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Abstract

Polymers bave been widely used by mankind for centuries in the form of textiles, ammunition, coatings, and adbesives. With
the industrial revolution came widespread applications in plastic packaging, construction and electronics, as well as medical and
agricultural applications. Their increased use bas resulted in environmental pollution, triggering the search for innovative and eco-
[friendly bioengineered alternatives. This paper studies the industrial and biomedical applications of Polylactic acid (PL.A) and
polybydroxybutyrate (PHB), which are bioengineered polymers designed to harness favourable characteristics of natural and
synthetic polymers while minimizging undesirable environmental implications. These bioengineered polymers are commonly utilized
in the production of biodegradable packaging materials for reduced environmental pollution and in medical capsules for safe and
targeted drug delivery. The study showed that polylactic acid is more suited to applications in packaging and fabrication due to its
chemical similarity with fossil-based counterparts such as polyvinyl chloride and polypropylene, while polyhydroxyalkanoates find
greater application in pharmacentical and medical applications due to their biocompatibility and degradation in animal or cell
hosts. Both PLLA and PHB were found to feature promising industrial prospects due to rising demands influenced by increased
environmental awareness. However, their large-scale adoption is threatened by high production costs and scalability challenges which
can be addressed by further research on efficient resource utilization, property enhancement and process optimization.

Keywords: Biopolymers, bioengineered polymers, polylactic acid, polybydroxyalkanoates, polybydroxybutyrate.

1.0 Introduction

Mankind has used polymers since ancient times in the form of natural materials such as starch, cellulose and
rubber for domestic applications, industrial applications and several other applications [1-6]. Likewise, since the
discovery of synthetic polymers in the 19th century, they have quickly evolved to suit applications in various
industrial capacities such as packaging (plastics), paints, adhesives, electronics, automobiles, construction,
agriculture and medicine; the widespread use of polymers in fast-evolving industries is possible due to their
desirable characteristics which include but are not limited to weathering resistance, durability, weightlessness, low
cost and transparency [7-9]. The abundance of polymers, especially plastics, has inadvertently contributed to
environmental pollution especially due to non-biodegradability of conventional synthetic polymers, making the
waste volumes closely approximate their production levels [10-12].

A large proportion of conventional polymers ultimately end up in landfills where they can persist for hundreds
of years; in Nigeria, less than 12% of imported and produced plastics is recycled [13, 14]. The leaching of toxic
additives from buried plastic waste leads to potential groundwater pollution and by extension, severe economic
and ecological damage to marine environments [15, 16]. Meanwhile, fossil resource reserves are fast depleting due
to rapid industrialization, leading to substitution with biobased polymers [17, 18]. These factors contribute to the
necessity of a fundamental shift towards the development and utilization of bio-engineered polymeric materials
with favorable environmental characteristics [19].

An exponential growth in population has further highlichted the need for sustainable approaches towards
large-scale manufacturing and adoption of biobased polymers to meet growing industrial demands [20, 21]. In
advanced countries, policies are continually being implemented to phase out single-use fossil-based plastics due
to their environmental pollution potential and depletion of limited fossil resources [22-24]. In the same vein,
researchers have undertaken the task of seeking alternative eco-friendly and biobased alternatives through
bioengineering, thus producing advanced polymeric engineering materials which are instrumental to the global
developmental process [25-27]. According to [28], blends of natural and synthetic polymers result in a new class
of materials with improved mechanical properties and biocompatibility.

Among the pool of biopolymers, polylactic acid (PLA) and polyhydroxybutyrate (PHB) are known for their
comparable mechanical properties and functionalities with their fossil-derived counterparts [18, 29]. While
previous studies have distinctively highlichted the applications of PLA, PHB or both, this review uniquely
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combines a comprehensive analysis of their diverse uses in critical and industrial applications with a cursory
examination of the persistent challenges that still hinder their widespread adoption.

The review fills a critical gap by providing a forward-looking perspective that not only summarizes the current
state of biopolymer technology but also analyzes the economic viability of production and the emerging
environmental concerns, such as the formation of biodegradable microplastics (BioMPs). By integrating these
diverse aspects into a single, cohesive narrative, this review serves as a valuable resource for both researchers
secking to overcome current limitations and industry stakeholders aiming to transition to sustainable, plant-based
materials. The article's significance lies in its timely synthesis that bridges the gap between the theoretical potential
of biopolymers and their practical, large-scale deployment.

