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Abstract

Bio-based and sustainable food packaging technology has emerged as a crucial solution to address the environmental impact of
conventional plastic packaging. Bio-based food packaging represents a vital advancement toward environmentally sustainable
solutions in the food industry. These materials, derived from renewable biological sources such as polysaccharides, proteins, and
biopolymers, offer significant benefits including reduced dependency on fossil fuels, biodegradability, and potential for compost
ability, all contributing to lowered plastic pollution and carbon footprint. Their capacity to protect and preserve food while
minimizing environmental impact aligns closely with global sustainability goals and growing consumer demand for eco-friendly
products. Nevertheless, challenges remain in performance optimization, cost competitiveness, scalability, and regulatory
acceptance that must be overcome for broader implementation. Addressing these obstacles requires continued research into
enhancing mechanical and barrier properties, innovation in active and intelligent packaging technologies, and robust policy
support to foster market adoption. Collaboration across industry, academia, and policymakers will be crucial to accelerating
these developments. Looking ahead, the integration of emerging materials such as nanocomposites, advances in circular
economy models, and stronger regulatory frameworks offer promising pathways to sustainable growth. Future research focusing
on lifecycle impact reduction, multifunctional materials, and consumer education will ultimately drive the transition to a more
sustainable packaging future. By embracing these innovations and commitments, bio-based food packaging stands to play a
pivotal role in reducing environmental burdens while supporting food quality and safety. The review also discusses major
challenges including material performance limitations, scalability, cost, and regulatory aspects. Finally, it highlights future
prospects involving advanced bio-composites, active and intelligent packaging innovations, and circular economy integration,
emphasizing the importance of multidisciplinary strategies for transitioning towards sustainable food packaging systems.
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1. Introduction

Food packaging plays a critical role in protecting food packaging materials have been derived from non-renewable
products from contamination, extending shelf life, and en- petroleum-based plastics, which offer desirable mechanical
suring safe transportation and storage [1, 2]. Traditionally, and barrier properties but pose significant environmental

“Corresponding author: alexbm2127(@gmail.com (Alebachew Molla Nibret)

Received: 8 September 2025; Accepted: 18 September 2025; Published: 10 October 2025

@ Copyright: © The Author(s), 2025. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/jb
http://www.sciencepg.com/journal/539/archive/5390901
http://www.sciencepg.com/
https://orcid.org/0009-0004-3180-2775

Journal of Biomaterials

http://www.sciencepg.com/journal/jb

challenges due to their non-biodegradability and contribution
to plastic waste accumulation [3, 4].

The widespread use of conventional packaging materials
has led to serious environmental impacts, including pollution
of land and water bodies, greenhouse gas emissions, and
resource depletion [5]. These concerns have driven the search
for more eco-friendly and sustainable alternatives that can
reduce the environmental footprint of food packaging [6].

Bio-based and sustainable packaging materials, derived
from renewable biological sources, present a promising solu-
tion to these issues by offering biodegradability, used as a
compost, and reduced reliance on fossil resources [6]. Their
development aligns with global sustainability goals and con-
sumer demand for environmentally responsible products.

This review aims to comprehensively examine bio-based
food packaging systems, focusing on their material properties,
challenges in practical application, and future prospects for
sustainable food packaging solutions. The objective is to
provide insights into the current state of bio-based packaging,
identify key hurdles, and explore innovative trends that can
drive sustainable development in the food packaging industry.

2. Overview of Bio-based Packaging
Materials

Bio-based packaging materials are derived wholly or partly
from renewable biological sources such as plants, animals,
and microorganisms, making them distinct from traditional
fossil fuel-based plastics [7]. These materials can be naturally
occurring polymers extracted directly from biomass or syn-
thesized chemically from biomass-derived monomers [8]. It is
important to differentiate bio-based materials, which refer to
their origin, from biodegradable materials, which relate to
their capacity to degrade under environmental conditions. The
broad classification of bio-based materials includes polysac-
charides, proteins, and biopolymers like polyhydroxy
alkenoates (PHA) and polylactic acid (PLA) [7]. Polysaccha-
rides such as starch, cellulose, and chitosan are abundant and
commonly used due to their film-forming abilities and bio-
degradability [9]. Proteins sourced from plants (soy, pea) and
animals (whey) offer good mechanical properties and can
form edible films [10, 11]. Biopolymers like PLA and PHA
are synthesized through microbial fermentation or polymeri-
zation of biomass-derived monomers and are prized for their
biodegradability and suitability for various packaging formats
[12, 13].

