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In recent years, the packaging of fresh produce has attracted the attention of researchers. The development
of eco-friendly and biodegradable packaging materials with exceptional mechanical and barrier properties
has reached great heights in research and development. To minimize the use of synthetic materials, natural

nanofibers serve as an alternative to synthetic food packaging materials. This article focuses on the

derivation of natural nanofibers (NNFs) from various sources along with their different production routes
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in detail. An in-depth analysis was performed to obtain the desired properties of natural nanofiber-based

food packaging materials and modifications using their active agents to extend the shelf life of fresh
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produce. The article also presents a comprehensive analysis of the life cycle assessment and
sustainability of natural nanofibers along with an outlook on its future prospects.

The commonly existing packaging is made of synthetic plastic for keeping food fresh and plastic dominates and is widely used in food packaging due to its low

cost of production, mechanical resistance, ability to be heat sealed, and shape flexibility. But plastic packaging has the drawback of not degrading naturally but
harming the ecosystem and the health of both terrestrial and marine species. In this regard, natural material-derived packaging materials have the potential to
revolutionize the packaging industry, particularly in the area of sustainability and green food packaging. The use of cellulose-based natural nanofibers in the
packaging of fresh produce can provide several benefits and gain importance globally. Our work emphasizes the importance of UN sustainability development

goals (SDG 2023): zero hunger (SDG 2), industry, innovation and infrastructure (SDG 9), and responsible consumption and production (SGD 12).

1. Introduction

Fruits and vegetables are the basic commodities that belong to
a category of plants that vary widely in terms of their nutrient
content and everyday consumption. They are regarded as being
healthy and contain vitamins, minerals, and other phyto-
chemicals that can support the body's efficient operation and
act as a defence against certain ailments. Active food packaging
of fruits and vegetables (as harvested as well as fresh cut) has
become important in recent years due to the need for conve-
nience goods for customers and to maintain freshness for
a longer duration.™” In general, water loss, microbial growth,
discolouration due to oxidation, deterioration of texture and
flavour, an increase in respiration rate, and the ripening process
are responsible for the deterioration of fresh food quality and
reduction in shelf life.>* To ensure that the global food supply
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remains secure, minimize wastage, reduce the economic
burden on the public and improve ready availability throughout
the year, the shelf-life extension of fresh produce becomes
crucial. As fresh produce like fruits and vegetables may have
a higher level of contamination after harvest, there is an
increase in susceptibility to infection, which causes it to
degrade quickly. Hence, maintaining the freshness of fruits and
vegetables with sufficient packing became a top priority.>”
Newer items are being introduced in the market in response to
consumer demands motivated by nutritious content, trends,
knowledge, tastes, exposure, and safety. Further, recently fresh-
cut vegetables and fruits are also being made available
commercially to support evolving lifestyles. Fresh produce
requires food packaging to safeguard the products and
distribute them to consumers in a secure manner as well as to
extend the shelf life by using natural active agents. Commonly
existing packaging is made of synthetic plastic for keeping food
fresh. Plastic dominates and is widely used in food packaging
due to its low cost of production, mechanical resistance, ability
to be heat sealed, and shape flexibility. But plastic packaging
does have the drawback of not degrading naturally, harming the
ecosystem and the health of both terrestrial and marine species.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biodegradable polymers have the potential to revolutionize the
packaging industry, particularly in the area of sustainability and
green food packaging. Hence, to establish a passive or active
packaging system for fresh fruits and vegetables, they are placed
in packaging films and active agents are used inside the pack-
aging respectively.®*® Fig. 1 shows a broad classification of
biodegradable polymers used for food packaging.

