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Abstract

The increasing environmental stress posed by petroleum-based plastics has spurred the world is need
for sustainable and biodegradable materials. Among these, polyhydroxyalkanoates (PHAs) are
distinguished due to their PHAs stand out as a promising class of microbial polyesters produced by
diverse bacterial strains under nutrient-limiting conditions. This Paper synthesizes and critiques
PHAs done by Koller and co-workers by addressing the biochemical and microbiological aspects of
PHA synthesis, the metabolic pathways and the major enzymes, as well as the diversity of polymers
that can be produced by the bacteria. Their work also examines the new levels of genetic
manipulation, fermentation processes, and differentiating feedstocks, especially agricultural waste,
industrial effluent, and greenhouse gas methane. Comparing the biodegradability of PHAs within soil,
compost and even marine environments with other plastics shows PHAs are less toxic to the
environment and have greater potential to be classified under the circular bioeconomy. Nevertheless,
despite the benefits, the persistent economic concerns of recovering and producing the PHAS remains:
relying on new technologies and regulatory pressure may make market PHAs more appealing. In the
end, the work reviews PHASs expectations and restricting factors concluding that these biopolymers,
while unable to substitute fully petroplastics, would enable significant breakthroughs.

Introduction

Plastic contamination is growing a major environmental predicament, triggering initiatives to locate earth-
friendly options to normal petro-based plastics. In more or less recent years, plastic manufacture worldwide
has soared, going from near 1.5 million metric tons in the 1950s up to above 400 million metric tons by
2022. Alas, a wide amount of plastic rubbish stocks up in dumps and wild habitats, with millions of tons
entering seas yearly. These enduring plastics degrade into microplastics that pollute water, edible products,
and even the human body. Because of this crisis, authorities and scholars are hunting biodegradable, nature-
based materials to replace resistant plastics. Polyhydroxyalkanoates (PHAS) have arisen as a favorable
family of bacterial bioplastics that might satisfy this goal. PHAs degrade, are biocompatible, and can be
produced from renewable raw materials, making them appealing planet-friendly solutions (Kourmentza et
al., 2017). These microbial polyesters occur spontaneously as intracellular carbon storage, showing a route
to produce plastics that revert to natural breakdown after end-use. This article supplies a broad overview of
bacterial PHA production, explaining the enzymatic systems of PHA formation, the microbial plus
fermentation issues, modern breakthroughs in PHA research, and the ecological plus economic angles of
PHAs as plastic alternatives. A discerning examination of PHA bioplastics’ promise and drawbacks is
likewise discussed, to assess how near PHAs are to fulfilling the role of a long-term solution.
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Biochemical Basis of PHA Synthesis in Bacteria

