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Transitioning of petroleum-based plastic food
packaging to sustainable bio-based alternatives

Yue Yin® and Meng Wai Woo (2 *2

Motivated by the urgent need to address environmental concerns associated with traditional food
packaging, this review explores the shift towards sustainable, bio-based packaging solutions. It highlights
the evolution of food packaging functions, emphasizing not only the basic roles but also the innovative
methods developed to enhance food quality. The focus extends to well-researched bio-based plastics,
particularly in promoting their mechanical properties. Additionally, the review explores the innovative use
of plant-based and animal-based materials in creating sustainable packaging solutions. These materials
have shown considerable promise in improving mechanical properties, prolonging shelf life, and
providing antimicrobial and antioxidant benefits. A critical aspect of the review is the practical application
of bio-based biodegradable materials in the food packaging industry. Despite significant theoretical
advancements, there remains a gap in understanding how these materials can be effectively utilized in
real-world scenarios.

Petroleum-based plastic food packaging is leaving a significant impact on the environment. A more sustainable alternative is the use of bio-based plastics. This
manuscript reviews the current state of the art in the development of bio-based plastics based on scientific reports and reported intellectual properties. The
manuscript also advances this topic by looking at the potential agro-waste sources from which these bio-based plastics can be derived. On these bases, this work

aligns with SGD 12 “Responsible Consumption and Production” with more alignment on the production aspect.

Introduction

The landscape of food packaging is currently undergoing
a significant transformation, driven by the imperative to
reconcile the dual objectives of preserving food quality and
mitigating environmental impact.”” Traditional food packaging
solutions, predominantly made from petroleum-based plas-
tics,® are increasingly recognized as unsustainable due to their
contribution to environmental pollution and their reliance on
finite fossil fuel resources.* As these materials accumulate in
ecosystems, they pose severe threats to wildlife, human health
and ecological balance, persisting for centuries without degra-
dation.” Despite the fundamental functions that traditional
packaging should maintain, bioplastics emerge as a promising
solution in this context, offering the advantages of biodegrad-
ability and compostability, thus reducing the environmental
footprint of packaging waste.®

Agricultural waste has also become a significant environ-
mental concern,” particularly due to its potential to release
greenhouse gases like CO, into the ecosystem when not
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disposed of properly.® Recent studies have shown an increasing
trend in the generation of agro-waste, highlighting the urgent
need for effective disposal and management systems.” However,
there is a silver lining: this waste can be innovatively repurposed
in the production of sustainable food packaging materials,
thereby integrating the concept of sustainability into the food
packaging production chain. The transformation of agro-waste
into bioplastics and other sustainable packaging materials not
only mitigates its environmental impact but also contributes to
a circular economy.

A critical gap in the field of bio-based biodegradable mate-
rials is in the understanding of their real practical applications,
particularly in the food packaging industry. Despite the
advancement in theoretical knowledge, there's a noticeable lack
of comprehensive insight into how these materials can be
applied in real-world scenarios. Studies underscore the growing
body of research dedicated to exploring alternative materials
that align with sustainability goals. However, transitioning from
laboratory research to practical, real-world applications pres-
ents significant challenges. One of the primary obstacles is
scaling up production while maintaining the material proper-
ties and cost-effectiveness.' Another critical aspect is consumer
acceptance and market readiness; as investigated by
researchers, despite the environmental benefits, consumer
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preference for bio-based packaging is influenced by factors like
appearance, safety, and cost.'**> These challenges highlight the
complexity of implementing bio-based solutions in the food
packaging industry, necessitating further research and collab-
oration between scientists, industry stakeholders, and
policymakers.

This review attempts to bridge this gap by juxtaposing
theoretical implications with practical applications. It explores
how these materials are currently being used and what future
applications might entail. Furthermore, the review outlines
future research directions and prospects for bio-based materials
in food packaging. It pinpoints areas where further research is
necessary to overcome existing challenges and enhance the
applicability of these materials, offering a forward-looking
perspective essential for future research and development in
this field.

Packaging function types
The basic functions of food packaging

The roles of food packaging have been defined as “PCCC”, an
acronym for “Protection and Preservation, Containment,
Communication and Convenience”.**'* These functions are
interconnected and work together to protect food from the
moment it is produced to the moment it is brought to the table
as safe for consumption. The primary role of food packaging is
containment. Clearly, as a packaging, ranging from primary to
tertiary, all must have the ability to hold the stuff, ensure the
containment of food, and prevent loss or damage during
transport and handling.**** The most essential function of food
packaging is to provide physical, chemical and biological
protection that separates the external environment from the
food itself. This physical protection is essential to protect food
from mechanical damage, including protection from shock and
vibration that may be encountered during transportation and
distribution.**® In addition to physical properties, chemical
barriers also prevent undesirable interactions between the
product and oxygen, thus further providing a biological barrier
against microbial contamination and infestation by insects,
rodents, or other pests that could lead to spoilage of the food
product or pose a health hazard to the consumer.*®

The preservation function is instrumental in extending the
shelf life of food products by maintaining the desired condi-
tions within the packaging, thus slowing down the degradation
or spoilage processes'” and also maintaining nutritional integ-
rity, like flavour, colour, texture, and overall quality of food
throughout its lifespan, ensuring that the food remains palat-
able and nutritious from the point of packaging to consump-
tion.'® Furthermore, by extending the shelf-life and maintaining
the quality of food products, packaging can further minimise
food waste in the modern food supply chain.*

Convenience in food packaging is about making the product
easy to use, handle, store, and dispose of. This includes aspects
like easy opening, resealability, portability, and the ability to use
the product in portions. Convenience features are designed to
enhance the consumer experience and can often be a deciding
factor in the consumer's purchasing decision. Lastly, the
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communication function of packaging involves conveying
essential information about the product to the consumer. This
includes labelling that provides details such as nutritional
content, ingredients, usage instructions, and expiration dates.
Packaging also serves as a key marketing tool, with its design,
colour, and branding playing a significant role in attracting
consumers and differentiating the product in the market.***

What goes beyond the basic functions?

Smart packaging technology refers to innovative packaging
technologies that go beyond the conventional functions of
containing and protecting products, by providing additional
features such as real-time monitoring, extending shelf-life, and
improving consumer engagement.>*** Smart packaging tech-
nology can be broadly categorised into active and intelligent
packaging.*

Active packaging. Active packaging is a modern approach
that involves the incorporation of certain components into the
packaging material or system, which interact with the food or
the environment to extend shelf life and ensure the safety or
quality of packaged foods (European Regulation No. 450/2009
(ref. 24)). Active packaging mainly includes two pathways to
extending food products' shelf-life: releasing agents, which
include antimicrobial and antioxidant functions, while the
other is scavenging or absorbing that mainly focuses on mois-
ture, odour, and gas elimination.*

Releasing agents. This specialized packaging prevents micro-
bial growth on food surfaces through either the direct contact of
the packaging material with the food or through the release of
antimicrobial agents into the food or the packaging environ-
ment.*"* In direct contact antimicrobial packaging, the anti-
microbial agents are incorporated into the packaging material,
which then interacts directly with the food surface or the
microorganisms present on it to inhibit their growth.>” The
effectiveness of antimicrobial activity in this mechanism is
often dependent on the proximity between the packaging
material and the food product, although it's not always neces-
sary for the packaging to be in direct contact with the food for
effective antimicrobial action.”® The antimicrobial agents can
migrate to the food surface and exhibit their antimicrobial
action.