Plant cellulose can be processed into various forms
including microfibers, microcrystalline cellulose nanofibers,
nanowhiskers and nanocrystals, a property that makes them
suitable for various applications. Each form offers specific
advantages as raw materials. The use of nanofibers in the
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packaging of fruits and vegetables can provide several benefits.
First, the small size of nanofibers means that they can be used
to create extremely thin films or coatings that are transparent,
lightweight, and flexible.' The use of nanofibers in the pack-
aging of fruits and vegetables can offer excellent barrier prop-
erties against water vapour, oxygen, and other gases due to their
high surface area-to-volume ratio which can help to prevent
spoilage and extend the shelf life of fresh produce. This is
particularly important for fruits and vegetables, which are
highly perishable and require careful handling and storage to
maintain their quality. Cellulose has gained significant atten-
tion due to its abundance in nature, economical nature, non-
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Fig. 1 Broad classification of biodegradable polymers.

toxic properties, etc. which make it a promising material for
various applications." Nanofibers produced from plant-based
cellulose through electrospinning, known as cellulose nano-
fibers (CNF), are a type of nanomaterial that can be produced in
the range of 1-100 nm. CNF is used as a food packaging
material due to its unique mechanical and barrier properties
that can improve the shelf life and quality of fresh produce. It is
produced from renewable and biodegradable materials, such as
cellulose from plants, which can help to reduce the environ-
mental impact of packaging waste. Overall, the use of cellulose
nanofibers in packaging fruits and vegetables has the potential
to improve the freshness, quality, and sustainability of fresh
produce, which can benefit both consumers and the environ-
ment. However, further research and development are needed
to optimize the properties and performance of cellulose-based
nanofiber-based packaging materials for this application.'
Generally, CNF is used as a sustainable food packaging film as
an alternative option to plastic packaging material. Later
modifications are done by using active agents which are effec-
tively embedded in the cellulose nanofiber packaging material
for gas adsorption and antimicrobial activity, and optimize the
barrier properties by slowing down the respiration rate, which
helps to extend the shelf life. The active agents embedded in the
CNF packaging material could trigger ethylene gas release,
adsorb oxygen and carbon dioxide, and inhibit the microbial
infection inside the packaging making the fruits and vegetables
look fresh and nutrient. Researchers are moving towards
finding new natural materials which are eco-friendly and
sustainable but preferred, especially in the form of nanofibers
as they are lightweight with small diameters, and have
controllable pore structures and high surface-to-volume ratio.
The high surface-to-volume ratio of cellulose nanofibrous
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materials is beneficial for the integration and enhancement of
added active ingredients. Fresh produce has a longer shelf life
when treated with active agents such as ethylene adsorbers,
moisture absorbers or oxygen/carbon scavengers.”*'® Fig. 2
illustrates the number of articles published in the field of
natural nanofibers used for food packaging and their develop-
ment, as well as the increase in the importance of packaging
made based on natural nanofibers. A summary of the reported
studies on natural nanofiber-based food packaging is presented
in Table 1.

1.1 Natural nanofibers (NNF)

Nanofibers are materials which have diameter ranges in nano-
meters (nm). Natural nanofibers derived from natural resources
are termed as natural nanofibers (NNF). They are natural, non-
toxic and eco-friendly and find a wide spectrum of applications
in every domain of engineering, healthcare, energy, etc.>
Nanofibers have gained significant attention in the field of food
packaging due to their unique properties such as high surface
area, porosity, and mechanical strength.”” These properties
make them ideal candidates for developing food packaging
components with improved functionality and performance.
One potential application of nanofibers in food packaging is as
a barrier material to prevent the permeation of gases, moisture,
and aroma. By using nanofibers with controlled porosity, it is
possible to design a packaging material that allows the desired
gas and moisture transmission rates while maintaining the
quality and freshness of the food product. By incorporating
nanofibers into the packaging material, it is possible to increase
its strength, stiffness, and toughness, making it more resistant
to damage during transportation and storage. Furthermore,
nanofibers can be used to develop intelligent packaging that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Number of articles published on natural nanofiber-based food packaging (source: https://www.sciencedirect.com/; keywords used:

natural nanofiber, food packaging).

can detect and monitor food spoilage by changing colour,
releasing antimicrobial agents, or emitting gases. This can help
reduce food waste and increase the shelf life of food products.
The use of nanofibers in food packaging components has the
potential to revolutionize the food packaging industry by
providing improved functionality, performance, and sustain-
ability.”** Natural materials are environmentally beneficial

because they can be broken down by microbes by the end of
their life cycle.

