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ABSTRACT be utilized within biomedical, industrial, and environmental 
endeavours [5], [6]. Polyhydroxyalkanoates (PHA) are a group of biopolymers 

that can be both biodegradable and biocompatible; 
several microorganisms synthesize these polymers as 
biotic intracellular carbon and energy repositories. Such 
Polyhydroxyalkanoates augur well to replace conventional 
plastics thanks to their environmentally friendly properties 
that aid sustainable development and circular bioeconomy. 
In particular, their multifunctional usage led to significant 
attention in the biomedical, agriculture, environmental 
management, and packaging industries. PHAs are used in 
regenerative medicine, tissue engineering, drug delivery 
systems, and surgical applications because they are 
biocompatible with human tissues and organs. As sustainable 
substitutes in food packaging and biodegradable consumer 
products, they help reduce pollution by plastic waste. 
In agriculture, PHAs improve soil and crop productivity 
through controlled-release bioremediation fertilizers and 
biodegradable mulching films while alleviating plastic 
pollution. Their commercialization potential is expanded with 
integration into biofuel, 3D printing, textile, and cosmetic 
production. Most remarkably, their value as a substitute for 
antibiotics in livestock feed demonstrates their contribution 
to sustainable animal husbandry. 

Keywords: Polyhydroxyalkanoates (PHA), biodegradable 
biopolymers, biomedical applications, packaging industry, 
bioremediation, antimicrobial alternatives. 

I. INTRODUCTION 

As previously mentioned, Polyhydroxyalkanoates (PHAs) 
are polyesters created from PHAs-rich bacterial species for use 
as intracellular carbon and energy repositories [1], [2]. PHA 
first came to attention during Lemoigne’s 1926 study, which 
illustrated the first identification of poly(3-hydroxybutyrate) 
(PHB) where it was considered an intracellular polymer in 
Bacillus megaterium [3], [4]. Afterwards, several studies con- 
firmed the growing demand for PHAs due to their biodegrad- 
able, thermoplastic, and biocompatible properties which can 

The preliminary research tried using agricultural and in- 
dustrial waste as renewable feedstocks to optimize PHA 
biosynthesis [7], [8]. In the last decade, the introduction of 
metabolic engineering designs was proven to enhance micro- 
bial PHA yields, thus increasing its market value [9]–[11]. The 
latter studies focus on PHA-containing materials as feasible 
substitutes for plastics made from petroleum [12]–[14]. The 
advances in bioprocessing of further synthetic constructs will 
be discussed in detail in 2024. Post-2010, life cycle assessment 
(LCA) studies have proved that PHA-based PHA plastics 
have a more economical carbon footprint compared to normal 
polymers [15]. Besides, merging PHA production with waste 
valorization activities has created economically favourable 
methods in some studies where agro-industrial wastes have 
been used [11], [12], [16]. The latest development in microbial 
engineering broadened the scope of PHA monomers which 
PHA can possess tunable attributes for certain particular uses 
[16]–[18]. While progress has been made, the commercial- 
ization of PHAs on a larger scale is still constrained due to 
high costs of production and issues with scalability [10], [15], 
[19]. There has been no lack of effort in trying to meet bottom- 
line objectives utilizing mixed microbial cultures (MMCs) and 
engineered microbial consortia to improve PHA production 
[20]. In addition, the advancements in the PHA copolymer 
synthesis are expected to serve greater applicability in the areas 
of biomedicine, environmental remediation, and 3D printing 
[18], [21], [22]. The industrial biotechnology trends point 
towards a shift to bioeconomic systems, with PHAs assuming 
an important role in displacing traditional plastics [23]. It is 
predicted that the global PHA market will grow substantially 
by 2030 aided by stronger policy incentives and technological 
progress [22]. Moreover, there has been a recent focus on 
enhanced bioprocessing methods involving synthetic biology 
and AI-augmented fermentation, which make PHA production 
more efficient and economically attractive [24], [25]. 
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II. APPLICATIONS OF POLYHYDROXYALKANOATES and regenerative medicine. Advances in nanotechnology, as 
well as in biofabrication, make PHAs promising biopolymers 
for innovative medical treatments. 