Apart from antimicrobial agents, antioxidant agents can also
be incorporated into food packaging systems. These agents help
in preventing the oxidation of food products, which can lead to
rancidity, discolouration, and the degradation of essential
nutrients, further extending the shelf life of food products.?***
Controlled release packaging (CRP) is a more sophisticated
technology where antimicrobial agents are released from the
packaging material at controlled rates over time.** This mech-
anism ensures a sustained antimicrobial effect, which is
particularly beneficial for extending the shelf-life of food
products. In CRP, active compounds like antimicrobials and
antioxidants are encapsulated or embedded in the packaging
material, and their release rates are controlled to provide
a continuous protective effect against microbial growth.** The
release of antimicrobials can be triggered or regulated by
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various factors such as temperature, pH, or the presence of
microorganisms. The encapsulation systems in CRP also
protect the antimicrobial agents from environmental factors,
thereby maintaining their efficacy throughout the shelf life of
the food product.*

Scavenging or absorbing functions. The detrimental effects of
oxygen and moisture on food quality and shelf life are well-
documented challenges in the food industry. Oxygen, being
a highly reactive element, can initiate oxidative reactions in
food products, particularly those sensitive to oxygen exposure.
These reactions often lead to the degradation of essential food
components such as lipids, proteins, and vitamins. The result is
a noticeable decline in the quality of the food, characterised by
off-flavours, discolouration, and a significant loss of nutritional
value. To address this, the integration of oxygen-scavenging
functions in active food packaging has become a trans-
formative approach. This strategy, as highlighted in studies by
Apriliyani et al.,** Gaikwad et al,** and Vermeiren et al.,*
involves the use of materials within the packaging that can
actively absorb or react with oxygen, thereby reducing its
concentration around the food product. This reduction in
oxygen levels can significantly slow down the rate of oxidative
reactions, thus preserving the freshness, taste, and nutritional
quality of the food. Similarly, the control of moisture within
food packaging is crucial for maintaining food stability and
safety. Excessive moisture can create an environment conducive
to microbial growth, enzymatic activities, and undesirable
textural changes in food products. These changes can
compromise both the safety and sensory attributes of the food.
Drago et al.>* emphasised the importance of managing moisture
levels in food packaging. In response, the development of active
food packaging technologies has incorporated moisture-
absorbing functions. These functions typically involve the use
of desiccants or humidity-regulating materials that can effec-
tively absorb excess moisture or maintain an optimal level of
humidity within the packaging. By doing so, they help in
preserving the structural integrity and preventing the microbial
spoilage of food products. Gaikwad, Singh, and Ajji*” have
explored various materials and technologies that can be
employed for this purpose, demonstrating how active pack-
aging can be tailored to address specific moisture-related
challenges in different types of food products.

Intelligent packaging

The intelligent packaging is designed to continuously monitor
the properties of packaged foods. For instance, they might
change colour/atmosphere composition/pH or temperature
when the food starts to spoil or when it has been exposed to an
undesirable environment.*® This real-time feedback is invalu-
able for both suppliers and consumers, ensuring food safety
and reducing waste.*® Intelligent technologies have been clas-
sified into three categories: indicators, data carriers and
sensors.*

Time-temperature indicators (TTIs) are the most commonly
used intelligent packaging technologies.*® They provide visual
information about the cumulative temperature history of the
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packaged food, which is crucial for perishable products.** They
can help to ensure the quality and safety of food products by
indicating any temperature abuse during transportation and
storage. Gas indicators monitor the levels of certain gases, like
oxygen or carbon dioxide, within the packaging. This is partic-
ularly important for products packaged in modified atmosphere
packaging (MAP) to ensure freshness and prolong shelf life.*>
Freshness indicators are integrated into the packaging to
provide a visual signal concerning the freshness of the food
product.*® They can react with various compounds associated
with food spoilage, providing a clear indication of the product's
quality over time.

RFID, QR codes and barcodes are examples of data carriers.
RFID (Radio Frequency Identification) technology in intelligent
packaging allows for real-time tracking and tracing of food
products throughout the supply chain,*® with the wireless
communication between the tags and readers. QR codes and
barcodes can be printed on packaging and scanned by
consumers using smartphones to access additional information
about the product, such as its origin, ingredients, and any
allergen information. It also provides an avenue for brands to
engage with consumers directly.

Edible packaging

Edible packaging represents a paradigm shift in sustainable
food packaging practices, focusing on materials that are not
only environmentally friendly but also safe to consume. Derived
primarily from biopolymers, edible packaging materials origi-
nate from natural sources, offering a green alternative to
conventional packaging materials. One of the most significant
advantages of edible packaging is its environmental impact.
Edible packaging takes the concept of biodegradability a step
further. The properties that make these materials edible also
make them hyper-compostable, meaning they break down
rapidly and leave no waste behind.** This zero-waste approach
makes edible packaging an attractive solution in the context of
increasing concerns about plastic waste and environmental
sustainability.

Biopolymers, as the backbone of edible packaging, can be
tailored into various forms such as films, coatings, or wraps.
These serve as protective barriers for food products, shielding
them from external adversities and enhancing their shelf life.
Meanwhile both edible films and coatings share similarities in
their protective attributes — from acting as a barrier against
physical damage, safeguarding food from UV radiation, incor-
porating bioactives that confer antioxidative and antimicrobial
properties, even with living microorganisms to providing health
benefits.*>*¢

Edible films are pre-formed materials that are subsequently
applied to food products.”” Their production involves creating
a standalone material that is later used to wrap or cover food
items. On the other hand, edible coatings are directly applied
onto the food product. This can be achieved through various
techniques such as coating, spraying, or immersion, ensuring
that the food item is enveloped by the protective layer right from
the onset.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The primary constituents for these edible layers encompass
a diverse range of materials including polysaccharides, proteins
(both animal and vegetable-derived), lipids, resins, and even
aloe. Among them, polysaccharide or protein-based films and
coatings have been extensively studied due to their abundant
availability and versatile properties.*** Starch is a common
polysaccharide, consisting of multi-glucose units joined by
glycosidic bonds, containing two types of glucose polymers:
branched amylopectin and linear amylase.*® The starch itself is
an excellent sustainable biodegradable material, with huge
potential to enhance food preservations.* The pure starch films
are the simplest form of starch-based films, made primarily
from starch extracted from sources like corn, potato, or rice.
Although scratch-based films tend to have good gas barrier
properties, but it come with poor mechanical properties,
making them brittle.”* Therefore, further modifications should
be done by adding naturally extracted materials to enhance the
properties.

