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Engineering a Solution: Recent Technological Advances in the Microbial Bioremediation of Microplastics
ABSTRACT
	
[bookmark: _GoBack] . Plastic pollution, especially in the form of microplastics less than 5 mm in size, is a major environmental issue to ecosystems at various levels globally. However, classical treatments like mechanical recycling and incineration show various shortcomings in terms of cost/energy efficiency, as well as harmful by-products generation but biological strategies involving microorganisms look promising for the sustainable options. Here, recent technology development for microbial biotechnological plastic degradation are systematically reviewed with a focus on four principal areas: (1) optimization of the enzymatic toolbox as industrial standard for plastic depolymerization, (2) manipulation of suitable microbial hosts to boost efficiency and productivity of degradation activities in vivo, (3) current bottleneck preventing direct implementation under environmental conditions, and (4) biological recycling principle for waste-to-value concept. Plastic-degrading enzymes, including PETase and MHETase from Ideonella sakaiensis, developed by rational design and directed evolution are detailed in the review that describes how through the application of protein engineering these genes have been recovered as highly stable and efficient catalysts. Metabolic engineering strategies using model organisms such as Escherichia coli and Pseudomonas putida are spotlighted, highlighting enzyme overexpression approaches and pathway tuning through CRISPR/Cas9 genome editing or cell-surface display systems. The critical challenges that hinder in vivo translation are examined, with discussions of polymer crystallinity, biofilm manipulation, microbial competition, enzyme stability and environmental conditions. The most revolutionizing advance in this area of research is the move from “destruction” to biological upcycling where monomers, or terephthalic acid derived from plastic, are converted into useful products such as bio-plastics (polyhydroxyalkanoates), vanillin for food flavorants; and platform chemicals for industrial use. This would convert plastic waste from a pollutant to an economically attractive carbon resource, thereby promoting the economic drivers for plastics remediation and contributing to the development of a circular bio-based economy. The combination of synthetic biology, metabolic engineering and environmental biotechnology provides a green solution for the current most recognizable ecological concern.
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1. INTRODUCTION
The ubiquitous and chronic presence of micro-plastic pollution is one of the largest environmental issues currently facing our environment. These tiny plastic particles, which are less than 5 mm in diameter, have pervaded every corner of the earth – from underwater canyons to mountaintops – and they now exist deep within our soil and water as well as the air we breathe (Chandel et al., 2025; Zhu et al., 2020; Allen et al .,2019). Plastic production has grown rapidly, increasing from approximately 2 million tonnes in 1950 to over 400 million tonnes by 2022, representing exponential growth over seven decades (Geyer et al., 2017: Platic Europe 2022) leading to an estimated 8 million metric tonnes of plastic entering the oceans annually, with cumulative amounts reaching hundreds of millions of metric tonnes in terrestrial and aquatic ecosystems (Borrelle et al., 2020; Jambeck et al.,2017).The amount of plastic produced, together with it being non-biodegradable has generated an environmental aggression over the years having profound impact on ecology. Microplastics have been reported to induce severe biological impairment in wildlife due to ingestion and entanglement, destroy soil structure and nutrient cycling as well as eventually be able to enter the human food chain causing unforeseen health issues (Javed et al., 2025).
The United Nations Environment Programme has identified plastic pollution, including microplastics, as a critical environmental threat requiring urgent global action (UNEP,2021) as emphasized by Chandel et al., (2025)."Whiles mechanical recycling or incineration are common methods for plastic waste treatment, they are economically forced lower in usage as it require a lot of energy to run and tends to produce environmentally-harmful by-products (Yousafzai et al., 2025). There are also a number of chemical recycling approaches but most require severe conditions as well as expensive reagents, so that is not scalable. Thus, there is increasing interest in natural microbial ability to degrade the plastic polymers under ambient conditions. If research in the beginning concentrated on understanding the extent of the problem and uncovering microorganisms that can break down plastics, the scientific community is now ready to move into a new phase – a more proactive one. Attention is already quickly moving from just discovering the plastic-eating bacteria to actually engineering them for strong, real world use.
