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The food packaging industry is a major contributor to plastic waste. The end-of-life scenario of fossil-fuel
derived plastics often has a detrimental effect on the natural environment, including the formation of
microplastic pollution and increased GHG emissions. Therefore, alternative food packaging materials are
required to overcome these effects and reduce the unsustainable use of plastics. The sustainability of
biopolymers is related to the valorisation of waste, the abundance of the source, and the biodegradability
of the material. Conventional fossil-fuel based plastics often have the ideal properties to protect food from
environmental conditions which enhance food degradation. Therefore, bioplastics require equal or superior
mechanical and barrier properties to outcompete traditional plastics. Here we review the use of
biodegradable biopolymers for active food packaging, discussing bioplastics at the forefront of active
packaging research. Particular attention is paid to the source of the biopolymer, the film properties, and
different scale-up technologies used to produce active packaging materials. The variation in bioplastic

properties upon incorporation of active agents is also explored. Moreover, the controversies relating to
Received 24th August 2022 biod dabl tificati di d. Thi . build t literat b idi if
Accepted 30th October 2022 iodegradable certifications are discussed. This review builds upon current literature by providing a specific
overview of biopolymers in the context of their use as active packaging materials. Overall, it is evident that

DOI: 10.1039/d2fb00004k active packaging prospects will rely on; (i) bio-based and biodegradable bioplastics (i) optimising the
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1 Introduction

1.1 The environmental concerns of petroleum-based plastic
packaging

Plastic packaging accounts for more than 30% of global plastic
production and the food packaging industry has the largest
revenue share of plastic packaging worldwide." Traditional
fossil-fuel based plastic packaging materials last for over 1000
years in landfill. Indeed, most of the plastic ever produced still
exists, polluting various environments. The UN Environment
Programme (UNEP) plastic waste report in 2018 detailed that,
since 2015, only 9% of all plastic waste had been recycled.” The
remaining plastic waste was incinerated (12%) or accumulated
in landfill and the natural environment (79%).> Furthermore,
the US Environmental Protection Agency (EPA) reported that in
2018, plastic production amounted to 35.7 million tonnes,
making up 12.2% of municipal solid waste.® The report calcu-
lated that the overall recycling rate was 8.7%, however for
specific plastics such as polyethylene terephthalate (PET) and
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properties of bioplastics containing active agents, (iii) adhering to strict safety regulations of food contact.

high-density polyethylene (HDPE), the recycling rate was 29.1%
and 29.3% respectively.® Furthermore, the UK began to export
a vast proportion of its plastic waste to countries including
Malaysia and Indonesia after China banned plastic waste
imports in 2018.* Often, these countries do not have the correct
waste-infrastructure to deal with vast quantities of plastic waste,
and so the plastic is often discarded into landfill or waterways.
Indeed, a UK government report from 2019 detailed that around
8 million tonnes of plastic waste entered the ocean each year.*
Between 55 and 60% of this marine plastic was said to originate
from countries which had received imported plastic waste.* This
end-of life scenario of plastics may lead to the formation of
microplastics, polluting waterways and causing detrimental
effects on marine life.” The long term health effects of micro-
plastic exposure is not yet well-researched, and microplastics
have recently been detected for the first time in human
placenta.® More recently, microplastics were detected in human
blood samples for the first time, raising health concerns.”
Whilst the US, UK and EU have many regulations in place
surrounding recycling of plastics, the replacement of plastics
with degradable alternatives would undoubtably reduce plastic
waste further. Moreover, conventional recycling methods are
limited by public participation, and sorting the waste is often
complicated by contamination, colour and size variations.*
Recycling also produces products with lower-value applications
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than the original plastics.> However, it is not currently feasible
to remove food packaging altogether in most circumstances.
Food packaging serves to prolong food freshness and shelf-life.
In turn, this reduces food wastage due to spoilage during
storage or transportation. Food degradation occurs primarily by
lipid oxidation, which is prevented or reduced by barrier pack-
aging.® Strikingly, the FAO reported that food waste emitted
greenhouse gas (GHG) emissions were greater than all countries
except from China and the USA in 2011.° Furthermore,
successful packaging reduces the occurrence of foodborne
diseases. Foodborne diseases due to microbial outbreaks in the
food we consume are a global public health concern, with 420
000 annual fatalities recorded as an average in 2015.*

1.2 Bioplastics as a tool to reduce plastic waste

Food packaging holds a large proportion of the applications of
bioplastics.” Successful food packaging protects food from
oxygen, water vapour, UV light and microbial contamination."
Traditional food packaging based on petroleum-based plastics
such as polyvinyl chloride (PVC), polyethylene terephthalate
(PET) and polyethylene (PE) often has the ideal properties to
protect food from these environmental conditions. However,
the detrimental effect that fossil-fuel based, non-biodegradable
plastics have on the environment is well-documented and is
now, arguably, common knowledge. A potential solution to this
is to develop bio-based and biodegradable materials as
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alternatives. A bioplastic may be bio-based, biodegradable, or
have both attributes.® Bio-based materials are derived from
living material and often renewable resources, in contrast to
fossil fuels. Ideally, biopolymeric active food packaging would
be able to degrade under natural composting conditions.

Fig. 1 categorises several plastics based on their biodegrad-
ability and source. Some examples of commonly used bio-
plastics in active packaging research and development include
chitosan, poly lactic acid (PLA), bacterial cellulose, starch,
cellulose, pectin, gums, agar, alginate, dextran, gelatin, casein
and whey protein.”*** Overall, the considerations for active
packaging raw materials include the abundance of the source
material, the amount of water used to extract or material, the
energy usage, the solvents and chemicals used in extraction or
film-synthesis, and the scalability of the material. Furthermore,
the implementation of waste valorisation would improve the
sustainability profile of the packaging material. This review will
provide an overview of promising bioplastic materials and
discuss their viability in the context of mechanical properties,
biodegradability and scale-up potential.

1.3 The environmental benefits of biodegradable active
packaging

Active food packaging materials contain active ingredients that
act to prevent contamination or degradation of food to extend
shelf-life. Active packaging (AP) enables antimicrobial or

PLA, PHAs,
starch-based,
chitosan,
alginate

PBAT, PCL

Fig.1 Examples of plastics based on their source and biodegradation capabilities.
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antioxidant activity, and the objectives of this technology are to
reduce both food waste and the occurrence of foodborne
diseases. This invention may also reduce the energetic costs
associated with refrigeration of loose fruit and vegetables.* The
techniques used in active packaging include antioxidant
release, antimicrobial release and the sequestration of certain
degradation-enhancing gases such as oxygen and ethene. Active
packaging incorporating natural antimicrobial or antioxidant
substances is becoming the most researched form of active
packaging, implying high developmental potential. The use of
inherently antimicrobial polymers is also well-researched, for
example the biopolymers chitosan and alginate have antimi-
crobial activities."> Combining bioplastics with active packaging
methodology would produce a food packaging material which
meets consumer demands of (i) a reduced environmental
footprint and (ii) an extended shelf-life of fresh produce. The
active component is either released onto the surface of the food
(direct contact) or into the headspace between the packaging
and the food (indirect contact).’® Overall, the active agent
should be non-toxic, abundant, renewable, and simple to obtain
or extract. Specific examples of active agents for active pack-
aging are discussed in several reviews.'”*°

Biodegradable active packaging technology has the capacity to
reduce fossil fuel based plastic usage and related greenhouse gas
(GHG) emissions. The benefits of bioplastic use in place of
traditional synthetic polymers include reduction in the carbon
footprint of packaging, the reduction in plastic waste and of the
maintenance of fresh produce. To achieve a circular process,
bioplastics should be obtained from renewable or recycled
resources and use renewable energy. Edible packaging is an
important bioplastic-based invention that has been utilised for
over 100 years, with the traditional use of wax-coatings on fruit.
Edible packaging has recently gained attraction in the literature,
in synergy with the search for materials to replace conventional
fossil-fuel based plastics. Currently, materials such as potato
starch and seaweed-based polymers are used for edible pack-
aging.* Other inventions in this field include ‘smart’ or ‘intelli-
gent’ packaging. Intelligent packaging monitors the conditions
of packaging to elucidate the freshness of a product. For example,
the packaging may monitor pH or temperature which are often
proportional to the degree of food degradation.”® There is an
interesting area of research at the intersection of the inventions
of active packaging, edible packaging and intelligent packaging.
Edible packaging is likely to be based on biopolymers, and these
may have an inherent preservation effect on the food. Moreover,
monitoring the conditions of the food within packaging can
enable the determination of the success of active packaging.