Plasticizers like glycerol, sorbitol and others can be added
into starch films. Glycerol is one of the most commonly used
plasticizers in starch-based films. It is a small molecule that can
easily intercalate between starch chains, reducing intermolec-
ular hydrogen bonding and increasing the mobility of the
polymer chains.* This results in films with enhanced flexibility
and reduced brittleness.** The sorbitol extracted from sweet
potato starch, rich starch etc., will provide better water solu-
bility, lower the oxygen permeability, increase water-vapour
permeability (WVP), enhance flexibility and decrease the
moisture content of the film.**

Proteins, which are amino acids linked by peptide bonds,
have good mechanical and physical properties and are good raw
materials for food coatings.** Whey protein, gelatin, casein, soy
protein, etc. are common proteins from animal and plant sour-
ces®” (Zink et al., 2016). One of the prominent sources of protein
for edible films and coatings is whey protein. Edible films and
coatings derived from whey proteins have been successfully
produced and have demonstrated their multifunctional capabil-
ities. Not only do they serve as protective barriers, but they can
also offer additional functionalities, such as antimicrobial and
antioxidant properties.”® Furthermore, films produced using
whey protein isolate (WPI) have shown excellent oxygen and
aroma barrier properties. However, they tend to exhibit poor
mechanical properties, necessitating the incorporation of other
ingredients or modifications to improve their structural integ-
rity.> Recent advancements in the composition of gelatin-based
edible films and coatings have been observed, with researchers
exploring the incorporation of nanoparticles to enhance the
film's properties. Such modifications aim to improve the film's
mechanical strength, barrier properties, and overall function-
ality. Furthermore, gelatin-based films are being explored not
only for their protective capabilities but also for their potential as
active and smart edible films. These innovative films can respond
to environmental changes, offering dynamic protection to pack-
aged food.*

Casein, a milk protein, has been explored as a base for edible
films and coatings due to its biodegradable and biocompatible
nature.®* A study by M. W. Apriliyani et al.®* investigated the
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properties of casein-based edible films/coatings with the addi-
tion of chitosan. The study found that the thickness of the
casein—chitosan edible film ranged between 0.076 and 0.087
mm. The treatment with 4% chitosan solution resulted in the
lowest moisture content (29.24%), swelling degree (5.48%), and
opacity (0.078%). The study concluded that the concentration of
chitosan solutions influences the moisture content, swelling,
and opacity of the edible films/coating. Al-Hashimi et al.*® dis-
cussed the potential of protein-based edible films, including
those made from casein, collagen, gelatin, corn zein, wheat
gluten, soy protein, and mung bean protein. The review high-
lighted that protein edible films possess significant gas barrier
properties compared to films made from polysaccharides and
lipids. However, they also mentioned the challenges associated
with the water vapour permeability and tensile strength of these
films.*

Lipids are natural hydrophobic polymers, and due to their
natural property, the lipid-based films and coatings work as
effective barriers against moisture loss further extending the
shelf-life.** Neutral lipids, fatty acids, waxes, and resins can be
used as edible packaging materials. But also due to their
physical properties, lipids have limited ability to form inde-
pendent and cohesive films. Therefore, lipids should be used as
composite films.*

Bio-based degradable plastics for
sustainable packaging

As can be alluded to in the preceding section, the edible pack-
aging function lends itself well for utilization and incorporation
of sustainable materials. For packaging materials that can
provide the other functions highlighted, the bio-based degrad-
able plastics may offer a suitable sustainable avenue.

Types of bio-based biodegradable “plastics”

Unlike conventional plastics, which are derived from non-
biodegradable fossil fuels, bio-based biodegradable materials
have emerged as a promising tool in reducing the potential
carbon footprint associated with the use of petroleum-based
plastics.®*®” The development of bio-based biodegradable
materials is driven by the goal of achieving green and sustain-
able development. These bio-based materials are either fully or
partially made from biological resources such as starch and
sugars, while biodegradability refers to the capacity of a mate-
rial to be decomposed by natural processes, such as microbial
activity, into simpler, non-toxic compounds.®®* It's crucial to
understand that not all bio-based plastics are biodegradable,
and conversely, not all biodegradable plastics are necessarily
bio-based. However, bio-based biodegradable plastics uniquely
combine both these environmentally friendly properties.
Among the various types of bio-based biodegradable materials,
polyhydroxyalkanoate (PHA) and polylactic acid (PLA) are
particularly well-studied.”

Polyhydroxyalkanoates, commonly known as PHAs, are
a class of naturally synthesised polyesters. They are produced
through the fermentation of a carbon substrate by
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microorganisms under conditions where nitrogen is limited
and carbon is in excess.” PHAs have gained significant atten-
tion as a potential replacement for conventional PVC, especially
in food packaging applications. Their properties, such as being
water-insoluble, hydrolytic degradation resistant, biodegrad-
able, biocompatible, and non-toxic, make them an attractive
alternative.””® PHAs can be categorised into three major groups
based on the length of their carbon chain: short-chain PHAs
consisting of three to five carbon atoms, medium-chain PHAs
having six to fourteen carbon atoms, and long-chain PHAs
containing more than fifteen carbon atoms.” Short-chain-
length PHAs, scl-PHAs, are known for their stiffness, brittle-
ness, high crystallinity and low melting temperature of around
180 °C, which can be a limitation in some packaging applica-
tions.” Medium-chain-length PHAs, mcl-PHAs, tend to exhibit
more flexibility, less crystallinity and low melting temperature
compared to scl-PHAs. This makes them more suitable for
packaging applications that require a degree of pliability, such
as films and bags. Long-chain-PHAs, however, are least
studied.”®””

Polylactic acid (PLA) is emerging as a sustainable material,
distinguished by its biodegradable nature and derivation from
renewable resources like corn starch or sugarcane.”® The
production of PLA involves fermentation of these sugars to
produce lactic acid, which is then polymerized to form PLA.”
The biodegradability and eco-friendliness of PLA position it as
an ideal replacement for PC in food packaging applications.*”
Its great applicability is largely due to PLA's mechanical prop-
erties and safety profile; moreover, it may be cheaper than
commercialised plastics as it even can be extracted from food
waste.*>®! In terms of material characteristics, PLA exhibits high
tensile strength and rigidity, although it can be somewhat
brittle in its unmodified form.*»** Its thermal behaviour is also
noteworthy, with a relatively low melting point compared to
traditional plastics.®® This characteristic can be advantageous or
limiting, depending on the specific application. These proper-
ties have spurred ongoing research aimed at enhancing PLA's
toughness and heat resistance, often through blending with
other polymers or incorporating additives.