PHAs comprise a set of microbial polyesters made of hydroxyalkanoate building blocks bridged by ester
linkages. Microbes commonly accumulate PHAs when growth is imbalanced, if a surplus carbon source is
present but a vital nutrient (like phosphorus or nitrogen) runs low (Chen et al., 2022). Under such stressful
circumstances, multiple bacteria funnel extra carbon toward PHA as an intracellular carbon reserve, leading
to conspicuous granules in their cytoplasm. Hence, PHAs do in microbes what fats do in animals, and can
constitute 50%-70% of cell dry mass in some species (Gonzélez-Rojo et al., 2024). When the stress
subsides, cells will break down and consume these PHA deposits for survival. Chemically, PHAs share a
repeating unit of (-O-CHR-CH2-CO-)_n, where R is some alkyl group, but monomer length plus identity is
variable. We have short-chain-length (scl) PHAs with 3-5 carbon monomers and medium-chain-length
(mcl) PHAs at 6-14 carbons (and long-chain-length versions with yet bigger monomers). These differences
control physical properties. For example, the prevalent type, poly(3-hydroxybutyrate) (PHB), is an scl-PHA
that is partly crystalline and rather stiff, with a relatively high melting point. On the other hand, mcl-PHAs
(like ones containing 3-hydroxyhexanoate or 3-hydroxyoctanoate) are more rubber-like, with lower
crystallinity and reduced melting temperatures. Blended PHAs like poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) unite distinct monomers for improved pliability and sturdiness compared with
PHB alone. This aspect of customizing PHA composition is extremely valuable, allowing flexible design of
PHA plastics via controlling monomer inputs (Gonzélez-Rojo et al., 2024). From the metabolic angle,
multiple routes exist for PHA synthesis, depending on the microbe and the specific feedstock. The standard
PHB route (Pathway I) starts when two molecules of acetyl-CoA (derived from sugar or other carbon feed)
join to form acetoacetyl-CoA, by the action of -ketothiolase (PhaA). Then, an acetoacetyl-CoA reductase
needing NADPH (PhaB) changes this into (R)-3-hydroxybutyryl-CoA, which forms the PHB unit. Finally,
the PHA synthase (PhaC) polymerizes these units into PHB, along with associated granule proteins. This
series is broadly conserved and widely investigated for PHB generation. Some bacteria adopt Pathway 11,
which harnesses fatty acid B-oxidation to make (R)-3-hydroxyacyl-CoA used to build PHA. In that scheme,
fatty acids or oils undergo partial oxidation, then an enzyme called PhaJ (an enoyl-CoA hydratase) modifies
intermediates to (R)-3-hydroxyacyl-CoA, which the PHA synthase can polymerize. Organisms like
Pseudomonas that prefer fatty acids typically exploit Pathway Il for mcl-PHA. Another method, Pathway
I11, links PHA production to de novo fatty acid creation: here a (R)-3-hydroxyacyl-ACP is handed over to
CoA by PhaG, producing (R)-3-hydroxyacyl-CoA monomers that yield PHA. Regardless of route, PhaC
(PHA synthase) is critical, governing which monomers get utilized, and hence dictating the polymer is
attributes. Numerous PHA synthase classes (I-1V) exist, showing varied substrate specificities; for instance,
Classes /111 typically generate scl-PHAs, while Class Il deals with mcl-PHAs (Reis et al., 2011).
Comprehending these enzyme circuits has opened up genetic engineering to boost yield or incorporate
exotic monomers through adding or editing certain genes (Gonzalez-Rojo et al., 2024). Altogether, the PHA
biochemical basis is about rerouting carbon flux into polymer reserves using specific enzymes. Microbes do
that naturally for stress survival, and scientists harness that phenomenon in fermentations. The capacity to
vary monomer types via metabolic or substrate changes yields huge potential for diverse PHA-based
materials.