1.4 Commercial development prospects

The successful replacement of conventional plastics with bio-
plastics requires stringent testing of the bio-based materials to
determine their barrier properties, physical properties, optical
properties and mechanical properties such as tensile strength.
Furthermore, to pose a measurable environmental advantage,
bioplastics must have good biodegradability profiles. However,
there is a general lack of clarity concerning biodegradability
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since the definition may allow microplastic-forming materials to
be termed as biodegradable. Furthermore, many studies on bio-
based active packaging materials do not determine the biode-
gradability of the packaging material. Biodegradability values of
different combinations of materials and active agents are there-
fore difficult to obtain from the literature. It is important to
consider the end-of-life scenario for bioplastics in the develop-
ment of more environmentally friendly active packaging.
Furthermore, the solubility of the material and its compostability
are key factors to determine before commercialisation and
determination of suitable waste management facilities.***

Despite high implementation costs, some bioplastics are
already used on a large scale. The projections for 2026 depict
that polybutylene adipate terephthalate (PBAT), polybutylene
succinate (PBS), poly-lactic acid (PLA), polyhydroxyalkanoates
(PHAs), starch blends and cellulose films will have the greatest
production capacity.”” The land usage for many of these bio-
derived biopolymers is expected to reach 0.06% of the total
agricultural area worldwide, suggesting that the production of
these materials will not compete for space for food or feed-
stock.”> Additionally, VIT have developed a recrystallised
cellulose pilot plant for cellulose film production.* Similarly,
Lei et al (2022) have recently detailed a large scale
manufacturing method to make durable and recyclable cellu-
lose films using a roll-to-roll fabrication line.>* Flexible pack-
aging holds the largest market segment amongst all uses of
plastics, therefore this is undoubtably an important area of
research for improving the overall sustainability profile of
plastic-usage.*

It is important for bioplastics to have similar mechanical,
barrier and physical properties to traditional packaging mate-
rials. The blending of biopolymers with other biopolymers, or
with synthetic polymers has been used to regulate these mate-
rial properties.** For example, chitosan has been blended with
carboxymethylcellulose (CMC), sodium alginate and antimi-
crobial microcrystalline cellulose (AMCC) to form an active
packaging material capable of extending the shelf-life of
cheese.” Similarly, coatings or emulsion layers are commonly
used. For example, cutin has been used on chitosan biopoly-
mers in order to reduce the water sensitivity of the bioplastic
material."* Furthermore, polyhydroxyalkanoates (PHA) films
have been used on thermoplastic starch (TPS) as moisture
barriers, reducing water uptake and improving other gas barrier
properties.”® This technique is useful for moisture-sensitive
foods and is often required with biopolymers due to high
water-sensitivity. However, it is important to consider the
changes to the organoleptic properties or unfavourable changes
to other properties such as oxygen permeability that may arise
after coating or blending.** Furthermore, whilst blending with
conventional polymers may improve properties of the material
and therefore the scalability, this method reduces the environ-
mental benefits of using completely bio-based materials.

1.5 Outcompeting conventional plastics

Bioplastics must compete with conventional plastics in cost and
performance for packing applications. They must mimic the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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feel and properties of these petroleum-based plastics, as previ-
ously discussed.”® To provide a significant advantage over
conventional plastics, a bioplastic requires good biodegrad-
ability. Moreover, the invention of edible films overcame many
of the issues associated with BP development. Edible films,
necessarily, are considered safe and satisfy FDA regulations for
safe food ingredients. Since they may be eaten with food, their
end-of-life scenario and biodegradability will thus also be
satisfactory.® However, in all cases, it is essential that the correct
disposal method of any packaging is made clear to the
consumer.* Furthermore, biopolymeric waste may be more
suited to dedicated collections, which require development and
investment.*

The high complexity of many synthetic procedures for active
packaging may reduce the scalability of the material due to
associated costs. The scale up of the fabrication and processing
of bioplastic materials is currently limited in comparison to
conventional plastics. For example, many large plastic pack-
aging manufacturing plants utilise extrusion or injection
moulding. For active packaging, it is important to ensure that
the active agent is stable at the high temperatures often
required by these methods. Furthermore, many research papers
on active packaging report film casting as the film-formation
method. Whilst this technique is ideal for lab-scale material
preparation, the parameters have high variability which reduces
the scalability of the process. Typical scalable film-formation
methods include extrusion, injection moulding, film blowing,
thermoforming, electrospinning and vacuum forming.

Moreover, bioplastic materials may have issues with water
solubility and sensitivity. Specifically, the water sensitivity of
HPMC and chitosan films has been researched by ref. 27. Water
solubility improves the ease of disposal of a material. However,
for food packaging applications, the plastic material requires
a good water vapour barrier and low solubility. The water
sensitivity may be reduced by cross-linking, polymer lamina-
tion, polymer blending, or hydrophobic plasma treatment.*®
The commercial viability of bioplastics for AP technology will
undoubtably rely on new and substantial investments into
research, production and waste management facilities.** The
plastic packaging tax introduced in April 2022 in the UK,
alongside the recent £30 million boost of funding directed
towards the Smart Sustainable Plastic Packaging (SSPP) chal-
lenge should facilitate this transition.?*?%3

1.6 Marketed examples of bioplastic food packaging

In 2018, the UK Plastics Pact was launched by WRAP and the
Ellen MacArthur Foundation.* Members of the collaboration are
working towards 2025 targets including eliminating the
majority of single-use packaging and moving towards the
exclusive use of reusable, recyclable or compostable plastics.*
To this end, there is a growing market for commercial biode-
gradable active packaging materials. There are several start-up
companies and larger companies working to produce bio-
plastic packaging which may outcompete traditional plastics.
Currently, many of these commercialised materials do not
contain active components for active packaging. However, the
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antimicrobial films Zeomic™ and Microgarde™ are examples
of commercialised active packaging materials.** The company
TIPA® makes compostable films for the food packaging and
fashion industries.®® These films are made using existing
machinery and are between 20 and 80% bio-based, but 100%
compostable. Interestingly, these films are suitable for freezing,
but not for heating nor for high liquid-content foods due to the
degradation mechanisms of the material.*> Furthermore, the
start-up company Notpla has recently gained attention for the
invention of sustainable, edible seaweed packaging.*

1.7 Outlook

The bio-based active packaging must have good mechanical
properties, good stability and good barrier properties to pose
a viable alternative to fossil-fuel based plastics.** Additionally,
the product description and label should include all added
substances including the active component to adhere to food
contact safety regulations.*® Therefore, the prospects of bio-
plastics for active packaging rely on (i) the properties of the
packaging in its final form and (ii) the safety of the components
used in the packaging.’**

Ghosh and Jones (2021) and Zhao et al. (2020) recently
produced in-depth reviews on bioplastics, with the latter
specific to use in food packaging.*® Additionally, there have
been several recent reviews on bio-based biopolymeric mate-
rials including the valorisation of waste materials.*”* In
contrast, this review provides a more specific overview of
biopolymers in the context of their use as active packaging
materials. We review the topic of bio-based, biodegradable
polymers for active packaging with specific discussions of (i) the
substrate, (ii) biodegradability -classifications and related
controversies, (iii) bioplastic properties and modulations
thereof and (iv) film-formation techniques. These areas of active
packaging research are vital for the successful commercialisa-
tion of the material. This review will focus on bio-based,
biodegradable polymers for Active Packaging (AP) technology.
For a more in-depth of discussion of the active agent for
biodegradable active packaging, including encapsulation and
controlled release methods, a review was recently published by
our group."”

2 The bio-polymeric substrate for
active packaging
2.1 Outlook on biopolymers for active packaging

Physical and mechanical properties of biopolymers (BPs) may
be regulated and optimised by a multitude of techniques such
as blending with other polymers. The development of water-
soluble BPs is becoming more important to overcome issues
with the persistence of conventional polymers in marine envi-
ronments. Water-soluble BPs may include carboxymethylcellu-
lose (CMC), hydroxyethyl cellulose (HEC), xanthan, pullulan
and polyvinyl alcohol (PVA).*' In particular, pullulan has been
used to form edible films with good moisture exchange prop-
erties and low oxygen permeability, which are both important
parameters for food packaging.** The limiting factor to
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developing research on this material beyond lab scale is the cost
of the biopolymer.* Therefore, research is still required on the
performance of these materials, their safety, and lowering the
cost of their manufacture. Zhao et al. (2020) recently reviewed
the types of bioplastics, comparing their properties." Impor-
tantly, they reported the average price for conventional plastics
(HDPE, LDPE, PET, PP, PVC and PS) as USD$ 1.17-1.56/kg,
whereas the average for bioplastics (PLA, TPS, CA) was higher in
price at USD$ 2.74-3.92/kg.* This represents a key hindrance to
bioplastic development. However, the cost of implementing
these new materials should become a secondary factor to their
capability of mimicking conventional plastics and providing
a real sustainability advantage. In fact, the bioplastics market is
forecast to grow significantly in the next decade, which should
provide an incentive for further industrial development.® Due to
the environmental benefits and current demand for radical
change, this review will focus on biodegradable polymers,
specifically those derived from natural compounds, for use in
active packaging materials.

