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Polyethylene terephthalate (PET) is one of the most widely found and environmentally recalcitrant synthetic polymers in the globe, with an annual production of over 70 million metric tonnes and reported persistence in natural ecosystems over a period of several centuries. Traditional physical and chemical recycling methods have proven to be not very effective in controlling the magnitude and spread of PET pollution, especially in aquatic and terrestrial environments. The bioremediation of the enzyme has become a mechanistically promising and environmentally compatible alternative to enzymatic bioremediation which is centered on bacterial hydrolyases such as PETase and its synergistic companion MHETase. 

This review provides an analytical synthesis of the molecular mechanisms underlying PET enzymatic degradation, the biochemical pathways through which PET is depolymerized to recoverable monomers, and the multifaceted environmental implications of applying these systems at scale. Evidence from structural biochemistry, directed evolution studies, and environmental microbiology is integrated to evaluate the current state of the field. The review further critically examines scalability constraints, potential ecological risks associated with engineered enzyme deployment, and knowledge gaps that must be addressed before industrial-scale implementation becomes feasible. Studies demonstrate that while PETase and its engineered variants offer measurable improvements over abiotic degradation, significant barriers remain in achieving commercially viable reaction rates under ambient environmental conditions. Also, protein engineering, synthetic ecology, and environmental risk assessment are priority research domains and calls for standardized methodologies to evaluate the safety and efficacy of enzymatic bioremediation in situ.
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1. INTRODUCTION
Plastic pollution is one of the characteristic environmental disasters of the twenty-first century. Polyethylene terephthalate (PET) is one such material and is of particular concern due to its ubiquity in consumer packaging, textile production, and single-use applications. The world production of PET has steadily increased over the past decades, reaching about 70 million metric tonnes per annum, with further increases expected due to demand from developing markets (Geyer et al., 2017). Although useful, PET is highly resistant to abiotic degradation, as photochemical and hydrolytic processes under ambient environmental conditions proceed too slowly to prevent long-term accumulation in terrestrial and aquatic ecosystems (Urbanek et al., 2018).
PET persistence has been well documented in terms of its consequences. Upon dislodgment through physical weathering and ultraviolet irradiation, PET releases microplastics (particles < 5 mm) and nanoplastics (particles < 1 micrometer) that enter food webs, sediment matrices, and drinking water systems (Eerkes-Medrano et al., 2015; Barboza et al., 2018). Evidence suggests that these particle fractions adsorb persistent organic contaminants and heavy metals, acting as vectors of secondary contamination (Koelmans et al., 2016; Hartmann et al., 2017). Moreover, microplastic ingestion has been associated with physical injury, inflammatory responses, and endocrine disruption across multiple animal taxa, although dose–response relationships in natural systems are not fully defined (Wright & Kelly, 2017; Besseling et al., 2019).
Traditional methods of PET management such as mechanical recycling, thermal reprocessing, and chemical depolymerization are limited by both economic and technical factors. In mechanical recycling, the length of polymer chains decreases with each processing cycle, progressively reducing material quality and limiting end-use applications. Chemical recycling via glycolysis or methanolysis requires high temperatures, concentrated reagents, and substantial energy input, making these approaches economically prohibitive at small scale and for heterogeneous plastic streams (Ragaert et al., 2017; Schyns & Shaver, 2021). These limitations collectively underscore the need to complement or substitute these remediation technologies with alternative approaches.
The discovery of Ideonella sakaiensis 201-F6, a bacterium capable of utilizing PET as its primary carbon source, marked a pivotal development in environmental biotechnology (Yoshida et al., 2016). The enzymatic machinery responsible for this, principally PETase (a serine hydrolase) and MHETase (a lactonase), provided proof-of-concept that biological systems could achieve selective depolymerization of PET under near-ambient conditions. Subsequent structural characterization and directed evolution studies have yielded engineered variants with substantially improved catalytic rates, positioning enzymatic bioremediation as a credible component of future plastic management frameworks (Bornscheuer, 2016; Joo et al., 2018).
This review synthesizes current mechanistic, biochemical, and environmental knowledge pertaining to PET-degrading enzymes. It evaluates the evidence base for environmental applications, critically examines risks and limitations, and identifies priority research directions required to advance the field from proof-of-concept to scalable environmental deployment.

