureus when
alginate-nisin based films are used to pack the
sterile beef

Chitosan-lactic acid-based films have high anti-
microbial activities against the Bacillus subtilis

When sweet corn is coated with zein-sorbic acid-
based coating, it controls the population of L.
monocytogenes for 8 days

Composite films with nisin as an antimicrobial
agent inhibit the growth of microorganisms
(Salmonella spp.) on the fresh skin of broiler/
chicken

Carrageenan based biopolymeric films were
effective against pathogens and food spoilage
bacteria

Exhibited excellent antimicrobial effect against
S. aureus

Antimicrobial effect against foodborne patho-
genic organism

Antioxidant, antimicrobial, and UV-barrier
properties

Good antimicrobial activity against Alicylocacil-
lus acidoterrestris

Potential antimicrobial activity against Staphylo-
coccus aureus, and E. coli

Showed antimicrobial inhibition against E. coli,
S. aureus, and L. monocytogenes

Growth reduction of E. coli and S. aureus
E. coli and Listeria innocua

Total reduction 1.2 to 2.1 log CFU/g for fresh
poultry meat storage

Showed good antibacterial activity against gram-
positive (B. cereus) and gram-negative bacteria
(E. coli)

Antibacterial effect against E. coli. and S. aureus

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]
[191]
[192]

[193]

[194]

antimicrobial compounds to inhibit microbial growth. The
packaging materials serve as a carrier of antimicrobials to be
released effectively into the food to inhibit microbial growth
and prolong the shelf life, maintain quality, assure the safety
of produces. They can decelerate the release of antimicrobial
substances through controlled release strategies. Over the past
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several years, a wide range of antimicrobials has been incor-
porated into packaging polymers. Among chemical additives,
natural antimicrobials can give bioactive packaging character-
istics that could be very attractive for consumers [42]. Antimi-
crobial packaging systems modify the internal atmosphere of
the package by continuous interaction with food constituents
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over the storage period. Physical, chemical, and biological
factors influence the diffusion of antimicrobial chemicals
through packaging materials [43]. The antimicrobial action of
antimicrobial packaging is based on the lag phase extension
and decreased live cell number of target bacteria. Antimicro-
bial packaging protects against bacterial infection and fungal,
yeast, or sporulation on meat, dairy, and fresh fruits and veg-
etables. Although, the inhibitory effect may vary from spe-
cies to species according to their unique antimicrobial action
mechanism and variation in microorganism’s physiology.
Understanding the antimicrobial action of these agents can
assist in determining antimicrobial efficacy and its inhibitory
effects [44, 45]. The exact mechanism of antimicrobial activ-
ity is yet to be precise. The natural source compounds pos-
sess diverse structures, and the antimicrobial activity against
the microorganisms depends on their structural configuration.
The phenolic group contains hydroxyl groups in the structural
units, which cause inhibitory activity against the microorgan-
isms as they interact with the cell membrane of target bacteria
to disrupt membrane structure and cause leakage of cellular
components [46]. A specific mechanism of plant-sourced anti-
microbial agents is destabilizing the cytoplasmic membrane
by -OH groups, which serves as proton exchanger that leads to
lower pH gradient across the cytoplasmic membrane and lead
to cell death. Another explanation of the antimicrobial action
of plant-derived natural antimicrobial agents could be the
position of the -OH substitution in the aromatic ring and the
length of the saturated chain. The size of the alkyl or alkenyl
group also affects the antimicrobial activity of a compound.
The alkyl groups associated with the double bond between two
carbon atom, which has a high electronegativity, interfere with
electron transfer and react with protein and nucleic acid, thus
improving antimicrobial activity [47]. The phenolic structure
in EOs plays a significant role in antimicrobial action. The
active groups in the EOs are critical for their antimicrobial
activity, such as -OH group and allylic acid chains enhance
the EOs antimicrobial efficacy [48]. Acetate moieties in the
EOs also positively correlated to the antioxidant activity of
different plant extracts. The antimicrobial action of any active
compound does not depend only on the chemical constituents
but also on the potential of aqueous solubility or lipophilic
potency. These properties involve in the membrane disrup-
tion by lipophilic compounds lead to hindrance of electron
transport, protein translocation, and other metabolic activity,
which ultimately destroy the cell membrane integrity in the
death of microorganisms. The natural compound’s antimicro-
bial activity may differ depending on the type of microorgan-
isms, extraction method, culture medium, inoculum size, and
determination method [32].