Microbiological Aspects of PHA Production and Fermentation

A broad range of bacteria (and also some archaea) produce PHAs. Over 250 strains spanning both Gram-
types have been recognized as PHA accumulators. Key producers include Cupriavidus (ex-Ralstonia),
Alcaligenes, Pseudomonas, Bacillus, and Halomonas groups. Industrially, a few organisms stand out for
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robust PHA yields and well-established performance. Cupriavidus necator (historically named Ralstonia
eutropha or Halobacterium necator) is a big name for PHB production from sugar, sometimes achieving
~80% PHB of its biomass under nutrient-limiting settings, historically used in pioneering commercial PHA
processes (Kourmentza et al., 2017). Another vital cluster is the pseudomonads like Pseudomonas putida,
which naturally generate mcl-PHAs from fatty or alkane sources. P. putida is prized for producing rubbery
PHAs and for devouring varied carbon substrates. Bacillus species (e.g. B. megaterium) are Gram-positive
PHA accumulators (often PHB) and can form spores, a perk that might simplify PHA extraction when the
spores are disrupted (Yang et al., 2020). Lately, salt-loving bacteria such as Halomonas have stirred
attention as tough PHA producers growing in briny environments. Halomonas stands out for salt tolerance
that allows open fermentations without typical sterility demands, slashing cost (Chen et al., 2022). In
practice, large-scale PHA manufacture commonly uses fed-batch processes, wherein the culture is initially
grown with enough nitrogen or other nutrients to expand cell mass, then switched to limited nutrients (while
carbon feed continues) to prompt PHA buildup. Early on, surplus nitrogen fosters fast cell growth, then
limiting nitrogen (or alternative nutrients) but maintaining carbon triggers PHA storage. This two-step
strategy raises polymer content per cell. For instance, a fed-batch C. necator run might use a carefully
regulated glucose feed, culminating in a nitrogen deficit, which then sparks a large PHB rise. Sometimes
phosphorus or oxygen scarcity is employed instead, based on strain preference. Also, conditions like
temperature, pH, and oxygen flow get tuned, many PHA-forming microbes favor around 30 °C, neutral pH,
and high aeration (since PHA creation typically is aerobic). Still, PHA accumulation elevates oxygen usage
and medium viscosity, so good agitation is vital. Fed-batch is popular for controlling substrate levels
(preventing toxic carbon surplus) and extending production but is labor-intensive. Continuous fermentations
have been attempted to boost productivity and reduce downtime, but stable states with high PHA are tricky.
Some continuous set-ups use cell recycling or dual-stage methods (growth plus accumulation) to enhance
output. As PHAs occur inside cells, retrieving and purifying the polymer after fermentation is a key step.
Cells are commonly separated from broth by centrifugation/filtration and then dried. Traditional recovery
frequently uses solvents (chloroform or halogenated) to dissolve PHAS, followed by precipitation with a
nonsolvent (like methanol). Though it gives high-purity polymer, it is environmentally unfriendly, plus
solvents are expensive. Innovative approaches are pushing enzymatic or mechanical methods with less-toxic
solvents (like methyl tert-butyl ether or ionic liquids). Supercritical CO: extraction and aqueous surfactant-
based protocols have been examined too. Another factor is the necessity for aseptic conditions. Rich media
and extended fermentation times invite contamination by other microbes that can devour substrate or
degrade the stored PHA, requiring equipment sterilization and feed sterilization, which might represent up
to 30% of total operating costs. The usage of halophiles is one solution, since their high-salt environments
discourage many contaminants (Chen et al., 2022). Another method is open mixed-culture systems
(especially from wastewater feedstocks), though achieving uniform product can be a challenge. Overall,
selecting or engineering a strong PHA-producer and customizing the fermentation approach are essential to
success. Strategies for maximizing biomass, fostering PHA synthesis at the right time, and simplifying
extraction remain core pursuits in biotech (Gonzélez-Rojo et al., 2024). The next segments explore
feedstock choices and genetic optimizations aimed at boosting PHA vyields.