This article reviews recent advances in technology that are moving microbial bioremediation from a science curiosity to an engineering reality. We will discuss the expanding repertoire of enzymes for plastic degradation, powerful engineering approaches to improve microbial platforms as well as bottlenecks limiting in situ applications, and a promising future trend—biological upcycling, which has potential to change how the world views plastic waste from garbage only to be restored using biological processes. The application of emerging technologies including protein engineering, synthetic biology, CRISPR-based genome editing and system metabolic engineering is providing unprecedented capabilities to modulate microbial plastic degradation routes in ways that offer potential solutions to humanity’s most challenging environmental conundrums.
2. METHODOLOGY
A systematic and comprehensive overview is provided on recent technical progress in using microorganisms to clean microplastics. This includes identifying, reviewing, and analysing current research through an intensive search. A systematic literature search was performed in major scientific databases, including Scopus, Web of Science, Google Scholar and PubMed for the period from January 2020 to November 2025 (with seminal earlier papers included when appropriate for historical perspective). The search method combined Boolean operators and keyword query [(microplastics OR plastic waste) AND (bioremediation OR biodegradation) AND (enzyme OR enzymatic) AND (engineering OR synthetic biology)] with controlled terms such as PETase, MHETase, Pseudomonas putida, metabolic engineering, biofilm, plastisphere, biological upcycling and polyhydroxyalkanoates. A snowballing approach was used, by searching reference lists of key papers manually to find further relevant studies. Only peer-reviewed original research articles, reviews, and perspectives written in English addressing microbial or enzymatic plastic degradation, enzyme engineering, metabolic engineering of microbial chassis, the challenges associated with in situ application (in plastic-rich environments) and/or biological upcycling of plastic waste were considered eligible for inclusion. The non-peer-reviewed sources e.g., conference abstracts, patents and dissertations were removed based on the exclusion criteria also searched for studies that deal only either with ecotoxicology without a bioremediation part or by degradation methods which are not biological. The pertinent information pertaining to authors, publication year, study aims, main results and methods was systematically extracted from each selected paper and thematically presented under five key headings: (i) emerging enzymatic toolbox; (ii) engineering microbial bodies for increased degradation capacity; (iii) in situ challenges of such applications; (iv) biological upcycling & biovalorization; and v) future perspectives in order to facilitate meaningful comprehensive investigation into the current state-of-the-art regarding the application of microbes in biodegradation of microplastics.
3. THE EVOLVING ENZYMATIC TOOLKIT: DISCOVERY AND CHARACTERIZATION
The basis for microbial plastic attack is the identification and exploitation of specific enzymes able to depolymerize recalcitrant plastic polymers. The discovery of Ideonella sakaiensis in 2016 (Yoshida et al., 2016) and subsequent crystal structure determination of PETase (Austin etal., 2018; Han et al., 2016) were regarded as breakthroughs presenting an enzymatic pathway that drives the complete degradation of polyethylene terephthalate (PET) to its monomer components, terephthalic acid (TPA) and ethylene glycol (EG) (Gao et al., 2021). This two-enzyme system acts in concert as PETase first cuts the PET substrate to give mono(2-hydroxyethyl) terephthalate (MHET), and MHETase hydrolyses it further to terephthalic acid (TPA) and ethylene glycol (EG); however, these natural enzymes are generally not efficient or stable enough for industrial use with slow degradation rates at suboptimal temperatures for processing semi-crystalline PET( (Figure-1).
Table 1: Key Enzymes in Plastic Biodegradation
	Enzyme
	Plastic Degraded
	Key Characteristics