The effectiveness and efficiency depend on the antimi-
crobial agents' concentration [49]. At lower concentrations,
the polyphenols affect enzyme activity associated with
energy generation, while it causes protein degradation at

higher concentrations. The ability of an antimicrobial com-
pound to modify cell permeability causes interference in
cell membrane function (electron transport, food uptake,
protein, DNA production, and enzyme activity), ultimately
changing the structure and functionality of the cell [12, 50].
Natural antimicrobial agents’ activity can be further clari-
fied regarding alkyl substitution into phenol nucleus [48].
The antibacterial action of isothiocyanate is initiated by
the oxidative breakdown of disulfide bonds in extracellular
enzymes. Thymol and carvacrol have been shown to affect
intracellular adenosine triphosphate (ATP) production and
plasma membrane disruption in E. coli O 157:H7 cells [51,
52]. The disruption of numerous enzyme systems, such as
energy generation and structural component synthesis, is
related to yeast inactivation [53]. The antimicrobial mecha-
nism of antimicrobial packaging is well explained in graphi-
cal illustration Fig. 4.

3 Plant extracts as antioxidant
and antimicrobial compounds

3.1 Essential oil

Essential oils (EOs) are secondary metabolites with a vola-
tile nature, synthesized from different plants such as herbs
spices through various extraction processes. Like many other
metabolites, they possess numerous bioactivity that has been
utilized for centuries by humankind. EOs are complex mol-
ecules that have been used primarily for pharmacological,
medicinal, aromatic, and cosmetic purposes. They have
been used in food science and nutrition since the ninteenth
century due to their high bioactivity as antioxidants, anti-
microbials, antifungals, and antivirals [54]. The activity of
the EOs depends upon the chemical constituents of spices
or herbs, the collection area, and the extraction process and
solvents. Previously these compounds have been explored
as aroma and flavor ingredients and as a preservative for
some foods. The possibility of EOs as an active component
in developing a packaging system is promising as it contains
natural bioactive compounds, which reduces the food safety
risks associated with chemical or artificial additives [55,
56]. At present, EOs application in the development of food
packaging film or coating is firmly correlated to their appli-
cation into the biodegradable or edible film in amalgamation
with protein-polysaccharide-lipid multi-composite system
[57]. Therefore, incorporating EOs came in trend because
this enhances the antioxidant and antimicrobial activity
and reduces the developed film's water permeability. These
EOs are incorporated as active agents [58]. Essential oils
are combined with different edible or biodegradable poly-
mers. Papers and wooden packaging material were tradition-
ally used, but active cardboard trays coated with emulsion
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Fig.4 Schematic illustration of antimicrobial mechanism of packaging material containing natural antimicrobial compounds for food applica-

tions

blended with EOs continuously manufactured. These are
popular for fruit and vegetable produce with waterproof lay-
ers and are considered an alternative to plastic caret mate-
rial [59]. EOs such as citronella, tea compounds, oregano,
cinnamon, clove, peppermint, rosemary, lemongrass, etc.,
are plant-derived compounds that have potential inhibitory
action against a broad range of spoiling microorganisms.

3.2 Polyphenols

Polyphenols are universally found in different plant parts
such as peel, leaves, pomace, stem, roots, etc. Their function-
ality and chemical structure are diverse, which has promoted
incorporating into the packaging system. Polyphenols found
in plant sources include phenolic acid (hydroxybenzoic acids
and hydroxycinnamic acids), flavonoids (flavonols, flavones,
flavanols, flavanones, isoflavones, proanthocyanidins), poly-
phenolic amides, resveratrol, and lignans [60]. Plant extracts
are rich in polyphenol content, which are incorporated into
the food product to conceal the undesirable color and flavor
or promote the desirable quality of food products and nutri-
tional and functional properties. One use is the incorpora-
tion of polyphenols into edible films and coatings, such as
polysaccharide-protein-lipid-based food packaging solutions
[61]. Phenolic compounds are employed as functional agents
such as antioxidants and antimicrobial in the biodegradable
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and edible polymers, exhibiting an excellent opportunity to
provide longer storage life. It is applied to direct contact or
indirect with the packaging film surface. Polyphenols are a
vast range of compounds found in most plant parts, such as
leaves, stem, bark, seed, fruit, peel, pulp, and pomace. How-
ever, the efficiency determination of polyphenols in food
or food packaging needs to be evaluated case by case [62].
There are different ways to incorporate the phenolic com-
pounds into the packaging system, as illustrated in Fig. 1.