Feedstocks and Substrates for PHA Production

Picking an appropriate carbon feed is critical for the cost and environmental viability of PHA production.
Classic PHA operations rely on pure substrates like glucose or vegetable oils (e.g. soybean) [National
Science Foundation, 2014; nsf.gov]. While these yield strong bacterial growth and polymer accumulation,
they come at high expense and often come from food sources, sparking controversies about competing with
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the food chain and farmland usage. Indeed, a sugar-based approach can involve significant raw material
costs (reaching roughly 45% of total production expense) , and it ties PHA yields to agricultural cycles,
meaning farmland, fertilizer, and water are indirectly utilized to “grow plastic.” As the NSF outlined in
2014, that can “rival food resources” and might dilute the environmental plus side if not regulated properly
[nsf.gov] [nsf.gov]. In response, research has pivoted to cheaper feedstocks, especially industrial and
agricultural wastes (Tsang et al., 2019). Agro-industrial byproducts are prime examples, for instance,
sugarcane molasses, containing residual sugars, has been exploited for cost-effective PHB production.
Likewise, fruit juice industry leftovers and whey from dairy can be converted to PHAs by suitable strains.
Used cooking oils or waste plant oils can be utilized by mcl-PHA makers like Pseudomonas. Biodiesel-
derived crude glycerol also is a popular feedstock for C. necator to accumulate PHB, thanks to its substantial
carbon load (Kourmentza et al., 2017). More recalcitrant sources, such as lignocellulosic biomass (like
cornstalks or sugarcane bagasse), are cheap and abundant but need pretreatment to break them down into
fermentable sugars. This step raises costs and energy usage. Nonetheless, once hydrolyzed, the sugar
mixture (glucose, xylose, etc.) can be digested by engineered or mixed microbial cultures to form PHAsS,
turning farm residues into bioplastics (Rodriguez-Pérez et al., 2018). Also, municipal and factory
wastewater streams, rich in organic matter, are intriguing feedstock candidates. A plus here is the concurrent
waste cleanup and valuable polymer production. Recent studies demonstrate the capability of certain
microbial consortia to gather PHA from wastewater under feast-famine schemes (Mohapatra et al., 2023).
While pure-culture processes dominate, open mixed cultures fed with wastewater can selectively develop
PHA-storing species (for example, Plasticicumulans or Pseudomonas) that gobble volatile fatty acids and
accumulate PHAs. Such synergy merges waste management with plastic production, although controlling
polymer properties can be complicated (Tsang et al., 2019). Among the most ambitious feedstock twists is
harnessing methane (CHa), a potent greenhouse gas, to produce PHAs. Methanotrophic bacteria that grow
on CHa can accumulate PHB. Organizations like Mango Materials and some academic groups have built
methods where methane from landfills or biogas installations is fed to methanotrophs that naturally
synthesize PHB (National Science Foundation, 2014 [nsf.gov] [nsf.gov]). This approach not only secures a
cheap, non-edible carbon feed but also helps sequester a greenhouse gas (Strong et al., 2016). Pilot
experiments show Methylocystis, among others, can form PHB from methane and oxygen, reaching
polymer yields that are smaller than sugar-based methods but still promising for scaling [nsf.gov] [nsf.gov].
By reusing methane to craft bioplastics, the system tackles pollution on two fronts, though working with
gaseous substrates introduces engineering complexities (e.g. gas-to-liquid mass transfer in reactors).
Moreover, some groups are targeting CO: directly via photosynthetic microbes. A few cyanobacteria and
algae strains have been genetically altered to produce PHAs straight from CO: plus sunlight (Zhou et al.,
2020). Though still in early stages, the concept of a fully renewable, solar-driven PHA “factory” is
compelling. In conclusion, the pivot to non-food feedstocks, especially various refuse streams, is crucial for
the viability and green credentials of PHA production. Of course, each substrate has issues: feedstock
variability, pretreatment needs for lignocellulose, or low substrate concentration in wastewater. Still,
collectively, these roads decouple PHA from expensive refined sugars, and by revalorizing so-called
“wastes”, from agricultural leftovers to CHa4 emissions, PHA manufacture moves nearer to a circular
bioeconomy (Tsang et al., 2019).

Current Research and Innovations in PHA Production

A range of cutting-edge work in microbial biotech is powering better PHA productivity, cost-effectiveness,
and polymer performance. These revolve around genetically modifying strains, refining fermentation, and
novel downstream recovery strategies (Gonzalez-Rojo et al., 2024).
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1. Metabolic Engineering of PHA Producers: An essential area involves redesigning microbial
metabolism to heighten polymer formation or produce specialized monomers. By inactivating
competing pathways and boosting PHA genes, more carbon is shunted toward PHA. For instance, in
Cupriavidus necator, removing glycogen synthesis or B-oxidation steps can steer more acetyl-CoA to
PHB. In Pseudomonas, halting certain fatty acid-consuming routes can elevate mcl-PHA vyields. A
remarkable case used CRISPR interference in E. coli (which does not natively generate PHA):
downregulating 10 cell wall-related genes resulted in cells with flexible walls that managed to store
up to 93% PHB of their dry weight (Zhang et al., 2020). By fine-tuning carbon metabolism, these
manipulations enable incorporation of uncommon monomers too; for example, upregulating specific
enzymes fosters 4-hydroxybutyrate or diverse chain lengths, letting one tailor polymer features
(Laycock et al., 2014). Custom-engineered PHAs with prechosen monomer mixes (and thus
mechanical traits) have emerged, spanning from pliable films to stiff medical items.