	PETase
	PET
	Works in concert with MHETase to break down PET into its monomers (TPA and EG). Natural form has slow degradation rates at suboptimal temperatures.

	MHETase
	MHET
	Hydrolyzes MHET, an intermediate from PET degradation, into TPA and EG.

	LC-cutinase
	PET
	An engineered variant showed efficient PET degradation at 60°C.

	Cutinase
	PET
	A small increase in thermostability produced a massive enhancement of PET hydrolysis efficiency.

	Esterases/Lipases
	PE, PS, PU
	Found in marine microorganisms and show activity on a range of plastics.


Therefore, a well-recognized approach in research has been focused on engineering of protein for improving the catalytic properties. Approaches such as rational design, integrating site-directed mutagenesis based on structural data from X-ray crystallography and molecular dynamics simulations, and directed evolution which recapitulates natural selection in the laboratory using repeated cycles of mutation and screening, have played a critical role toward this goal (Liu et al., 2023; Groseclose et al., 2025). These methods have resulted in variants of enzymes exhibiting enhanced activity properties. For instance, important amino acid residues involved in substrate binding, catalytic efficiency and thermal stability have been discovered which permit the designer to make a focused mutation that can improve the enzyme activity (Qiu et al., 2024).
An important aspect of this engineering work is to increase the thermostability of such enzymes. The glass transition temperature of PET is in the region of 75°C ( Welle, 2011; Karayannidis & Achilias, 2007) and treatment at or above this temperature can make the polymer much more amorphous and thus accessible to enzymatic attack. Variants of PETase (Pirillo et al., 2023) and LCC are also being developed along with other enzymes that can have increased thermo stability, resulting in significantly higher degradation levels (Sui et al., 2023). A seminal study by Pirillo et al. (2023) reported that exchange of only one amino acid at the position 243 of LC-cutinase led to an enzyme variant that efficiently degraded PET at 60 °C, which is well above absolute temperatures at which the wild type worked. Similarly, Cao et al. (2025) reported that a small increase in thermo stability of an enzyme exhibiting cutinase activity produced massive enhancement of the PET hydrolysis efficiency, reaching partial degradation of PET films many orders of magnitude faster than before 
In addition to enhancing thermo stability, protein engineering has also been employed to improve catalytic activity, substrate specificity and resistance to chemical inhibitors. Structural studies have most recently identified that the active site architecture and surface properties of these enzymes are fundamental to their plastic substrate efficacy. Enzymes with modified surface hydrophobic residues have been engineered to increase their interaction with hydrophobic plastic surfaces and the active site geometry has been tailored to accommodate a wider range of polymer chain conformations (Choi et al.,2024). Furthermore, enzymes have also been reported to improve resistance against product inhibition which is often observed during the acetylation reaction and results from the accumulation of degradation products so negatively influence on enzyme activity. Meanwhile, cocktail enzymes, composed of several complementary enzymes with different specificities and optimal condition, are another hopeful way to improve the degrading efficiency (Wei et al., 2025; Thomsen et al., 2024).
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Figure 1: The PET Degradation Pathway - From Polymer to Monomers via PETase and MHETase Enzymatic Action
The toolbox of enzymatic breakdown has also been extended beyond PET to other stubborn plastics. Marine enzymes have been especially interesting in terms of enzymatic degradation of plastics in water systems, since various new esterases and lipases from marine microorganisms have already revealed activity on polyethylene (PE), polystyrene (PS), and polyurethane (PU) (Ruginescu et al., 2024). These findings illustrate the rich pool of unexploited microbial resources for plastic biodegradation and reinforce the need for ongoing bioprospecting in various environmental niches (Table-1).
4. ENGINEERING MICROBIAL SYSTEMS FOR ENHANCED BIODEGRADATION
Powerful enzymes are core, however their application in practice depends on a strong microbial host or "chassis" to enable the enzyme to be produced and utilized. Here the emphasis is to not only isolate and characterise the enzyme, but instead to focus on its host organism using synthetic and systems biology tools to develop microbial cell factories engineered to upcycle plastic. Selection of the chassis is also crucial, with model organisms such as Escherichia coli and Pseudomonas putida rising as preferred hosts (Table-2). K12 E. coli was chosen because of its fast growth, well known genetics and easy genetic manipulation capabilities as well as extensive molecular biology tools and databases (Lee et al., 2023). P. putida is known for being a versatile metabolizer with resistance to industrial solvents and toxic compounds, its strong stress response systems, and its intrinsic ability to colonize a wide variety of environmental niches including polluted soils and industrial wastewater (Martinez and Lorenzo, 2024).
A series of vital metabolic engineering methods are being applied to improve the plastic degradation capacity of these microbial chasses. This can be due to an overexpression of the plastic-cleaving enzymes described above which in principle allows for a high local concentration of the correct catalytic machinery within or on the cell (Choi et al., 2023). Usually it is achieved by using of powerful constitutive (or inducible) promoters, ribosome binding sites’ optimization and presence of more gene copies in order to maximize the amount of enzyme produced. The overexpression approach is frequently used in the elimination of competitive metabolic paths. By knocking out genes for non-essential pathways that consume comparable carbon source or metabolic intermediates, researchers are able to redirect resources and carbon flux of the cell towards degradation of plastic monomers, e.g., TPA+EG from PET and channel them into central metabolism for use as a carbon and energy source (Luo et al., 2023;  Sun et al., 2020).

