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of this topic requires joint research to fully understand both the fundamental
properties and the practical application of biopolymer for new organic materials.
Biopolymers are inherently flexible and versatile, as they can be produced using
biological systems or derived from natural resources. They are typically categorized
into two main types based on their origin: synthetic biopolymers and natural
biopolymers. Categorizing biopolymers based on their sources, structures, and
properties, and compares their characteristics and potentials in various fields.
Currently, biocompatible and non-toxic biopolymers such as cellulose, starch,
gelatin, chitosan, PCL, PHA, PLA and polyglutamic acids are being utilized to
develop effective systems by providing safe, effective, and sustainable solutions.
Grasping the fundamental characteristics of biopolymers, including their chemical,
mechanical, physical, and thermal properties, is vital for exploring their practical
uses. This review article explores biopolymers from both natural and synthetic
sources, including applications in biomedical fields, food packaging, agriculture,
and environmental remediation. By analyzing the advancements achieved in
biopolymer research over recent decades, this article provides valuable insights into
emerging trends and serves as reference for future investigations in this dynamic
field.

Introduction human activities. The cumulative effects of these
activities have led to devastating environmental

The environment has emerged as a primary consequences, contributing to the emergence of diseases
concern for researchers due to the significant impact of  and, ultimately, the loss of lives. Among the pressing
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challenges we face today, plastic pollution stands out
as one of the most critical environmental issues. Its
pervasive presence threatens ecosystems, wildlife,
and human health, underscoring the urgent need for
innovative solutions and sustainable practices to mitigate
its impact (Evode et al., 2021; Horton, 2022).

The production of plastics plays a vital role in the
global economy, with usage expanding rapidly over
the years. Its versatility is particularly evident in the
packaging industry, which alone accounts for
approximately 47% of total plastic consumption.
However, it is crucial to confront the environmental
challenges associated with plastic production, as it
significantly contributes to global warming and climate
change, two of the most pressing issues of our time. This
urgent concern has catalyzed advancements in various
related fields, with marine litter being a prominent
example. Alarmingly, between 50% and 100% of marine
litter is composed of plastic, highlighting the exponential
growth of plastic production and its catastrophic
consequences for our oceans and ecosystems. Addressing
this crisis requires immediate action and innovative
solutions to reduce plastic waste and promote
sustainability (Williams & Rangel-Buitrago, 2022).

Petroleum-based polymers are ubiquitous in a
wide range of commercial products. However, their
significant environmental drawbacks such as high levels
of contamination and non-biodegradability render them
increasingly undesirable. In response to these challenges,
the development and utilization of biopolymers derived
from natural sources present a promising solution. These
environmentally friendly alternatives not only mitigate
plastic waste but also promote sustainability by reducing
our reliance on fossil fuels. By embracing natural
polymers, we can move towards a greener future and
minimize the ecological impact of our consumption
patterns (Florez et al., 2023). These biopolymers
are characterized by their biocompatibility and
biodegradability, making them highly valuable across a
variety of applications. In the food industry, they are
utilized to create edible films, emulsions, and sustainable
packaging materials that enhance product preservation
while reducing environmental impact. In the pharmaceutical
sector, these versatile materials serve as effective drug
delivery systems, as well as medical implants, tissue
scaffolds, and wound healing dressings. Their inherent
compatibility with biological systems further underscores
their potential to revolutionize both food safety and
healthcare solutions (Udayakumar et al., 2021).

Biopolymers, primarily sourced from
polysaccharides and proteins, are subjected to various
advanced production methods to enhance their properties
and modify their chemical structures.

These techniques include solvent casting, coating,
electrospinning, 3D printing, compression molding, and
graft copolymerization. When implementing these
methods, it is essential to consider various factors such
as temperature, humidity, solvent selection, and processing
duration, as these elements significantly impact the final
product's characteristics. By optimizing these parameters,
manufacturers can tailor the biopolymers to meet specific
performance requirements, ensuring their suitability for
diverse applications in fields such as food packaging,
pharmaceuticals, and biomedical engineering (Florez et
al., 2023).

The global biopolymers market was valued at
approximately $13.7 billion in 2021 and is expected to
exceed $35.2 billion by 2030, reflecting a compound
annual growth rate (CAGR) of 11.07%. Additionally, the
marine biotechnology sector is anticipated to reach a
value of $5 billion globally by 2026 (Halaswamy et al.,
2025). Their adaptability and sustainability make them
essential contributors to the shift toward eco-friendly
materials (Patra et al., 2024).

In this context, this review article aims to explore
the key aspects of natural and synthetic biopolymers,
emphasizing their applications and potential advancements
in the field.

Based on a number of factors, such as their origin,
degradability, and polymer backbone structure,
biopolymers can be categorized into two primary
categories: synthetic and natural biopolymers as shown
in Fig. 1 (Samir et al., 2022).