2.2 Polymers commonly used for active packaging

In this section, the major polymers used in active packaging
(AP) research and development will be discussed and cat-
egorised based on their source (petroleum based or bio-based),
and their biodegradation capacity. The review highlights bio-
based, biodegradable polymers as the most promising mate-
rials for real environmental advantages over conventional
plastics and discusses specific biopolymers within this category
with high potential for further development. Fig. 2 shows

Antioxidant
Antibacterial
Antiviral

Fig. 2 Schematic representation of biodegradable active packaging
derived from bio-based materials including starch, chitosan, cellulose,
rice husks and seaweed.
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a schematic representation of bio-based biodegradable active
packaging materials.

2.2.1 Petroleum-based, biodegradable polymers. Poly-
caprolactone (PCL) is a thermoplastic biopolymer synthesised
from crude oil. PCL is often blended with starch to reduce costs
and the usage of non-renewable feedstock.** The production of
PCL is scalable and water-resistant sheets of PCL may be formed
by melt-extrusion.”* PCL degrades in bioactive environments, so
may be termed as biodegradable. However, there is controversy
on the definition of biodegradability relating to the formation of
microplastics for both petroleum-based and bio-based poly-
mers.** PCL is hydrophobic and has a slow degradation rate, but
it is highly researched in pharmacology for drug delivery owing
to its long term stability and controlled release properties.*
Phenolic compounds have been loaded into PCL films by melt-
blending to form materials capable of achieving good antibac-
terial inhibition of common food bacteria.*?

Poly butyrate adipate terephthalate (PBAT) is another poly-
mer in this category, made from the copolymerisation of adipic
acid, 1,4-butanediol and dimethyl terephthalate.*® PBAT
degrades with the use of lipases, and it is suitable for forming
flexible packaging, with similar properties to conventional
LDPE."**

2.2.2 Bio-based, non-biodegradable polymers. The major
non-biodegradable bio-based plastics include bio-polyethylene
(bio-PE), bio-polypropylene (bio-PP), bio-polyamide (bio-PA),
bio-poly-trimethylene terephthalate (bio-PTT) and bio-
polyethylene terephthalate (bio-PET).** Bio-PE may be formed
from bioethanol via dehydration and polymerisation. Bio-PP
and bio-PET may be derived from bioethanol via synthetic
methods including dehydration, dimerisation, isomerisation,
metathesis oxidation, hydration, polycondensation, and poly-
merisation.* The chemical structures of these compounds are
similar to conventional petroleum-based plastics and therefore,
they have similar properties and uses. These materials do not
utilise fossil-fuels and so are an inherently more sustainable
option. However, these materials do not address the issue of
plastic waste. Furthermore, many of these materials are derived
from crops which could be otherwise used for food resources.

2.2.3 Bio-based, biodegradable polymers. Poly(3-
hydroxybutyrate) (PHB) and poly(lactic-co-glycolide) (PLGA)
have been described as promising bio-based polymers for
packaging applications.*»* The biopolymers polylactic acid
(PLA) and polyglycolide (PGA) have also been reported exten-
sively for AP applications.™

2.2.3.1 Polyhydroxyalkanoates (PHAS).

PHAs may be obtained from bacterial fermentation, produced
from sludge or produced from municipal wastewater treat-
ment."*® Therefore, it is possible to valorise agro-industrial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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waste to obtain these polymers. The properties of PHAs are
similar to conventional PVC (polyvinyl chloride), and PHAs are
insoluble in water which is important for many food packaging
applications. However, PHAs are thermally unstable." Process-
ability may be an issue for PHAs such as poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) because the melting temperature
of the polymer exceeds the decomposition temperature and
therefore the molecular weight of the polymer decreases at high
processing temperatures (180 °C).”” PHA-degrading hydrolytic
enzymes may be used for degradation purposes and impor-
tantly, PHAs may be composted and thermally processed with
minimal changes to machinery and techniques.”* Polyhydroxy
butyrate (PHB) is a promising microbially bioprocessed polymer
from the PHA family.*® PHB is biocompatible, non-toxic and
biodegradable in bioactive environments.”® It may be bio-
synthesised from bacteria, which is beneficial due to the
controversy of using food crops for material applications.
2.2.3.2 Poly lactic acid (PLA).

n

PLA is produced by (i) the condensation polymerisation of lactic
acid or (ii) the ring-opening polymerisation of lactides. The
monomer of lactic acid is usually derived from the fermentation
of starch from plants. However, PLA may also be produced from
food waste.*® PLA is widely used on a large scale in industry as it
can be processed using existing technology and it is generally
recognised as safe (GRAS) by the FDA. PLA has high tensile
strength, but it has low flexibility, high hydrophobicity, poor
barrier properties, low stability and a low heat deformation
temperature.”* PLA can form single-layer films or laminated
packaging films.* Importantly, the technology to produce
conventional plastics is applicable to PLA.* The biodegradation
of PLA is often slow.** However, enzymatic degradation can
improve the rate of biodegradation.*® Additionally, PLA has
been used extensively to encapsulate active agents in active
packaging with a simple method for nanoparticle formation.**
However, during the synthesis of PLA nanoparticles, dissolving
commercial PLA pellets may require harsh solvents such as
CHC;. Furthermore, PGLA is a biodegradable copolymer of PLA
and PGA. PGLA has good barrier properties and has been
approved by the FDA as a food contact material, which is highly
beneficial in terms of commercial development.*

2.2.4 Bio-based, biodegradable and food-compatible poly-
mers. Food compatible film-forming biopolymers include algi-
nate, cellulose, chitosan, pectin, chitosan, starch, agar, dextran,
casein, whey protein and carrageenan."** These biopolymers,
amongst others, may be used for the manufacture of edible
films and composite films."

2.2.4.1 Starch. Starch biopolymers are largely used for
packaging applications and are available in abundance, with
annually renewable crops. Examples of source of starch include
waste organic material and the biorefinery of microalgae.>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Starch polymers are brittle with low moisture barriers and low
tensile strength values. However, plasticisation can improve
mechanical properties and processability of starch polymers.**
Thermoplastic starch (TPS) is plasticised starch or de-
structuralised, nanocrystalline starch formed by the applica-
tion of heat and work.> TPS may be blended with other poly-
mers, such as PLA, to modulate properties and overcome
humidity and temperature dependant mechanical proper-
ties.»** Loose-fill TPS foams with more than 85% starch content
have the potential to mimic polystyrene, although these foams
are generally water sensitive which reduces their capacity to
replace polystyrene directly but could allow for solubilisation in
water as a possible end-of-life scenario.”® A promising film
based on corn starch and porous starch encapsulating tea
polyphenols was recently reported, with sustained release of the
active component.”

2.2.4.2 Cellulose. Cellulose is a highly abundant biopolymer
derived from biomass and is GRAS by the FDA. However, the
extraction and refinery of cellulose is often energy intensive,
using large volumes of solvents and other chemicals. Further-
more, cellulose production waste has environmental concerns
due the potential presence of heavy metals.** Chemical deriva-
tives of cellulose include biopolymers such as cellulose acetate,
carboxymethylcellulose and hydroxypropyl methylcellulose.
Cellulose acetate is already used on a large scale for cigarette
butts and is popular in the textile industry.*® Cellulose acetates
with degrees of substitution up to 2.5 are considered to be
biodegradable.** However, as with many semi-synthetic plastics,
cellulose acetate may form water-polluting microplastics and
300 000 tonnes of microplastic waste from cigarette butts enters
the aquatic environment each year.*® Surface modifications of
cellulose may improve properties which hinder the develop-
ment of cellulose-based materials, such as sensitivity to water
and humidity.”” Cellulose nanocrystals (CNCs) and nano-
particles are also commonly used in active packaging. CNCs can
be derived from organic waste and are used to improve tensile
strength, water resistance, thermal resistance and barrier
properties when incorporated into bioplastic films.*® For
example, cellulose nanoparticles have been used within a PVA
film as a reinforcement and acted as an active component to
elongate the shelf life of prawns.>