Enhancing the packaging functions of these bioplastics

Recent studies have explored various aspects of polysaccharides
in reinforcing materials like PLA. In the realm of polysaccharide
enhancements, Nazrin et al.®** explored the potential of sugar
palm starch, reinforced with sugar palm crystalline nano-
cellulose, blended with PLA. This innovative approach aimed to
develop materials with superior water barrier and mechanical
properties, potentially replacing conventional plastics. The
research revealed that adjusting the PLA content in these blends
could significantly influence their water vapour permeability
and impact strength, highlighting the effectiveness of poly-
saccharides in enhancing the properties of bioplastics.

Ho et al.*® found that incorporating bamboo charcoal (BC)
particles into polylactic acid (PLA) significantly improves the
composite’s mechanical, thermal, and optical properties,
particularly when BC concentration is kept at or below 7.5 wt%.
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The study highlights that BC/PLA composites outperform pure
PLA in various aspects but cautions against excessive BC
content (over 7.5 wt%), which can lead to reduced performance
due to particle aggregation. Furthermore, these composites
show notable UV degradation resistance, making them suitable
for UV-exposed applications like food storage.

Lima et al® explored environmentally friendly bio-
composites for rigid packaging, utilising poly(lactic acid) (PLA)
and mango seed waste, a by-product of the agro-industry. The
study focused on creating six different biocomposites through
extrusion/injection processes, incorporating up to 20% mango
seed by-products into the PLA matrix. These biocomposites
underwent extensive analysis, including chemical, physical, and
mechanical evaluations, and notable enhancements in
mechanical and barrier properties were found, especially in the
formulation with 20% integument, showing up to 38% increase
in the elastic modulus.

De Freitas et al® studied how to use active extract and
cellulose fibres extracted from rice straw to enhance PLA/starch
bilayer films. They used up to 6% rice straw extract coping with
the compression technique that showed that although the rice
straw addition decreased bilayer film tensile strength with lower
oxygen permeability, it enhanced the antioxidant activity. The
research done by Marmol et al.®® explored the use of cellulose
microfibers (MFs) obtained from kraft paper to reinforce PHA
and PLA films. The results show that PHA films reinforced with
MF are 23% stronger than neat PHA samples. The addition of
MF also increases the crystallinity of PHA, which affects its
hygroscopicity and water barrier properties.

The use of agro-waste and its
challenges for sustainable food
packaging

Agro-waste, a by-product from the food industry, is gaining
considerable attention as an eco-friendly alternative to enhance
the properties of biodegradable food packaging.®*>*® This agro-
waste, encompassing a diverse range from straw, stems, and
fruit peels to shrimp shells and animal skins, has shown
promising potential in augmenting the mechanical and various
other material properties of sustainable packaging solutions.
These materials can be broadly categorised into two primary
sources for extraction: plant-based and animal-based. Plant
waste derived from food waste encompasses a wide range of
organic materials that are typically discarded before, during and
after processing,”* while animal-based materials include skin,
feathers and shells.

Plant-based agro-waste

In this subsection, various studies focus on the development of
plant-based biodegradable packaging materials, utilising
a range of agricultural by-products and natural waste materials.
A summary of these innovative packaging materials is graphi-
cally presented in Fig. 1. These innovative approaches leverage
the inherent properties of plant-derived fibres, starch, and
extracts to create environmentally friendly packaging solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Arundo donax, Lignocellulosic

~
1. Fibres

2. Starches {

Plant- based <

Cocoa Pod Husk Powder + Sugarcane Bagasse, Cellulose + Fibre
Banana Stem, Fibre

Rice Husk, Fibre

Olive Pomace & Grape Marc + Moringa Oleifera Leaves, Cellulose
Tamarindus Indica Seeds + PLA, Microcrystalline Cellulose

Cassava Peel & Bagasse, Starch
Arrowroot, Starch/Fibre
Pineapple Stem, Starch

L 3. Hydrothermally Synthesized Lemon-peel + PVA

Fig. 1 Plant-based biodegradable packaging materials.

Fontes-Candia et al.®* demonstrated the innovative utilisation of
Arundo donax lignocellulosic waste biomass in the production
of highly porous and bioactive aerogels. These aerogels exhibit
remarkable water and oil sorption capacities, comparable to
those of chemically modified nanocellulose aerogels, thereby
highlighting their functional effectiveness. Additionally, the
study augmented these aerogels with significant antioxidant
properties by incorporating extracts from A. donax biomass,
particularly the stem extract generated through heating (S-HW),
which is rich in polysaccharides and polyphenols. Furthermore,
their ability to reduce colour loss and lipid oxidation in red
meat during refrigerated storage positions these aerogels as
promising candidates for bioactive food packaging materials.

Azmin et al.”* developed effective food packaging bioplastics
using a blend of cellulose extracted from dried and powdered
cocoa pod husk (CPH) and fibre derived from processed sugar-
cane bagasse, with a cellulose to fibre ratio of 75:25. These bio-
plastics exhibit reduced water absorption and possess good water
vapour permeability, aiding in mold prevention and maintaining
food freshness by minimising moisture transfer. The addition of
a small amount of fibres to the bioplastic mix enhances its
resistance to water, making it less brittle and more durable.

Ai et al.*® effectively demonstrated the use of banana stem
fibres in creating cellulose films through ionic liquid dissolu-
tion, presenting a sustainable alternative to traditional pack-
aging materials. These cellulose films exhibit significantly
higher moisture vapour and gas transmission rates compared to
commercial polyethylene films. This characteristic is beneficial
for ethylene release, thereby aiding in delaying fruit ripening
and extending shelf life at room temperature. This study not
only offers a potential solution for preserving tropical fruits but
also underscores the environmental benefits of these films,
evidenced by their high biodegradability, with a mass residual
rate of just 7.0% after four weeks in soil.

Srivastava et al® utilised rice husk fibres, an agricultural
waste, and benzalkonium chloride (BKC), an antimicrobial agent,
to enhance corn starch-based biocomposite films. The films,
particularly those with 20% rice husk fibre and 0.05% BKC,
demonstrated excellent properties for active food packaging,
including increased thickness, reduced moisture content, and
enhanced water solubility, alongside significant improvements
in tensile strength and the elastic modulus. Additionally, the film
exhibited effective antimicrobial properties against both Gram-
positive and Gram-negative bacteria and was fully biodegrad-
able within 30 days under composting conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Thuppahige et al.** highlighted the potential of cassava peel
and bagasse, byproducts of cassava processing, as viable
materials for developing biodegradable food packaging. The
study showed that the morphology and thermal properties of
the starch granules in these byproducts are comparable to those
of commercial cassava starch, with minor variations in the
chemical composition and crystalline structure. Notably, the
presence of crystalline phases such as a-amylose dihydrate,
quartz (Si0,), and whewellite (CaC,0,-H,0) in nanocrystalline
forms suggests their suitability as reinforcement agents.