Synthetic biopolymers

A family of materials known as synthetic
biopolymers combines the biological functioning of
natural polymers with the characteristics of synthetic
polymers (Shiva et al., 2023). They offer benefits like
increased durability, adjustable characteristics, and ease
of production, and are designed to resemble the structure
and behavior of natural biopolymers (Galina Satchanska
et al., 2024). Developments in materials science and
biotechnology, as well as a growing need for sustainable
substitutes for conventional petroleum-based polymers,
have propelled the growth of synthetic biopolymers
(Drishya et al., 2025).
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Fig. 1 Classification of biopolymers

New materials with better qualities and functions
are being developed as a result of research into synthetic
biopolymers. More effective production techniques are
being made possible by advancements in fermentation
and genetic engineering technologies (Fatima, 2024).

Recent developments in synthetic biopolymers
highlight their industrial applications and sustainability.
Polylactic acid (PLA), made from renewable resources
like sugarcane and maize starch, is commonly used for
biodegradable packaging and eco-friendly textiles, aiding
sustainable fashion efforts (Mosomi et al., 2024; Patti &
Acierno, 2022). Polyhydroxyalkanoates (PHAs), derived
from microbial fermentation of sugars or lipids, serve as
alternatives to traditional plastics in single-use products
such as plates, bags, and cutlery. They are also biocompatible
and biodegradable, making them suitable for medical
applications like drug delivery systems and sutures (Ben
Abdeladhim et al., 2024). Chitosan, sourced from chitin
in crustacean shells, acts as a natural coating and
preservative to enhance the shelf life of food products
(Duan et al., 2019).

Polyester that is synthetic and biodegradable is
called polycaprolactone (PCL). Because of its slow rate
of disintegration and biocompatibility, it is frequently
utilized in drug delivery systems and scaffolds for tissue
engineering (Ntrivala et al., 2025).

Glycogen

Hyaluronic Acid

Natural biopolymers

Natural biopolymers are polymers obtained from
renewable biological sources, including plants, animals,
microbes, or biomass, they are biodegradable, nontoxic,
and frequently composted (Kaur et al., 2024; Samir et
al., 2022). These biopolymers are broadly classified into
three categories based on their monomeric units and
structure. These include collagen, fibrin, fibrinogen,
gelatin, silk, elastin, myosin, keratin, and actin, which
are polypeptides and proteins. Polysaccharide-based:
cellulose, agarose, dextran, hyaluronic acid, chitin,
chitosan, alginate, and glycosaminoglycan. DNA,
RNA, and linear plasmid DNA are examples of
polynucleotide-based (Hersh et al., 2021; Jabeen & Atif,
2023; Liu et al., 2022).

Polypeptides and proteins

Recent years have seen a thorough investigation
of peptides (short chain proteins) from several sources
as viable biomaterials because of their remarkably diverse
chemical, physical, and biological properties (Ganguly
et al., 2020). Peptides are brief chains of amino acids
joined by peptide bonds, which are covalent chemical
bonds as shown in Fig. 2 (Giri & Giri, 2022).

Researches have reported that natural peptides
have essential structural roles, providing support and
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protection to the cells and organisms that produce them.
Structural proteins like elastin, resilin, collagen, and silk
have the remarkable ability to self-assemble into various
materials, including silkworm cocoons, the extracellular
matrix, nails; squid ring teeth, and the adhesive threads
of mussels. These materials exhibit a diverse array of
mechanical and structural characteristics ranging from soft
to rigid, porous to densely packed, and dynamic to static
while being composed of amide bonds (Shire et al., 2024).

Peptide functionalization can be accomplished
through various methods. Chemical approaches include
hydrolysis, oxidation, grafting, and aminolysis, while
physical methods involve adsorption, entrapment, self-
assembled monolayers, and layer-by-layer deposition.
Peptides are simpler and more cost-effective to
synthesize, easier to modify, and exhibit greater resistance
to environmental conditions like temperature and pH
(Klimek & Ginalska, 2020). These strategies enable
modifications of biomaterials to improve their properties
and functionalities (Ross et al., 2022).
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Fig. 2 Chemical structure of peptide
Source: Charan Giri (2022)
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Medical applications

1. Drug delivery system

Peptides possess several advantageous characteristics,
including high affinity, low immunogenicity, a
straightforward amino acid structure, and customizable
molecular size. As a result, many peptides can be linked
to drugs to create peptide-drug conjugates (PDCs), which
serve as active pro-drugs. PDCs are considered
promising drug delivery systems (DDS) due to their
ability to enhance drug compatibility and stability in the
body. Peptide-based DDSs are commonly utilized for
delivering therapeutic agents, such as anti-cancer and
nucleic acid-based drugs, as they help reduce drug
degradation, maintain targeted drug concentrations, and
extend the drugs' half-life in the body (Guo et al., 2024).
2. Tissue engineering and regenerative medicine

Peptides are widely used in tissue engineering due to
their ability to mimic the extracellular matrix (ECM) and

promote cell adhesion, proliferation and differentiation
(Chen et al., 2024b; Morwood et al., 2023). Significant
developments include self-assembling peptide scaffolds
that create a three-dimensional framework for the
regeneration of tissues like bone, cartilage, and neural
tissues (Jarecki et al., 2023). Additionally, bioactive
peptides play a role in stimulating targeted cellular
responses, such as angiogenesis (the creation of new
blood vessels) and nerve regeneration, thereby speeding
up the healing process (Md Fadilah et al., 2024).