Table 2: Microbial systems for Plastic Biodegradation
	Microbial sytems
	Advantages

	Escherichia coli (E. coli)
	Fast growth, well-known genetics, and extensive molecular biology tools and databases.

	Pseudomonas putida
	Versatile metabolizer, resistant to industrial solvents and toxic compounds, strong stress response systems, and can colonize diverse environmental niches.

	Rhodococcus species
	Can utilize depolymerized PET waste for the synthesis of medium-chain-length PHAs.


Luo and co-workers (2023) transformed Pseudomonas putida for TPA production from p-xylene using genetic modification, including chromosomal integration and constitutive overexpression of the synthetic p-xylene→TPA pathway. Through iterative integration to increase gene copy number and optimization of metabolic flux, they achieved 38.25 g/L TPA with 99.6% molar conversion, effectively minimizing by-products and isomeric impurities." Similarly, Werner et al. (2025) used adaptive laboratory evolution in combination with targeted genetic manipulation to generate P. putida strains with improved metabolic capability for TPA and EG, displaying growth rates similar to those obtained on conventional carbon sources. These reports demonstrate the potential of integrating metabolic engineering and evolution to improve microbial phenotypes.
"It is noteworthy that advanced genome editing technologies such as CRISPR/Cas and deletions of transcription factors are also facilitating more precise and speedy genomic "reprogramming" of the engineered microbial strains developed for these purposes" (Palit et al., 2025). PlastiCRISPR concept, as hypothesised by Palit et al. (2025) envisages the CRISPR as part of a toolkit not only for editing genes but also manipulation of gene expression in real time, and controllable degradation pathways which respond to environmental conditions. This generates “smart” microbes that can recognize the presence of plastic substrates and turn on degradation pathways only when required, thus reducing metabolic burden and maximizing efficiency.
Another novel approach is to deploy cell-surface display systems that attach the plastic-degrading enzymes on the outer membrane of the bacterium. This strategy places the enzymes on top of the plastic substrate eradicating the necessity for secretion and intensifying the local concentration of enzyme at action site (Satta et al, 2024). Cell surface display has many advantages, such as enhanced enzyme stability and insensitivity to proteolytic denaturation, as well as capacity for direct contact to insoluble substrate that cannot be uptaken into the cell. Several display technologies have been established (or adapted) to allow effective attachment of antigens and determinants, such as those based on protein A or G, various domains from coat proteins or ice nucleation proteins, auto transporters, outer membrane proteins among others with each display system having different displaying capacity, orientation and accessibility of the enzyme(Jia et al., 2022)
Microbial consortia are another frontier of engineered plastic degradation. Instead of a single engineered strain, consortia-based strategies co-culture multiple mutually beneficial strains that are tailor-made to efficiently perform a particular step in the degradation pathway.This functional specialization can increase overall productivity, promote robustness in the face of environmental change, and facilitate the degradation of complex mixes of plastics. Advancements in synthetic ecology and computational modeling enable engineerable design of such consortia, with predictions tool that can be used to fine-tune the strain composition and cultivation conditions for optimal degradation performance.(Bao et al., 2023; Wang etal.,2024)
5. BRIDGING THE GAP: IN SITU APPLICATION AND ITS BOTTLENECKS