2. Genetic Tweaks for Simpler Extraction: Beyond raising yield, another trick is altering bacterial
shapes to ease downstream work. Inducing abnormally large or filamentous cells can simplify
harvest or even gravity settling. A known approach is overexpressing sulA, a gene that blocks cell
division, causing E. coli rods to elongate (Wang et al., 2019). These giant cells have extra room for
PHA granules and can be removed by settling, avoiding centrifugation. One trial showed that sulA-
expressing E. coli made over double the PHB that normal cells did, and they settled well (Gonzalez-
Rojo et al., 2024). Similarly, deleting minCD or other division genes can produce big cells jam-
packed with PHB. Some groups also weaken the cell wall: downregulating peptidoglycan-related
genes produces fragile cells that can partly lyse at fermentation is end, letting PHA granules out (Xu
et al., 2021). Such self-rupturing or easily breakable cells might cut energy and solvent usage in
isolation processes. A more advanced tactic is pushing cells to secrete the polymer. Normally, PHAS
remain intracellular, but fresh designs arrange for extracellular polymer or monomer secretion,
eliminating cell-harvest steps. One approach uses yeast surface display technology in E. coli, so the
PHA synthase is anchored on the membrane or cell exterior, polymerizing outside (Shi et al., 2022).
Alternatively, outward vesicles or lysis triggers can push PHA lumps into the medium. A recent
review cited lipophilic carriers enabling cells to package and release micro-PHA granules (Zhang et
al., 2023). If successful, that could shift the entire downstream approach, letting producers simply
filter out PHA.

3. Process Innovations and Extremophiles: On the process front, employing salt-tolerant microbes
(e.g. Halomonas) stands as “next-gen industrial biotech,” removing the necessity for total sterility
(Chen et al., 2022). Halomonas thrives in highly saline media that deter contamination, making
open-air tanks feasible and cheaper. Additionally, once salt-grown Halomonas is placed in fresh
water, cells experience osmotic shock and burst, releasing PHA that can be recovered by filtration or
spinning. This harnesses natural biology to reduce both the fermentation cost (no sterilization) and
polymer extraction (self-lysis). Researchers have successfully made PHA non-sterile with halophiles
and even halophilic consortia, emphasizing the resilience of this technique (Chen et al., 2022).
Fermentation design is also progressing. High-cell-density systems with cell recycling keep biomass
active longer. Semicontinuous or continuous modes have been studied to yield steady PHA, possibly
boosting volumetric output. Two-phase setups or immobilized cells also attempt to raise efficiency
(Kourmentza et al., 2017).

4. Better Downstream Purification: Standard PHA solvent extraction is pricey and not eco-friendly.
Newer studies look at “green” solvents (like dimethyl carbonate or acetone in closed loops) or
selective enzymes to degrade everything but PHA. Direct mechanical disruption (high-pressure
homogenizing or ultrasonics) paired with filtration is being tried, avoiding harmful chemicals.
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Biological digestion is also an option, in which particular microorganisms or enzymes destroy non-
PHA biomass, giving purified polymer. Each approach must maintain polymer integrity while
balancing cost and throughput. Also, integrated biorefineries that produce multiple products from the
leftover biomass or use leftover sludge for energy help improve total sustainability. Cumulatively,
from engineered “hyperaccumulator” strains or possibly extracellular PHA excretion, to advanced
salt-loving fermentations and benign recovery, the cost gap between PHAs and standard plastics is
shrinking (Gonzéalez-Rojo et al., 2024). Each piece of the production puzzle is advancing. These
enhancements reverberate on both environmental footprints and practical potential of PHAS.