Among the most widely studied bio-based packaging ma-
terials are starch, used in films and composites; cellulose,
employed in paper, cardboard, and nanocellulose films; and
chitosan, valued for its antimicrobial properties [14, 15]. PLA
and PHA represent prominent bioplastics with increasing
commercial applications due to their good mechanical
strength and the ability used as a compost [12]. Additionally,
other bio-based plastics such as polyethylene furanoate (PEF)

and bio-based polyethylene (Bio-PE) are emerging alterna-
tives that offer improved barrier properties and sustainability
potential [16]. Despite their many advantages, bio-based
materials often require modifications or blending with other
materials to enhance barrier and mechanical properties to
meet the rigorous demands of food packaging applications [7].
Overall, bio-based packaging materials represent a diverse
and growing class of sustainable alternatives that support the
transition towards environmentally responsible food packag-
ing systems.

3. Properties of Bio-based Packaging
Materials

Bio-based packaging materials exhibit diverse properties
that determine their suitability for food packaging applica-
tions. In terms of mechanical properties, these materials gen-
erally offer varying degrees of strength and flexibility, which
are critical for maintaining package integrity during handling,
storage, and transportation [17, 18]. For instance, polylactic
acid (PLA), one of the most widely used bio-based polymers,
demonstrates tensile strength comparable to conventional
petroleum-based plastics but tends to be brittle with low
plastic deformation unless plasticizers or blending agents are
incorporated to enhance flexibility [19, 20]. Materials like
Mater-Bi (a starch-based biopolymer) show more ductility but
typically lower mechanical strength than synthetic films,
though their properties can be improved using additives such
as nano-clays or blending with other polymers [21, 22]. Pro-
tein-based films, including those derived from soy or whey,
also exhibit tunable mechanical properties influenced by
treatments like heat or the addition of plasticizers, which can
increase tensile strength and elongation.

Barrier properties are another essential characteristic of
bio-based packaging material, affecting their ability to protect
food from moisture, oxygen, and other gases that can lead to
spoilage [23]. Generally, bio-based polymers tend to have
higher gas and moisture permeability compared to synthetic
plastics, which can limit their use for certain high-barrier
applications [4]. However, treatments such as coating with
bio-nanocomposites or modifying the polymer structure have
been employed to enhance barrier effectiveness [18]. For
example, protein films incorporating nano-clays have shown
reductions in water vapor permeability while improving ten-
sile strength, making them more suitable for mois-
ture-sensitive food products.

Biodegradability and ability used as a compost are key
advantages of bio-based packaging materials, offering envi-
ronmental benefits by reducing persistent plastic waste. Many
bio-based polymers, including PLA, PHA, starch-based ma-
terials, and chitosan, can biodegrade under appropriate con-
ditions, such as industrial composting environments [24, 25].
The presence of natural fibers and fillers in bio-composites
further promotes microbial degradation by increasing the
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surface area accessible to microorganisms [26]. However,
biodegradability varies widely depending on polymer com-
position, environmental conditions, and presence of additives.

Safety and food compatibility are critical for bio-based
packaging materials, as they must not release harmful sub-
stances or alter food quality [27-29]. Many bio-based poly-
mers like PLA have received regulatory approvals (e.g., FDA
approval) for food contact applications, ensuring their safety.
Additionally, bio-based films derived from proteins and pol-
ysaccharides are generally recognized as safe and edible in
some cases, offering added functionality like antimicrobial
properties [30]. Nonetheless, careful formulation and testing
are required to ensure compliance with food safety standards
and to prevent unwanted interactions between packaging and
food.

4. Challenges in Bio-based Food
Packaging

Bio-based food packaging faces several significant chal-
lenges that limit its widespread adoption and effectiveness
compared to conventional plastics [31, 32]. One major chal-
lenge is the performance limitations of bio-based materials,
which generally exhibit lower mechanical strength, reduced
flexibility, and inferior barrier properties against moisture and
gases compared to fossil-based plastics [7, 18]. These limita-
tions can compromise the protection and shelf life of food
products, particularly for those requiring stringent preserva-
tion conditions [33]. While modifications and blending with
other materials can improve performance, these approaches
often increase complexity and costs [34].

Scalability and cost-effectiveness also present considerable
hurdles. The production of bio-based packaging materials is
currently more expensive than conventional plastic manu-
facturing due to higher raw material costs, less mature pro-
cessing technologies, and smaller-scale production facilities
lacking economies of scale [6]. Additionally, the heteroge-
neous nature of biomass feedstocks can complicate produc-
tion processes, further raising costs and affecting material
consistency [7].

Shelf life and preservation issues arise from the relatively
higher permeability of many bio-based materials to moisture
and oxygen, which can accelerate food spoilage if not ade-
quately addressed [35]. Achieving the delicate balance be-
tween biodegradability and functional barrier properties re-
mains a technical challenge [36].