3.3 Flavonoids, flavones, and flavonols

Flavonoids or flavones have a similar chemical structure
as phenols except for having a carbonyl group. Generally,
flavonoids contain three hydroxyl groups and hydroxylated
phenolic compounds in some flavones with a C¢-C; bond in
the aromatic ring [61]. Flavonoids are abundant in nature,
such as fruits, flowers, seeds, stems, honey, propolis, vegeta-
bles, tea, and wines. Since ancient ages, these compounds
have been used as physiologically active substances to treat
human diseases. Furthermore, with an exploration of these
constituent’s properties, the antioxidant, antimicrobial,
anti-infective, antiviral, and antifungal activities have been
observed [63—-65]. Flavonoids are biosynthetic origins like
chalcones, flavanones, flavan-3-ols, and flavan-3,4-diols.
Their intermediates products in the biosynthetic process are



Biomass Conversion and Biorefinery (2024) 14:4419-4440

4429

anthocyanidins, proanthocyanins, flavones, and flavanols,
which possess the antioxidant and antimicrobial for differ-
ent applications [66, 67].

3.4 Tannins

Tannins are water-soluble polyphenols from higher herba-
ceous and woody plants such as leaves, stems, bark, wood,
roots, and seeds [68, 69]. They can be classified into two cat-
egories such as hydrolyzable, non-hydrolyzable (condense),
complex tannins, and phlorotannin [70]. These compounds
are normally present diet of animals; nonetheless, only a
few of these are consumed by the human diet because the
containing of these compounds is limited edible parts of the
plants, or they are not consumed at all. Due to this reason,
tannins are extracted from wood and bark, normally applied
in leather tanning, but now new fields of application have
been explored as food sector, among others. Beverages that
contain tannins such as green tea and red wines constitu-
ents can give remedial support to many diseases [70]. As a
result of unique chemical properties, tannins extracts pos-
sess astringency and bitterness, which most recognizable
mouthfeel for many food products are used to improve food
quality by several modes of action and in a wide variety of
products. Antimicrobial properties of tannin involved several
mechanisms, including metal chelation (iron), interaction
with protein and cell membrane for structural decomposi-
tion, and enzyme inhibition. Gram positive bacterial cells
are more prone to the effect of the tannins; however, it is
also effective against gram-positive bacteria, viruses, and
parasites [68]. Commercialized tannins of wood extract and
castalagin from chestnut had antimicrobial effects against
pathogenic bacteria such as E. coli., staphylococcus aureus,
Salmonella typhimurium, Vibrio spp. Etc [71, 72]. Tannins
are approved as generally recognized as safe (GRAS) cat-
egory to utilize as food additive compounds approved by
the US “Food and Drug Administration (FDA).” Therefore,
tannins properties such as antioxidant, antimicrobial/anti-
fungal activity, and UV absorption present their potential for
functional food packaging application [73, 74]. Condensed
tannins have been successfully applied to Polylactic acid
(PLA) film and found that high crystallization, thermal and
textural improvement. Polyvinyl alcohol (PVA) with con-
densed tannins showed high antioxidant activity and UV
barrier properties [75, 76]. Tannins have good compatibility
with polysaccharides and can be used against bacteria, yeast,
fungi [70].

3.5 Quinone
Quinones have an aromatic ring structure with two ketone

substitutes and color alteration ( browning, darkening) in
fruits and vegetables. Coenzyme such as ubiquinone has the

primary role in the electron transport system, whereas naph-
thoquinone (Vit K), a free radical, quinones bind irreversibly
with nucleophilic amino acid in protein causing inactivation
and loss of functions. Therefore, quinone has a potential
antimicrobial effect when the surface adhesion is exposed
to cell wall polypeptide and membrane-bound enzymes [77,
78]. Naphthoquinones (plumbagin) have shown inhibition
efflux and antimicrobial effect against gram-negative bac-
teria [79].

3.6 Coumarin

Coumarin is also a phenolic compound constituent of ben-
zene and a-pyrone ring. As of now, more than 1300 cou-
marins spp. have been identified. Warfarin is the most used
oral coagulant, vasodilatory, and anti-inflammatory activity.
It shows antimicrobial effects against C. Albicans and effec-
tive against bacterial infections. Pure coumarin exhibited
modest activity against bacteria, yeast, and mold [80]. Anti-
oxidant effect of the coumarin observed in chitosan and fish
gelatin with coumarin, the free radical’s formation occurs in
the film containing compared to the control film [81]. The
utilization of coumarin compound in active packaging has
not been explored compared to other agents, which gives
a promising opportunity to explore and exhibit its active
properties.

3.7 Enzymes

Enzymes are proteinaceous material found in all living cells,
whether plants or animals. They act as biological catalysts,
which promote the biological process in the cells. The first
characteristic of enzymes is their catalytic power, as they can
accelerate the chemical and biological reaction that occurs
in the system. Secondly, the enzymes are specific; for exam-
ple, they don’t contribute to the chemical reaction as sub-
strate but can alter the reaction rate. Moreover, a particular
enzyme is required to optimize the reaction process [82].
Enzymes have many applications in almost all science and
biotechnology areas, especially in the food industry, such
as catalysts, oxygen scavengers, and antimicrobial for dif-
ferent applications. In food packaging, enzymes can play
a vital role inbound or entrapping chemical components in
films or sachets. Depending upon the mechanism of action,
enzymes are entirely immobilized into the packaging mate-
rials or released into the food. Immobilization of enzymes
shows a safer application in the migration of the active com-
ponents from packaging matrix to food because enzymes do
not leach from package to food [83]. Active food packag-
ing incorporated with one more enzyme provides synergis-
tic action of preserving the food. The key variation will be
the enzyme is not altered by the reaction and can continue
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to function indefinitely. However, temperature and pH are
two important factors that can affect the effectiveness of the
enzyme in a packaging matrix [84].