Furthermore, bacterial cellulose (BC), synthesised by
bacteria, has been researched for biomedical applications. BC
has a milder purification method than plant cellulose and does
not utilise biomass.®® However, currently its production is
limited by cost and low capacity. The high production costs can
be attributed to the nutrients required as substrates for the
bacteria or algae.*® BC films, fibres and nanocrystals are all
promising materials for biodegradable food packaging.®
Bacterial cellulose is usually added to a composite film as
a suspension or used as the film itself since BC required ionic
liquids or harsh chemicals for dissolution.®* Bacterial cellulose
has been combined with curcumin and chitosan to form
a composite active film using a simple mixing method followed
by solution casting.®> BC is highly fibrous and could act as
a substrate on which other biopolymers are added to in order
form composite films. Moreover, BC has been reported to be
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self-healing in the context of wound covers, which may have
potential applications in the field of active packaging.®® BC
nanofibrils, formed by H,SO, treatment, have been utilised as
reinforcement agents for bio-nanocomposite films to modulate
mechanical and barrier properties.**

Hydroxypropyl methylcellulose (HPMC) is a hydrophilic
matrix material with promising applications in AP technology.
HPMC is made by the alkaline, acidic and etherification treat-
ment of cellulose. The film-formation method described by
Wrona et al. (2017), originally used by Dow Chemical company
(2002) is simple and reproducible.”* However, HPMC is water-
soluble and therefore not suitable for high water-content
foods. Cross-linking HPMC with citric acid has been reported
to reduce the water solubility of the bioplastic.> HPMC is
scalable, but due to solubility issues it is often used in fibres and
incorporated into composites rather than as the film material.
Furthermore, the scale-up of HPMC often requires mixing with
polyethylene oxide (PEO), especially for extrusion methods.***
Another derivative of cellulose is carboxymethylcellulose (CMC),
CMC has been used in a composite with curcumin and ZnO to
form an active film with good antimicrobial activity and
improved water-vapour barrier properties.®® Overall, cellulose
has good thermal resistance, but in many cases, it has a high
hydrophilicity which limits its stability and use as a packaging
material.>

2.2.4.3 Chitosan.

Chitosan is obtained by the treatment of chitin with NaOH or by
enzymatic methods using chitin deacetylase. Chitin is obtained
from the demineralisation, deproteinization and decolouration
treatment of shellfish waste. Chitosan is a fully compostable,
non-toxic bioplastic with good potential to replace conventional
plastics, and it has been approved as a food ingredient by the
FDA. It is the second most abundant organic compound after
cellulose, and may be produced on a large scale.® Importantly,
chitosan is an example of a biopolymer for which the produc-
tion does not require the use of land which could also be used
for subsistence crops. Using a waste product is highly beneficial
for production, however, there remains a high cost of imple-
mentation in comparison to conventional plastics. It is expected
that, whilst this is currently a limiting factor, the cost should
decrease with increasing demand. Chitosan can also be ob-
tained from fungi, which may overcome any perceived issues
with legislation on selling products derived from animal waste
or public concerns regarding seafood allergens.* Furthermore,
this reduces the need for NaOH which, at high concentrations
can be toxic to plants.

Importantly, Chen et al. (1998) reported the inherent anti-
microbial activity of deacylated chitosan against Gram-positive
and Gram-negative bacteria.”” Furthermore, natural active
compounds have been incorporated into the chitosan matrix to
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improve this effect.”*”® Chitosan has good film-forming prop-
erties; however, literature studies have reported poor mechan-
ical properties and high water sensitivity."**>7* For this reason,
composites of chitosan are typically used, composite films are
also commonly investigated to improve bioplastic properties
relative to the natural polymer. For example, composite films of
chitosan-HPMC were cross-linked with citric acid to reduce
water solubility and the resulting film successfully inhibited the
growth of Listeria monocytogenes.”® Chitosan may also be used to
encapsulate active agents within nanoparticles for active pack-
aging.”>”® Florez et al. (2022) recently reviewed chitosan uses in
the context of active an intelligent packaging.””

For the scale-up of biopolymeric films and structures, chi-
tosan is suitable for injection moulding and film casting to form
thin films and acidic aqueous solutions are typically used to
form chitosan solutions.®® In a report by Fernandez and Ingber
(2014) detailing the successful scale-up of chitosan by injection
moulding, 80% of the solvent of the chitosan solution was
removed before moulding at 80 °C, and CaCO; was added as
a filler to prevent shrinkage and reduce costs.®® The scalability
of methods including electrospinning and melt-extrusion for
chitosan may require additives such as polyacrylic acid poly-
ethylene oxide (PEO).”® Moreover, chitosan is a natural
biopolymer, with good a biodegradation capacity that may be
increased with the use of hydrolase and chitinolytic enzymes.”

2.2.4.4 Alginate.

OH
OH o)
= OH ‘
o o
.0 -0 :
o) OH
m n

The polysaccharides alginate and agar are extracted from
seaweed. These biopolymers have good mechanical properties
including high tensile strength and elongation at break
values.®® Natural films of alginate are also inherently antimi-
crobial and hydrophobic. The mechanical, barrier and thermal
properties of alginate films may be improved by adding nano-
fillers or by blending with other polymers such as PLA.*' For
example, Huq et al. (2012) added nanocrystalline cellulose to
alginate in order to improve film-properties.®> An edible pack-
aging material was recently reported incorporating alginate,
aloe vera and garlic oil.** Importantly, good barrier properties
and antimicrobial properties were reported for the active
coating, eluding to promising implementation in the food
packaging industry.*® Moreover, seaweed polysaccharide films
can be water-soluble, compostable within a suitable timeframe,
and renewable.* However, one drawback of the use of alginate
for bioplastic packaging is the possible accumulation of toxic
metals in seaweed taken from industrial coastlines.®

2.2.4.5 Pectin. Pectin is a low-cost, non-toxic polymer which
is largely used in active packaging research due to these attri-
butes. Moreover, pectin can be obtained from food waste as
a valorisation technique. Indeed, the main source of pectin is
citrus peel waste. Hydrophilicity and thermal instability have
been highlighted as issues hindering the commercialisation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pectin-based materials. However, a recent review by Huang et al.
(2021) discusses the modification of pectin based packaging to
overcome these shortcomings and highlights pectin as a prom-
ising material for active packaging, with a discussion of
possible film-formation methods.**

2.2.4.6 Zein. Zein is extracted from maize and makes up
almost 80% of the plant protein within corn.*® Zein is an
abundant biopolymer which is applicable to bioplastic film-
formation methods. For example, zein has been combined
with the active agent thymol to produce an edible active film,
and electrospun fibres of zein have also been used for encap-
sulation in active packaging technology.***”

2.2.4.7 Rice husks. Rice husks are derived from agricultural
waste material. This valorisation of waste avoids open-air
burning or landfill end-of-life scenarios and so improves the
sustainability of the material. Recently, the encapsulation of
eugenol within rice husk tar microparticles has been reported.®®
The group described bio-composite films based on alginate
containing the rice-husk microparticles with suitable properties
for food-packaging applications. Recently, rice husk tar was
obtained by the pyrolysis of rice husk biomass using a pilot
scale reactor, displaying the capability of scaling up this tech-
nology.*® However, the scale-up capacity of the rice husk based
active packaging could be limited by the use of dichloro-
methane to dissolve the tar for microparticle synthesis and
energy-intensive pyrolysis extraction methods.

2.3 Promising biopolymers for active packaging
development

Considerations to be made for biopolymeric active packaging
include the use and valorisation of waste materials, the biode-
gradability of the material, and the availability and cost of the
source for the biopolymer materials. Another consideration is
the potential ethical concern of utilising commodity crops such
as corn for these packaging materials instead of food. Two
particularly valuable biopolymers identified in this review are
alginate and chitosan, with pectin, rice husks and bacterial
cellulose also defining important areas of development. Chito-
san is a naturally occurring biopolymer derived from shellfish
waste. Alginate is derived from seaweed, which is also seques-
ters carbon during its growth. Interestingly, these biopolymers
may both be considered as inherently antimicrobial, improving
the shelf-life of food before the addition of antimicrobials or
antioxidants for active packaging purposes. Both biopolymers
have good biodegradation capabilities, a discussion of these
values will follow in section 3.3 of this review.