Application in food industries

1. Functional food ingredient

Peptides serve as bioactive components in functional
foods, celebrated for their health-enhancing benefits.
Examples include nutraceuticals like peptide-based
supplements that bolster immune function, enhance gut
health, and lower cholesterol levels. Additionally, protein
hydrolysates sourced from milk, soy, or fish are abundant
in bioactive peptides and are commonly incorporated
into sports nutrition and health-oriented products (Wang
etal., 2025).
2. Texture and stability enhancement

Peptides can enhance the texture, stability, and
sensory characteristics of food products. For instance,
gel-forming peptides are utilized in dairy alternatives,
plant-based meats, and desserts to replicate the texture
of conventional items (Liu et al., 2024; Siddiqui et al.,
2024). Also, flavor-enhancing peptides play a crucial role
in delivering umami taste and masking bitter flavors in
processed foods (An et al., 2024).

Application in industrial products

1. Anti-aging and skin repair

Peptides are commonly found in anti-aging products
because they can boost collagen production, enhance
skin elasticity, and lessen the visibility of wrinkles.
Important applications include: signal peptides that
encourage the synthesis of collagen and elastin, which
helps to firm and revitalize the skin; carrier peptides that
transport vital trace elements (such as copper) to the skin,
supporting wound healing and tissue repair; and
neurotransmitter-inhibiting peptides (like Argireline) that
decrease muscle contractions, reducing the look of fine
lines and wrinkles (Pintea et al., 2025; Nguyen et al.,
2024; Veiga et al., 2023).
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2. Hair care and scalp health

Peptides are utilized in hair care products to encourage
hair growth, fortify hair strands, and enhance scalp health.
Their applications include hair-growth stimulating
peptides that activate hair follicles and prolong the growth
phase of the hair cycle, keratin-strengthening peptides
that mend damaged hair and minimize breakage, and
scalp-soothing peptides that alleviate inflammation and
irritation, creating a healthy environment for hair growth
(Pappelbaum et al., 2024; Reihani & Ghourchian, 2025).

Polysaccharide-based

Polysaccharide-based biopolymers are natural
polymers composed of long chains of monosaccharide
units (sugars) linked together by glycosidic bonds
(Murphy et al., 2023). These biopolymers are biodegradable,
renewable, and often exhibit unique physical and
chemical properties, making them suitable for various
applications in food, pharmaceuticals, cosmetics, and
materials science (Behrooznia & Nourmohammadi, 2024;
Benalaya et al., 2024).

Cellulose

Cellulose is a crucial biopolymer known for its
structural and functional roles in nature. It is made up of
a linear chain of polysaccharides formed by repeating
units of B-D-glucose linked by f(1—4) glycosidic bonds
(Wang et al., 2020a). This configuration results in a
crystalline structure that contributes to its strength and
rigidity. Furthermore, cellulose forms microfibrils that
provide mechanical support to plants (Pedersen et al.,
2023). It is primarily sourced from plant materials such
as wood, cotton, and agricultural waste, though it can
also be found in smaller amounts in certain algae and
fungi (Femina & Asokan, 2024). As a biodegradable
substance, cellulose can be decomposed by microorganisms,
making it an environmentally friendly and sustainable
material (Carolin et al., 2023).

Cellulose is a widely used biopolymer known for
its abundance, biodegradability, and renewability (Jing
et al., 2024). It is primarily applied in the production of
biodegradable films and coatings for food packaging,
reducing reliance on synthetic plastics. Cellulose
derivatives, such as cellulose acetate and methylcellulose,
are also used in edible packaging, offering an eco-friendly
alternative to traditional plastic wraps (Hussain et al.,
2024b).

Cellulose is transformed into fibers such as
viscose, lyocell, and modal, which are favored in the
textile industry for their softness, breathability, and
biodegradability(Amjad, 2024) . These fibers are
gaining popularity in sustainable fashion as eco-friendly
alternatives to synthetic materials.

In the pharmaceutical industry, cellulose
derivatives like hydroxypropylmethylcellulose (HPMC)
serve as excipients in formulations designed for
controlled drug release. Also, microcrystalline cellulose
(MCC) is frequently utilized as a binder and disintegrant
in the production of tablets (Hadinugroho et al., 2023).

Other important application of cellulose as
biopolymer include their use as skin products as a gentle
exfoliant (Zhao et al., 2025). Additionally, its porosity
and thermal stability make it suitable for use in super
capacitors and flexible electronics. Cellulose derivatives
are also employed in seed coatings to enhance
germination and safeguard seeds (Wang et al., 2024Db).
Cellulose have also demonstrated its significance when
integrated into bioplastic composites for construction
purposes (Darmenbayeva et al., 2024).

Starch

Starch is a complex carbohydrate polymer that is
widely generated by plants, especially in agricultural
crops. It consists of two primary components: amylose
and amylopectin, both of which are formed from glucose
units (Fig 3) connected by a-1,4 and a-1,6 glycosidic
bonds (Apriyanto et al., 2022).