2.0 Biobased Polymers

Biobased polymers are biologically-derived polymeric materials derived from natural (renewable) sources and
are often specifically engineered to suit industrial, environmental or specialized applications by altering synthetic
or natural polymers at molecular or macroscopic level [30, 31]. Table 1 presents some commercially available
biopolymers (bioplastics) along with the fossil-based polymers they compete against.

Bioplastics generally exhibit comparable mechanical properties to their fossil-based counterparts, with high
practicability in the production of films and sheets for packaging as well as injection moulded parts; though with
marginally higher water footprint due to biomass feedstock, biobased plastics result in lower carbon footprint [17,
32, 33]. Among the range of bioderived polymers, polylactic acid and polyhydroxybutyrate (trade-marked Biopol),
which is a prominent PHA, stand out due to their extensive use in industrial and biomedical applications
respectively [34, 35].

Table 1: Biopolymers and competing fossil-based polymers [33]

Biopolymers Fossil-based Polymers
Biopolypropylene, Bio PP Polypropylene, PP
Biopolyethylene, Bio PE Polyethylene, PE

Polylactic acid, PLA Polyvinylchloride, PVC
Polyhydroxyalkanoates, PHAs Polyurethane

Polytrimethylene terephthalate, PTT Polyethylene terephthalate, PET
Cellulose acetate, CA Polystyrene, PS

Nylon 11, PA11 Nylon 6, PA6

Thermoplastic starch, TPS Polycaprolactone, PCL

2.1 Applications of Biopolymers

The comparable properties of biopolymers with their petrochemical counterparts facilitates their usage in a
wide range of industries [36, 37]. Figure 1 highlights some key industries where biopolymers are increasingly being
adopted.

2.2 Environmental and Sustainability Aspects
2.2.1 Life Cycle Assessment (LCA) of PLA and PHB

Life Cycle Assessment (LCA) is a critical tool for evaluating and quantifying environmental impacts as well as
global biodiversity [38, 39]. For PLA production, studies indicate that biomass processing, pretreatment, and the
solid-state fermentation (SSF) process contribute significantly to environmental impact, particularly in terms of
energy consumption and CO: emissions [40-42]. Similarly, for PHB production, biomass processing and
pretreatment are identified as highly energy-intensive stages that substantially contribute to overall environmental
impacts [43]. Despite these energy demands, PLA production, especially with process improvements, can result
in significantly lower greenhouse gas emissions compared to conventional plastics, with significant reduction in
carbon emissions and a drop of fossil energy use by 95% [18].
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Figure 1: Applications of biopolymers

A crucial aspect of sustainability involves the valorization of waste materials, especially through its production of
biopolymers from various waste streams [44-46].

2.2.2 Life Cycle Assessment (LCA) of PLA and PHB

The sustainability of biopolymers is intrinsically linked to their feedstock [47, 48]. PLA is primarily produced
from starchy renewable resources like corn or sugarcane [49]. PHAs are synthesized by various microorganisms
utilizing substrates such as molasses, wastewater activated sludge, food waste, lignocellulosic biomass, fats,
glycerol, and whey [50, 51]. A critical aspect of sustainable biopolymer production involves avoiding direct
competition with food or feed resources [52]. This has championed the utilization of agricultural waste materials,
including lignocellulosic biomass and agri-food waste, as viable feedstocks [53]. This approach aligns with the
concept of a "circular economy,” where waste products are repurposed as valuable resoutces, transforming waste
into useful materials and fostering new markets [53, 54].

Though waste feedstocks are often inexpensive and abundant, it is important to acknowledge that they
frequently require costly and energy-intensive pretreatment processes [55]. Through approaches such as microbial
biotechnology, these pretreatment requirements are minimized, further enhancing the sustainability and economic
viability of biopolymer production [56, 57].