(PHAS) 

Polyhydroxyalkanoates (PHA) presents itself as a new type 
of biodegradable polymer with potential uses in biomedicine, 
packaging, agriculture, 3D printing, and even textiles. Lately, 
PHAs have been recognized as eco-friendly solutions to 
plastics due to their aforementioned biodegradability, as well 
as mechanical properties, and biocompatibility render them 
suitable substitutes for petroleum-based plastics [26]–[28] . 
This portion of the text offers a comprehensive description of 
the industrial uses of PHAs with a focus on new developments 
and problems within this context. 

4) Uses of Polyhydroxyalkanoates (PHA) in Drug Delivery 
Systems and Controlled Release Mechanisms: Owing to their 
versatility in encapsulating hydrophobic drugs and releasing 
them in controlled manners, Polyhydroxyalkanoates (PHAs) 
emerged as novel biomaterials for drug delivery use [34], [35]. 
PHAs have been effective in the creation of new bioactive 
compound delivery systems with PHA-based microparticles 
[36]. Surface modification of PHAs with functional groups to 
improve drug loading, targeting efficiency, and bioavailability 
has been the recent focus of research [22], [28]. The ability of 
PHA nano and microparticles to serve as carriers for the sus- 
tained and targeted delivery of therapeutic drugs opened a new 
research direction to improve therapeutic outcomes [37]. Other 
potential applications of PHA micelles and hydrogels include 
gene therapy, protein delivery, and vaccine delivery systems 
[38]. Most conventional sustained-release drug delivery sys- 
tems use lactate and glycolate homopolymers and copolymers 
that are subjected to bulk hydrolysis-based degradation, thus 
making controlled drug release problematic [39]. However, 
since PHAs undergo surface erosion for biodegradation, they 
can provide better control of release [40]. 

Research has opened up the possibility of using poly(3- 
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) matrices for 
oral drug delivery, which eases processing and improves 
controlled release [41]. In addition, modifications to PHB 
microparticles have been found to affect the kinetics of drug 
release. Greater polymer molecular weight improves the re- A. Biomedical Innovations Utilizing PHA 

1) Biomedical Applications in Regenerative Medicine and lease of sulfamethizole [42], whereas PHB carriers have been 
Tissue Engineering : Due to biocompatibility, biodegradabil- shown to outperform PLA microspheres in the release of anti- 
ity, and non-toxic by-products upon degradation PHAs are cancer drugs [43]. The incorporation of ethyl or butyl esters of 
considered promising biomaterials within medicine for tissue fatty acids into PHB microspheres further increases the rate 
engineering, surgical implants, sutures, drug delivery, and even of drug release [44]. While PHB and PHBV are relatively 
more advanced applications like using them in implants [29], the most researched PHA types, other PHA PHBV meta-ester 
[30]. Various PHA copolymers, like poly(3-hydroxybutyrate- PHA forms are also suggestive for better control of drug 
co-3-hydroxyvalerate) (PHBV), have been investigated for release. However, the integration of PHA metaalxethylates 
scaffold fabrication for cell tissue engineering wherein they with sulphonamide group and PHB Methacrylates and 2-ethyl 
assist in cell proliferation and differentiation, thus, facilitating hexyl ester led to amphiphilic PHA that incorporate polymeric 
tissue regeneration [31]. micelles and exhibit faster degradation PHB nanocarrier struc- 
2) Tissue Engineering and Regenerative Medicine : As  tures. A novel PHA granule binding protein drug delivery 
a result of the biodegradability of PHA-based scaffolds, they system (PhaP) has been created that uses PHA which acts as a 
are optimal for cell adhesion, proliferation, and differentiation, hydrophobic polymer to attach to. Targeted delivery of drugs 
which in turn promotes renewal of damaged tissues. PHBV to macrophages and hepatocellular carcinoma cells has been 
scaffolds have enhanced flexibility and mechanical strength, conducted both in vitro and in vivo through the use of PhaP 
making them invaluable in the repair of bones and cartilage fused with certain ligands and PHA nanoparticles [45]. The 
[32]. transport of drugs was confirmed by the use of fluorescence 
3) Bone and Cartilage Regeneration: Singh et al. (2021),  microscopy using rhodamine B isothiocyanate (RBITC) while 
Huang et al. (2024) explain that the greater incorporation being tested on animal modes bearing tumours. The use of 
of bioactive molecules in PHA scaffolds makes them more PHBV and other PHAs as drug delivery systems is therefore 
effective for bone and cartilage uses. In addition, PHA com- promising, as they are biocompatible and biodegradable. Their 
posites incorporating hydroxyapatite and other biomaterials rapid degradation which allows controlled release of drugs 
are more effective due to enhanced osteointegration and thus is also important. Moreover, preliminary data suggests their 
better bone regeneration abilities [33]. These days, the scope potential for targeted delivery and drug encapsulation, making 
of research in biomedicine constantly updates the knowledge them suitable candidates for effective drug delivery systems. 
of PHA-based materials and adjusts some of their features 5) Surgical Implants and Sutures : Polyhydrox- 
concerning the attainment of diverse aims in tissue engineering yalkanoates, like Polyhydroxybutyrate (PHB), poly 