Encapsulation technology may be considered revolutionary
in active packaging development to control the release of active
agents such as antimicrobials to optimise the shelf-life exten-
sion of food. To this end, the biopolymers mentioned in this
section are also used in active packaging to encapsulate active
compounds and allow for controlled release. Furthermore, the
biodegradability is related to the release capacity of these
materials. For example, persisting plastics may have poor
release profiles, whereas chitosan nanoparticles have been re-
ported extensively with good release profiles for both drug
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delivery and active packaging.®**®® For a more in-depth of
discussion of encapsulation and controlled release methods,
a review was recently published by our group.*”

2.4 Sustainable development considerations for active
packaging materials

Currently, competition from inexpensive synthetic plastics with
proven performance has led to a low incentive for manufac-
turers to utilise bioplastics (BPs). The expense associated with
BPs may be attributed to the smaller production capacity and
increased cost of raw materials. Indeed, the market share of
commercialised bioplastics in 2017 was less than 1%.* However,
this value has been predicted to increase to 40% by 2030." Poor
water solubility of certain bioplastics is concerning due to the
difficulty of disposal using the current waste infrastructure.

The sustainability of biopolymeric alternatives for food
packaging materials should also consider the synthetic route.
To minimize environmental impacts of the extraction and
modulation of biopolymers, it is important to adhere to green
chemistry principles. Dupe and Salehpour (2014) highlighted
the importance of this, and detailed specific examples including
the use of different types of catalysis.”* Sustainability metrics
should always be considered for the complete synthetic route of
an active biopolymeric film. Some relevant principles to adhere
to in this instance include reducing solvent usage, optimising
atom efficiency, and minimizing the use of hazardous chem-
icals during synthesis. Furthermore, a low environmental (E)-
factor describes a process with minimal waste and is often
indicative of a more sustainable chemical process. For example,
biodegradable plasticisers should be utilised to improve the
overall sustainability of the bioplastic material.®” Importantly,
a focus on biodegradable bioplastics for active packaging will
satisfy the principle of design for degradation, which is vital
a vital metric relating to a reduction in plastic waste.

3 Environmental impacts of
biopolymers: defining biodegradability
3.1 Recognised standards and definitions for
biodegradability

There is a lack of clarity in the literature when defining biode-
gradability. Biodegradability does not have one recognised
definition, and many plastics that may be termed biodegradable
take years to fully degrade, or even disintegrate into micro-
plastic pollution.* Biodegradability defines a process and not
a specific timeframe nor conditions. Biodegradation tests do
have recognised standards; however, these are relatively general
such as minimum and maximum incubation periods. A
substance may be termed as ‘inherently degradable’ if it
degrades by at least 70% within 14 days.*® A bioplastic could be
termed as ‘ultimately degradable’ if it degrades by at least 90%
within 6 months in aqueous environments, or 24 months in
soil.”* Thus, there is an opportunity for microplastic-forming
plastics to be defined as ‘biodegradable’ within these defini-
tions. Harrison et al. (2018) provided an important review on
biodegradability standards of plastic bags in aquatic
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environments, highlighting that new standards should be put
in place to address issues of toxicity and microplastic
formation.**

A life cycle analysis (LCA) is an assessment of the environ-
mental impact of a process or material throughout its lifetime.
The biopolymer should be derived from renewable substances
by cyclic processes and the raw materials should be annually
renewable in order to provide a viable sustainable alternative to
conventional plastics.”” There have been many literature
examples of LCA of bioplastics in recent years, including
reviews on LCA methods.?” An LCA for PLA reported a 40%
reduction in GHG emissions in comparison to traditional
plastics such as polyethylene (PE) and polyethylene tere-
phthalate (PET).”® A life cycle analysis can typically be described
in terms of a ‘cradle to grave’ lifetime of a material. For example,
to satisfy a cyclic process, the source of a biopolymer must not
compete with food production (cradle) for its raw material and
the end-of-life options (grave) must recover value for feedstock.
Therefore, the production of biopolymers must not compete for
resources for basic human needs and the biopolymer must be
rapidly broken down.®*

3.2 Biodegradability versus compostability

The biodegradability of polymers depends on; (a) the chain
length or molecular weight of the polymer, (b) the complexity of
the chemical formula and (c) the crystallinity of the polymer.**®
The highest degradation rate generally occurs for low molecular
weight amorphous polymers with low levels of complexity. On
the other hand, compostability relates to a type of enhanced
biodegradation under managed environmental conditions
optimal for degradation including high temperature, high
humidity, aerobic conditions and the presence of microorgan-
isms.* Test methods for industry to determine the compost-
ability of a material include biodegradation tests (ISO 14855),
disintegration tests (ISO 16929), ecotoxicity tests and heavy
metal tests.** The maximum testing period for composting is
180 days, within a specified temperature range.'® Composting
provides nutrient rich material, whereas landfill releases CO,
and methane, therefore it is highly beneficial to replace
conventional single-use plastics with compostable alternatives.
Importantly, compostable plastics made from plant matter
remain compostable when contaminated with food, unlike
conventional plastics which would be rendered non-recyclable
and sent to landfill.* Importantly, the environment for degra-
dation will have a large effect on the compostability or biode-
gradability of a biopolymer, including the presence or absence
of microorganisms to aid degradation.** Managed (industrial
facilities) and unmanaged (natural environments; soil, water,
landfill, compost) degradation methods often have distinct
results due to varied environmental conditions, such as UV light
exposure and the presence or absence of oxygen.*

3.3 Quantifying biodegradability values

Quantification of biodegradability is difficult as it depends on
many factors, but clarification may be enabled by mechanistic
studies of the degradation of bioplastics.” Ideally, bioplastics
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would degrade under natural composting conditions. Further-
more, the products of biodegradation may be used as feedstock
materials. For example, starch and cellulose biodegrade into
products which may be used as feedstock including CO,, water,
humic matter, CH, and biomass.* However, some BPs require
bioactive environments or bioconversion facilities to completely
degrade. These environments utilise enzymes, bacteria, fungi or
algae to break down the material, although chemical hydrolysis
is also possible.

There is discrepancy between the results of laboratory and
field testing of compostability. Laboratory condition are repro-
ducible with optimal temperatures and humidity levels,
whereas field tests encounter fluctuation and variation over
time.*® Overall, field tests are much more complex and are more
likely to study disintegration of the bioplastic rather than
focusing on one variable such as CO, evolution therefore
a bioplastic may perform well in the laboratory, but not degrade
well in the environment.>*'** Interestingly, Kijchavengkul et al.
(2006) built, calibrated and tested an automatic respirometric
system used to elucidate biodegradation from the amount of
CO, produced, reporting values for PLA, PET and corn starch.'*
Furthermore, Raman spectroscopy may be used to detect
modification of chemical bonds and relate this to biodegrada-
tion rates.’® It is worth noting that weight loss of the material
may be considered a secondary parameter, and CO, evolution is
preferable to determine biodegradation rates.* Importantly, the
tests must be carried out on the final form of the material,
including any active agents or other additives. Table 1 shows
biodegradation values for several biopolymers, these values are
ranked subjectively as low, medium or high biodegradability.

PLA is often described as biodegradable, but it only degrades
within a suitable timescale using industrial composting facili-
ties with high temperatures (60 °C)." A study by Narancic et al.
(2018) determined the biodegradation of 7 different biopoly-
mers and composites formed by blending biopolymers.**® The
study investigated managed composting scenarios including
home composting, industrial composting and anaerobic
digestion.'* Additionally, the study measured unmanaged soil,
anaerobic conditions, marine and freshwater conditions.*®® The
experiments concluded that only TPS and PHB degraded in all
of these environments, with the other 13 biopolymers or
composites failing in at least one category.*

Another analytical method which may be used to study
biodegradation of polymers is neutron scattering. Neutron
scattering studies on the dynamics of polymers and biopoly-
mers are becoming more prevalent in literature relating to
active packaging technology. Interestingly, previous small-angle
neutron scattering (SANS) studies using cellulose as the
biopolymer of interest have shown that the pore size and
distribution of this material determined the enzymatic diges-
tion rate.’® The group determined that small pores were not
accessible to cellulase, and larger pores were only accessible
with mild agitation.’* In this case, the enzyme was able to
degrade the cellulose from within the pores and open up the
internal structure by digestion to initiate the biodegradation
process.'* This was observed using SANS by using a D,O buffer
for the enzyme and exploiting the contrast between hydrogen
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and deuterium with this technique due to the large difference in
their scattering cross-sections.'**