4 Active components from microorganisms
4.1 Bacteriocins and nisin

Antimicrobial agents generated from bacterial cells called
bacteriocins are getting popularity due to their ability to tol-
erate high temperatures and acidic environments. These are
just metabolic by-products such as antimicrobial peptides
generated by bacterial defense systems from the bacterial
cell [44]. Bacteriocins can inhibit the growth of microorgan-
isms, especially gram-positive bacteria; they destabilize the
cytoplasmic membrane of bacteria when contact with the
cell's surface [85]. Bacteriocin from the lactic acid bacteria
source has higher acceptance due to its application in fer-
mentation for different dairy and alcoholic based product
manufacturing applications. Nisin is produced by Lactococ-
cus lactic bacteria, generally present in milk is approved
by FDA and GRAS [86]. However, there are investigations
available that demonstrate that many other bacteriocins such
as lacticins, pediocin, and propionicins have been explored
as antimicrobial agents in many food applications [87].

4.2 Pediocin

In an aqueous solution, pediocin has a random coil struc-
ture; however, pediocin has a partially helical structure with
varied hydrophobicity levels in a nonaqueous solution. It
primarily comprises two regions: an N-terminal hydrophilic
cationic area and a C-terminal hydrophobic/amphiphilic
region [88]. The structure of pediocin is intimately related
to its antibacterial function, which involves the generation
of spores in the targeted membrane. Results in minor efflux,
intracellular chemicals, cytoplasmic ATP depletion, proton
motive force dissociation, and, eventually, cell death [§89].
Pediocin incorporation on the cellulosic packaging material
exhibited antimicrobial action against Listeria innoucua and
L. monocytogenes [90]. Another study where nanocomposite
developed with methylcellulose incorporated with pediocin
and zinc oxide nanoparticle (nano ZnO) showed stability
against staphylococcus aureus and Listeria monocytogenes
with improvement in physicochemical properties of the
developed film [91].

4.3 Reuterin
Reuterin is produced using the Lactobacillus app., which

is produced in the fatty acid with the help of glycerol.
It is effective against several pathogenic and spoilage
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organisms [42]. It exerts bacteriostatic action towards L.
monocytogenes, Campylobacter jejuni, S. aureus, and E.
coli O157:H7 [92]. Pectin utilized as edible coating with
the lemon essential oils demonstrated high antimicrobial
activity for storing cold-stored strawberries. Compared to
control treatment, it reduced viable penicillium spp conidia
considerably (more than two logarithmic cycles) [93]. The
antimicrobial action of reuterin is not explored thoroughly.
Evidence express that aldehyde content in the reuterin could
react with the sulfhydryl group of microorganisms' essential
biomolecules. Another explanation could be the broad action
of the dimeric form of reuterin could inhibit DNA synthesis
and eventually kill the microorganisms [94, 95]. There are
contradictions between the available investigation and the
active ingredients in the packaging film or coating. Some
findings showed the adverse effect on the physical appear-
ance of fresh-cut produce such as lettuce. In contrast, other
studies suggest that reuterin with an essential oil does not
have a physical appearance on the fresh-cut lettuce [96].
However, reuterin might be a potential food preservative
and possible antimicrobial application due to its vast action
mechanism, high-temperature resistance, water solubility,
and wide pH range.

4.4 Bacteriophage

Bacteriophage is found in large amounts on the earth and
is widely available in many food commodities. It can be
sufficiently used as preservatives for foods to inhibit micro-
bial colonies, control diseases in animals, and disinfection
of raw products such as meat, fruits, and vegetables [97].
Investigations revealed bacteriophages against Salmonella
and Campylobacter spp. in chicken and pathogenic E. coli
in ruminant animals [98, 99]

4.5 Organic acid and salts

The food preservation and processing approaches have been
extensively explored by utilizing salts and organic acids.
Some organic acids are the most used preservative for many
foods such as fruits, vegetables, and processed food such as
jam, jelly, and beverages. Acetic, benzoic, citric, fumaric,
malic, propionic, and sorbic acid are the commonly utilized
organic acid in food preservation [100]. These approaches
depend upon the pH-dependent equilibrium between the dis-
sociate and undissociated weak organic acids. The maximum
inhibitory action of acids acquired at low pH, when the cell
membranes are an uncharged and dissociated form of acids,
can diffuse quickly across the cell membrane, which results
in cytoplasmic destruction [101]. Weak acids are not specific
antimicrobial against the bacterial cell and fungus. Gram-
negative bacteria are less susceptible to weak acids due to
their outer membrane layer, which protects them from the
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antimicrobial action of acids. Nowadays, their application as
an antimicrobial packaging material is less common due to
their deactivation in different packaging development pro-
cesses such as extrusion, casting, and coating [102].