1.2 Sources of natural nanofibers and their production
routes

Natural polymers such as cellulose, chitosan, gelatin, and silk
fibroin can also be electrospun to produce nanofibers. They are

Table 1 Reported studies on nanofiber-based food packaging

Materials Packaging forms Applications Outcome References
Cellulose/banana peel Composite film Food packaging Good mechanical properties 13
nanofibers
Cellulose/ginger Composite film Food packaging Improved antimicrobial properties 14
nanofibers
Cellulose/SB nanofibers Composite film Food packaging Improved barrier properties 15
NC-nanofibers Composite film Fresh cut spinach Reduces the respiration of the leaves, 16
which contributes to the extension of
shelf life
NC/PLA nanofibers Composite film Food packaging The films exhibit improved tensile 17
properties, wettability and reduced
respiration in the packaging
Cellulose/phenolic acid Active packaging Food packaging Provides good antioxidant and 18
nanofibers film antimicrobial properties
Chitosan nanofibers Packaging film Food packaging Improved mechanical and barrier 19
properties
Cellulose/chitosan Composite film Fruit and vegetable Better resistance to water and moisture 20
nanofibers packaging
Cellulose nanofibers Packaging film Fruit and vegetable The film shows improved rheological 21
packaging properties
Cellulose/ Nanocomposite Fruit packaging The films show good barrier properties 22
montmorillonite film
nanofibers
Cellulose/silver Active packaging Fresh cut melons Helps to get improved antimicrobial 23
nanoparticle based film properties and able to extend the shelf
nanofibers life
Cellulose/PLA Composite film Mango packaging Helps to reduce the respiration rate, 24
nanofibers thereby enhancing the shelf life
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Fig. 3 Sources of natural nanofibers.

renewable, biodegradable, and sustainable, making them
attractive materials for various applications, including food
packaging.”® Some of the sources to produce nanofibers are
shown in Fig. 3 and discussed below.

(a) Cellulose: cellulose is the most abundant natural polymer
and is found in plants, such as wood, cotton, and bamboo. It is
used to produce paper, textiles, and food packaging. Cellulose
can also be electrospun to produce nanofibers with high
mechanical strength and biodegradability.*

(b) Chitosan: chitosan is derived from chitin, which is found
in the exoskeletons of crustaceans such as crabs and shrimp.
Chitosan is biodegradable, biocompatible, and antimicrobial,
making it an attractive material for food packaging.*

(c) Gelatin: gelatin is derived from collagen, which is found
in animal skin, bones, and connective tissue. It is used as
a gelling agent in food products such as gummy candies and as
a coating material in food packaging.*!

(d) silk fibroin: silk fibroin is derived from silkworms and is
used to produce silk textiles and medical implants. Silk fibroin
is biocompatible, biodegradable, and has excellent mechanical
properties, making it an attractive material for food
packaging.*

(e) Starch: starch is derived from corn, potatoes, and other
plants and is used as a thickener and gelling agent in food
products. Starch-based polymers can also be used to produce
biodegradable food packaging.®®

There are several production routes for nanofibers which are
shown in Fig. 4. The routes are discussed below as follows.

(a) Electrospinning: this is a widely used technique for
producing polymer nanofibers. In this method, a high voltage is
applied to a polymer solution or melt, which is then ejected
from a needle tip. The electric field causes the polymer solution
to form a thin jet, which is rapidly elongated and solidified as it
travels towards a collector plate. This results in the formation of

532 | Sustainable Food Technol, 2023, 1, 528-544
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nanofibers with diameters ranging from a few nanometers to
several micrometres. It is primarily used for the fabrication of
nanofibrous structures, which have a high surface area-to-
volume ratio and unique properties that make them suitable
for various applications.**

(b) Self-assembly: self-assembly involves the spontaneous
formation of nanofibers through non-covalent interactions,
such as hydrogen bonding, electrostatic interactions, and van
der Waals forces. This techniques are highly versatile and can
be applied to various materials, including polymers, metals,
semiconductors, and biological molecules. This method is
commonly used to produce peptide and protein nanofibers,
which can have applications in food packaging.*

(c) Template synthesis: this method involves the use of
a template, such as a porous membrane or a colloidal crystal, to
guide the formation of nanofibers. The template is coated with
a precursor material, which is then solidified or chemically
transformed to form the nanofibers. This method can produce
nanofibers with a high degree of control over their diameter and
morphology.*®