2.2.3 Biodegradation Conditions and Microplastics

The term "biodegradability" for biopolymers is often oversimplified in public perception. Though PLA and
PHB can decompose and can be termed biodegradable, this typically occurs under specific industrial composting
conditions [58, 59].
Generally, the conventional industrial composting conditions for biopolymers include elevated temperatures,
relatively high water activity, and the presence of oxygen, meeting standards such as EN 13432, which mandates
90% disintegration within 12 weeks and 90% conversion to CO, within six months [60].
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An emerging concern that must be addressed is the formation of biodegradable microplastics (BioMPs) [16, 61].
The biodegradation of polymers can be substantially affected by various chemical-physical factors and biological
factors [62, 63]. Under non-ideal conditions, biodegradable polymers can persist for extended periods and undergo
weathering, leading to the formation of BioMPs [64]. BioMPs represent an emerging environmental threat, with
potential negative impacts on various ecosystems and living organisms, including plant growth suppression,
impaired nutrient penetration through roots, and ingestion by aquatic life, leading to skeletal development issues
and oxidative stress in fish [15]. Therefore, it is essential to implement a methodological approach to detect and
address BioMPs in biota and other ecological systems [15, 65, 66].

3.0 Polylactic Acid (PLA)

Polylactic acid (PLA) is a thermoplastic polyester produced from starchy renewable resources, resulting in a
highly versatile biopolymer with excellent functionalities [67, 68]. A lot of progress has been made in polylactic
acid research and production, with recent strides recorded in its 3D printing [69-71]. Globally, the PLA market
was valued at $535.6 million in 2019 and is expected to expand by 15.9% from 2020 to 2027 [67].

Biotenewable chemicals and their products, including PLA plastic, can be produced from both edible and
inedible feedstock [72-74]. Avoidance of food competition has championed its production from agricultural waste
materials such as lignocellulosic biomass [72, 74]. In [75], an integrated approach was employed to produce both
biodiesel and polylactic acid from food waste; techno-economic analyses and process reviews on the production
of lactic acid, lactide and PLA have also been published [76, 77]. Polylactic acid has also been produced through
the valorisation of algal waste biomass, while studying its environmental footprint and exergo-economic
implications [78-80].

Feedstock Addition of
Pretreatment Microbial Substrate

Downstream
Fermentation Processing (Lactic
acid separation)

Polymerisation and
Extraction of Plastic Processing

Polymer (PLA)

Disposal/Reuse

Degradation/Composting

Figure 2: Summary for polylactic acid processing and end-of-life [35]
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The synthesis of polylactic acid is generally achieved by direct condensation of free acids or polymerization
of its precursor, lactic acid (C3HgO»), which is produced either by chemical synthesis of acetaldehyde or by the
biological fermentation process of carbohydrates via the Cargill-Dow’s process [67, 81, 82]. Cargill, the pioneer of
large-scale PLA production, began researching PLA production technology in 1987, and began production of
pilot plant quantities in 1992, after which commercial scale production began in 2002 [83, 84|. Figure 2 shows a
summary of polylactic acid production processes. Figures 3 and 4 show the schematics of the bio-based production
of biodegradable polylactic acid and a typical process flow diagram for a large-scale commercial PLA production
plant respectively.

Sugar/ Biomass
1
Microbial L or D -lactic acid
fermentation
l Lactic acid
purification
OH
OH Direct condensation
L or D -lactic acid

Polycondensation l

Depolymerization l /
0

H,C Catalyst

__). H Y H
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O( CHy), O
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Figure 3: Schematic presentation of polylactic acid production from lactic acid by ring-opening polymerization
(ROP) and direct condensation [85]
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Figure 4: Process flow diagram of the PLA production process [86]

3.1 Polylactic Acid Industrial Applications

The biodegradability of Polylactic acid (PLA) makes it an eco-friendly alternative to nonbiodegradable and/or
non-recyclable polymers such as polypropylene (PP) and polystyrene (PS), leading to its multifarious applications
in various industries [35, 82, 87]. In addition, due to the competitive material and processing costs of PLA for
bioplastic production as well as its comparable mechanical properties, PLA foams and composites could
potentially replace the highly-polluting polystyrene (PS) foam products in a wide array of applications such as
packaging, cushioning, construction, thermal and sound insulation, and plastic utensils [69, 84].
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Table 2: Industrial usage of polylactic acid

Usage Function Reference

Packaging Films, trays, cups and other (disposable) items for preservation [35, 88]
of food items and other consumer goods.

Textile Raw material (fibers) for production of clothing, wipes, [89-91]
upholstery and carpets.

3D Printing Eco-friendly filaments for 3D printing with low melting [70, 71]
temperature.