Ecological Impacts and Biodegradability of PHAS

A key argument backing PHAs as plastic alternatives is their robust biodegradability and low eco-toxicity.
Because PHAs are produced by microorganisms, many microbes can secrete PHA-degrading enzymes,
enabling them to metabolize PHAs. Once thrown away, a PHA item in soil or water can be targeted by
microbes that generate PHA depolymerases, splitting the polymer into short hydroxyalkanoates, which are
further used for respiration, eventually producing CO- and Hz0O in aerobic habitats (or methane in anaerobic
ones) [gopha.org; nature.com]. Thus, the final breakdown elements are normal participants in carbon
cycling, so PHA avoids persistent microplastics or damaging chemicals (Suzuki et al., 2021 [gopha.org]
[gopha.org]). This differs starkly from conventional plastics like polypropylene, which stay in nature for
extremely long times, fragmenting into microplastics. Multiple experiments have checked PHA
biodegradation in different settings. In compost or soil, PHAs like PHB or PHBV degrade in months to
about a year, variable with temperature, water content, and microbial populations. PHB sheets might vanish
within half a year in compost (Ahmed et al., 2018). PHA goods often comply with compostability
benchmarks (like EN 13432). In marine environments, which are colder and less microbe-rich, PHA still
degrades fairly well. Suzuki et al. (2021) reviewed PHA is decomposability across numerous marine
contexts, from coastal zones to the deep sea. Therefore, if PHA-based waste ends in the ocean, local
microbes and fungi can degrade it eventually, limiting accumulative harm. In contrast, other so-called
biodegradable plastics, like PLA, do not degrade quickly in the ocean (Yoshida & Tsuji, 2020), possibly
persisting similarly to standard plastics. PHAS, on the other hand, do degrade in that environment (Suzuki et
al., 2021). Additionally, PHAs are non-toxic and medically compatible. Their monomers (3-
hydroxybutyrate, etc.) are typical metabolic compounds in living organisms; for instance, humans have 3-
hydroxybutyrate as a ketone body. Consequently, PHA breakdown is not harmful, unlike certain chemicals
leached by petroleum plastics. No hormone-disrupting or persistent pollutants are produced from PHA
breakdown. PHAS have even been cleared for internal medical uses (like dissolving sutures) (Chen & Wau,
2005). Ecologically, that means minimal risk of harmful buildup in creatures. One might argue a PHA
fragment is almost like organic detritus from an ecosystem viewpoint. Of course, degradation speed varies
by context. A thick PHA object in cold, dry conditions might linger longer than a thin film in warm
compost. Generally, a PHA item in marine settings can fully degrade in a few months or years, whereas an
equivalent polyethylene product remains many decades [gopha.org] [gopha.org]. One analysis reported
about 0.04-0.09 mg/day/cm? PHA breakdown in seawater [sciencedirect.com], suggesting a typical PHA
layer can vanish in a matter of months. Under compost conditions, it is still quicker. Importantly, unlike
typical plastics that break into microplastics, PHAs are consumed before they disintegrate that far
[gopha.org] [gopha.org]. Polyethylene or PLA might physically break into tiny pieces that small animals
ingest, while PHA is actually digested by microbes. Life-cycle wise, if PHAs come from renewable or
waste-based inputs, their net carbon footprint can be much lower than petroplastics. When they degrade,
they release CO: that was originally sequestered from the atmosphere in plants (or from methane that would
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have otherwise been emitted), so it can be near carbon-neutral. Some processes that utilize methane even
appear carbon-negative if the CHs4 would otherwise escape unburned (Mango Materials, 2021). By
comparison, fossil plastic manufacturing is tied to large carbon emissions (over 1.7 Gt CO: equivalents in
2015). Adopting PHAs in place of a part of such plastics might cut emissions, especially if the PHA route
reuses greenhouse gases, though fermentation is energy usage must be factored in. LCAs (life-cycle
assessments) usually show PHAs have lesser fossil fuel use and greenhouse impact versus typical plastics,
provided the feedstock is renewable (Harding et al., 2007). If we rely on food feedstocks or fossil-based
electricity, some benefits might be lost, so ensuring green inputs is key. Environmentally, test results reveal
no obvious hazards to aquatic organisms from PHA decomposition, since short-chain acids get microbially
assimilated quickly, and do not bioaccumulate. So PHAs are sometimes hyped as “nature is plastic.” A
small potential negative is if PHAs degrade anaerobically (like in landfills), methane can form and, if it is
not captured, that contributes to climate issues. However, a conventional plastic in a landfill simply stays
inert for centuries, while a properly managed landfill can capture methane and harness it for energy. So the
net effect can still be advantageous, especially if PHA waste gets diverted to industrial composting or biogas
plants with methane capture. Summarizing, PHAs supply crucial ecological edges: true biodegradation in
varied environments, no microplastic leftover, plus no toxic leaching. These reasons highlight PHAs’
capacity to mitigate plastic waste and pollution if widely adopted. The following section addresses the
commercial and practical feasibility behind broadening PHA usage.