    Fig. 1. Various Application of PHA 
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-hydroxybutyrate – co – -hydroxy valerate (PHBV), mechanical properties. Tanaka et al. (2007) produced high- 
Poly(4-hydroxybutyrate) (P4HB), Poly(3-hydroxybutyrate- strengthpolyhydroxybutyrate (PHB) fibres by stretching the 
co-3-hydroxyhexanoate) (PHBHHx), and Poly-3-hydroxy fibres after controlled crystallization at glass transition tem- 
octanoate (PHO) are under consideration for biomedical use perature. In the same way, Vogel et al. (2007) enhanced PHB 
because of their compatibility and adjustable characteristics crystallization during the melt-spinning process using peroxide 
[46]–[48]. These materials offer an environmentally friendly by reactive extrusion. This method not only enhanced fibre 
substitute to conventional PHAs since they are biodegradable, formation but also decreased the secondary crystallization thus 
making them suitable for surgical implants, including sutures, resulting in strong fibers with good commercial prospects. 
screws, bone plates, cardiovascular patches, nerve guides, 

IV. AGRICULTURAL AND ENVIRONMENTAL and dressings [49], [50]. PHA-based sutures have both 
antimicrobial and self-degrading features which reduce 
the risk of infections and eliminate the need for removal 
[51]. Furthermore, PHA coating of cardiovascular stents 
and orthopaedic implants reduces inflammation enhancing 
recovery (34). Research has suggested that 3-hydroxybutyrate 
(3HB) helps PHAs to become suitable for tissue regeneration 
by promoting fibroblast proliferation while inhibiting cell 
apoptosis [51]. PHBHHx microparticles further enhance cell 

APPLICATIONS 

PHAs have a strong impact in the field of sustainable agri- 
culture and pollution control such as in the use of controlled 
released fertilizers, biodegradable films, and bioremediation 
[61]. 

A. Controlled-Release Fertilizers 

According to Ahn et al. (2022), PHA-based encapsulation 
growth which is facilitated by modulation of intracellular systems have been observed to enhance fertilizer retention and 
calcium. This supports the potential use of PHBHHx in diminish nutrient runoff and pollution due to their gradual re- 
regenerative medicine [52]. PHAs are still one step ahead lease of nutrients. The incorporation of bio-based fertilizers is 
of biopolymers as candidates for next-generation surgical supported by Wang et al. (2023), who credits the enhanced soil 
materials because of their controllable degradation rates [26], microbial activity derived from PHAs as an advantage towards 

[53]. sustainable agriculture. Furthermore, PHA-based formulations 
have been noted to aid the survival of microbial inoculants 
under environmental stresses such as acidity, desiccation, and 
pesticides [62]. In laboratory field trials, the inoculants were 
noted to enhance the colonization of roots by the PHB-rich 
Azospirillum brasilense, thereby increasing plant growth and 
maize and wheat yields [63], [64]. In addition, PHA granules 
as carriers of insecticides PHA-degrading bacteria help to 
increase the application efficiency because of their controlled 
release when the polymer is broken down [65]. 