3.4 Factors affecting the rate of biodegradation of
biopolymers

Biodegradation may occur by aerobic or anaerobic digestion,
with or without oxygen, respectively. Alternatively, mechanical
and chemical recycling are useful technologies being
researched currently for bioplastics with long degradation
times and other plastics that are usually poorly degradable.
Payne and Jones (2021) recently reviewed the topic of the
chemical recycling, highlighting the benefits of obtaining
valuable platform chemicals as a result of this process.'”®
Moreover, enzymes, catalysts and microbes are able to selec-
tively degrade polymers.* The biodegradation rate is related to
the chemical structure of a compound. High complexity
retards degradation as different microorganisms may be
required to attack the increased number of different chemical
bonds.”” Enzymes can increase the rate of biodegradation for
biopolymers. For example, the biodegradability of PCL,
measured by the weight loss, increased from 11.7% to 27.7%
with the addition of Streptomyces sp. BV315.'°® Furthermore,
chitosan can be degraded by specific bond-cleaving enzymes,
which aid biodegradation.'®” Interestingly, chitosan has been
explored for use in drug-encapsulation technology for medi-
cines because it is thought to degrade by the action of lyso-
zyme and enzymes in the colon.'” This biodegradation or
enzymatic degradation technology enables value to be recov-
ered to make feedstock, which provides obvious benefits over
thermal pyrolysis methods which use high temperatures to
achieve plastic degradation.” Furthermore, bioconversion
facilities have the potential to yield valuable chemical
compounds from bioplastic waste, on a large scale.*

3.5 Water-soluble bioplastics

The end-of-life scenario of the bioplastic is an important
consideration. There are issues with conventional water-
soluble plastics. Whilst these plastic materials may degrade
with additives and thus may be termed ‘biodegradable’ under
the current definition; they may also lead to microplastic
formation. On the other hand, non-water-soluble bioplastics
pose issues due to poor waste infrastructure, leading to the
eventual disposal of these materials in landfill. There is not yet
suitable infrastructure to deal with these end-of-life options
and the large-scale disposal of bioplastics. Landfill conditions
are dry and reduce biodegradation rates, which leads to a loss
of biowaste. This biowaste could otherwise be valorised into
compost, chemicals or energy.”® Thus, water soluble bio-
plastics such as HEC and CMC have the most promising end-
of-life scenarios at present. These particularly bioplastics may
enter water treatment facilities, of which the infrastructure is
already widely available.**

3.6 Outlook

Strikingly, a recent study determined that plastic bags which
had been labelled as biodegradable did not degrade
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substantially in soil or marine environments over a 3 year
period.*®® Therefore, it is vital that the behaviour of active
packaging materials is tested in different end-of-life scenarios
to determine the optimal route of disposal. Furthermore, the
microplastic formation tendency of bioplastics should also be
investigated. Many bioplastics require controlled composting
conditions with high temperatures. However, industrial
composting facilities such as these are rare. Options for
recycling may include chemical and mechanical methods.
However, the lifetime of polymers is reduced during recycling
due to the reduction in chain lengths.* Recycling and home-
compost schemes rely on public participation to be effec-
tive. Furthermore, if the compostable or recyclable bioplastics
end up in landfill, it is likely that the low oxygen conditions
will hinder degradation and these polymers may then persist.
Therefore, it is important that the disposal routes are clearly
marked on commercialised packaging to optimise the bene-
fits over conventional fossil-fuel based plastics. Taking this
into account, the primary certification required for develop-
ment of a biodegradable active packaging material is com-
postability. Following this, soil- and marine-degradable
certifications may be required for specific materials. Third-
party certifications such as these are vital in the develop-
ment from laboratory research to producing a marketable
material.

4 Packaging properties for
commercialisation
4.1 Outcompeting conventional plastics

Plastics make up a large proportion of global waste including
marine litter, which can develop into microplastics and form
a microbial biofilm termed a “plastisphere”.** The toxicity of
microplastics has been raised as a human health concern.**
Indeed, polyfluorinated plastics, often used as moisture
barrier materials, are highly complex to remove from the
environment and are often considered to be carcinogenic.™ On
the other hand, bioplastics (BPs) are synthesised from plant
matter containing CO,. During biodegradation, BPs are con-
verted to CO,, CH,, water, biomass and humic matter.*
Naturally sourced BPs are the primary choice for sustainable
packaging due to their biocompatibility, biodegradability and
lack of toxicity providing potential for industrial application.**
For the specific application in active packaging for food,
different types of packaging have different metrics of success.
For example, hard plastics for meat trays will have different
requirements than plastic wrapping used to cover fruit and
vegetables. The eventual use of the active packaging material
relates to the metrics possible. For example, flexible films are
commonly made from cellulose due to its inherent film-
forming properties.

Properties of considerable importance for the biopolymeric
substrate include mechanical properties such as tensile
strength (MPa), Young's modulus (MPa) and elongation at
break (%). Physical properties to consider include gas
permeability, water-vapour permeability, optical properties,
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thermal properties, morphological properties, moisture
content and water solubility. Moisture content and solubility
values may be determined through mass-balance calcula-
tions.' Good barrier properties are especially important for
bioplastics because gases such as oxygen speed up food
degradation rates, and poor barrier properties may allow
pathogens to enter the packaging material.> Protection from
UV light is also important to reduce food spoilage. Therefore,
the evaluation of optical properties such as opacity and
transmittance is vital. For example, spectrophotometry may be
used to determine the transparency of a film."'* Moreover, the
thermal stability of a polymer blend is related to the molecular
weight of the polymer, the functional groups present, the
cross-linking degree, the crystallinity and the degree of poly-
mer branching. Table 2 provides a comparison of several
popular bioplastic materials in terms of their thermal stability,
general properties, cost and availability. The table includes the
values for PET as a comparison to fossil-fuel based plastic
properties (Table 2). For biopolymers to pose real advantages
over conventional plastics, they must not only meet the
requirements for these properties, but also biodegrade within
a suitable timeframe.

4.2 Overcoming issues with biopolymer properties

Unfortunately, few biopolymers are suitable for thermal and
mechanical processing by either extrusion, injection moulding
or thermoforming.'® The poor processability of biopolymers is
a major hindrance to AP development. One method of over-
coming this is to modify the structure to increase thermoplas-
ticity.’® Adding plasticisers such as glycerol and polyethylene
glycol (PEG) can increase the plasticity and flexibility of
a material, improving the elongation at break values. Many
plasticisers are derived from crude oil. The most popular plas-
ticisers within this category including phthalates and adipates
are used on an industrial scale. However, natural alternatives
include soybean oil and rapeseed oil are becoming increasingly
popular.®” Moreover, glycerol is ubiquitously used in research as
a plasticiser. Interestingly, Jakubowska et al. (2022) recently
utilised a choline chloride/citric acid deep eutectic solvent as
a plasticiser for chitosan, reporting improved elongation at
break of the biopolymer."™ Furthermore, many biopolymers
including PLA and PHAs are highly crystalline and have poor
thermal stability. Therefore, only small temperature ranges are
available for these materials and consequently, they have poor
processability.* Chain grafting, branching or cross-linking may
be used improve the thermal stability and tensile strength of
a polymeric material.*

Water-solubility and water vapour permeability are impor-
tant metrics relating to the eventual use of the food packaging
material. Many biopolymers are water-sensitive, however the
sensitivity may be reduced by -cross-linking (chemically,
photochemically or thermally), lamination with other polymers,
heat-sealing methods, blending with other polymers or hydro-
phobic plasma treatment.?® For moisture control, polyacrylate
salt polymers and graft copolymers of starch have also been
recorded to absorb water."*” Interestingly, Inthamat et al. (2021)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improved the moisture barrier of a film based on chitosan and
astaxanthin by heat curing.’*®* Furthermore, brittleness and
rigidity are common issues faced by bioplastics, which may be
overcome with mechanical reinforcements." For example,
modified silica nanoparticles improved the mechanical and
barrier properties of a chitosan film."** Additionally, most BPs
have lower ductility, tensile strength and flexibility than
conventional plastics."

4.3 Barrier properties to gases and moisture

Barrier properties are also of concern for bioplastic use in
active packaging, specifically oxygen permeability and water
vapour permeability. Good barrier properties reduce the lipid
oxidation rate in food and the humidity within the packaging,
leading to a reduction in microbial contamination. Lamina-
tion, blending or coating with barrier plastics such as petro-
leum based PP and PE can improve the barrier properties of
packaging materials." The blending of polymers is a well-
known technique used to modulate properties to a more
desirable level for their application.' To this end, bioplastics
are often combined with high barrier materials to decrease
permeability values."™® Furthermore, dispersion coating may
be used to provide barrier coatings to materials with
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inherently high permeability to gases and water vapour, this
technique may also be used on materials such as cardboard to
improve these properties.