5 Active components from an animal source

5.1 Chitosan

Chitosan is a linear polysaccharide having the bond of (1,
4)-linked with 2-amino-deoxy-p-D-glucan, a chitin deriva-
tive, which is the second most abundantly found polysac-
charide in nature after cellulose. Chitosan is non-toxic,
biodegradable, and, most important biocompatible to have
antimicrobial characteristics [103]. Chitosan is mainly
obtained from the food waste of marine products (exo-
skeleton) of crustacean shells. Chitosan outperforms other
biobased packaging films in terms of its ability to contain
valuable components such as minerals or vitamins, as well as
its antibacterial action. As a result, chitosan has been utilized
as a packaging material to improve the integrity of stored
containers of various foods [104]. Chitosan acts as an anti-
microbial agent due to the positive charge amino acid group,
which might interact with the negatively charged pathogenic
cell membrane, causing protein and other intracellular ele-
ments to leach out [105, 106].

5.2 Lysozyme

Lysozyme is, also known as muramidase or N-acetylmuranic
hydrolase, is a small, monomeric protein liked with disulfide
linkages among the eight cysteine residues of its polypep-
tide chain [107]. Lysozymes are natural components found
in animals that are effective against microorganisms. They
are regarded as GRAS and can be included in the food
matrix and application [108]. The antimicrobial effect of
the lysozyme against several pathogenic and spoilage bac-
teria has been experienced in previous investigations with
great potential to inhibit gram-positive bacteria like bacillus
stearothermophilus spp., clostridium spp., and micrococ-
cus spp. Because their cell wall comprises 90% of pepti-
doglycan, rather than the gram-negative bacteria, which
is merely 5-10% of cell wall [109]. Lysozyme is immobi-
lized onto the polymeric material and acts directly from the
polymeric packaging film without being released onto the
packed food matrix. The antimicrobial effect of developed
lysozyme immobilized polyvinyl alcohol (PVOH) film has
shown significant inhibition against selective spoilage organ-
isms [110]. In another study where lysozyme from an egg
has been incorporated into the PVOH, nylon, and cellulose

acetate films and notices the antimicrobial action against the
spoilage organisms such as micrococcus spp [111].

5.3 Lactoferrin

Lactoferrin is a natural antimicrobial compound found in
milk, applied to control or prevent the growth of spoilage
and pathogenic cells in processed foods. This compound
has an additional functional activity like antioxidant, anti-
carcinogenic, and antibiotic, which present the lactoferrin as
a multifunctional component [112]. Antibacterial action of
lactoferrin against gram-positive and gram-negative bacte-
ria, viruses, and fungi has been well documented. Lactofer-
rin's function depends on its ability to bind iron ions, which
results in iron deficiency, which restricts bacterial develop-
ment [113]. Lactoferrin is often included in the included
antimicrobial for incorporation into the packaging films and
coating solution, but only a few investigations are listed pre-
viously. The antimicrobial action has an impact due to the
presence of Na*t, which shifts the activity from bactericidal
to bacteriostatic [44]. To protect the activity of the lactofer-
rin, microcapsules are incorporated in whey protein isolate
biopolymer. The developed film of lactoferrin-based packag-
ing film applied on the surface of bologna slices stored for
28 days and found microbial growth delayed compared to no
encapsulated sample [114].

5.4 Lactoperoxidase

Lactoperoxidase (LPS) is another animal-based active
component; cow milk and epithelial secretion contain many
LPS. Mammalian LPS are unique from the plant LPS in
size, amino acid composition, prosthetic groups, and the
binding nature of the prosthetic group to the protein [115].
LPS catalyzes the thiocyanate ion (SCN™) and generates
oxidized products such as hypothyocyanates (OSCN™) and
hypothiocyanous acid (HOSCN). These oxidized products
in the lactoperoxidase system are known to have antimicro-
bial activity through the oxidation of sulfhydryl (SH) groups
of the host—pathogen enzyme and proteins [116, 117]. The
active functional activities of the LPS have shown its poten-
tial application in food applications.