Although great advances have been achieved in the engineering of enzyme and microbe, the scale-up application of these enzymes and microbes from controlled laboratory conditions to practical in situ recovery has not been successful. There still are a number of bottlenecks that hold back microbial bioremediation as being antimicrobial remediation methods in the soil, water and marine environments as shown in (Table-3). The characterization and resolution of these limitations are important for the effective implementation of engineered microbes as bioremediation agents (Bergeson et al., 2024; Verschoor et al., 2022)
The physicality of the plastic itself is one of the largest barriers. The high crystallinity and hydrophobic nature of most polymers, in particular post‐consumer plastics that have been weathered and aged inhibit the access of enzymes to the polymer chains (Gao et al.,, 2024).Non-enzymatic degradation of polymer chains takes place in oligomeric and monomeric sequences that are often found to be located on the surface area or present as loose chain ends. Although heating pretreatment enables crystallinity reduction by the destruction of ordered structure and enhancement of amorphous contents, it may not be practical for large scale environmental restoration in terms of energy consumption and transportation limitations. Other pretreatment options presented from other researches' findings, such as mechanical grinding, chemical treatments, and UV irradiation have shown potential’s in be lab studies but are hampered by the scalability issues (Danso et al.,2019; Wei, & Zimmermann, 2017).
Surface characteristics of plastics are also crucial to the rate of biodegradation. Hydrophobic polymer surfaces have nonwettable property and are unfavourable for microorganisms attachment, resulting in less contact between the enzymes and the polymer substrate. Also, the way in which the material is processed and its surface roughness, porosity and additives (plasticizers, stabilizers or colorants) could determine kinetics of degradation ( Pang et al.,2024; Ellis et al., 2021). Novel treatments involving biosurfactants and surface modifying reagents have also been recently investigated for enhancement of enzyme-substrate interaction, enabling some improvement in degradation rate under laboratory conditions (Zampolli  et al., 2021; Mohanan et al.,2020).
Another challenge is the establishment of biofilms on plastics i.e., formation of a "plastisphere"(Zettler et al., 2013).Biofilms are advantageous in that they can create concentration gradients of microbial cells and their enzymes on the plastic-water interface, thereby establishing a microenvironment favouring degradation, but it can also function as a barrier to hinder access of engineered microbes to the plastic surface (Katnic &Gupta 2025; Zhai et al., 2023). The plastisphere is a highly dynamic and diverse consortium composed of bacteria, fungi, algae, and other microbial organisms as well as their extracellular polymeric substances (EPS). This community may outcompete introduced engineered strains for space and nutrients, and might also release compounds which inhibit the activity of plastic degraders  (Fortin et al., 2025). Indeed, studying the ecology of the plastisphere and framing manipulative approaches to impart feature on it in a direction favouring plastic degradation constitutes an important research front. Strategies such as bioaugmentation, in which modified strains are inoculated at high level to overrun existing bacteria and compete for substrates and biostimulation with nutrients or growth factors that stimulate the activity of plastic-degrading microorganisms (Sharma et al., 2020) have been investigated.
The composition and structure of environmental microbiomes are highly complex and dynamic, presenting a major challenge as well. Microorganisms engineered and released to the environment need to compete with an enormous diversity of native microorganisms for resources, space, and other factors, potentially not survive or perform as designed (Sun et al., 2025;). Predation by protozoa, viral lysis and competition for limiting nutrients are all factors that can contribute to rapid loss of introduced strains. Furthermore, horizontal gene transfer might distribute engineered genes into indigenous microorganisms with unpredictable ecologic effects. To mitigate against these risks, risk assessment needs to be applied judiciously, biocontainment strategies need to be developed and established (Lokesh  et al., 2023), and engineered strains that are competitive but not invasive should be designed.