Mulch Films Decomposable mulch covers and pots to ease weed control [92-95]

and Pots and transplanting.

Automotives Lightweight interior parts and electronic casings, especially for [35, 96, 97]

and short-life applications.

Electronics

3.2 Polylactic Acid Biomedical Applications

Owing to its favourable biocompatibility, low molecular weight, solvent-based solubility and safe degradation
products, Polylactic acid (PLA) is used in a wide range of pharmaceutical and medical industries [82, 98-100].
According to [101], polylactic acid is the most commonly used biodegradable polymer in clinical applications. Its
applications range from combating drug delivery efficiencies to bioengineered materials such as the patented
retinal nerve scaffold reported by [102]. The different categories of PLA use in biomedicine are shown in Table
3.

Table 3: Biomedical usage of PLA

Usage Function Source
Surgical Sutures Safely-degrading PLA-based drug-eluting implants for [101, 103,
and Implants localized treatment of chronic conditions 104]

Tissue PLA scaffolds are used in tissue engineering due to their [104-107]
Engineering ability to mimic extracellular matrices, supporting cell

growth and tissue regeneration.

Drug Delivery PLA nanoparticles enhance the stability and delivery of [37, 101, 108]
vaccines, improving immune responses.

4.0 Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible polyesters which are produced by various
microorganisms under nutrient-limiting conditions [109-111]. PHA can be synthesized by over 30% of soil-
inhabiting bacteria on a wide range of substrates such as molasses, wastewater activated sludge, food waste,
lignocellulosic biomass, fats, glycerol and whey [112-114]. In a one-pot experiment, chitin biomass was used for
simultaneous production of electricity, n-acetylglucosamine and polyhydroxyalkanoates in microbial fuel cell using
novel marine bacterium [115]. The synthesis of polyhydroxyalkanoates has also been produced from Ceiba
pendantra, a non-edible feedstock [116].

4.1 Polyhydroxybutyrate

Over 150 PHA monomers have been reported, with four operation modes commonly employed: batch, Fed
batch, two-stage and continuous [117-119]. Polyhydroxybutyrate (PHB) is a prominent homopolymer of PHA,
highlighted for its biodegradability, eco-friendliness and favorable cross-industry applications [120, 121].
A biotechnological pathway is often employed in the production of PHBs [122]. Figure 5 shows a simplified
schematic of PHA production from 2-Acetyl-CoA.
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Figure 5: Simplified schematics of Polyhydroxyalkanoates synthesis from Acetyl-CoA

The production of Polyhydroxybutyrate is often produced by Two-Step Fermentation [123]. Figure 6 shows
a comparison of the chemical structure of PHB and some conventional fossil-based polymers, while Figure 7
shows a typical process flow diagram of the PHB production process.

CH,
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H==-0 o] & H3C ¥
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Figure 6: Chemical structures of (PHB) in comparison to commonly used petroleum-based polymers
(polyethylene terephthalate (PET), polyvinylchloride (PVC), and polypropylene (PP) [124].
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Figure 7: Process flowsheet of the PHB production model by R. eutropha in concentrated vinasse-based culture
medium [123]
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4.2 Polyhydroxybutyrate Industrial Applications

As plastic “made and degraded by microorganisms,” polyhydroxybutyrates are suited for vatious industrial
applications [120]. Such applications leverage the thermal and mechanical properties of PHBs [124, 125]. Industrial
uses of polyhydroxybutyrates are outlined in Table 3.

Table 3: Industrial usage of Polyhydroxybutyrate

Usage Function Source
Packaging PHB is often used in hydrophobic non-toxic food packaging, that [114, 126-130]
Materials can be integrated with antimicrobial agents.

Bio composite PHBs improve the strength and durability of bio composites used [131, 132]
(Additives) in automotive and construction industries.

Energy  Storage Microbial fuel cells, batteries and capacitors to enhance the [112,115]
Systems sustainability of energy storage solutions.

Wastewater PHA-producing bacteria act as carbon source and denitrifying [113, 122, 133]
Treatment agents in wastewater treatment processes, hence PHA production

can be integrated in WWTPs.

4.3 Polyhydroxybutyrate Biomedical Applications

Polyhydroxybutyrates (PHBs) are biodegradable and biocompatible biological macromolecules with several
medical applications such as drug delivery, surgical sutures, scaffolds and heart valves [134]. The biocompatibility
of Polyhydroxybutyrate as well as its efficient degradation in animal media encourage its use in innovative medical
applications [135, 136]. Some key biomedical applications of PHB are showcased in Table 4.