Barzan et al®® utilised natural extracts from food industry
waste (olive pomace and grape marc) and Moringa oleifera leaves
in developing innovative cellulose-based biopolymer packaging
systems. Employing various extraction methods, the research
highlights the superior antioxidant efficacy of methanol and
acetone extracts in prolonging the shelf life of food products,
particularly in preventing lipid peroxidation in ground beef.
Jayakumar et al.”” presented an active food packaging solution by
incorporating lemon peel-based carbon quantum dots (LCQDs)
into polyvinyl alcohol (PVA) films. The results showed excellent
fluorescence, enhanced antioxidant and antibacterial activities
against a range of pathogens such as S. aureus and E. coli, and
improved mechanical and water vapour barrier properties.
Notably, with 3% LCQDs in the PVA films, there was a significant
boost in their UV blocking capabilities (UVA, UVB, and UVC) and
radical scavenging activity, showcasing their potential as effective
UV-blocking, antioxidant, and antibacterial packaging solutions.

Divakaran et al.®® presented an innovative use of agro-waste
Tamarindus indica seeds for the extraction and characteriza-
tion of microcrystalline cellulose (TSMCC) and its application in
biofilm formulation. The isolated TSMCC exhibited desirable
properties like high crystallinity, moderate density, and thermal
stability, making it suitable for lightweight applications.
Moreover, with 5% TSMCC applied into a polylactic acid (PLA)
matrix, it significantly enhances the mechanical and thermal
properties of the biofilms, suggesting an increased crystalline
index, tensile strength, and thermal stability.

Tarique et al.*® developed glycerol plasticized thermoplastic
arrowroot starch/arrowroot fibre (TPAS/AF) biocomposite films
with varying AF loadings (0, 2, 4, 6, 8, and 10%) to investigate
the effect on film properties. The results indicated that AF
significantly enhanced the thermal stability of the films, with
the degradation temperature increasing from 298 to 313 °C. As
the concentration of AF increased, there was a notable decrease
in both light transmittance and the linear burning rate, with the
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8% AF-loaded TPAS/AF film exhibiting the fastest burning rate
and shortest burn-out time. Moreover, the biodegradability of
the films improved due to the hydrophilic nature of the AF,
accelerating the biodegradation process. However, the research
also revealed that both TPAS and TPAS/AF films exhibited no
significant antibacterial activity against common pathogens
such as S. aureus, E. coli, and B. subtilis.

Bumrungnok et al.’® developed water-resistant and biode-
gradable flexible films using pineapple stem starch (PSS), glyc-
erol, and citric acid. The high amylose content in these films
imparts a degree of crystallinity, contributing to their water
resistance. A key finding is that the mechanical properties and
gas permeability of the films, including oxygen, carbon dioxide,
and water vapour transmission, can be effectively modulated by
varying the glycerol content. Increased glycerol levels result in
softer, more extensible films with higher gas permeability. The
practical application of these films was evidenced in their ability
to delay the ripening of bananas for over a week when coated
with the PSS solution.

Animal-based agro-waste

This subsection focused on the development of bio-based
packaging materials, primarily through the extraction of valu-
able components from animal-based sources and their subse-
quent incorporation into film-forming materials. This
overarching theme involves utilising by-products or waste
materials from various animal sources, such as fish, eggshells,
shrimp shells, milkfish scales, and chicken feathers to create
environmentally friendly and biodegradable packaging solu-
tions. A summary of these innovative packaging materials,
based on the different categories of raw materials, is graphically
presented in Fig. 2.

Adilah et al.*** explored the potential of enhancing fish
gelatin as a bio-packaging material through the incorporation
of graphene oxide (GO). By preparing gelatin composite films
with different concentrations of GO from 0.5% w/w to 2.0% w/w
and applying different sonication times (1.5 and 2.5 hours), they
demonstrate a notable improvement in the films' mechanical,
optical, and water barrier properties. The result reveals that
higher concentrations of GO, particularly at a 2.0% level with
extended sonication time, significantly enhance the tensile
strength and Young's modulus of the films, making them up to
34% and 76% stronger, respectively. Additionally, these modi-
fied films exhibit superior UV and light barrier properties and
reduced moisture content compared to control gelatin films.

View Article Online
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Florentino et al'® introduced a sustainable packaging
material derived from fish by-product proteins and passion fruit
pectin. The research identified that 5% fish by-product protein
(FBP) from Serra Spanish Mackerel (Scomberomorus brasiliensis)
and 3% pectin from yellow passion fruit (Passiflora edulis fla-
vicarpa) yield the most effective results. The resulting bioplastic
demonstrates promising physical, mechanical, and thermal
properties, being homogeneous, strong, and flexible, and
exhibiting low solubility and water vapour permeability.

Athanasopoulou et al.'*® investigated the use of fish waste,
a by-product of the fishing industry, to develop biodegradable
food packaging materials. This study focused on the upcycling
of gilthead seabream discards to extract fish protein concen-
trate (FPC) and combine it with gelatin to create film-forming
solutions. The films exhibit noteworthy properties, including
hydrophobicity, as indicated by reduced contact angles, and
desirable optical qualities, maintaining transparency and
colorlessness, crucial for food packaging. While adding FPC
leads to a decrease in tensile strength compared to pure gelatin
films, it increases the elongation values.

Wu et al.*® explored the use of eggshell powder (ESP) as
a biological filler in poly(vinyl alcohol) (PVA) to create bio-
composite films. Their study investigated the integration of ESP
into PVA through solution blending and casting, focusing on
the effects of varying ESP content (ranging from 0 to 50 wt% dry
PVA) on the structure and properties of the resultant films. The
results showed that adding 30 wt% ESP into PVA significantly
enhances the films' mechanical, thermal, and water vapour
barrier properties. At this concentration, the films demonstrate
improved tensile strength, elongation at break, and reduced
water vapour permeability, attributable to the strong adhesion
and well-dispersed ESP particles within the PVA matrix.
However, the study also noted that excessive ESP content can
lead to particle aggregation, adversely affecting the films'
performance.