(d) Chemical vapor deposition: chemical vapor deposition
(CVD) involves the deposition of thin films of nanofibers
through the controlled reaction of gaseous precursor molecules.
The gaseous precursors are introduced into a reaction chamber,
where they react and form solid nanofibers on a substrate. This
method can be used to produce nanofibers with controlled
composition, crystallinity, and orientation.*”

(e) Liquid-phase methods: liquid-phase methods involve the
dispersion of nanofibers in a liquid medium, such as water or
a solvent. These methods include techniques such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sonication, microfluidization, and high-pressure homogeniza-
tion. Liquid-phase methods can be used to produce nanofibers
from a variety of materials, including cellulose, chitin, and
graphene.?

Each of these production routes has its own advantages and
limitations, and the choice of method depends on the specific
application and material properties required. The feasibility of
a particular production route depends on the desired charac-
teristics of the nanofibers, intended applications, and economic
considerations. Electrospinning is the most commonly used
technique for producing cellulose nanofibers for fresh produce
packaging. Electrospinning has proven to be a valuable method
for synthesizing cellulose nanofibers, providing fresh food
packaging with enhanced mechanical properties, barrier prop-
erties, and sustainability. Its commercial viability, coupled with
its ability to incorporate functional additives, makes it an
important technique for the development of advanced pack-
aging solutions in the food industry. Researchers and industry
professionals are actively working on optimizing existing
methods and developing novel approaches to improve the
feasibility and scalability of nanofiber production at an indus-
trial scale.

1.3 Use of cellulose nanofibers in different forms

Cellulose nanofibers can be incorporated into various types of
food packaging components, such as biofilm fillers, wrapping,
or antimicrobial agent carriers, to improve their performance
and functionality.*® Biofilm fillers are used to create a barrier
layer in food packaging to minimize the transport of moisture,
oxygen, and other gases. Nanofibers can be added to biofilm
fillers to enhance their mechanical and barrier properties,
improving the shelf life of food products. Nanofibers can also be
used as wrapping material to create a contact barrier that
prevents the growth of bacteria and mold. By incorporating
antimicrobial agents into the nanofibers, it is possible to create
a wrapping material that not only prevents the growth of
microorganisms but also actively kills them, reducing the risk of
foodborne illnesses. Furthermore, nanofibers can be used as
carriers for antimicrobial agents. By loading antimicrobial
agents onto the surface of the nanofibers, it is possible to create
a packaging material that slowly releases the agents over time,
prolonging the shelf life of food products.*® Overall, the use of
nanofibers in food packaging components such as biofilm
fillers, wrapping, or antimicrobial agent carriers has the
potential to improve the safety and shelf life of food products
while reducing the environmental impact of packaging waste.
Although a review of nanofibers used in food packaging was
found, to the authors' best knowledge there is no direct review
which focuses on a concise overview of the importance of
natural nanofibers (NNF) especially cellulose based nanofibers
as a sustainable packaging material and active packaging
material for fresh produce. The present review article exten-
sively discusses the wide range of natural nanofibers along with
their sources, different forms in which nanofibers can be uti-
lised and various modification processes that are carried out to
extend the shelf life. The article also presents a comprehensive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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analysis of the life cycle assessment and sustainability of NNF
along with an outlook on its future prospects.

2. Modification in cellulose natural
nanofibers

Fresh produce packaging often incorporates cellulose natural
materials in the form of nanofibers, but at times these materials
may not offer sufficient mechanical strength, barrier properties,
and other properties that are necessary for good food packaging
performance. Hence, modification is needed to increase the
performance of the packaging systems. This section has mostly
concentrated on various modification approaches to uplift the
mechanical as well as barrier properties, followed by modifi-
cation utilising various active agents which includes O, scav-
engers, CO, emitters, ethylene scavengers, and essential oils
(antioxidant and antimicrobial).