6 Incorporation methods for active agents
in packaging

6.1 Addition of sachets into a food package

Including a sachet in a food item has proved appropriate for

volatile antibacterial agents. There will be no direct contact

between the food and the compounds; instead, the volatile
antimicrobial compounds are discharged into the package
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headspace, inhibiting germs’ growth [118]. Adding a sachet
inside the food package is the most successful commercial
application of an antimicrobial packaging system. The prin-
ciple of the carrier or emitting sachet involves the adsorption
of the antimicrobial agent into the enclosed packaging envi-
ronment. The sachet is placed along with the food packed
in the packaging bags or container and separated from the
outside environment [119]. The antimicrobial agents are
enclosed in loose sachets or attached to the interior of the
package, as shown in Fig. 2.

6.2 Antimicrobial agents’ incorporation
into the polymer matrix

Active antimicrobial compounds are incorporated into the
packaging matrix by extrusion heating, heat-press, or solu-
tion casting methods. It has potential commercial application
in pharmaceutical drugs and insecticide delivery, household
appliances, textiles, medical appliances. The main setback in
this method is antimicrobial activity diminished due to high
heat treatment due to methods like extrusion, heat-press,
etc. [28]. Enzymes, as antimicrobial agents like lactoferrin,
lysozymes, and lactoperoxidase, and some peptides such
as magainins, cecropins, natural phenols, etc., have wide
application in the packaging, particularly polymer fabrica-
tion [120]. Biodegradable and edible films incorporated
with nisin or lysozymes inhibit bacterial infection like E.
coli when blended with the chelating agent such as ethylene
diamine tetra acetic acid (EDTA) [121]. Clove essential oil
(CEO) loaded with chitosan-ZnO nanoparticles developed
film shows antimicrobial activity against P. aeruginosa, S.
aureus, and E. coli. [122], chitosan-thyme essential oil com-
posite films [123], eucalyptus globulus essential oil (EGO)
in chitosan composite film as the antimicrobial film showed
inhibition of microorganisms [124].

6.3 Coating or adsorption on polymer substrate

The coating of fruits and vegetables with an antimicrobial
agent blended with different additives is in early develop-
ment. Different active agents which act as antimicrobial
agents to inhibit the growth of microorganisms are added
into waxes or coating material to dip the fresh produce com-
modity [125]. Antimicrobial active compounds that can not
withstand high temperatures used in polymer processing
are usually applied as coating the produces. Casting on the
edible and biodegradable films used as a carrier for anti-
microbial and implied as primary contact layer in the food
packaging films [126]. Edible coatings are thin layers of
edible materials that could be consumed or removed as per
consumers' choice, as shown in Fig. 2. Their biodegradabil-
ity and edible nature are the two most important benefits,
along with the ease of production availability at low cost

@ Springer

and sustainability with all the environmental concerns [127].
For example, the essential oregano oil coated on the mango
surface to reduces the Salmonella enterica and decrease the
anthracnose disease [80], nanoemulsion coating with the
antimicrobial agent on the kiwi fruit [128], vanillin as active
compounds enhances the safety and shelf life of fresh-cut
apples [129], gellan coatings were applied on the strawber-
ries and quality improved during storage period [130].

6.4 Immobilization of antimicrobial compounds

Antimicrobial immobilization onto polymers or other mate-
rials has already been studied. The immobilization process
happens in functional groups on antimicrobials and poly-
mers. Enzymes, peptides, and organic acids could be exam-
ples of a functional group for antimicrobial agents to immo-
bilize on the polymers [45, 131]. Polystyrene, acrylic acid,
nylon, vinyl acetate, and ionomers are functional groups
for polymers [132]. Released antimicrobial activity from
the immobilized polymers or films highly depends on the
bonding types, which allows slow release of active agents
into the food. Both lysozyme and chitinase, which have been
covalently immobilized using polymeric films, are efficient
against gram-positive bacteria. When the enzyme glucose
oxidase is covalently coupled to insoluble support that is
compatible with packaging materials, it catalyzes the pro-
duction of antimicrobial hydrogen peroxide from reaction
mixtures of glucose and oxygen [133].