Finally, consumer acceptance and market adoption are in-
fluenced by perceptions around the performance, cost, and
genuine environmental benefits of bio-based packaging [37].
Confusing or misleading labeling about biodegradability and
sustainability can hinder consumer trust and willingness to
transition from conventional packaging solutions. Awareness
and education, along with clearer policy frameworks, are
crucial to overcoming these social and market challenges.
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Together, these factors present complex but surmountable
barriers to the broader use of bio-based food packaging, ne-
cessitating ongoing research, innovation, policy support, and
public engagement to realize their full potential [6].

5. Sustainable Applications and
Technologies

Sustainable applications and technologies in bio-based
food packaging are rapidly evolving to address the dual goals
of enhancing food preservation and reducing environmental
impact [36]. Innovations in packaging design focus on de-
veloping bio-based materials with enhanced barrier and sur-
face properties, such as antimicrobial and antifog functional-
ities, to extend food shelf life and safety [38]. Researchers are
also advancing the use of composites from agricultural waste
and byproducts, incorporating bioactive compounds into films
and coatings to create environmentally friendly packaging
with active food preservation capabilities [39, 40]. These
bio-based materials are often designed within a circular
economy framework to maximize waste minimization, recy-
clability, and biodegradability [6].

Active and intelligent packaging systems represent a major
technological advancement in this field [41]. Active packag-
ing incorporates substances that interact beneficially with the
food or its environment, such as releasing antioxidants or
antimicrobials and absorbing unwanted gases like oxygen.
Intelligent packaging uses sensors or indicators to monitor
food quality or freshness, providing real-time feedback to
consumers and retailers to prevent food waste [41]. Recent
developments include biobased sensors produced via 3D
printing technology and nano-encapsulation of natural ex-
tracts for controlled release of functional agents, significantly
improving the protective function of packaging while main-
taining sustainability [41, 42].

Bio-based packaging is increasingly integrated with food
preservation techniques like modified atmosphere packaging
(MAP) and edible coatings, which together enhance food
safety and prolong shelf life [36, 43]. Coatings developed
with technologies such as sol-gel enable improved barrier
properties to oxygen, moisture, and ultraviolet rays, while
hydrophobic surfaces reduce bacterial adhesion [44]. These
innovations work synergistically to maintain food quality
while using fully biodegradable and compostable materials [6,
45, 46].

End-of-life management of bio-based packaging is critical
for achieving sustainability goals [47]. Recycling methods
include mechanical recycling as well as organic recycling
such as industrial composting and anaerobic digestion, where
biodegradable materials are converted to carbon dioxide,
water, and biomass or biogas under controlled conditions [48].
Some bio-based plastics also allow energy recovery through
incineration. Standards and regulations (e.g., European norms
EN 13432) guide the certification of used as a compost and
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biodegradability to ensure environmental compatibility [49].
Furthermore, ongoing projects focus on creating value chains
that convert food industry byproducts into high-performance
bioplastics like polyhydroxy alkenoates (PHA), designed for
both functional packaging applications and sustainable
end-of-life management [50]. Overall, the combination of
innovative bio-based materials, active and intelligent func-
tionalities, integration with preservation techniques, and
structured recycling and composting pathways holds great
promise for the future of sustainable food packaging systems
[51].

6. Environmental and Economic Impacts

The environmental impact of bio-based packaging materi-
als is increasingly evaluated through comprehensive life cycle
assessments (LCA) that analyze the entire product lifespan,
from raw material extraction and production to use and
end-of-life management [52, 53]. These assessments con-
sistently demonstrate that bio-based packaging offers clear
environmental benefits compared to conventional petrole-
um-based plastics, particularly in reducing greenhouse gas
(GHG) emissions and abiotic resource depletion [54]. For
example, bio-based polymers such as polylactic acid (PLA),
bio-based polyethylene terephthalate (PET), and starch-based
plastics can provide more than 65% savings in GHG emis-
sions when their end-of-life scenarios involve appropriate
composting or recycling, compared to only 14% savings with
average EU waste management scenarios [55]. This substan-
tial reduction in carbon footprint is a cornerstone of their
environmental relevance. Moreover, other impact categories
such as particulate matter formation, photochemical ozone
creation, and terrestrial eutrophication are generally lower for
bio-based materials when managed sustainably [56].

The reduction of plastic pollution is another critical envi-
ronmental advantage of bio-based packaging [57]. Since
many bio-based materials are biodegradable or compostable,
they can significantly mitigate the accumulation of persistent
plastic waste in ecosystems and waterways. However, the
environmental benefit is maximized only when waste is
properly segregated and managed in facilities designed to
handle biodegradation or recycling [58]. Improper disposal
can lead to pollution issues similar to conventional plastics,
necessitating robust waste infrastructure and consumer edu-
cation.