Another research group conducted similar experiments but
used calcium oxide extracted from eggshells. Varadarajan and
Nagaraaj's'® research focused on enhancing the physical and
chemical properties of PVA packaging materials by converting
calcined eggshell waste to calcium oxide (CaO). It was found
that at a calcium oxide content of 75 mg, film properties such as
thickness, solubility, water content, water absorption, water
vapour transmission rate, tensile strength and elongation were
improved. The degradation of the films under natural soil
conditions was also studied in depth and the results showed

Gelatin + Graphene Oxide

1. Fish

Protein + Passion Fruit Pectin

Protein Concentrate+ Gelatin
Scale Chitosan + PVA + PEG

Eggshell Powder + PVA

Animal- based 2RChicker

CaO from eggshell + PVA

Feather Keratin + Soy Protein Isolate Film
Feather Keratin + Turmeric Starch

3. Shrimp {

Shrimp Shell Chitosan + Agave Bagasse
Shrimp Shell Chitin + PVA

Fig. 2 Animal-based biodegradable packaging materials.
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that the dissolved matter in the films could be reused for
planting purposes.

De Oca-Vasquez et al.**® developed nanocomposite chitosan
films, leveraging the antimicrobial properties of agave bagasse
and shrimp shells, for potential use in food preservation and
packaging. Chitosan, extracted from shrimp shell waste, and
cellulose nanofibers, obtained from agave bagasse, form the
foundation of these films. The study further enhanced the
antimicrobial efficacy by integrating various concentrations of
silver nanoparticles (AgNPs). Key findings include a decrease in
moisture content and water solubility with the addition of silver
nanoparticles and nanofibers, along with an increase in
mechanical strength and the elastic modulus due to the nano-
fibers. Moreover, the reduced transparency and increased
opacity of the films, beneficial for limiting UV and visible light
transmission, thus potentially reduce food deterioration.
However, the inclusion of silver nanoparticles reduces the
mechanical properties in proportion to their concentration.

Rasak et al.'” conducted a study on the development of high
degradation bioplastics derived from milkfish (Chanos chanos)
scale waste, and in their research, chitosan (CS) was extracted
from milkfish scales and used to produce a composite bio-
plastic (CS/PVA/PEG), aiming to evaluate its impact on
mechanical properties and degradation time. The study found
a notable increase in tensile strength in the bioplastics with
higher chitosan content, and the bioplastics demonstrated
rapid biodegradation, completely decomposing within 72 hours
in soil for the CS-based samples and in seawater for the chitin-
based samples. The XRD spectra indicated that chitosan
significantly affects the structural properties of the bioplastics,
while FTIR analysis revealed the presence of hydrogen bonds
between chitosan and other components, impacting tensile
strength and elongation break.

Li et al.*® presented an innovative approach in the development
of bio-based packaging materials, focusing on enhancing soy
protein isolate (SPI) films by incorporating chicken feather keratin
(FK). By utilising waste chicken feathers as a source of FK, the
study demonstrated the formation of a cross-linked network
structure within the SPI matrix through the reaction of disulfide
bonds. This method not only substantially improves the
mechanical properties of the SPI film, with a 242% increase in
tensile strength and a 152% enhancement in toughness, but also
boosts its thermal stability and water resistance. Remarkably, the
FK-modified SPI can replace up to 40% of the film composition
while maintaining 100% biodegradability.

Oluba et al.'* explored the development of biocomposite
films using keratin extracted from chicken feather waste and
starch derived from turmeric. The research illustrated that the
addition of keratin significantly enhanced the tensile strength,
elongation at break, and surface smoothness of the starch-
based composites while reducing their transparency and solu-
bility. The physicochemical analysis of turmeric starch
demonstrates notable characteristics like high moisture
content and a moderate amylose content. The films show
impressive degradation capabilities, with over 20% mass decay
after 12 days of burial in soil, highlighting their environmental
friendliness. Furthermore, the keratin-starch biocomposite film

© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrates reduced moisture content and high tensile
strength, indicating improved stability.

Qian et al."* presented an approach to preserve food through
the development of bio-based packaging films, utilising lique-
fied ball-milled shrimp shell chitin (LBSC) and polyvinyl alcohol
(PVA) with an incorporation of B-cyclodextrin/cinnamaldehyde
(B-CD/CA) inclusion complexes. The research showed that
with a 3 wt% B-CD/CA/LBSC/PVA blend film particularly stands
out with optimised mechanical properties, including a tensile
strength of 41.5 MPa and an elongation at break of 810%, along
with improved surface smoothness, water resistance, and UV-
blocking capabilities. Importantly, these films demonstrate
considerably enhanced antibacterial and antifungal activities,
significantly extending the shelf life of cherry tomatoes wrapped
in them, compared to films without B-CD.

Bottlenecks in utilising industry food waste to produce food
packaging materials

In the quest for sustainable solutions in the packaging industry,
the utilisation of food waste as a resource for producing
biodegradable packaging materials has garnered significant
attention. This innovative approach not only promises envi-
ronmental benefits by reducing waste and reliance on non-
renewable resources but also aligns with the growing global
emphasis on circular economy principles. However, trans-
forming this concept into a practical and scalable reality
involves navigating a series of complex challenges. These chal-
lenges span the entire lifecycle of packaging production, from
the initial collection of food waste to the final application of the
produced materials. Understanding these hurdles is crucial for
assessing the feasibility and potential impact of using food
industry waste in packaging applications.

The first step in utilising food leftovers for packaging is the
collection of waste. This process can be challenging due to the
diverse sources of food waste, ranging from crop processing to
household leftovers.'"" Efficient collection systems need to be in
place to gather sufficient quantities of waste materials that can
be used in material production processing. Then, once the
waste has been collected, the waste must be separated into its
various components. This separation is crucial for extracting
valuable materials that can be used in packaging. However, the
mixed nature of food waste can make this process complex and
labour-intensive. Even though people overcome those chal-
lenges, the technologies used to extract useful materials from
food waste must be efficient and cost-effective. This includes
processes for breaking down organic matter and isolating
components that can be used in bioplastic production. The
development and optimization of these technologies are
ongoing challenges.®