In addition, the stability of the engineered enzymes is also an issue for natural ecosystems as the enzyme can become denatured or degraded by proteases and by varying environmental factors such as pH transition, temperature stage, salinity level and presence of inhibitory compounds (Bergeson et al., 2024). Even among laboratory-optimized enzymes, there are many that can lose most of their activity with due to the harsh and fluctuating conditions in natural environments. Scientists use several methods to make enzymes work better. One way is protein engineering, which helps enzymes become more stable at high temperatures and resist breakdown by other proteins. Another way is enzyme immobilization, where enzymes are attached to solid supports or trapped inside protective materials. Sometimes, an enzyme mixture is used so that it can keep working well under many different conditions.
Lastly, the quantity and dispersal of microplastics make remediation efforts fraught with logistics. Microplastics are found in the environment worldwide, including surface waters and deep sediments, urban soils and remote wilderness. Novel delivery technologies capable of efficiently transporting engineered microbes or enzymes to contaminated sites, and monitoring tools to follow their activity and environmental fate are necessary for successful field use. Tackling these bottlenecks through various microbiological, ecological and material knowledge while overcoming real-world problems will benefit a multidisciplinary perspective to develop solutions against those challenges (Chen et al., 2025).
6. FUTURE TRENDS: FROM REMEDIATION TO VALORISATION (UPCYCLING)
The most challenging and economically pertinent facet of the field plastic bio-remediation, in our opinion, lies not only in the process of degradation itself but further into “biological upcycling” or “valorization it is. This novel approach reverses the concept that plastic waste is instead a material but not only litter for collection and disposal, rather, it now emerges as an abundant source of carbon pre-feed stock to be converted into high value chemicals and materials (Cai et al., 2023; Sarojbala et al.,2024). Through linking the plastic-depolymerized monomers TPA and EG, for instance to different extant or engineered metabolic pathways of microbial destination, a series of different marketable products can be made through closing the circle between circular bio-based plastics (Rosenboom et al.,202O). It addresses both the problem of a contaminated environment and how to make recycling plastic financially worthwhile as shown in (Figure-2)
As a good practice example of this concept, conversion of TPA from PET to polyhydroxy alkanoates (PHAs), family of biodegradable and bio-compatible plastics homologues of petrol based plastics. PHAs are naturally produced by a wide variety of bacteria as intracellular carbon and energy storage, which can be fabricated and processed into films, fibers and molded article (Fujiwara et al., 2021; Kenny et al., 2008) Efforts have been made to engineer bacteria (Pseudomonas putida and Cupriavidus necator) that most efficiently route TPA toward the PHA synthesis pathway (Jayalath et al., 2025), such a bio-PET manufacture can generate new degradable plastics from old plastic bottles. The work of Rebocho et al. (2025) demonstrated that Rhodococcus species can utilize the depolymerized PET waste for medium chain-length PHAs synthesis which has superior mechanical properties than short chain-length PHAs. This solution also not only answers to plastic pollution, it produces a very important biopolymer that can substitute the producing from oil, normal plastics in many applications closing the loop for a true circular economy.