2.1 Mechanical and barrier properties

The desired mechanical performance becomes important in the
design of packaging films, as they play an important role in
maintaining the structural integrity of the packaging and pre-
venting it from leaking during transport and storage. The
technological and practical use of chitosan-based bioplastic
faced significant challenges due to the high brittleness and poor
mechanical efficiency of the nanofibers.* To overcome this
problem, nanofibers can be combined with other materials
such as polymers, essential oils, nanoparticles and plant
extracts to improve their mechanical and functional properties.

It is becoming more important to modify natural nanofibers
during or after manufacture. The most straightforward proce-
dure for membrane alteration, however, is pre-electrospinning
or in situ modification. In this case, the spinning solution is
immediately supplemented with additives.*” After the electro-
spinning procedure, nanofibers are frequently modified to
encourage surface modifications. By altering or eliminating the
surface functions already present, adding new chemical groups
to nanofiber surfaces results in the creation of the required
properties. By distributing the active ingredients into polymeric
fibres, changes are made for various applications using a variety
of materials and methods.*>** It has been reported in the liter-
ature that a polylactic acid nanocomposite reinforced with
modified cellulose nanofibers was prepared by modifying the
surface of CNF by esterification to improve the dispersion of
CNF and its interfacial adhesion with polylactic acid. This
composite is more permeable to water vapor than without
cellulose nanofiber modification.*” In another study, reinforced
carboxylated cellulose nanofibers were developed for collagen
membranes by intermolecular/intramolecular electrostatic
interaction between cationic acid-swollen collagen fibers and
anionic carboxylated cellulose nanofibers. The results showed
that carboxylated cellulose nanofibers incorporated into
collagen fiber membranes showed good mechanical and barrier
properties at a collagen fiber concentration of =50 g kg™ ".%® The
study reports that polypropylene (PP)-based cellulose nano-
fibers (CNF) with nanoclay nanocomposites improve the
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mechanical and sealing properties and proposed use in the field
of food packaging.”’

Modification of cellulose nanofibrous films was carried out
with fatty acids such as palmitic, lauric and stearic acids. The
modifications were done in two ways: one is the bulk modifi-
cation, where whole fibers were exposed to the reaction
medium, and the other one is surface modification, where only
CNF surfaces were exposed. The modified films showed that
both modification methods increased the surface hydropho-
bicity, but the films formed by bulk modification of CNF
significantly improved their water vapor barrier property (p <
0.05).”® Electrospun coatings made from PCL fibers containing
carotene significantly improved the water vapor and oxygen
barrier properties, while a chitosan-TiO, nanocomposite
membrane exhibited higher tensile strength as well as good
barrier properties. The presence of palladium nanoparticles
improves the protective capacity of electrospun films and their
use as interlayer systems or coatings in active food packaging.*
For an efficient barrier, it must be ensured that food packaging
materials adhere to the substrate of the packaging material
giving a barrier against atmospheric conditions and permitting
the flow of oxygen gas. A recent paper®® described how different
nanofillers can improve the mechanical and barrier properties
of chitosan films for food packaging. This study amply
demonstrated that the composition of chitosan, the orientation
of individual nanofillers and the control of their intermolecular
interaction with the required matrix are three important factors
in the preparation of nanostructured films with significant
mechanical performance.> The composition and usefulness of
packaging materials have improved to previously unheard-of
levels as a result of the reinforcement of diverse natural
elements at various scales—from macro to nano—into matrix
materials.

Essential Oils, Metals, Metal oxides,
Chitosan

Antimicrobial

Sodium Bicarbonate, Citric

Fig. 5 Broad classification of active agents used in active food pack-
aging (MOF: metal-organic framework).
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2.2 0, scavengers, CO, emitters, ethylene scavengers and
antimicrobial properties using active agents

Many active packaging systems include additives with
multiple active functions such as absorbent and scavenging
properties (e.g. oxygen, carbon dioxide, ethylene, moisture,
aromas, stains, and UV light); releasing and emitting proper-
ties (e.g. ethanol, carbon dioxide, antioxidants, preservatives,
sulfur dioxide and aromas); elimination properties (to catalyse
the removal of nutrients such as lactose and cholesterol); and
temperature. The production of these active packaging
systems may require immobilization, coating, integration or
modification of the surfaces of the packaging materials. Fig. 5
shows a broad classification of active ingredients/agents used
in food packaging.