2. LITERATURE REVIEW
The scientific literature on PET biodegradation spans environmental microbiology, structural biochemistry, protein engineering, and environmental impact assessment. An understanding of its trajectory is essential for situating current advances and identifying where critical evidence gaps remain.
2.1 Historical Discovery of PET-Degrading Organisms
Prior to 2016, enzymatic degradation of PET under ambient conditions was considered negligible. Thermophilic cutinases from Thermobifida cellulosilytica and related actinobacteria were identified as capable of hydrolyzing PET at elevated temperatures (50-70 degrees Celsius), but these systems exhibited minimal activity under environmentally relevant conditions (Ribitsch et al., 2017). The landmark study by Yoshida and colleagues (2016) fundamentally altered the trajectory of the field by characterizing I. sakaiensis, isolated from PET-contaminated sediment in Japan. This organism expressed two enzymes, designated IsPETase and IsMHETase, capable of sequentially degrading PET to its constituent monomers terephthalic acid (TPA) and ethylene glycol (EG) at 30 degrees Celsius, representing the first demonstration of mesophilic enzymatic PET catabolism.
Comparative sequence analysis revealed that IsPETase shared structural homology with cutinases but possessed distinct active site features, including a broader substrate-binding cleft and altered active site loop configurations, that conferred enhanced activity against solid-phase PET substrates (Han et al., 2017). This finding validated the hypothesis that PET degradation could be achieved by naturally evolved microbial enzymes rather than being an intrinsically intractable biochemical challenge. Subsequent environmental surveys identified related enzymatic sequences in diverse microbial communities, suggesting that plastic-degrading capacity may have expanded through adaptive evolution in response to accumulating anthropogenic polymer pollution (Zrimec et al., 2021).
2.2 Structural and Biochemical Characterization
X-ray crystallography studies of IsPETase revealed a canonical serine hydrolase catalytic triad (Ser160-His237-Asp206) situated within a substrate-binding groove that accommodates the rigid aromatic rings of PET. Two disulfide bonds and a unique beta-sheet insertion adjacent to the active site distinguish PETase from its closest structural homologs. Biochemical studies demonstrate that PETase preferentially targets amorphous PET regions, where polymer chain mobility facilitates enzyme-substrate contact, and exhibits significantly diminished activity against crystalline PET owing to the reduced accessibility of ester bonds (Austin et al., 2018). Structural analyses further revealed that substrate binding induces conformational changes in the active site loops, a dynamic feature that has been targeted in subsequent engineering campaigns (Palm et al., 2019).
Directed evolution and rational protein engineering campaigns have yielded a series of PETase variants with enhanced thermostability and catalytic efficiency. The FAST-PETase variant, generated through a machine learning-guided mutagenesis approach, demonstrated complete degradation of post-consumer PET samples within days at 50 degrees Celsius (Lu et al., 2022). Similarly, the LCC-ICCG variant of the leaf-branch compost cutinase achieved near-complete PET depolymerization at industrial scale under defined reactor conditions, with monomer yields sufficient to support repolymerization (Tournier et al., 2020). More recently, DuraPETase and other thermostabilized variants have demonstrated extended operational stability that is relevant to industrial process applications (Cui et al., 2021).

Table 1. Major PET-Degrading Enzymes and Engineered Variants Relevant to PET Bioremediation
	Enzyme or variant
	Source or development approach
	Main function
	Key strength
	Main limitation
	Relevance to PET bioremediation

	IsPETase
	Naturally produced by Ideonella sakaiensis 201-F6
	Hydrolyses ester bonds in PET to generate soluble intermediates, mainly MHET, with smaller amounts of BHET, TPA, and EG
	Active under near-ambient conditions compared with earlier thermophilic cutinases
	Limited catalytic efficiency against highly crystalline PET
	Provides the foundational proof that bacterial enzymes can depolymerise PET under mild conditions