Table 4: Biomedical usage of polyhydroxybutyrate

Usage Function Source
Microparticles and Targeted delivery of drugs, reducing systemic side effects. [128, 132,137, 138]
Nanoparticles

Implants Biodegradable drug-eluting devices for localized therapy. [34, 139-141]

Regenerative Medicine PHA  scaffolds in regenerative medicine for their [142-144]
and Tissue Engineering  biocompatibility and ability to promote cell attachment and
growth.

Antimicrobial Coatings PHA-based materials used in coatings with embedded [140, 145, 140]
antimicrobial agents, enhancing their use in medical devices and
surfaces.

Orthopaedic Support Temporary structural support that degrades as bones heal. [147-149]

5.0 Deployment Challenges
5.1 Economic Feasibility and Market Dynamics

Numerous challenges exist in the industrialization of bio-based polymers such as polyhydroxyalkanoates [118,
150]. Despite its favorable thermal and mechanical properties, the large-scale adoption of PLA is also challenged
by significant bottlenecks [151-153]. In general, deployment challenges of bio-based polymers in large-scale
industrial and biomedical applications include high production costs (especially due to substrate requirements and
fermentation challenges), limited thermal stability, slow degradation rates under natural conditions, limited
flexibility compared to synthetic polymers and scalability challenges in large-scale production [59, 150, 152, 154].

5.2 Competitive Analysis

High production costs remain a significant bottleneck for the widespread adoption of both PLA and PHAs
[76, 155, 156]. The bioplastics industry has experienced challenges in scaling production to commercial levels and
effectively competing with fossil-based counterparts [33, 157]. Economic competitiveness for bioplastics is not
merely about raw material cost but encompasses the efficiency of the entire production process and the fluctuating
market dynamics of competing fossil-based polymers [158]. Overcoming these economic barriers necessitates a
holistic approach that includes both technological advancements and favorable market conditions.

5.3 Market Challenges and Growth Drivers
Recent shifts have revitalized the bioplastics industry, with a strong drive towards sustainability from brand
owners, fueled by increasing consumer demand and supportive legislations [21, 159-161]. Global commitments to
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decarbonization, such as those spurred by COP28, are also pushing brand owners to expand their use of
bioplastics, compelling manufacturers to increase production capacity [162]. The emergence of drop-in bio-based
materials that can directly substitute incumbent fossil-based ones is facilitating an easier transition for
manufacturers from fossil to bio-based plastics [163]. Furthermore, there is a growing willingness among
consumers to pay a premium for sustainable bioplastic products [159, 160, 164].

Despite these positive trends, challenges persist. For instance, PLA's end-of-life processing presents difficulties
[165, 166]. Industrial composting, while effective for degradation, offers no value to the resulting compost, which
limits its appeal to composters [167]. Additionally, recycling PLA, unlike certain drop-in bio-based polymers,
requires dedicated infrastructure that is currently uncommon and expensive to implement, often leading to
mismanagement or landfill disposal [168]. Hence, it is pertinent to understand that the market for bioplastics is
influenced by a complex interplay of policy, consumer behavior, corporate sustainability commitments, and
infrastructure development, rather than solely by technological advancements or environmental benefits [157, 158,

169).

6.0 Future Research and Progressive Strategies

Ongoing research focuses on modifying natural and synthetic polymers for enhanced thermal, physical and
mechanical properties through copolymerization and blending with other materials [129, 170, 171]. To this end,
durable biocomposites for engineering applications were found to arise from polylactic acid (PLA)-based
sustainable engineered blends [153]. Likewise, cotton-rich PLA blends have been handy in the production of
sportswear and other textile materials [89, 90]. Polyhydroxybutyrate blends and biocomposites have also been
used in a range of applications [129, 172].
Interestingly, blends of polylactic acid and polyhydroxybutyrate have been formulated in a bid to complement the
favorable properties of the two in various industries, especially for load-carrying applications [29]. PLA/PHB
composites produced via the melt quenching technique exhibited enhanced mechanical properties, excellent
thermal stability, fast crystallization ability, and degradation rate [173]. Blends of the two polymers have also
exhibited excellent properties suitable for use in food packaging, with favorable structural, thermal and mechanical
properties when used for electrospun flexible materials [174, 175]. However, not much research has been
conducted on the performance of such blends in biomedical applications. The following areas represent critical
avenues for advancing the field of PLA and PHB biopolymers.