Starch is a widely available and cost-effective
biopolymer (Onyeaka et al., 2022). However, native
starches often fall short for certain industrial uses due
to limitations such as brittleness, moisture sensitivity,
and inadequate thermal and mechanical properties
(Apriyanto et al., 2022; Zarski et al., 2021).

Starch is extensively utilized across different
industries because of its biodegradable, renewable,
and versatile nature (Rashwan et al., 2024). Major
applications include serving as a thickening and gelling
agent in soups, sauces, and desserts, as well as acting
as stabilizers and binders in processed foods such as
sausages and baked products (Shoukat et al., 2025).
Additionally, it plays a crucial role in creating edible
films and coatings for packaging, helping to prolong shelf
life (Shoukat et al., 2025).

Starch-based adhesives find applications in the
paper, packaging, and wood sectors (Lin & Catchmark,

Entonu et al.
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2025). In water treatment, starch serves as a flocculant
to eliminate contaminants (Ho et al., 2025). When
combined with other polymers such as polylactic acid
(PLA) or polyvinyl alcohol (PVA), starch is utilized to
create biodegradable plastics (Tabassum et al., 2024).
Additionally, it is employed in packaging materials,
single-use cutlery, and agricultural mulch films (Ghasemlou
et al., 2024).
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Fig. 3 Chemical structure of starch
Source: Begum et al. (2019)

Glycogen

Glycogen is a polysaccharide commonly found
in mammalian and non-mammalian cells, as well as
microorganisms such as animals, fungi, and microbes
(Tudu & Samanta, 2023). It is a primarily polymer of
glucose units, with most glucose units linked together
by a-1,4-glucosidic linkages and a few o-1,6 linkages
(Paredes-Flores et al., 2024) (Fig. 4).

Glycogen is a heavily branched glucose polymer
that serves as an energy reserve in animals, similar to
starch in plants. Unlike starch, glycogen is not found in
plant tissue and is instead concentrated in the liver, with
smaller amounts in skeletal muscles. Despite its lower
total amount, glycogen makes up a significant portion of
muscle weight (Daghlas & Rahimi, 2023).

Glycogen synthesis, known as glycogenesis,
begins with a primer protein called glycogenin, which
attaches glucose molecules to itself. This is followed by
elongation, where glycogen synthase adds glucose units
through a-1,4-glucosidic bonds. The process concludes
with branching, facilitated by the enzyme amylo-a-1, 4
—1,6-transglucosidase, which introduces a-1,6

glycosidic bonds, resulting in a highly branched structure
(Tan et al., 2025).

Glycogen is commonly used in biochemical
research as a standard or control for studying
carbohydrate metabolism, enzymatic activity, and
cellular energy dynamics (Pan et al., 2024).
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Fig. 4 Chemical structure of glycogen
Source: Abcam (2022)

Alginates (ALGs)

Alginate is a natural hydrocolloid from algae,
specifically brown algae, which is a group that includes
many of the seaweeds, like kelps and an extracellular
polymer of some bacteria that has garnered considerable
interest as a sustainable biomaterial for various
applications (Deniz et al., 2022; Chen et al., 2022). As
shown (Fig. 5), alginates are composed of 1,4-linked
-d-mannuronate (M) and o-1-guluronate (G) residues
(Madsen et al., 2021). Over the past few decades,
significant advancements have been made in modifying
alginate to enhance its properties and expand its potential
uses. Modified alginate can exhibit improved mechanical
strength, increased biocompatibility, enhanced drug
delivery capabilities, and greater stability, making it an
attractive choice for applications in tissue engineering,
wound healing, drug delivery systems, and food and
beverage industries (Hariyadi & Islam, 2020; Kumar et
al., 2021; Letocha et al., 2022; Zhang & Zhao, 2020).
This modification process involves the incorporation of
different functional groups, cross-linking agents, or
blending with other polymers to achieve the desired
properties (Tan et al., 2023a). By tailoring the chemistry
and structure of alginate, researchers are unlocking its

Biopolymers: Nature-Inspired Solutions for a Sustainable Industrial Future
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full potential, creating versatile materials with a wide
range of applications while minimizing environmental
impact (Guo et al., 2023a).
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Fig. 5 Chemical structure of alginate
Source: Akshaya and Nathanael (2024)

Hyaluronan/Hyaluronic acid

Hyaluronan (HA), a negatively charged polysaccharide,
is abundant in extracellular matrices, epithelial tissues,
soft connective tissues, and neuronal tissues (Tudu &
Samanta, 2023). Its linear structure comprises N-acetyl
glucosamine and glucuronic acid moieties, synthesized
through cell membrane-bound enzymatic conjugation of
monosaccharides (Fig. 6),. HA has recently gained
extensive attention across medicine, pharmaceuticals and
cosmetics due to its versatile applications, including
tissue engineering, wound healing, ophthalmology,
and cancer therapy. Its biocompatible and cell-viable
properties enable its use as a drug carrier in liposome
and nanoparticle preparations (Buckley et al., 2022;
Yasin et al., 2022; Zhu et al., 2019).
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‘I HO O 74"
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Fig. 6 Chemical structure of hyaluronic acid
Source: Gamage et al. (2024)

Chitosan

Chitosan, the second most plentiful natural
resource following cellulose, is generated through the
deacetylation process applied to chitin, which is found
in abundance in seafood waste (Wang et al., 2020b).