Economically, the feasibility of bio-based food packaging
is improving as production technologies mature and market
demand grows. While currently more expensive than tradi-
tional plastics due to higher feedstock costs and less devel-
oped supply chains, economies of scale and technological
innovation are driving costs down. Market trends indicate
increasing investment in bio-based packaging driven by
consumer preference for sustainable products and tightened
regulatory frameworks incentivizing plastic reduction and
circular economy solutions. The integration of bio-based
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packaging in food sectors benefits from these trends, although
broad adoption still requires overcoming challenges related to
cost competitiveness, performance optimization, and con-
sistent supply of raw materials [6].

7. Future Prospects and Research
Directions

The future of bio-based food packaging is poised for sig-
nificant growth, driven by emerging materials, nanotechnol-
ogy applications, supportive policies, and the push towards
circular economy models. Innovative biomaterials, including
biodegradable polymers, composites, and edible films, con-
tinue to evolve with enhanced functional properties such as
improved barrier performance and antimicrobial activity [59].
Nanotechnology plays a transformative role by enabling the
incorporation of nanoparticles and nanofibers to boost me-
chanical strength, gas barrier properties, and active packaging
functionalities like freshness indicators and controlled release
of preservatives [60-62]. These advances extend the shelf life
of food products while maintaining sustainability.

Industry and policy initiatives are accelerating the adoption
of bio-based packaging. Several governments have introduced
regulations banning or limiting conventional single-use plas-
tics, creating strong incentives for companies to shift to sus-
tainable alternatives. For example, the European Union’s
circular economy action plan aims for 100% recyclable or
reusable plastic packaging by 2030. Industry collaborations
focus on developing supply chains for scalable bio-based
materials and investing in innovative recycling and com-
posting infrastructure. Consumer demand for eco-friendly
packaging further stimulates market growth and product in-
novation.

Circular economy adoption is increasingly recognized as
essential for maximizing the sustainability of bio-based
packaging [63]. This approach emphasizes designing pack-
aging for reuse, recycling, or composting, integrating re-
newable feedstocks, and minimizing waste. Bio-based pack-
aging materials sourced from agri-food waste exemplify cir-
cular resource use, supporting environmental and economic
benefits. Closing the loop requires ongoing development of
waste collection systems, advanced recycling technologies,
and certification standards for used as a compost and bio-
degradability [52].

Despite promising advancements, areas needing further
research include cost reduction through improved feedstock
processing and manufacturing efficiency, enhanced perfor-
mance without compromising biodegradability, comprehen-
sive toxicological evaluations, and fully integrated life cycle
assessments [64]. Innovations in multifunctional bio-based
materials, smart packaging, and hybrid systems combining the
best attributes of bio-based and conventional materials are
also critical [36]. Continued interdisciplinary collaboration
among academia, industry, and policymakers will be key to
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overcoming barriers and unlocking the full potential of sus-
tainable bio-based food packaging.

8. Conclusion

Bio-based packaging materials hold significant relevance
and offer numerous environmental and functional benefits in
the food packaging sector. They provide a renewable alterna-
tive to conventional fossil-based plastics, contributing to
reduced dependency on nonrenewable resources and lowering
the environmental footprint associated with packaging. Their
biodegradability, used as a compost and potential for recy-
clability help mitigate plastic pollution, a critical global en-
vironmental challenge. Additionally, bio-based materials can
be engineered to enhance food preservation, ensuring product
safety and extending shelf life, aligning with consumer and
industry demands for sustainable and responsible packaging
solutions.

Despite their promising attributes, wider implementation
of bio-based food packaging faces challenges such as
performance limitations, higher costs, scalability issues,
regulatory hurdles, and the need for consumer education on
sustainability claims. Addressing these challenges requires
ongoing research and development to improve material

properties, cost-effectiveness, and processing technologies.

Collaboration between academia, industry, and policy-
makers is essential, along with supportive regulatory
frameworks and market incentives that promote sustainable
packaging adoption and infrastructure for proper waste
management.

Looking forward, future innovations in bio-based packag-
ing are expected to focus on emerging advanced materials,
including nanotechnology-enhanced composites and multi-
functional smart packaging systems. Policies supporting cir-
cular economy principles and increased industry investments
will drive sustainable growth and integration of bio-based
solutions. Continued efforts in research, technological inno-
vation, and transparent communication will be vital to realize
the environmental goals and consumer expectations associ-
ated with sustainable food packaging. By embracing these
developments, the packaging industry can significantly con-
tribute to a more sustainable, environmentally responsible
future.

Abbreviations

GHG Greenhouse Gas

LCA Life Cycle Assessments

MAP Modified Atmosphere Packaging
PEF Polyethylene Furanoate

PET Polyethylene Terephthalate

PHA Polyhydroxy Alkenoates

PLA Polylactic Acid
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