7 Food packaging applications

Antimicrobial and antioxidant agents can be utilized in sev-
eral food-related applications, including as development of
food packaging applications. Earlier, antimicrobial agents
were intentionally utilized in food to inhibit microorgan-
isms (molds, bacteria, and yeast) [12]. Antimicrobial agents
in packaging accomplish threefold companion in protect-
ing and preserving foods. First, and the most known, is to
extend the shelf life by inhibiting the growth of all kinds of
microorganisms by direct or indirect contact with the foods.
Second, the packaging film or layers are self-sterilizing to
reduce potential decontaminants from fresh and processed
foods. The third is that antimicrobial polymers or films
are used to protect the equipment most susceptible to the
microorganisms like conveyors, packaging machines, fill-
ers, gloves, etc. [131]. The antimicrobial agents applied in
the food packaging application are selected based on vari-
ous factors such as the activity of active agents, source of
agent, method of extraction, the composition of active agent,
rate of the microorganism’s growth, mode of action, storage
condition, and physiological condition of the microbes [44].
The effectiveness of antimicrobial packaging is generally
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compared to the direct incorporation of antimicrobial agents
in food materials. The reasons behind this are the attach-
ment of antimicrobial agents with polymer film or layer and,
secondly, as preservative agent inactivation over a more
extended period [134]. The rate of antimicrobial agent dif-
fusion from the incorporated matrix to food is also a vital
phenomenon [135]. The concentration of the active compo-
nents in the packaging material affects the physical and func-
tional properties of the developed material. Additionally, it
imparts color and opacity to the polymers. Several findings
on the incorporation of bioactive antioxidant and antimicro-
bial components into packaging material have been reported
where the effectiveness of those components shows their
great potential to inhibit the spoilage microorganisms and
delay color, flavor, and staling effect of the fresh produces.

7.1 Fruits and vegetables

Fruits and vegetables are excellent nutrient reservoirs due
to their high fiber, mineral, and vitamin content, but they
decay quickly due to high moisture and water activity. They
are highly susceptible to microbial influence because they
are made up of living tissues, resulting in off-flavor, enzy-
matic browning, and texture degradation [136]. To address
the issues raised by these unwanted changes in the charac-
teristics of fruits and vegetables, to meet the ever-growing
consumer demand, food packaging has developed various
novel concepts for improving shelf life while maintaining
the safety and quality of fresh products. Active packaging
maintains the fresh produce quality by intervening in the
metabolic process with alteration in the specially designed
packaging environment. A package that preserves the food
in such a way that it tackles the multiple elements that affect
the quality and shelf life of packed foods, such as respira-
tion, lipid oxidation, staling, dehydration, deterioration due
to microbes, and pest infestation. These situations can be
addressed in various ways by adopting appropriate active-
packaging technologies. As a result, food spoilage can be
reduced depending on the packed food requirement’s nature
[136]. To change the headspace conditions within the food
container, active packaging systems frequently involve the
scavenging of spoiling factors substances such as oxygen,
carbon dioxide, ethylene, flavor/odor, and excessive water
content. Other active packaging technologies incorporate
active compounds into the packaging matrix, such as carbon
dioxide, antioxidants, and antimicrobials, to emit them on
the package environment or headspace. Fruits and vegeta-
bles are susceptible to microbial degradation due to physi-
cal damage during harvesting, transportation, packaging,
and processing [137]. The initially mixed flora of micro-
flora found in fruits and vegetables are E. coli and Erwinia.
However, the primary cause of contamination of fruits and
vegetables are yeasts, and molds, especially when stored

under aerobically refrigeration conditions [138]. Antimi-
crobial packaging releases the active compounds in a con-
trolled manner to the surface of food above the minimum
inhibitory level required of the target microorganisms. They
selected the optimum active packaging material as antimi-
crobial chemicals suitable with the packaging matrix. Anti-
microbial chemicals should be selected from materials with
intermediate polarity (hydrophilicity/hydrophobicity) that do
not strongly interact with the packaging material when they
attach to the matrix or are freed from it [139]. Antioxidant
packaging development to stabilize the oxidation reaction
could be brought together using antioxidant components of
fruits and vegetables. Incorporating antioxidant components
from natural sources like plants is the primary source of
antioxidants for developing active packaging films. The anti-
oxidant agents such as ascorbic acid, phenolic compounds,
and carotenoids with another synergistic factor effect could
be brought suitable packaging to the extent of the shelf life
of fruits and vegetables [140].

7.2 Meat and fish products

The animal protein need for the human diet is met by meat
and sea products, which comprise both fresh and processed
meat and seafood. Because of microbial invasion, such as
pathogenic organisms like Listeria monocytogenes, the
quality of meat and fish products rapidly degrades, posing a
huge challenge for the packaging sector to tackle the prob-
lem of microbial recontamination in diverse ready-to-eat
foods [141]. The rapid quality degradation of meat and fish
products is due to high fat and moisture content, making
it vulnerable and prompt biological and chemical reactions
such as lipid oxidation, protein denaturation/degradation, or
decaying of the foods, limiting its shelf life. These reactions
generate harmful, undesirable compounds that can alter the
food's color, flavor, and taste, such as melanosis and melanin
[142]. Intrinsic factors like pH, water activity, and the redox
potential of fresh meat produce trigger the spoiling reac-
tions. Meat and fish products generally have a water activity
range from 0.85, which is considered a suitable environment
for the growth of most microorganisms [143]. Meat process-
ing and preservation have become compulsory for delivering
meat products long-distance without affecting the physical,
chemical, biological, and nutritional quality. Low-tempera-
ture storage, freezing, controlled water activity storage, brine
solution, and using chemicals are the older and not safer way
to preserve the quality of meat products. Active packaging
such as antimicrobial and antioxidant agents in the polymer
matrix, sachet, or immobilization in the film are growing
techniques to prolong the quality of meat and fish products
[144]. There are number of investigations available which
confirm the effectiveness of antioxidant and antimicrobial
film to extend the self-life. An increasing trend has been
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noticed in recent years by food processing sectors through
replacing the traditional way of storage by implementing
active packaging in the meat and fish product storage. As
of now, the meat processing sectors understand the value of
innovative preservation methods through the application of
antimicrobial and antioxidant packaging that allow to main-
tain the quality and inhibit the spoilage microorganisms at
the same time.