6.1 Material Property Enhancement

Future research should continue to focus on modifying the thermal, physical, and mechanical properties of
PLA and PHB. This involves exploring advanced techniques such as copolymerization, blending with other
materials, and incorporating nanocomposites. Specific emphasis should be placed on enhancing key properties
like ductility and impact strength for advanced applications [25, 47]. Further investigation into the synergistic
effects of various additives and blend ratios is necessary to optimize material performance for diverse applications.

6.2 Process Optimization and Cost Reduction

Reducing the high production costs of biopolymers remains a paramount research objective. Future efforts
should target efficient resource utilization and the development of novel production techniques by leveraging
advancements in microbial biotechnology for PHA formation and a reduction or elimination of the need for costly
and energy-intensive pretreatment of raw materials, especially agricultural waste feedstocks.
The economic viability of recycled PLA (tPLA) has shown substantial cost reductions compared to virgin PLA
[1706]. Research into distributed recycling systems for PLLA can therefore significantly contribute towards reduced
energy consumption associated with collection and transport. Continued focus on process optimization, including
fermentation and purification, is crucial to make biopolymers more competitive against fossil-based products [18,
116, 177].

6.3 Expanded Applications and Design for End-of-Life

While industrial and biomedical applications of PLA and PHB are well-established, further research is needed
to explore more cutting-edge applications of the two and their blends [153, 171]. Crucially, future bioplastics must
be designed with their end-of-life scenarios explicitly in mind, thereby addressing and managing the threat posed
by the emergence of BioMPs [178]. This can be achieved by developing materials that reliably degrade under a
wider range of natural conditions or by improving dedicated recycling and composting infrastructure for post-
consumer use bioplastics [176].
6.4 Smart and Functional Biopolymers

The integration of cutting-edge technologies like machine learning (ML) and artificial intelligence (Al) in
biopolymer design offers promising avenues for accelerating the discovery of new materials with desired properties
[179-182]. Furthermore, research into cell culturing and drug delivery holds significant potential for creating highly
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functional and responsive biomaterials [37, 183]. Developing these smart and functional biopolymers will broaden
their applicability and enhance their performance in complex biological and industrial systems [184, 185].

7.0 Conclusion

Polylactic acid (PLA) and polyhydroxybutyrate (PHB) represent compelling alternatives to conventional fossil-
based polymers, offering favorable attributes for both human applications and environmental sustainability. Their
mechanical and thermal properties are often comparable to their petrochemical counterparts, making them
versatile materials. PLA, known for its durability, finds extensive utility in industrial sectors ranging from packaging
and textiles to electronics. Conversely, PHB, due to its microbial origin and excellent biocompatibility, is highly
applicable in the biomedical field, including drug delivery systems and tissue engineering. These biopolymers
contribute significantly to sustainable development goals by reducing plastic waste and facilitating safer
biotechnological innovations through their inherent biodegradability.
However, despite their promising attributes, the large-scale adoption of PLA and PHB faces significant
deployment challenges. These include high production costs, which are influenced by substrate requirements and
fermentation complexities, as well as limitations in thermal stability and flexibility compared to some synthetic
polymers. Furthermore, their biodegradation requirements, particularly the conditions required for complete
decomposition and the emerging concern of biodegradable microplastics under non-ideal environmental
conditions, necessitate careful consideration. Scalability issues and market inertia also present substantial barriers
to their widespread industrialization.
To overcome these challenges and fully realize the potential of PLA and PHB, continued research and
development are essential. Future efforts must focus on enhancing material properties through advanced blending
and composite formulations, optimizing production processes to reduce costs and improve efficiency, and
expanding their application portfolio into next-generation functional materials. Crucially, designing biopolymers
with specific end-of-life pathways in mind and improving waste management infrastructure will be vital. By
addressing these multifaceted challenges through scientific innovation and strategic market development, PLA
and PHB can become even more competitive against conventional products, especially in industrial and
biomedical applications, thereby facilitating their sustainable adoption and contributing to improved
environmental conditions globally.
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