Fig. 6 shows fresh produce in regular packaging. In general,
several parameters such as O,, CO,, ethylene gas, moisture and
microbes affect shelf life by attacking fruits/vegetables and
reducing shelf life as shown in Fig. 6 (path a). In connection
with the development of technology and the needs of
customers, it becomes important to improve the shelf life of
fresh agricultural products with active ingredients. The active
ingredients can be used either in the form of sachets or inte-
grated directly into the packaging material. Based on the
requirements, the different active agents are highlighted in
Fig. 6 with colour codes and can be used according to our needs.
Using active agents as shown in Fig. 6 (path b) helps to enhance
the shelf life of fresh produce.

Antimicrobial compounds are one of the most studied active
ingredients/agents as the growth of harmful and/or spoilage
bacteria is by far the most important cause of food spoilage.
These microbes (yeasts) include but are not limited to, the
following: Salmonella species, Staphylococcus aureus, Listeria
monocytogenes, Bacillus cereus, Escherichia coli, Pseudomonas
species, Klebsiella species, Lactobacillus species, Rhizopus
species, Aspergillus species, and Torulopsis species.>

Therefore, one of the largest classes of active agents with
commercially available products are antimicrobial agents,
which are available as emission bags and absorbent pads.*
Metals in various forms have been used for countless years as
antibacterial agents and are currently one of the most well-liked
antimicrobial compounds. Among all metals with antimicrobial
properties, silver and silver compounds such as metallic silver
(Ag°), silver ions (the most common Ag*) and silver nano-
particles (Ag NP) have been found to have exceptional antimi-
crobial activity against a wide range of microorganisms at low
concentrations and have very low systemic toxicity in humans.>*
Other metals and metal-containing compounds such as copper,
gold, zinc oxide and titanium dioxide have also been found to
have positive antibacterial effects even in their nanoscale form.
Recently, more information about metallic and inorganic
nanoparticles and their antibacterial activity in food packaging
applications has been widely studied.”® Li et al.>* studied ZnO
nanoparticles incorporated in a poly(lactic acid) (PLA) matrix
that produced films that significantly inhibited microbial
growth. In reality, ZnO nanoparticles reduced the number of
bacteria, yeasts and fungi in fresh apples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fresh produce in a regular packaging.

Gaseous carbon dioxide (CO,) is soluble in food's aqueous
and lipid phases, where it forms carbonic acid and simulta-
neously causes the food product to become acidic. The food
sector makes considerable use of carbon dioxide's advanta-
geous antibacterial qualities to preserve food quality and extend
shelf life. Although some of the mechanisms by which CO,
exerts its effects are still not fully understood, it is generally
accepted that these mechanisms involve a combination of
cytoplasmic pH changes, inhibition of bacterial enzymes, and
disruption of the bacterial cell membrane. The combined effect
lengthens the lag phase and consequently inhibits the growth of
many spoilage microorganisms.*>

In the food industry, gas cleaning or modified atmosphere
packaging technologies (MAP) or, more effectively, deoxygen-
ation equipment (OS) are used to control residual oxygen.
Ethylene is a small volatile molecule that acts as a phytohor-
mone and accelerates the ripening and ageing of fruits and
vegetables.*® Controlling the concentration of ethylene around
fresh foods after harvest during transport, storage and handling
is important to improve their quality and extend their shelf life.
The most commonly used ethylene scavenger consists of
potassium permanganate (KMnO,) supported on an inert
matrix (such as silica gel or alumina) which oxidizes the
ethylene, turning it from purple to brown. For example,
researchers® used this colour change to signal the removal of
ethylene on a nanostructured substrate made of silica (SiO,)
and alumina (Al,Os) nanoparticles impregnated with KMnO,.
In reality, this inorganic substance has excellent applications as
in the case of ethylene absorption bags when, for example,
several varieties of tomatoes are stored in a refrigerator (similar
to domestic consumers). However, KMnO, cannot be used in
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direct contact with foodstuffs due to its high toxicity and low
long-term effectiveness under humid conditions. A summary of
studies on modification processes carried out to enhance the
performance of nanofiber based food packaging is shown in
Table 2.