The use of nanofillers can be used to modulate the
mechanical and barrier properties of biopolymers.'*''® For
barrier properties, cellulose nanocrystals (CNCs) are often be
used, other fillers include xanthan gum and rice husk flour.
CNCs can be derived from organic waste and are used to
improve tensile strength, water resistance, thermal resistance
and barrier properties when incorporated into bioplastic
films.*® Harris and Lee (2008) reported that increasing the
degree of crystallinity of PLA films using fillers such as
nanocellulose improved mechanical properties of the film."”
Similarly, the addition of nanofillers such as clays has also
been reported to improve oxygen and other gas-barrier prop-
erties."*®"? This method functions by increasing the diffusion
path within the material." Moreover, the uniform dispersion
of nanofillers in a composite film may be achieved by using
ultrasonication.*” Biopolymer-nano-clay composite materials
have good sustainability and low toxicity profiles. Nano-clays
are used extensively to fabricate nanocomposite films with
improved barrier properties. Furthermore, Bertolino et al.
(2020) recently reviewed smart bio-nanocomposite materials
and discussed the drug-delivery capacity of these materials.***

The effect of the active agent on biopolymer properties

vl

Biopolymer property

@ Gellan gum/ purple sweet potato 0.3% (w/v)

B Whey protein isolate/ thyme extract 10% (w/w)
O Chitosan-gelatin/ tyrosol 5%

B Chitosan/ BSNP 10%

m Corn starch/ tea polyphenols 10%

B Gelatin/ green tea extract 0.3% (w/v)

@ Cassava starch/ rosemary extract NPs 5%

@ Gelatin/ cinnamon essentil oil (nanoliposomes) 5% (v/v)
EPVA/BSNP 10%

@ Chitosan/ banana peel extract 8%

B Zein/ pomegranate peel extract 10% (w/v)

BPLA-PEG/ clove essential oil 15% (w/w)

Fig. 3 Schematic bar chart showing the percentage change in certain biopolymer properties upon adding an active agent. The properties
included are tensile strength (TS), elongation at break (EAB), water vapour pressure (WVP) and Young's modulus (YM). The references were
chosen as a range of composites formed by film casting, with between 0.3% and 15% content of the active agent. It may be deduced that from
this selection of references (Table 3), there is no clear pattern in the change in properties upon adding active agents and the effect is property
specific. Instead, this highlights the variation between different biopolymers and different active agents and the values of these properties.
However, it may be deduced that TS and EAB are mostly sensitive to the addition of an active agent. Where there is no bar for a property, either
the paper whether did not report the value, or the change was not statistically significant.
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Table 3 Data utilized and extracted for Fig. 3

Example Ref.
Gellan gum/purple sweet potato 0.3% (w/v) 171
Cassava starch/rosemary extract nanoparticles 5% 110
Whey protein isolate/thyme extract (10% w/w) 172
Gelatin/cinnamon essential oil (nanoliposomes) 5% (v/v) 173
Chitosan-gelatin/tyrosol 5% 174
PVA/biosorbed-silver nanoparticles (BSNP)10% 175
Chitosan/BSNP 10% 175
Chitosan/banana peel extract 8% 72

Corn starch/tea polyphenols 10% 53

Zein/pomegranate peel extract 10% (w/v) 176
Gelatin/green tea extract 0.3% (w/v) 177
PLA-PEG/clove essential oil 15% (w/w) 178

Moreover, the sustained release of active agents from active
packaging can be achieved using these nanocomposite
materials.

Importantly, the active agent used in active packaging can
influence the properties of the biopolymer substrate. It is vital
to note that the degree of change will largely depend on the
percentage of the active agent in the film. Fig. 3 and Table 3
show a visualisation of the percentage change in certain
bioplastic properties upon the addition of an active agent to
the material. As seen in Fig. 3, the addition of banana peel
extract to a chitosan film reduced the tensile strength, elon-
gation at break, and Young's modulus values of the BP film.”?
The individual effects are variable; however, the active agent
evidently modulates important material properties of bio-
plastics (Fig. 3). Furthermore, a recent study determined that
the addition of garlic extract and TiO, nanoparticles
enhanced the water vapour transmission rate, oxygen trans-
mission rate, mechanical properties and antimicrobial prop-
erties of a CMC/arabic gum/gelatin composite film."*
Therefore, studies on bioplastic active packaging materials
should compare the bare film and active film for optimisation
of physical properties.

4.4 Outlook on improving bioplastic properties for
commercialisation

As previously mentioned, the mechanical and barrier proper-
ties of bioplastics are often a hindrance to bioplastic devel-
opment beyond the lab-scale. Interestingly, quantitative water
vapour permeation changes are widely reported in the litera-
ture, unlike the determination of gas-barrier properties.'® As
shown by Fig. 3, the important mechanical and barrier prop-
erties of bioplastics are altered by the incorporation of active
agents. Therefore, studies on bioplastic active packaging
materials should compare the bare film and active film for
optimisation of physical properties. Moreover, investigations
on active packaging film properties should determine the
barrier properties of the material and include values of the
bare polymeric films without the active component for
comparison. Importantly, any added substance must be taken
into account when considering end-of-life processing, as
biodegradation rates may be altered.'* Moreover, research on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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this topic often focuses on packaging properties, and less so
on the effect when applied to the eventual use to package real
food material.** Further research into the final application of
the material, for example by applying the bioplastic film to
food products, would improve the commercialisation success
of active packaging.

5 Film-forming techniques for
bioplastic production
5.1 Scale-up of bioplastics

Films for research studies are commonly made using the
solvent casting technique. Other film-formation methods
include extrusion, injection moulding, thermoforming, blow-
moulding, electro spraying and electrospinning."®'** Extru-
sion and injection moulding are commonly used for conven-
tional plastic production. This discrepancy between
laboratory scale research methods and large-scale production
methods may hinder the commercial development of active
packaging. This section will discuss several different film-
forming technologies and their advantages and disadvan-
tages, relating to their industrial feasibility for active pack-
aging materials.

Certain bioplastics are not suitable for commonly used scale-
up methods. For example, HPMC has a high glass transition
temperature (T,) and a low degradation temperature, therefore
it is challenging to achieve scale-up using extrusion methods.***
However, Ma et al. (2013) utilised the plasticiser propylene
glycol (PEG) to achieve hot melt extrusion of the biopolymer.***
Chitosan is not thermoplastic, therefore it also has similar
barriers to the use of extrusion methods for scale-up opera-
tions.” However, mild heating of concentrated chitosan bio-
plastic solutions can allow for casting into moulds or injection
moulding techniques.® On the other hand, alginate may be
suitable for extrusion techniques.'*®

5.2 Film-forming technologies

The polymer-processing and film formation technique is reliant
on the type of material required for the active packaging
application. For example, hard bioplastics made by injection
moulding are used for robust food trays, whereas thin flexible
films made by film casting are more suitable for wrapping
materials. The following section is a discussion of commonly
used film-forming techniques. However, the eventual film-
forming technology used will rely on both the inherent prop-
erties of the biopolymer and the eventual application of the
material.

5.2.1 Film casting. Film casting, or solvent casting, is the
most common technique utilised in the literature to prepare
biopolymeric films for small-scale research. The polymer is
dissolved in solvent, a thin layer of polymer solution is formed
on a substrate and then evaporation of the solvent under
ambient conditions affords a polymeric film.® Despite the
popularity of this technique, experimental conditions such as
temperature and solvent choice affect the mechanical

Sustainable Food Technol., 2023, 1, 50-72 | 63
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properties, controlled release properties and morphology of
the film.?

5.2.2 Injection moulding. Injection moulding is a scalable
technology used to make hard plastics from conventional
polymers. The molten polymer is injected into a mould and
allowed to cool to form a 3D structure. Chitosan been used to
make 3D structures using injection moulding.* Chitosan was
heated to 80 °C to decrease the velocity before injection
moulding, the heat also ensured that the bioplastic adhered to
the walls of the mould.* Other bioplastics with properties
similar to petroleum-based polymers are applicable to this
technique, including PLA.