Once the materials have been produced, the next thing to
consider is whether these bio-based packaging materials
derived from food waste meet the same food safety require-
ments as conventional packaging materials. This includes
ensuring that the packaging does not contain any harmful
substances or lead to contamination of the food it contains.**?
The quality and performance of packaging materials made from
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Table 1 A survey on intellectual properties relevant to biodegradable and compostable food packaging materials
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Patent no. Title Main material(s) Company/current assignee Commercialization
W02021007579A1 Biodegradable material Polysaccharides - alginic StenCo, LLC StenCoat
(ref. 115) acid polymer,
hydroxypropyl
methylcellulose polymer
CN104321193B''° Packaging for foodstuff coating Polysaccharides — Mantrose Haueser Co Inc. VerdeCoat®
based on Sargassum Sargassum extract, starch,
paper fiber
CN105646951B""7 The preparation method of Polysaccharides, protides Yeyun Biotechnology
functional solvable edible and starch (Wuhan) Co., Ltd
composite membranes
W02017163095A1 Natural fiber or fibrous material Fibers or fibrous materials
(ref. 118) based completely biodegradable - natural fibers (jute, coir,
food containers banana, and/or bagasse)
AU2017340017B2 Biodegradable and compostable Pulp - fibrous Huhtamaki Mold Fibre Huhtamaki egg
(ref. 119) food packaging unit from Technology B.V. cartons
a moulded pulp material, and
method for manufacturing such
food packaging units
CN113234307B"%° Fully degradable antibacterial Starch, biodegradable Shandong Agricultural
food packaging film and polyester University
preparation method thereof
CN101935440B"*! Starch/polylactic acid Starch, polylactic acid and South China University of
antibacterial activity packaging non-specific antibacterial Technology SCUT
material as well as preparation agent
method and application thereof
US20170049059A1 Method for producing grown Mycelium Ecovative Design LLC Mushroom®
(ref. 122) materials and products made packaging by
thereby Ecovative
CN101899173A"* Edible starch-based food Stabilization cross-linking ~ Shandong Agricultural
packaging film and preparation starch University
method thereof
CN101955670B">* Gelatin—chitosan composite food Gelatin, chitosan, and Fuzhou University
packaging film and preparation glycerine
method thereof
CN109294193B'*° Biodegradable food packaging Plant fibers Vanjoin Wuhan New
material and preparation method Material Co Ltd
thereof
CN110183739A"° A kind of degradable scleroglucan  Scleroglucan, potato Tianjin University of
natural complex fresh-keeping starch, glycerol Science and Technology
film and the preparation method
and application thereof
US11708492B2 Biodegradable and edible Seaweed, tubers from Noryawati Mulyono Biopac
(ref. 127) bioplastic from renewable plant potato, cassava, and sweet
based polymer for packaging and potato, protein isolate from
the manufacturing method soy and gluten
thereof
JP6955774B2 Hydrophobic thermoplastic starch ~ Starch Green World Biotech Green World
(ref. 128) composite material and its Materials Co Ltd Biotech Materials
manufacturing method Co Ltd - PlasFree®
SC Series
CN110791069A"° Full-degradable high-barrier Biodegradable matrix resin  Baixin Fujian New Material
composite material for flexible Technology Co Ltd
package and preparation method
and application thereof
CN113354853B"*° Biodegradable high-barrier- Polylactic acid, cellulose Shandong Century

property antibacterial composite
membrane and preparation
method thereof
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nano-fiber

Sunshine Paper Group Co
Ltd, Qingdao University of
Science and Technology
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Table 1 (Contd.)
Patent no. Title Main material(s) Company/current assignee Commercialization
CN110437590B"%! Composite nano-material Composite bio-based Huazhong Agricultural
modified starch-based material - the composite University
biodegradable food packaging bio-based material consists
film and preparation method of PLA, PBAT and PCL,
thereof wherein the weight ratio of
PLAto PBATto PCLis1:4:
1; starch
CN109438937B"** Antibacterial PLA-based Nano titanium dioxide Vanjoin Wuhan New
degradable food packaging loaded active carbon, Material Co Ltd
material and preparation method polylactic acid
thereof
CN111171385B"** Starch cross-linked tea polyphenol  Starch solution and tea Hainan University
antibacterial degradable food polyphenol solution
packaging material and
preparation method thereof
KR102372332B1 Moisture barrier biodegradable (1) Biodegradable film
(ref. 134) film, packaging sheet and sticker base: polylactic acid (PLA)
comprising the film resin film/polybutylene
adipate-co-terephthalate
(PBAT) resin film/
polycaprolactone (PCL)
resin film/polybutylene
succinate (PBS) resin film
(2) water-soluble acrylic
coating layer
CN111019170A" Preparation method of completely ~ Polylactic acid/ Dalian Polytechnic
degradable biomass food polyethylene glycol/nano- University
packaging film cellulose
CN112300542A"° Nanoscale plant fiber modified Nano-scale plant fiber and  Individual
biodegradable composite material ~ PLA
and preparation method and
application thereof
CN113583422A% Biodegradable preservative film Matrix resin, chitosan Individual
with antibacterial function and
preparation method thereof
KR102404216B1 Biodegradable packaging, PHA/PLA
(ref. 138) preparation method thereof,
security pack and security method
of mobile devices
KR20210103322A"°  Biodegradable food packaging Seaweed extract, agar,
materials from algae and method gelatin, carrageenan or
for producing the same mixture
CN112063135B"*° Preparation method of Cinnamoyl chloride (Cc) Zhejiang Sci Tech
antioxidant and antibacterial modified cellulose University ZSTU
biodegradable food packaging nanocrystals (CNCs)
material
CN113698646B""* Transparent moisture-preserving (1) Inner active Jiangnan University
antibacterial degradable moisturizing layer:
packaging film and preparation biodegradable substrate:
method and application thereof PVA
(2) Transparent supporting
layer: polylactic acid (PLA)
particles
(3) Outer barrier moisture-
retention layer: modified
polyvinyl alcohol (PVA),
nano-silicon dioxide (SiO,)
CN113061270B'*? Biodegradable UVA ZIF-8 micron particles South China University of

photoresponse type controlled-
release antibacterial food
packaging film and preparation
method and application thereof

carrying riboflavin
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Table 1 (Contd.)
Patent no. Title Main material(s) Company/current assignee Commercialization
KR102422234B1 Chitosan membrane for food Electro-spun chitosan
(ref. 143) packaging, its manufacturing nanofiber
method and eco-friendly food
packaging materials using the
same
CN113621153A™** Plant extract synthesized nano- Plant extract solution and Jimei University
silver multifunctional degradable silver nitrate
food packaging material and
preparation method thereof
W02021017030A1 Coffee ground modified Polylactic acid,
(ref. 145) biodegradable composite biodegradable copolyester,
material, and preparation method  nano-coffee grounds
and application therefor
CN109265752A¢ A kind of antibacterial and Starch, cellulose, chitosan, Guangxi University of
biodegradable food package box polyhydroxyalkanoate, Chinese Medicine
and preparation method thereof polylactic acid and
polycaprolactone
CN110358264B"" Bio-based environment-friendly Corn starch, PBAT, PLA Qinhuangdao Longjun
packaging bag and preparation Environmental Protection
method thereof Industrial Development Co
Ltd, Changzhou Longjun
Skypurl Environment
Protection Technology Co
Ltd
CN111875855A"*° Eugenol-containing curdlan- Polysaccharides Taixing Dongsheng Bio
based antioxidant film and Tech Co Ltd, Nanjing
preparation method thereof Agricultural University
CN110655688A™*° Hydrophobic food packaging film  Low methoxyl pectin, Minnan Normal University
and preparation method thereof chitosan, glycerol, acetic
acid and lotus leaf cutin
CN115636961A"° Antibacterial and antioxidant Gelatin-based composite Tianjin University of

gelatin-based composite
membrane and preparation
method thereof

food waste must be comparable to traditional materials. This
includes factors like durability, barrier properties, and suit-
ability for various types of food products. Achieving this level of
performance can be challenging when working with varied and
inconsistent waste streams.'*?