Chitin is a naturally occurring linear amino polysaccharide
consisting of repeating units of poly-f(1—4)- N-acetyl-
D-glucosamine (Fig. 7) (Hajji etal., 2014). Consequently,
chitosan has garnered significant attention for its
potential uses in various industries. Its versatility and
effectiveness have been extensively recognized, making
it a valuable biomaterial in numerous applications, such
as wound healing, drug delivery, and tissue engineering.
Chitosan's merits have been well-established, positioning
it as a promising candidate for innovative solutions in
biomedical sciences and beyond (Hisham et al., 2023).
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Fig. 7 Chemical structure of chitin and chitosan
Source: Nilsen-Nygaard et al. (2015)

Polynucleotide-based biopolymers

These macromolecules are vital components of
biological systems, primarily made up of nucleotide
monomers (Hakobyan et al., 2023). The main types of
these biopolymers are DNA (deoxyribonucleic acid) and
RNA (ribonucleic acid), both of which are crucial for
the storage, transmission, and expression of genetic
information (Moccia et al., 2023).

DNA is located in the nuclei of eukaryotic cells,
as well as in mitochondria, chloroplasts, and the
cytoplasm of prokaryotic cells. In contrast, RNA is found
in both the cytoplasm and nucleus of cells, existing in
various forms such as mRNA, tRNA, rRNA, and
non-coding RNAs (Wang & Farhana, 2023).

Applications of polynucleotide-based biopolymers
include recombinant DNA technology, which is utilized
to develop genetically modified organisms (GMOs) for
use in agriculture, medicine, and industry (Hamdan &
Tan, 2024; Khan et al., 2016). Research indicates that
polynucleotides can be employed to deliver therapeutic
genes aimed at treating genetic disorders, as well as
serving as tools for genome editing (Huang et al., 2022;
van der Oost & Patinios, 2023). Additionally, polynucleotides
are used therapeutically; short strands can inhibit the

Entonu et al.

Biopolymers: Nature-Inspired Solutions for a Sustainable Industrial Future



8 0f 20

Journal of Food Health and Bioenvironmental Science (May — August 2026), 19(2), €266467

https://doi.org/10.65763/jfhb.2026.6266467

expression of genes responsible for diseases (Baylot
etal., 2024). They can also be engineered into nanoscale
structures for purposes such as drug delivery, biosensing,
and molecular computing (Liang et al., 2024; Sun et al.,
2024; Wang et al., 2023). In agriculture, polynucleotides
are applied to introduce desirable traits such as pest
resistance, drought tolerance, and enhanced nutritional
content (Ding et al., 2021; Nagaraj et al., 2024; Vasileva
et al., 2024).

Synthetic biopolymer

These are class of polymers that are either derived
from natural sources or synthesized to mimic natural
polymers (Pinaeva & Noskov, 2024). They have gained
significant attention in recent years due to their
biocompatibility, biodegradability and versatility in
applications ranging from medicine to environmental
sustainability (Satchanska et al., 2024).

A variety of techniques can be used to produce
synthetic biopolymers: chemical polymerization, which
joins monomer units with chemical catalysts to achieve
precise control over the molecular weight and structure
of the polymer; enzymatic polymerization, which
uses enzymes as catalysts and offers a high-specificity,
environmentally friendly alternative; and recombinant
DNA technology, which produces biopolymers by
introducing genes encoding particular proteins into host
organisms such as bacteria or yeast, resulting in the
synthesis of the desired polymer (Getahun et al., 2024;
Gkountela & Vouyiouka, 2022; Shire et al., 2024).

Polyhydroxyalkanoates (PHAS)

PHAs can be synthesized from a variety of carbon
sources, which are typically classified into five categories:
gases (including methane and carbon dioxide), alcohols
(such as methanol, ethanol, glycerol, and octanol),
carbohydrates (like glucose, fructose, sucrose, maltose,
lactose, xylose, starch, and cellulose), fatty acids (including
acetic acid, propionic acid, butyric acid, valeric acid,
hexanoic acid, lauric acid, and oleic acid), and alkanes
(such as hexane, octane, and dodecane) (Zhou et al., 2023).

PHA can be produced through several methods,
such as microbial fermentation using either wild type or
genetically modified microorganisms, in vitro techniques
that utilize PHA synthase for catalysis, and synthesis
involving genetically engineered plants (Poltronieri &
Kumar, 2019).

Many microorganisms can store and break down
polyhydroxyalkanoates (PHAs) due to the enzymes PHA
synthase (PhaC) and PHA depolymerase (PhaZ). These
enzymes facilitate the production and degradation of
PHAs, enabling microorganisms to adapt to different
environments and utilize PHAs for various functions
(Chen et al., 2020; Zhou et al., 2023).

The synthesis of PHA faces several challenges,
including high production costs that impact its scalability
(Ilhami et al., 2025). Nevertheless, it is a valuable
biopolymer with applications in various sectors
(Thamarai et al., 2024). In the packaging industry, for
instance, PHA is utilized to create biodegradable and
compostable materials like bags, films, and containers
(Cheng et al., 2024). These materials are safe for food
contact and can help prolong the shelf life of perishable
items (Kumar et al., 2023).