Table 3: Challenges in In Situ Application of Microbial Bioremediation
	Challenge
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	Physicality of Plastic
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	Surface Characteristics of Plastics
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	Biofilm Formation ("Plastisphere")
	Biofilms can act as a barrier, hindering the access of engineered microbes to the plastic surface. The existing microbial community can outcompete introduced strains.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

	Environmental Microbiome Complexity
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	Enzyme Stability
	Engineered enzymes can be denatured or degraded by proteases and varying environmental factors like pH, temperature, and salinity.                                                                                                                                                                                                                                                                                                                                                      

	Logistics and Delivery
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Interestingly, the production of vanillin – a principal ingredient in what we’re familiar with as so-called “vanilla flavor” from PET waste has already been performed. Vanillin is one of the most widely used flavor compound used in food, drink, drug and cosmetic industry. Vanillin obtained in the conventional manner is obtained costly from vanilla beans subject to agricultural constraints, or by chemical synthesis of fossil-based starting materials, which is ecologically detrimental. (Sunil Kumar et al., 2025; D'Arrigo et al., 2024). To construct such minimal pathway, researchers have designed E. coli for the synthesis of vanillin via TPA through two independently-engineered enzymatic activities that metabolize discretely TPA as substrate with a PCA intermediate (Sadler & Wallace, 2021).
The biological upcycling potential is not restricted to these cases, but other platform chemicals and compounds of added value are under investigation for bioprocesses. Higher value added chemicals such as muconic could be directly synthesized from TPA via pathway engineered organisms (Pasha et al., 2025). Aromatic chemicals for the synthesis of pharmaceuticals and agrochemicals as well as base materials are also produced . The sex of the microbial metabolism, combined with a tool for design like synthetic biology,​ ​allows construction of tailor-made pathways to produce virtually any compound that can be formed from their bricks the precursors required to assemble the resin monomers (Hu et al., 2025).
It has also been demonstrated very recently that multi-product production from plastic waste is achievable by branched metabolic pathways and dynamic metabolic regulation (Agnew & Pfleger, 2013; Backer et al., 2018). This optimises the value that can be generated from plastic waste and is also flexible enough to accommodate market requirements for new products. For example, one engineered strain may be designed to produce PHAs at one condition and the production of vanillin at other condition for adaptive synthesis policies.
The economic viability of biological upcycling is a key consideration for its wide adoption. Not only for biofuel, but cost-effective processes must find an equilibrium between items from collection and sorting of plastic to depolymerisation and fermentation in case of high-value chemicals (e.g., vanillin), even if profitable value could be possibly generated from valuable biomonomers production as well as proper comparison families with high content in their fermentations Life cycle analysis and techno-economic analysis are two essential weapons used to evaluate the sustainability and profitability of different upcycling technologies. Several recent studies show that the biological via can be economically in competit ion with mechanical recycling and costly landfills, because the biodegradation raises not only product value but also environmental profit (Afsal et al., 2023; Yadav etal.,2023). Thus it becomes possible for non-recyclable plastic outsending to be gotten rid of and paid for, thus changing the paradigm in the recycling way monitoring product life based on circular econom
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Figure 2: Biological Upcycling of Plastic Waste - Conversion Pathways from PET Monomers to Value-Added Products
6. CONCLUSION AND FUTURE PERSPECTIVES
The shift from finding naturally plastic-degrading microbes to building extremely potent, dedicated microorganisms is an enormous leap in our fight against plastic pollution. Recent progress in the field of protein engineering has resulted in a powerful and growing array of enzymes which possess improved stability, activity levels and substrate specificities. Concomitantly, synthetic and systems biology approaches have been harnessed to generate powerful microbial chassis strains that are engineered for the optimal expression of these enzymes, uptake of plastic monomers, or even the upcycling of plastic waste into valuable goods. These parallel advances complement that the biological degradation of even the most stubborn plastics isn’t just feasible but is quickly emerging as a serious and versatile technology for real-world applications.
But the route to broad, successful application is still fraught with obstacles. The biggest challenges are therefore no longer whether we can dissolve plastics, but how to do it cheaply and safely at scale in dynamic uncontrolled environments. Further innovations and multidisciplinary approaches, spanning the fields of materials science, microbiology, ecology and engineering will be needed to overcome these bottlenecks associated with polymer crystallinity, biofilm competition, microbial competition and enzyme stability. Efficient pretreatment methodologies, bioaugmentation and biostimulation schemes, and rigorous monitoring strategies will be key for positive in situ experiences.
The future of this area will be defined by efforts to connect laboratory research with applications, in particular reliable in situ remediation strategies and – most importantly – the integration into a circular economy context. Changing the remediation paradigm from mere cleaning up to value-added upcycling is a recipe for realizing the enormous power of microbial bioremediation and turning a global environmental challenge into an opportunity for sustainable innovation. If we see plastic waste as a resource and not as a burden, there are constructive economic drivers to implement biologically based solutions, which will put is in good stead for the longer term. It is this combination of synthetic biology, metabolic engineering and environmental biotechnology that promises a future in which plastic waste will not be an enduring pollutant but rather a renewable feedstock to produce sustainable materials and chemicals – as noted by the authors: “a future in which nothing goes to waste.”
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