III. INDUSTRIAL APPLICATIONS OF 

POLYHYDROXYALKANOATES (PHA) 

A. Packaging Industry 

PHAs are gaining attraction for use in food packaging, 
consumer products, and sustainable plastics, thanks to their 
biodegradability and mechanical strength [54]. 

1) Food Packaging : Due to their biodegradability, poly- 
hydroxyalkanoates (PHA) are increasingly being recognized 
as an environmentally friendly option in food packaging. 
Initially, a German firm, Wella, used PHA for shampoo bottle 
packaging [55]. More recently, Procter Gamble, Biomers, and 

B. Biodegradable Agricultural Films 

   According to Bhatia et al. (2023), PHA-based agricultural 
Metabolix utilized PHA for food packaging films, shopping films serve as compostable substitutes to traditional plastic 
bags, and compostable packaging materials PHA-based films mulches by controlling soil temperature, limiting the growth 
were developed [56], [57]. PHA-based films are almost perfect of weeds, and retaining moisture. Their decomposition in the 
for food packaging because they are moisture-proof and gas- soil also helps prevent the pollution caused by microplastics 
impermeable, making them useful for food wraps and storage while enhancing soil health [66]. At the same time, their ability 

containers [58]. to integrate with microbial inoculants fosters soil fertility and 

2) Biodegradable Consumer Goods : Polyhydroxyalka- plant growth. Unlike conventional plastic products, PHA-based 
noates (PHAs) are gaining popularity for use as eco-friendly films have the unique ability to fully biodegrade without too 
substitutes for oil-derived plastics in single-use cutlery, straws, much leaving harmful byproducts, thus making them a suitable 
shopping bags and containers [59]. Furthermore, PHA coating material for agriculture [61]. 
on paper cups and containers enhances water resistance while 
still allowing for composting, thus providing eco-friendly 
packaging alternatives [60]. In addition to food packaging, 

C. Bioremediation and Waste Treatment 

Recently, PHA biofilters and membranes havegained popu- 
PHA have been blended into a variety of biodegradable larity in municipal wastewater plants for their efficiency in 
consumer products. Extensively used in the manufacture of removing organic pollutants [29]. Further, PHA acts as a 
disposables such as razors, cups, diapers, feminine hygienic carbon source in the microbial degradation process and in- 
items, cosmetic containers, etc. In addition, PHA-containing creases the efficiency and longevity of the bacterial inoculants 
materials are also important in industrial and medical fields used for bioremediation [67]. There is some data that PHA- 
as surgical garments, carpets, upholstery, and molded prod- based carriers are more efficient in delivering the beneficial 
ucts such as lids and tubs [56], [57]. Researchers have organisms to the polluted medium and therefore sustain the 
aimed at crystallization and rupture tensile strength im- activity of degrading pollutants and restoration of soil fertility 
provement to address the brittleness of PHA and aid its [1]. 
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D. PHA as Biofuels modelling (FDM) is defined as a melt-extrusion-based tech- 
nique that involves building three-dimensional objects from 
thermoplastic filaments in successive horizontal layers [80]. 
The successful application of FDM often implies the use 
of copolymerization methods such as the incorporation of 
3-hydroxyvalerate (PHBV), which elementary increases the 
thermal stability of the polymer [81]. In prior research, it 
has been proven that FDM can be applied to esterified PHBV 
filaments with additives like carbon nanotubes, palm fibre, or 
silicone sponge which enhance the mechanical performance of 
the printed part [82], [83].In addition, wood flour-reinforced 
PLA/PHA composite filament was shown to be extrudable 
with a temperature diffusion of 250 °C [84]. Further, blending 
20% PHA with PLA was proven to greatly increase the duc- 
tility of PLA filaments by ensuring good distribution of PHA 
in the PLA matrix [85], [86]. A new method of 3D printing 