	IsMHETase
	Naturally produced by Ideonella sakaiensis 201-F6
	Hydrolyses MHET into TPA and EG
	Completes the PETase-MHETase cascade by removing MHET accumulation
	Does not act directly on PET polymer
	Essential for improving overall depolymerisation efficiency and reducing product inhibition

	Thermophilic cutinases
	Derived from organisms such as Thermobifida species
	Hydrolyse PET and related polyester substrates, especially at elevated temperatures
	Better activity near or above PET glass transition conditions
	Poor activity under ambient environmental conditions
	Useful for controlled reactor systems, but less suited for direct environmental deployment

	LCC-ICCG
	Engineered variant of leaf-branch compost cutinase
	Rapidly depolymerises PET under industrial reactor conditions
	Demonstrated high monomer yield from post-consumer PET under controlled thermophilic conditions
	Requires elevated temperature and controlled processing conditions
	Strong candidate for contained industrial enzymatic recycling

	FAST-PETase
	Machine-learning-guided engineered PETase variant
	Accelerates PET depolymerisation across selected post-consumer PET samples
	Improved activity and practical degradation speed compared with wild-type PETase
	Performance still depends on substrate properties and controlled conditions
	Shows the value of machine learning and protein engineering for improving PETase function

	DuraPETase and related thermostabilised variants
	Computationally redesigned or engineered PETase variants
	Improve PETase stability and catalytic performance
	Greater thermal and operational stability than wild-type PETase
	Environmental performance under complex field conditions remains uncertain
	Relevant to future development of more robust enzymes for industrial or environmental use

	PETase-MHETase fusion systems
	Engineered multi-enzyme or fusion-protein constructs
	Combine PET hydrolysis and MHET conversion within a linked enzymatic system
	Reduces MHET accumulation and improves cascade efficiency
	Design, stability, and scale-up remain technically challenging
	Useful model for enzyme-cocktail and synthetic-biology approaches to PET degradation





2.3 Environmental Distribution of PET-Degrading Microorganisms
Metagenomic surveys have identified homologs of PETase-like enzymes in diverse environmental samples, including marine sediments, soil, and freshwater systems, suggesting that plastic-degrading enzymatic capacity may be more taxonomically widespread than originally recognized (Zrimec et al., 2021; Gambarini et al., 2022). However, the ecological significance of these sequences remains uncertain, as gene presence does not necessarily predict functional enzyme expression or relevant catalytic activity under in situ conditions. Limited data exist on the population dynamics, abundance, and spatial distribution of metabolically active PET-degrading organisms in natural environments.
Studies examining biofilm formation on PET surfaces have documented the enrichment of specific microbial taxa that exhibit enhanced enzymatic degradation capacity relative to surrounding communities (Oberbeckmann & Labrenz, 2020). Evidence suggests that the plastisphere constitutes a distinct ecological niche with compositional characteristics shaped by plastic type, surface weathering, and geographic location, though the contribution of plastisphere-associated microbiota to bulk plastic degradation in situ remains quantitatively unresolved (Wright et al., 2021).