In the medical and pharmaceutical sectors, it is
utilized to manufacture temporary medical implants like
sutures, stents, and bone plates that naturally degrade
within the body (Ben Abdeladhim et al., 2024; Pulingam
etal., 2022). This adaptable biopolymer is also employed
in agriculture for mulching films and as PHA coatings
on fertilizers (Fig. 8), enabling a gradual release of
nutrients, which enhances crop yields and minimizes
environmental pollution (Acharjee et al., 2022).
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Fig. 8 Chemical structure of polyhydroxylalkanoate
Source: Koller et al. (2012)

Polylactic acid PLA

Polylactic acid (PLA) has garnered significant
attention as a versatile polymer with vast potential for
application in various industries, including chemistry,
medicine, pharmaceuticals, and biotechnology. There are
several potential methodologies for the production of
polylactic acid (PLA), with a focus on enzymatic routes
involving lipase enzymes. Lipases have shown promise
in producing high-quality PLA with desirable mechanical and
thermal properties (Fig. 9) (de Albuquerque et al., 2021).

Biopolymers: Nature-Inspired Solutions for a Sustainable Industrial Future

Entonu et al.



Journal of Food Health and Bioenvironmental Science (May — August 2026), 19(2), €266467

9 0f 20

https://doi.org/10.65763/jfhb.2026.6266467

Lactic acid (LA), a key monomer for producing
PLA, is mainly produced through biological fermentation
(Reshma et al., 2024). This necessitates an effective
downstream separation process to keep production costs
low and maintain high purity levels. The rising demand
for PLA has led to significant growth in the global
market for this biopolymer. Currently, PLA is the most
widely used biopolymer in diverse sectors, including
packaging, agriculture, and transportation (Swetha et al.,
2023).

PLA has gained significant attention for its
biocompatibility, biodegradability, and versatility
(Hussain et al., 2024a). It is widely used in packaging
for films, containers, and bottles, providing a biodegradable
alternative to traditional plastics, especially for single-use
items (O’Loughlin et al., 2023). it is utilized in medical
applications due to its biocompatible nature, this
material is used in absorbable sutures and stents, as it
dissolves in the body over time (Yang et al., 2024). It is
also a popular choice for 3D printing due to its ease of
use, low melting temperature, and smooth finish, making
it suitable for prototypes, models, and finished products
across various industries (Joseph et al., 2023).

PLA are spun into textiles suitable for apparel and
home furnishings, featuring moisture-wicking properties
and biodegradability, making them ideal for sustainable
fashion (Yang et al., 2021). The automobile industry is
exploring PLA for lightweight interior components and
non-structural parts to help reduce overall vehicle weight
(Yan & Xu, 2025). PLA composites are being studied for
construction applications to support sustainable building
practices also, PLA can be utilized for biodegradable
electronic casings and components, contributing to the
reduction of electronic waste (Ye et al., 2024; Yedrissov
et al., 2022).
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Fig. 9 Chemical structure of polylactic acid
Source: Casalini et al. (2019)

Poly-y-Glutamic Acid (y-PGA)

Poly-y-glutamic acid (y-PGA) is a naturally
occurring chiral biopolymer made up of I-glutamic acid,
d-glutamic acid, or a combination of both in varying
ratios (Fig. 10). Its properties, including conformational

states, enantiomeric characteristics, and molecular mass,
can vary depending on the microbial producers used
(Elbanna et al., 2024; Wang et al., 2022). It possesses
several advantageous properties such as biodegradability,
water solubility, environmental friendliness, and edibility,
making it a versatile material with numerous industrial
applications (Wang et al., 2022).

The microbial production of y-PGA is considered
a cost-effective and efficient approach. Bacillus species,
in particular, have been thoroughly researched for their
capacity to synthesize y-PGA. The biosynthetic process
of y-PGA includes multiple metabolic stages such as
racemization, polymerization, transfer, and catabolism.
(Lietal., 2022).

It is used in different sphere of life; medical and
pharmaceutical, y-PGA is used as a carrier for controlling
drug release due to its ability to encapsulate drug and
degrade slowly (Cai et al., 2023). Its moisture-retention
properties promote tissue regeneration and wound
healing (Li et al., 2023). In tissue engineering, y-PGA is
employed as a scaffold for cell growth and tissue repair,
as well as an anti-adhesion barrier (Suzuki et al., 2024,
Wang et al., 2024b).

In the cosmetic and skincare industry, y-PGA acts
as a moisturizing agent and humectant, helping to retain
skin moisture. This makes it an essential ingredient in
anti-aging and hydrating products (Serra et al., 2024).
v-PGA serves as fertilizer carrier in the agricultural
industries thereby enhancing nutrient absorption in plants
by improving soil water retention (Elbanna et al., 2024,
Guo et al., 2023b). It has been reported that it also
promotes germination and plant growth (Dueifias et al.,
2024; Zeng et al., 2024). The environmental application
includes it use for wastewater treatment since it
can absorb heavy metals and pollutant aiding in water
purification (Chen et al., 2024a).
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Fig 10 Chemical structure of poly-y-glutamic acid (y-PGA)
Source: Balogun-Agbaje et al. (2021)
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Polycaprolactone

Polycaprolactone (PCL) is a synthetic polymer
composed of repeating units sourced from caprolactone,
a seven-membered cyclic ester. Due to its aliphatic
structure, this features alternating ester linkages and
methylene groups, this polymer exhibits hydrophobic
characteristics (Bhadran et al., 2023).