Economic Potential and Industrial Adoption of PHA Bioplastics

Despite bright green credentials, PHAs still suffer from cost difficulties limiting broader uptake.
Historically, PHA production cost was several times higher than that of mainstream plastics like
polypropylene (Kourmentza et al., 2017; Tsang et al., 2019). Various factors hamper cost-competitiveness
in biotechnology: feedstock prices, fermentation overhead, and polymer extraction can be pricey. For
example, sugar feed can be much costlier than petroleum for the same mass of plastic, and the chemical
polymer industry has decades of refinement, while fermentation lines remain less mature. Also,
fermentation is capital-heavy, big reactors, sterilization equipment, aeration, all increase capital and running
costs. The last purification steps can be laborious and solvent-intensive. In short, at current volumes, PHA
generally can’t match the bargain prices of large-scale petroplastics (often just $1-2/kg). However, PHA
economics are improving thanks to technology leaps and market shifts. One big factor is scaling up. Present
global PHA production is modest (tens of thousands of tons), whereas synthetic plastics top ~400 million
tons. As PHA capacity expands, prices should decline. Indeed, forecasts suggest PHA volume might move
into the hundreds of thousands of tons soon [prismaneconsulting.com]. For example, Danimer Scientific
(USA) has upscaled PHA (called Nodax) to use in compostable packaging, and CJ CheilJedang (South
Korea) runs a major PHA factory. Such expansions should yield cost savings via bulk raw materials,
improved process synergy, and distributing capital outlays. Moreover, reusing cheap waste feeds directly
reduces feedstock expenditure. A typical feed cost can be ~45% of total expense , so employing near-zero-
cost byproducts, like dairy whey or glycerol from biodiesel, can significantly pare down costs. Several
companies are building adjacency with biodiesel plants or dairies to exploit leftover streams, possibly even
receiving payment to take away that “waste.” Innovative process strategies also help: continuous
fermentation with higher cell density improves throughput. Using halophiles in open systems can skip
rigorous sterilization, preventing contamination-related losses (Chen et al., 2022). Downstream, if genetic
modifications allow water-based extraction without harsh chemicals, that lowers costs. From a marketing
standpoint, there is a growing readiness to pay extra for greener materials. While standard plastic is very
cheap, the rising wave of bans on single-use plastics, plastic taxes, and mandatory biodegradable packaging
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fosters a niche where PHASs are feasible. In certain circumstances, PHAs might be among the only materials
to satisfy compostability laws, so brand owners accept higher costs to align with regulations or brand
sustainability. Consequently, PHAs sometimes fetch premium prices, for instance, for compostable straws
or cutlery. Additionally, PHAs have specialized high-margin applications, particularly in healthcare. PHB-
based copolymers (like PHBV or PHB-4HB) are studied for tissue engineering, implants, or drug delivery.
Here, the cost is relatively unimportant compared to the advantage of in vivo degradability. Similarly, for
advanced uses like biodegradable filaments in 3D printing or slow-release fertilizer casings, the value
proposition outweighs cost concerns. On the other hand, a barrier to mainstream adoption is that the product
must meet performance standards, it must hold up during use and degrade afterwards. For certain functions,
PHAs already do well (food packaging, single-use items). For more demanding roles, e.g. flexible film
packaging, PLA or PBAT might be cheaper or easier to process. Nevertheless, blending or co-polymerizing
PHAs can address some mechanical or thermal shortcomings. As more PHA variants become available, they
might fill more plastic niches. From a bigger perspective, if PHAs can slot into circular economies (where
one operation is waste is the input for PHA fermentation, and the leftover biomass is used for energy or
fertilizer), overall efficiency can be boosted. The concept is that externalities like plastic pollution or
greenhouse emissions get accounted for, which might push PHAs to be cost-competitive or even cheaper in
total society cost (European Bioplastics, 2021). Government programs, grants, or carbon-credit systems also
help offset the cost gap. So far, PHAs cannot truly go head-to-head with mainstream polyethylene on raw
cost. But progress is steady. Using unrefined feedstocks and advanced process engineering has lowered
PHA prices in the past decade (Kourmentza et al., 2017). Demand from eco-conscious buyers is expanding.
If big factories keep popping up, the eventual bulk scale should narrow the price difference with standard
plastics, or else environmental policies might push up costs on petroleum plastics, making PHAs more
attractive.