Recent studies indicate that Polyhydroxyalkanoates(PHAs) 
can be used as biofuels. As Zhang et al., (2009) reported, 
the combustion heats of poly-3-hydroxybutyrate methyl ester 
(3HBME) and medium-chain-length poly-3-hydroxyalkanoate 
methyl ester (3HAME) produced from the esterification of 
PHB and mcl-PHA had kJ/g as 20 and 30 respectively, which 
is 23 less than ethanol (27kJ/g) combustion heat. The blending 
of ten percent of 3HBME or 3HAME with ethanol produced 
better results.Fuel blends with diesel and gasoline have lower 
combustion heat compared with fossil fuels. I’m estimating the 
production cost of biofuels from PHA to be around $1200 per 
ton which makes them plausible for being renewable energy 
resources [68]. 

V. 3D PRINTING AND TEXTILE INDUSTRY 

The growing usage of PHAs in the fields of additive manu- with PHA which is highly promising is stereolithography, but 
facturing and sustainable textiles stems from their biodegrad- it needs a delicate optimization of photopolymerization by 
ability as well as mechanical properties. PHAs (Polyhydrox- adjusting the polymer molecular weight and functional end 
yalkanoates) can be produced in the form of fibres, which groups [75]. 
makes them potential replacements for nylon in the textile 
industry. To achieve PHA’s desired mechanical and economic 
properties blending it with polylactic acid (PLA) is necessary 
[55]. PLA is brittle and has a slow crystallization rate but 
polymerized with PHA and gains durability to ageing and 
less secondary crystallization [69]. Blends such as PLA/PHBV 
are used in knitted textiles and have been shown to maintain 
thermo-mechanical properties and have softness and strength 
[70]. Also, melt-spun PLAB/PHBV fibres have been proven 
to be strong, heat resistant and flexible. Likewise, dual-core 
spinning increases durability [71]. Vogel et al. (2007) docu- 
ment the use of peroxide in reactive extrusion processing to 
reduce the secondary crystallization of fibres, which improved 
their strength. Medical textiles and padding have already 
been PHA-impregnated by companies like PG, Biomers and 
Metabolix [72]. There has also been some work on the 
use of melt-spun, gel spun and electrospun PHA fibres for 
sustainable apparel. COFCO and PhaBuilder are some of the 
Chinese companies that use PHA for textiles [73]. As Kovalcik 
(2021) writes, PHA is becoming very popular for use in 
3D printing, which is defined as an automated technology 
that fabricates three-dimensional objects from digital files 
using CAD software. Tissue engineering has received the 
most attention among the many applications of PHA in the 
aerospace, health, and pharmaceutical industries, primarily 
because of its biodegradability and biocompatibility [74]. One 
disadvantage is the low impact resistance and high stiffness 
and temperature of fusion (170–180°C) of PHB, which makes 
it unsuitable for 3D printing. Flexible copolymers like PHBV, 
P(3HB-co-3HHx) and P(3HB-co-4HB) are more pliable [75]. 