PCL is a synthetic biodegradable polyester
derived from petroleum-based monomers, classified
as a biopolymer due to its biocompatibility and
biodegradability (Fouad et al., 2023). It is produced
through the ring-opening polymerization of e-caprolactone,
resulting in a semi-crystalline structure with a low melting
point (60°C) and high flexibility (Deshpande et al., 2023).
PCL has a slow degradation rate of 2 to 3 years, making
it versatile and valuable in various fields (Deshpande
etal., 2023). PCL is used in diverse applications, including
3D printing of prototypes and medical implants due to
its low processing temperature, which is ideal for custom
devices and educational models (Kennedy et al., 2023).
It serves as an eco-friendly adhesive and coating in
textiles and electronics (Ferreira et al., 2022; Gadhave,
2022; Kim et al., 2023). Additionally, PCL enhances the
biodegradability of conventional plastics, such as in PCL/
starch blends (Surendren et al., 2022).

In medicine and pharmaceutics, PCL is utilized
in microspheres, nanoparticles, and implants for sustained
drug release, including cancer therapies and hormonal
treatments (Magill et al., 2023; Nwazojie et al., 2023).
It plays a role in tissue engineering by providing 3D
printed or electrospun scaffolds that support cell growth
for bone, cartilage, and skin regeneration (Gharibshahian
et al., 2023). Also, when blended with hydroxyapatite,
PCL enhances bone repair (Lin et al., 2024). It is utilized
in orthopedics for resorbable screws, pins, and bone
fillers, which eliminates the need for secondary surgeries
(Huang etal., 2023). In environmental applications, PCL
is used for biodegradable packaging, compostable films,
and containers, often blended with starch or PLA to
enhance degradation (Dodda et al., 2023; Giirler et al.,
2023; Westlake et al., 2023; Yang et al., 2022). Also, it
serves as agricultural films that degrade after harvest,
helping to reduce plastic waste (Mansoor et al., 2022).

Gelatin

Gelatin is a natural biopolymer obtained through
the partial breakdown of collagen, sourced from animal

tissues including skin, bones, and connective tissues
(Julie Chandra et al., 2023). It consists of amino acids
such as glycine, proline, and hydroxyproline (Gaspar-
Pintiliescu et al., 2019). Gelatin is popular for its
biocompatibility, biodegradability, and distinctive
functional characteristics, including its ability to gel,
emulsify, and form films (Eranda et al., 2024).

In the food industry gelatin is used as gelling
ingredient used in desert like jelly, gummy candies and
marshmallows also, as thickening agent it add texture to
products like yoghurt, ice cream, and sauces (Himashree
et al., 2022; Kadirvel & Narayana, 2023).

In pharmaceutics and medicine, gelatin is used
to create hard and soft capsules for oral drug delivery
(vitamins and pain relievers), as well as in hydrogel
dressings to promote healing and retain moisture (Cao
et al., 2024; Chavarria-Rojas et al., 2021; Nezhad
Mohseni et al., 2022). In tissue engineering, gelatin is
used as scaffolds for 3D cell culture and regenerative
medicine (e.g., skin grafting) (Asim et al., 2024; Quan
et al., 2014).

Gelatin has a wide range of commercial
applications, such as being used as an adhesive in glue
sticks and animal-based glue, stabilizing fibers during
weaving, and serving as a matrix for cell culture in
biotechnology (Ahmetoglu et al., 2025; Mosleh et al.,
2023; Song & Jang, 2023). It also helps to protect
probiotics, enzymes, and nutrients in functional meals
(Lomakinaetal.,2012; Tan etal., 2023b; Wang et al., 2024a).

Physical and chemical properties

The physicochemical characteristics of biopolymers
are crucial for determining their application potential.
Key measurable properties include mechanical Strength
(such as tensile strength and elasticity) (Table 1), thermal
stability (including glass transition temperature and melting
point), barrier properties (pertaining to permeability to
oxygen and water vapor), degradation kinetics (how
quickly they break down under various conditions).

These properties vary based on the biopolymer's
chemical makeup, molecular weight, and structural
arrangement (Das et al., 2022; Florez et al., 2023).