5.2.3 Electrospinning. Electrospinning uses a high voltage
electric field to form nanofibers by stretching a polymer. The
resulting fibres have a high surface area to mass ratio and may
be functionalised further. Electrospun fibres show promise as
an encapsulation technology for use in active packaging.*”*?®
Bangar et al. (2021) reported good control over film structure,
low costs and high surface area to volume ratios achieved using
this technique.” Fig. 4 shows a schematic representation of
electrospinning and film-casting techniques. Electrospinning
may pose as a promising technology to bridge the gap between
small scale research and conventional scale-up methods where
the active packaging components are not suitable for high
temperature processing methods. Biopolymers may be hard to
electro-spin as the pure material, therefore many studies have
combined bioplastics with polymers such as PEO in order to
form spinnable solutions.**

5.2.4 Extrusion. Extrusion is used for traditional plastic
formation, and is a preferential technique for manufacturers.®
Extrusion may include melt-blending a biopolymer with an
active component using a mixing chamber to form an active
film."° This material may then be heated and cooled to form
sheets. Small pieces may be cut and added into a temperature-
controlled rotating extruder to form the desired film."® Simi-
larly, injection moulding involves the injection of polymeric
pellets in this manner for melt-processing."** Biopolymers are
often mixed with other polymers to achieve the properties
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Schematic representations of film forming technologies; (A) electrospinning, (B) solution casting, created with https://BioRender.com.

required for this technique. For example, polyurethane-chi-
tosan composites, with a chitosan content of 30% were melt-
compounded to form composite films.*** Extrusion uses high
processing temperatures, so the decomposition of
temperature-sensitive active components is the primary
concern for active packaging applications. Liu et al. (2009)
detailed the reduction of nisin antimicrobial activity as a result
of the high processing temperature (160 °C) of PLA during
extrusion.'*?

5.2.5 Melt-spinning. Melt-spinning involves melting and
extruding a polymer, then spinning the resultant strands to
reduce their thickness and induce orientation."” However, the
application of this technique to biopolymers is limited as high
polymer decomposition temperatures and low melt viscosities
are required.***

5.2.6 Solution blowing. Solution blowing involves thermo-
plastic formation on a large scale by melt-extrusion, then
pumping to form a single layer of polymer."*” This technique
not yet commonly used for biopolymers, but has been utilised
on conventional polymers.'*

5.3 Outlook

Melt-spinning, solution blowing and electrospinning can be
considered as promising technologies for the improvement of
stability and controlled-release properties of active compound-
containing films."” Recently, 3D printing has also gained
attention as a possible method to scale-up bioplastics using
layer-by-layer deposition methods.** Overall, the film formation
method is determined by the choice of active agent, the
biopolymer, the heat lability of the components and the
compatibility between these components. Table 3 shows a crit-
ical comparison of film-forming techniques applicable to bio-
plastics, highlighting electrospinning as a technique with high
potential for bioplastic film formation. Although film casting is
the most used method of film formation in the literature, the
scale-up capacity is not comparable to methods such as extru-
sion for conventional plastics (Table 4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6 Concluding remarks on the
potential of biodegradable bioplastics
for active packaging

6.1 Hindrances

Limiting factors to bioplastic based active packaging develop-
ment include manufacturing expenses, long degradation times,
lack of processing facilities and issues with the supply of raw
materials. To outcompete petroleum-based plastics, the bio-
plastic must utilise sustainable raw materials, have similar
properties to conventional plastics and degrade within a suit-
able timeframe. Bio-based polymers have tuneable properties,
high biocompatibility and are amenable to controlled release
mechanisms. However, moving forward, standardised testing
methods to determine the biodegradability of bioplastic-based
active packaging composites are needed to prove the advan-
tages over conventional plastics. Furthermore, the barrier
properties of bioplastics are a hindrance to development. Gas
barrier properties are vital due to the correlation between gases
such as oxygen, and food degradation. Similarly, mechanical
properties must be optimised to compete with conventional
plastics. There are several techniques available to do this
including polymer blending, cross-linking and the use of
additives such as nanofillers.

Poor processability is a major hindrance to development.
Current methods used to overcome this are based on increasing
the thermoplasticity of the bioplastics through structural
modifications. Relating to this, film casting is the most
common technique used to form bioplastic films during
research and development stages. However, this technique is
highly variable, and the reproducibility is comparatively low.
Other film-formation methods such as extrusion are more
suitable for scale-up. However, often these other film-formation
techniques are less suited to bioplastics. Electrospinning, melt-
spinning and solution blowing have been highlighted as
promising techniques for bioplastic film-formation. The cost of
bioplastics is another developmental hindrance. The average
price of bioplastics is currently greater than the average cost of
conventional plastics. This may be due to small production
capacity and larger cost of raw materials. However, the market
share of commercialised bioplastics is expected to increase,
with environmentally influenced investments. Another hurdle
to commercialisation is the end-of-life option for the bioplastic
active packaging. Dedicated collections are not yet available for
this biopolymeric waste, and the implementation of these will
incur a large cost.

6.2 Wider applications of active packaging materials

Other applications of active packaging based on biodegradable
biopolymers include water filtration membranes and films for
medical use, such as wound covers. In all cases, the active
component of the packaging is vital to optimise the desired
function of the material. For purification membranes, an anti-
microbial bioplastic film would prevent the attachment of
bacteria and microorganisms, reducing biofouling. Hence,
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replacements would be less frequent and therefore less waste
would be produced. In contrast to some applications of active
packaging, for the application of water-filtration, a water-
soluble bioplastic would not be desirable. Medical wound-
covers could also utilise this technology to prevent infections.
This field of research, when applied to wound covers and other
medical materials, provides the benefit of preventing infection
whilst reducing waste with the use of biodegradable and bio-
polymeric materials.

6.3 Future trends and further developments required

Naturally sourced biopolymers are the primary choice in the
development of bio-polymeric active packaging, and this is
a ripe area of research. The biocompatibility and biodegrad-
ability common with these polymers are promising metrics for
developing a compostable packaging material. This is seen with
the development of edible films based on natural biopolymers.
Examples of these polymers at the forefront of current research
include seaweed biopolymers (carrageenan, alginate, agar),
food waste biopolymers (pectin), pullulan, chitosan and starch.
Bacterial cellulose also has high potential to be used for appli-
cations in biodegradable packaging. Water solubility is a key
metric currently with the development of bioplastics due to
a lack of suitable waste management infrastructure for non-
water-soluble bioplastics. The current focus may then be
directed to either (i) water-soluble bioplastics or (ii) bioplastics
with well-defined biodegradation profiles which can be
disposed of with food waste or composted. The former water-
soluble bioplastics are unlikely to be successful for many
food-packaging applications due to the high moisture content
of foods and storage in fridge or freezer environments.

To move this field forward, there must be more research into
the toxicity profile of bioplastics and active packaging compos-
ites. Stringent safety regulations on added substances are
heightened in the case of food packaging. The active ingredients
may be food-contact materials depending on the type of active
packaging utilised. For example, release based active packaging
would involve a determination of the concentration released into
the headspace of the food packaging. Therefore, successful
commercialisation will rely on good quality safety measurements
of the material. Additionally, biodegradation studies are vital to
evidence the benefit over cheaper fossil-fuel based plastics.
These studies should be carried out on the final form of the
bioplastic including active ingredients or additives. Commerci-
alisation will undoubtably rely on the end-of-life scenario of the
material. Importantly, the bioplastic should avoid landfill and
break down in a controlled manner, without the formation of
microplastic pollution. Future studies should also determine the
properties of the bare polymeric film and the active film to form
a comparison and determine possible optimisation strategies.
Furthermore, a focus on the eventual application of packaging
real food materials will enhance commercialisation success. In
this sense, the packaging effect should be tested on real food.
The material properties should also be tested under conditions
mimicking those of storage and transport of packaging, over an
extended period.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6.4 Concluding statement on biodegradable biopolymers for
active packaging

Substantial investments into research, production and waste
management are undoubtably required to ensure commercial
viability of this technology. However, the biopolymer must meet
the material property requirements and biodegrade within a suit-
able timeframe to successfully outcompete conventional plastics.
The biodegradability should be rigorously tested to avoid the
formation of micro- or nano-plastics that persist in the environ-
ment. The sustainability of the bioplastic will also rely on the use
of a renewable supply of raw material, and the use of safe additives
and active ingredients throughout its lifecycle. Nonetheless, it is
evident that a major reduction in the unsustainable use of plastics
is required on a global scale. This will drive an effort to develop the
research and investments for the commercialisation of biode-
gradable and biopolymer-based, active packaging for food.

Furthermore, researchers and industry-partners should work
collaboratively to advance the most promising biodegradable
packaging materials from the current literature to commerci-
alisation due to an environmentally pressured timescale. These
materials should have a low-complexity synthetic route, low-
cost component materials, abundant starting biopolymers
and a viable translation to large-scale production. The current
focus of the field of active packaging should be the scale-up and
commercialisation of a biodegradable material which has
similar properties to conventional plastics but acts to success-
fully increase the shelf-life of food and reduce wastage. Novel,
more sophisticated inventions should be developed once we
have achieved a method to reduce the vast amounts of plastic
waste from the food packaging industry. Overall, this review has
built upon the current literature by providing an outlook on
bioplastics specifically for active packaging materials and
detailing key considerations in their development.
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