Conclusion: Prospects and Limitations of PHA Bioplastics

Bacterial PHAs symbolize a modern synergy of microbiology and materials science working to abate plastic
waste. Over this survey, we’ve observed PHAs demonstrate a bright outlook for eco-friendly plastic,
production is bio-based, feedstocks can be wastes, and final items return to the ecosystem instead of
persisting as trash. The biochemical and microbial elements behind PHA creation are well researched: under
the correct conditions, microbes are basically small factories that can transform renewable resources into
robust polymers. PHAs’ biodegradability and benigns to breakdown strongly suggest they can link into
nature is carbon cycle, whereas typical plastics that accumulate pollution (Suzuki et al., 2021). Advances
has continued quickly. Engineered microbes have achieved impressive yields or even polymer secretion
(Gonzalez-Rojo et al., 2024). Salt-tolerant organisms and continuous methods further cut costs. A broad
array of feedstocks, from sugar byproducts to methane, can integrate PHA production with waste
management or greenhouse gas reduction. These breakthroughs weaken earlier obstacles (lower yields, high
feed costs, limited feedstocks). That said, key challenges remain. Mainly, PHAs are still pricier than
standard plastics. Breaking into the largest plastic markets, which hinge on tight margins, will be tough
unless regulations give an advantage or novel breakthroughs slash costs drastically (Kourmentza et al.,
2017). The path for PHAs might start with smaller, specialized uses regulated single-use applications,
gradually scaling up. Material properties may also limit certain uses: for example, pure PHB could be brittle
or degrade at temperatures near its melt point, though copolymers and blends can mitigate some issues.
Then there is the infrastructure question: to leverage biodegradability, communities need composting or
similar waste handling. Having more feedstock-sourcing stability is another hurdle, especially if reliant on
seasonal or location-specific wastes. Also, from a sustainability angle, it is vital that PHA manufacturing is
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powered by low-carbon energy and uses minimal harmful chemicals. Bioplastics do not fix all plastic woes
(Rosenboom et al., 2022). Scaling down plastic demand overall and scaling up recycling remain core piece
of the puzzle. PHAs can complement these efforts, particularly in settings where items is not easily
recovered or might pollute open environments (like fishing gear) or in medical tools that must degrade after
usage. Future prospects are encouraging, with CRISPR-based tools enabling near-optimal strains (Gonzélez-
Rojo et al., 2024). We may see synergy in co-culture setups or direct CO- fixation in a longer timeframe.
Meanwhile, policy momentum for plastic regulation is increasing, possibly boosting biodegradable
solutions. In summary, PHA bioplastics illustrate a potent union of biology and polymer technology that is
inching closer to practicality. From the first discovery of PHAs nearly a century ago, through repeated
cycles of enthusiasm, we are now in a period where environmental necessity, scientific progress, and public
awareness converge. PHASs are not an overnight fix, but they can still be a cornerstone of more responsible
plastic usage. If the industry can achieve scale plus keep refining the technology, PHAs might evolve from a
niche to a mainstream piece of the plastic sector, assisting in cutting reliance on fossil resources and
diminishing the devastation of plastic refuse.
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