VI. USE OF PHA IN THE COSMETIC INDUSTRY 

Due to its characteristics such as biocompatibility, 
biodegradability, and plastic-like properties, Polyhydroxyalka- 
noates (PHAs) are becoming of interest within the cosmetic 
and skincare market. These uses include beauty masks, sani- 
tary pads, and cast films [87]. PHA based oil blotting films have 
a highly porous and smooth surface which makes them easy to 
use as oil adsorbents [88]. In addition, other bio-based materi- 
als PHAs composites can be found in some commercial prod- 
ucts like PolyBioSkin in the EU [87]. Effects of alpha-hydroxy 
acids on biochemical processes indicate that PHA compounds 
have a significant concern for water retention, being an antiox- 
idant, and inhibiting matrix metallo proteinases, making them 
useful for skincare products [89]. PHA microplastics, unlike 
normal ones found in cosmetic and personal care products, 
do not degrade, thus preventing environmental pollution and 
seafood contamination for humans [87]. In addition, PHA 
compounds can form surface active agents exhibiting a degree 
of antibacterial activity which depends on the composition and 
surface structure. These effects are enhanced with the addition 
of essential oils and other antimicrobial bioactive compounds. 
For example, a MoS2 nanoparticle-embedded PHA-chitosan 
matrix exhibited anti-multi-drug resistant Escherichia coli K1 
activity [90]. 

VII. PHA AS AN ANTIBACTERIAL GROWTH PROMOTER 

IN ANIMAL DIETS 

The growing concern over antibiotic resistance has shifted 
The most popular techniques for 3D printing PHA include the interest not only to PHAs as a growing medium of single- 
selective laser sintering (SLS) and fused deposition modelling cell antibodies, but also to use them in animal nutrition and 
(FDM) [76].SLS has been utilized for scaffolds containing Ca- healthcare. Recent studies note the possibility of using PHA- 
P/PHBV due to its capability to control the porous structure bound single-cell proteins SCPs obtained from agricultural 
conducive for tissue engineering [77], [78]. More so, SLS Ca- and industrial waste as a nutritious and antibacterial feed 
P/P3HBV scaffolds are designed with drug delivery systems supplement in fish farming [91]. In potential parasitic species, 
in mind [79]. Although PHA is not very thermally process- medium-length chain PHAs produced by Zobellella denitri- 
able, it is stably fused in SLS printing [75].Fused deposition ficans ZD1 and Pseudomonas oleovorans had shown good 
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inhibition of pathogens and enhanced disease resistance.As 
PHAs have some antibacterial activity, they can also serve as 
immunostimulants and antibiotic substitutes in fish and shrimp 
farming [92]. Apart from aquaculture, PHAs have drawn 
attention because of their biodegradability and potential use 
in antibacterial treatments where research is being conducted 
into their modification with antimicrobial agents to improve 
bacterial resistance [93]. Even with their most positive results, 
there is still more work to be done in understanding the 
molecular mechanisms behind these and optimizing their use 
across various domains. 
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VIII. USING PHA IN MULCHING FILM 

Mulching films made from PHA are more environmentally 
friendly than polyethylene mulch which is not biodegradable 
and causes environmental pollution [94]. These biodegrad- 
able films assist in retaining soil moisture while having the 
ability to improve soil structure and suppress weed growth, 
thus enhancing soil health [95]. Their degradation rate varies 
with climatic and crop conditions, which makes these films 
appropriate for sustainable farming (107,Park et al., 2024). 
Moreover, scl-PHA is applicable in controlled-release fertiliz- 
ers, thereby aiding carbon-negative farming. Some companies 
such as Danimer Scientific and Metabolix have produced 
agricultural PHA-based mulch (Randon Attard, 2007). 
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IX. CONCLUSION 

The use of PHAs in agriculture and biopolymer science 
shows promise as they are applicable in medicine, industry, 
and even farming.The adoption of a circular bioeconomy 
and the mitigation of the repercussions of climate change is 
particularly relevant given their ability to substitute petroleum- 
sourced plastics. Nonetheless, affordable fabrication, bulk 
commercial processing, and customization of desired material 
characteristics are some of the issues that need to be re- 
solved for extensive commercialization. More efficient fermen- 
tation processes, genetic engineering of the microorganism’s 
metabolism towards higher output, and the adoption of PHA 
products by global industries are likely to be targeted in 
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one of the primary players in fostering modern plastic waste 
management approaches while stimulating green technological 
development in numerous fields. 
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[85] P. Menč ı́k, R. Pˇrikryl, I. Stehnova ,́ V. Melcˇova ,́ S. Konta ŕova ,́ S. Figalla, 
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