The last thing that needs to be considered is that the process of
converting food waste into packaging materials must be econom-
ically viable. This includes considerations of the cost of collection,
separation, extraction, and manufacturing processes. The
economic feasibility is a significant factor in determining whether
such initiatives can be scaled up and widely adopted.™*

Challenges in the commercialization of
biodegradable food packaging
A survey of relevant intellectual properties

The patents presented in Table 1 showcase an extensive list of
recent intellectual properties relevant to innovative biodegrad-
able material technologies for sustainable food packaging solu-
tions. These patents encompass a variety of biodegradable
components such as polysaccharides, plant fibres, and synthetic
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polymers like polylactic acid (PLA), all designed to decompose
under specific conditions. The approaches for creating these
materials range from using natural fibres and extracts to engi-
neering new polymers, often combining different substances to
enhance properties like strength, flexibility, and barrier perfor-
mance. The intended functions of these materials are tailored
towards packaging needs, offering features such as antimicrobial
effects, moisture barriers, and food freshness preservation. Some
of these patented materials have successfully transitioned to the
market, manifesting as commercial products like biodegradable
containers and egg cartons. Determining the commercialisation
status of a patent can be challenging when a direct partner or
market application is not listed in the document. Patents origi-
nating from universities, which are often encouraged by
government initiatives, might not always immediately transition
to commercial products.

The gaps between scientific research and intellectual
properties

Comparing the biodegradable food packaging materials
collated in Table 1 and the discussion earlier in this review, it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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= Active packaging
(releasing agents)
= Edible packaging

55.56%

Conventional PCCC
function only

Fig. 3 Snapshot of intellectual properties relevant to biodegradable
and compostable food packaging materials.

appears that the types of material in academic research (such as
bio-based polymers including PLA and starch-based compos-
ites) have made the transition to, and may be of commercial
interest. However, many of the more advanced functionalities
and properties explored in the scientific communities have yet
to be taken up in the intellectual properties space. For example,
the bulk of the intellectual properties reviewed focuses mainly
on providing a sustainable means to basic PCCC packaging
functions (Fig. 3). This is followed by about 36% of the intel-
lectual properties focusing on active packaging which involves
the release of active agents. To the best of our knowledge, we did
not encounter intellectual properties focusing on active pack-
aging based on active absorption. There were also no reports on
enhanced real-time monitoring. Only about 8% of the intellec-
tual properties reviewed focused on sustainable edible films.

Despite growing awareness and efforts to produce sustain-
able food packaging materials, the production of biodegradable
plastics still accounts for less than 1% of total plastic produc-
tion, as reported by European Bioplastics in 2023.**' This
disparity highlights significant gaps where further research is
needed and where the translation of research into practical,
commercial applications has been notably slow or challenging.
A key area of ongoing research is the development of new bio-
based materials for packaging. However, a substantial gap
exists in translating these materials into commercially viable
products. Challenges include ensuring that these materials
meet essential performance standards for food packaging, such
as durability, barrier properties, and food safety.**>'** Addi-
tionally, for bio-based packaging materials to be market-ready,
they need to be not only bio-based and biocompatible but also
biodegradable and approved for food contact. Navigating the
complex regulatory landscape and obtaining the necessary
approvals pose a significant hurdle in moving from research to
market.

A notable research gap identified by Gonzalez-Lopez et al.***
is in scaling up the production of packaging materials based on
natural polymers. Technologies that are effective on a labora-
tory or pilot scale often face challenges when scaled up to
industrial levels. For example, as Jeevahan et al.*** pointed out,
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scaling up edible food packaging technology to industrial levels
faces notable difficulties, particularly in replicating the precise
and controlled conditions of laboratory settings. Challenges
include producing continuous films without interruptions,
achieving uniform film thickness, and reducing lengthy drying
times that are impractical for high-volume production. Scaling
up starch-based biodegradable plastics for industrial produc-
tion is fraught with challenges."*® These materials inherently
possess weaker mechanical and barrier properties compared to
traditional plastics. Conventional production techniques like
casting are not viable for large-scale manufacturing due to
excessive energy requirements and difficulties in achieving
consistent product quality. Alternatives such as extrusion and
molding, while scalable, involve substantial equipment invest-
ment and tend to produce materials with poor qualities
compared to traditional plastics. This issue is compounded by
the fact that, as shown in Table 1, only a few patents have been
spearheaded by commercial entities (commercial success of the
University patents listed are, however, not known), despite the
original materials being readily accessible and easy to handle in
large quantities.

Furthermore, the biodegradable nature of these materials
introduces new considerations for end-of-life disposal. End-of-
life options for conventional packaging materials include
landfill disposal, incineration, recycling, biodegradation, and
composting. However, a clear standard for recycling food-waste-
based packaging has not yet been established. While aerobic
biodegradation appears as a promising solution for these
materials, the effectiveness of this degradation method and the
consistency of biodegradability enhancement from added
materials during experimentation remain variable.'” More
research is needed into the practicality and efficiency of these
disposal methods to ensure that they are feasible on a large
scale and do not create new environmental problems, as high-
lighted by Cristofoli et al.** Market acceptance and consumer
preferences also play a critical role in the success of bio-based
packaging solutions. Even when scientific research leads to
innovative products, a gap often exists in market acceptance.
Consumer preferences, awareness, and willingness to pay for
sustainable packaging options significantly influence the
success of these innovations, as observed by Moshood et al.**?

Conclusion

This review addressed the transition of food packaging from
traditional petroleum-based plastics to sustainable, bio-based
alternatives. The imperative driving this shift is the dual
objective of preserving food quality while mitigating environ-
mental impact. The review delved into the practical applications
of bio-based biodegradable materials in the food packaging
industry, juxtaposing theoretical knowledge with real-world
scenarios. It explores the basic functions of food packaging,
including protection, preservation, containment, communica-
tion, and convenience, and extends to innovative approaches
like smart packaging technologies. The review highlighted
various studies on the development of biocomposite films using
agricultural byproducts, demonstrating their enhanced
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properties like thermal stability, antimicrobial activity, and
biodegradability. Furthermore, the review discussed the chal-
lenges and prospects of commercializing bio-based materials in
food packaging, making comparison with intellectual proper-
ties filed in this area. Future research will need to focus on
enhancing the mechanical properties and barrier functions of
bio-based packaging materials to match or surpass those of
traditional plastics. This involves not only scaling up produc-
tion but also refining the biodegradation process to ensure
environmental safety post-use. A particular issue that may
require further attention is the sufficiency and consistency of
agro-waste sources. Ensuring a reliable and consistent supply of
these materials is essential, as their availability is crucial for the
commercial viability of bio-based packaging in food
applications.
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