3. Life cycle assessment and
sustainability of packaging materials

Throughout a product's life cycle, an LCA finds, quantifies, and
evaluates sources of environmental impact. It looks at all the
processes involved in creating, utilising, and discarding
a product. LCA helps to assess the effects of various packaging
options on the environment and decide which solution makes
the most sense. Fig. 7 illustrates the steps of life cycle assess-
ment. An LCA aids in prioritising how to enhance processes or
goods.

By quantifying the energy and materials utilised, LCA aids in
assessing the environmental costs associated with a product.
ISO 14040 and 14044 generally provide a general framework for
carrying out a life cycle assessment (Fig. 8). The significance of
using LCA in food packaging techniques has increased in recent
times.” Packaging-related food waste and losses encompass not
only material wastage but also the loss of actual food. When
food remains on discarded packaging, it reduces the packag-
ing's recycling capacity and has a detrimental impact on the
environment. A circular economy can help to prevent these
problems. A circular economy is nothing more than a service
flow that uses a cyclical material flow to go from linear nature to
society to natural resources.® The contribution a product makes
to a circular economy is described below using the figurative
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Table 2 Summary of reported studies on modification processes carried out to enhance the properties of packaging materials
Packaging material Modification process Impact on properties References
Cellulose nanofibers NaOH and NaHCOj; treatment Improved mechanical and water vapor 58
permeability
Cellulose nanofibers Maleic anhydride treatment Decrease in moisture content 59
Cellulose nanofibers Ethanol and NaOH treatment Increased surface roughness, better thermal 60
stability, and higher mechanical strength
Self-fibrillating TEMPO-periodate oxidation Better mechanical properties 61
cellulose (SFC) treatment
nanofibers
Cellulose nanofibers NaOH treatment High thermal stability, better mechanical 62
properties
Nanocellulose Polysaccharides coatings Improved water resistance and rheological 63
properties
Cellulose nanofibers Heat treatment, TEMPO-periodate Improved barrier properties, enhanced 64
oxidation treatment mechanical properties
Cellulose/PLA Silane treatment, esterification Improved mechanical and barrier properties 65
nanofibers
Cellulose nanofibers Alkali and oxalic acid treatment Enhanced barrier properties with significant 66
improvement in mechanical strength
Chitosan nanofibers Antimicrobial essential oil Increased shelf life, inhibition of the growth of 67
fungal infection
Cellulose nanofibers Chemical modification Improved mechanical and barrier properties 68
(esterification, alkali treatment,
carbanilation)
Chitosan nanofibers Cinnamon essential oil Increased shelf life and reduced weight loss and 69
bacterial growth
Cellulose nanofibers Essential oil (Cinnamomum Barrier properties are increased and the shelf 70
zelanicum) life is prolonged
Cellulose nanofibers Savory essential oil Enhancement in water vapour permeability 71
inhibits the growth of Gram-positive bacteria
Chitosan nanofibers Alginate emulsion with olive oil Decreasing water loss, respiration rate, and 72
firmness, when compared to uncoated ones,
and prolonging the shelf life
Cellulose nanofibers Edible coatings Enhanced shelf life 21
Chitosan nanofibers Physical and chemical Extended shelf life and storage characteristics 73
modifications
Zein nanofibers Star anise essential oil and beta- Better mechanical properties and antioxidant 74
cyclodextrin activity
Cellulose nanofibers PVA/starch coated treatment Improved mechanical strength and imparts 75
antimicrobial properties
Cellulose nanofibers Ultrasound treatment Good effect against bacteria and oxidation 48
Cellulose-acetate Gelatin-eugenol Increased surface hydrophobicity and 76
nanofibers mechanical strength
Cellulose nanofibers TEMPO oxidation treatment Improved vapour barrier properties and 77
excellent mechanical strength
Cellulose nanofibers Carboxymethyl cellulose (CMC) Improved mechanical properties, barrier 78

properties and antimicrobial properties

term “circularity”. It makes references to cyclical material fluxes
and renewable energy. It is entirely produced using renewable
energy, and it is also distributed and recycled. Different
meanings can be attributed to the word “recyclable”. The defi-
nition of “recyclable” in ISO 14021:2012 states that it refers to
a product's ability to be removed fr