Environmental impact and Degradation metrics
Biopolymers provide significant environmental

benefits over traditional plastics due to their biodegradability
and compostability, with degradation times ranging from
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Table 1 Tensile strength of some major biopolymer categories

Biopolymer type Tensile strength (MPa) References

Cellulose 50 to 250 Jakob et al. (2022)

Chitosan Up to 579 Zhang et al. (2021)

Starch 5t08 Domene-Lopez et al. (2019)
Gelatin 46 Zaman et al. (2012)

PLA 39.9t052.5 Gao et al. (2022)

PHA 40 Akinmulewo & Nwinyi (2019)
Polycaprolactone 3.4 Dwivedi et al. (2020)
Poly-y-glutamic acid 123.5 Yao et al. (2025)

Table 2 Degradability properties of some major biopolymer categories

Biopolymer type Degradation time References

Cellulose 12 weeks Yadav & Hakkarainen (2021)
Chitosan 12 weeks Boryniec et al. (1996)

Starch 3 Days to 12months Polman et al. (2021)

Gelatin Up 84 days Tondera et al. (2016)

PLA 1 week to 24 months  Grizzi et al. (1995)

PHA Days to 2 years Read et al. (2024)
Polycaprolactone 2 to 3 years Deshpande et al. (2023)

Poly-y-glutamic acid 20 to 30 days Fan et al. (1996)

weeks to years based on material composition and
environmental conditions (Table 2). They break down
into natural byproducts like carbon dioxide, water, and
biomass (Cheng et al., 2024). Biopolymers have a
much lower carbon footprint, reducing greenhouse gas
emissions compared to petroleum-based plastics,
largely due to the use of renewable materials and biomass
carbon sequestration (Islam et al., 2024). Degradation
rates depend on factors such as molecular structure and
environmental conditions; under optimal composting
conditions, many biopolymers can fully degrade within
a few months, while degradation in marine environments
can take a longer time (Dintcheva, 2024; Feijoo et al.,
2025; Payanthoth et al., 2024).

Sustainability of biopolymers for industries

The relationship between biopolymers and
industries is mutually beneficial, as a sustainable
industry establishes the necessary framework, renewable
energy sources, circular waste management systems, and
ethical sourcing policies to ensure the truly sustainable
production and use of biopolymers (Haq et al., 2025). In
return, biopolymers offer the foundational materials that
enable industries to meet their key sustainability goals:
decreasing reliance on fossil fuels, closing the carbon
loop, and eliminating waste (Gongalves et al., 2025;
Kamran et al., 2025). The ultimate objective is not merely
to substitute one material for another, but to redesign
systems so that materials are utilized or maintained for

as long as possible and to restore natural systems at the
end of their lifecycle.

Conclusion

The increasing significance of biopolymers across
various industries is closely linked to sustainability,
as they offer a practical alternative to conventional
petroleum-based plastics. The connection between
biopolymers and a sustainable industrial future can be
examined through several key aspects, such as the
utilization of renewable materials that lessen dependence
on fossil fuels and aid in combating climate change. This
aligns with the principles of a sustainable industrial future
that emphasize resource efficiency. Additionally, many
biopolymers possess biodegradable properties, allowing
them to break down naturally in the environment, which
helps reduce pollution and waste accumulation. This
characteristic is vital for tackling the global plastic waste
crisis. Furthermore, the production of biopolymers
typically results in lower greenhouse gas emissions
compared to traditional plastics.

Biopolymers contribute to the development of a
circular carbon economy by absorbing carbon from the
atmosphere via photosynthesis. The growth of biopolymer
technologies promotes innovation and offers up new
market opportunities, resulting in job creation and
economic development. Sustainable industrial practices
usually include investing in local communities and
supporting fair trade initiatives.

Sustainable practices frequently use life cycle
assessments (LCA) to evaluate the environmental impact
of items over their full life cycle, from manufacturing to
disposal. Biopolymers outperform traditional materials
in LCAs because they have a reduced environmental
impact.

Biopolymers can also be employed in circular
economy frameworks, which aim to reduce waste and
reuse or recycle resources. This technique promotes
sustainability by ensuring that resources are utilized.

Biopolymers have enormous promise for a more
sustainable future, but their manufacturing and
widespread adoption face considerable constraints and
hurdles. These challenges can be divided into three
categories: technical, economic, and systemic. The most
significant limitations and problems of biopolymers
include economic viability and high manufacturing costs,
as feedstock such as maize, sugarcane, and potatoes are
agricultural commodities vulnerable to price volatility
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due to weather, harvest yields, and competition in the
food market. It is also influenced by economies of scale,
which demonstrate how the petrochemical plastic sector
has evolved over a century, with massively optimized
production plants. The biopolymer sector is young and
operates on a smaller scale, resulting in higher per-unit costs.

Certain biopolymers have inherent characteristics
that limit their use. These qualities include thermal
stability, durability, mechanical strength, and barrier
properties.

The competition with food crops also raises
ethical considerations and resource allocation dilemmas
("Food vs. Fuel").

However, biopolymers also hold industrial
potential in sectors such as textiles, automotive, and
construction, where their lightweight and durable
properties provide sustainable alternatives to traditional
materials. However, to fully realize their potential,
ongoing research is needed to enhance their properties,
such as thermal stability and mechanical strength,
and to optimize production costs for broader industrial
adoption. This shift toward biopolymers represents a
crucial step in addressing environmental challenges and
promoting sustainable development.

A prioritized research agenda should encompasses
the synthesis and modification of biopolymers, energy
storage and conversion technologies, as well as life cycle
assessment (LCA) and sustainability metrics.
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