8 Challenges and future perspective

The consumer’s awareness increased, and their expectations
regarding food quality are also high; they expect proper
packaging and sustainability. Therefore, packaging devel-
opment must be considered raw material sources, biocom-
patibility, longevity, food preservation mechanism, disposal
strategy, and environmental impact. When we discuss the
active packaging of the products, the sources of the active
components, such as antimicrobial and antioxidant com-
ponents, are crucial [145]. The safety concerns, regulatory
parameters, economic aspects, production capacity, com-
mercial viability, sensory attributes, and, most important,
consumer acceptance, are the main factors to be considered
when active components are incorporated into the packag-
ing matrix. Food products that come in direct contact with
active packaging should be safe. To ensure their safety and
wholesomeness, the regulatory requirement at various lev-
els must be followed when the active packaging material
is developed. In the USA, active packaging falls under the
Federal Food, Drug, and Cosmetic Act (FFDCA), US of
food and drug administrations (USFDA) [146]. The num-
ber of active compounds intentionally incorporated into the
packaging film or sheets becomes part of the food, regulated
as food additives, and classified under the GRAS category.
Antimicrobial compounds incorporated into packaging fall
under regulation 1282/2011 on active and intelligent mate-
rial and articles intended to contact food amendment regula-
tion 1935/590/EC and 1989/109/EC [147].

Polymer incorporated with active packages serves as an
excellent reservoir for supplying the food system; still, much
work needs to be done regarding its food packaging applica-
tions. As a function of real-time concentration, the kinetics
of active components delivery to the food must be consid-
ered in packaging design. The extraction of the active com-
ponents from the plant and animal host is also a great deal of
discussion. The extraction method, solvents, drying, storage
of the components for longer viabilities need to be discussed
thoroughly. Health claims attributed to active packaging are
rare due to various legal severe and standards constraints.
Health claims require scientific evidence and authorization
from the different legislative bodies. The most viable active
packaging, such as antioxidant and antimicrobial packaging,
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can be produced with existing infrastructure and logistic sys-
tems. Active packaging has to be convenient and easy to use,
so it can not interrupt consumers' lifestyles.

Future work should utilize the naturally available
resources to reduce food spoilage and hazards. Natural
resources have an abundant active ingredient, which can
be extracted to be used in food processing and food pack-
aging application. Scientists need to work on the com-
mercial aspect of the natural components. The extraction,
optimization, incorporation method, and concentration
optimization are major future works in the active packag-
ing application.

9 Conclusion

Active packaging in the food application is developing a
great trust due to recent innovations in packaging design,
packaging performance, material science, engineer-
ing, thermodynamics, and consumers’ demands. Active
packaging is receiving considerable attention as the new
emerging technologies that can improve the quality, stabil-
ity, and safety of food, reducing the chemical intervention
in the food material and incorporating active compounds
like antioxidants and antimicrobial bring remarkable
assurance to the consumers. The authors in this commu-
nication mainly highlighted the natural derived antioxi-
dant and antimicrobial compounds-based biopolymer. The
active component’s sources, mechanism of antioxidant and
antimicrobial of those components discussed thoroughly.
The natural sources of active compounds bring a safer and
more sustainable approach to the food processing industry.
Natural active components from plants, animals, micro-
organisms, enzymes, mushrooms, and bacteriophages act
by lysis of cells, leading to ATP depletion and eventually
causing cell death. At the same time, the new plant or ani-
mal resources can be turned into a great source of active
compounds for the development of active packaging solu-
tions. In conclusion, these naturally derived active com-
pounds provide a great opportunity for advanced active
food packaging development that is chemical-free, envi-
ronment friendly and causes minimum or no side effects
to human health. There are remarkable innovations in
recent times for maintaining the quality of food products
for longer shelf life. However, still, much work needs to
establish a new normal for the upcoming generations.
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