3. MECHANISM OF PET BIODEGRADATION
PET biodegradation by bacterial enzymes proceeds through a defined biochemical pathway involving sequential enzymatic reactions, intermediate metabolite generation, and terminal monomer release. Understanding this pathway at the mechanistic level is essential for evaluating both the potential and the limitations of enzymatic bioremediation.
3.1 Enzymatic Hydrolysis by PETase
PETase catalyzes the hydrolytic cleavage of ester bonds within PET polymer chains through a serine-dependent nucleophilic mechanism. The catalytic cycle initiates with the nucleophilic attack of the active site serine residue (Ser160) on the carbonyl carbon of an ester linkage within the PET substrate, forming an acyl-enzyme tetrahedral intermediate. Stabilization of this intermediate is facilitated by hydrogen bonding within the oxyanion hole, a conserved structural feature of serine hydrolases. Subsequent collapse of the tetrahedral intermediate releases the alcohol component and generates an acyl-enzyme ester intermediate. Hydrolysis of the acyl-enzyme species by an activated water molecule, coordinated through the histidine-aspartate dyad of the catalytic triad, regenerates the free enzyme and releases the acid component (Austin et al., 2018; Fecker et al., 2018).
PETase degrades PET through two mechanistic modes depending on the location of ester bond cleavage within the polymer chain. Endolytic cleavage of internal ester bonds generates intermediate oligomers, including mono(2-hydroxyethyl) terephthalate (MHET) and bis(2-hydroxyethyl) terephthalate (BHET), along with TPA and EG. Kinetic analysis indicates that MHET is the predominant initial soluble product under standard assay conditions, accumulating at concentrations that can inhibit PETase activity through product inhibition, a mechanistic constraint with direct implications for reaction efficiency (Knott et al., 2020).
3.2 Secondary Hydrolysis by MHETase
MHETase functions as a tannase-family hydrolase that specifically recognizes and cleaves MHET, the primary soluble intermediate generated by PETase activity. The enzyme binds MHET within a structured active site that accommodates the terephthalic acid moiety through aromatic stacking interactions, positioning the ester bond for nucleophilic attack by the catalytic serine. Hydrolysis of MHET by MHETase produces one molecule of TPA and one molecule of EG, completing the depolymerization of the PET repeat unit to its constituent monomers (Yoshida et al., 2016; Knott et al., 2020).
Studies demonstrate that the co-expression or physical coupling of PETase and MHETase significantly enhances overall depolymerization efficiency relative to either enzyme alone. A bifunctional fusion enzyme comprising PETase and MHETase domains exhibited synergistic activity, reducing MHET accumulation and alleviating product inhibition of PETase (Kim et al., 2019). This finding has important implications for the design of enzymatic cocktails and fusion protein constructs for applied bioremediation, and has stimulated the exploration of multi-enzyme cascades that integrate additional hydrolases to address oligomer accumulation (Sagong et al., 2020).
3.3 Downstream Metabolism and Cellular Assimilation
In I. sakaiensis, TPA and EG generated by the enzymatic cascade are transported into the bacterial cell via dedicated uptake systems and metabolized through distinct catabolic pathways. TPA is converted to protocatechuate by a TPA dioxygenase system (TphA and TphB), which is subsequently channeled into the tricarboxylic acid cycle via the beta-ketoadipate pathway. EG is metabolized through glycolaldehyde and glyoxylate intermediates to generate biosynthetic precursors and energy-yielding metabolites. The completeness of this metabolic pathway indicates that PET serves as a genuine growth substrate for I. sakaiensis, not merely as a target for enzymatic surface modification (Yoshida et al., 2016).
The identification of defined catabolic routes for TPA and EG has facilitated the engineering of heterologous hosts for monomer recovery. Metabolic engineering approaches in Pseudomonas putida and Corynebacterium glutamicum have directed TPA flux toward extracellular accumulation or toward value-added metabolite production rather than intracellular catabolism, enabling the recovery of high-purity monomers or bio-based chemicals for downstream applications (Werner et al., 2021; Tiso et al., 2021).
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4. ENVIRONMENTAL IMPLICATIONS
The deployment of PET-degrading enzymes in environmental contexts carries a complex portfolio of potential benefits and risks. A rigorous assessment of these implications is essential for responsible technology development and regulatory evaluation.
4.1 Reduction of PET Persistence and Microplastic Generation
The most direct environmental benefit of enzymatic PET degradation is the acceleration of polymer breakdown in contaminated environments, thereby reducing the long-term accumulation of intact PET and limiting the physical fragmentation processes that generate microplastics and nanoplastics. Mathematical modeling of PET fragmentation kinetics indicates that even a modest increase in surface erosion rates through enzymatic activity could substantially reduce the steady-state mass of microplastics in affected ecosystems, given the exponential relationship between particle number and surface area during fragmentation (Shen et al., 2020). However, empirical field data validating these models are presently lacking, and the practical contribution of enzymatic activity to bulk microplastic reduction under environmental conditions has not been directly measured.
It is important to note that enzymatic degradation does not intrinsically prevent intermediate product accumulation. If MHET and BHET generated by PETase activity are not efficiently further metabolized or removed, these soluble aromatic compounds may themselves exert ecological effects, including inhibition of aquatic organisms and accumulation in sediments. The environmental fate of PET degradation intermediates in open systems remains an understudied and critical knowledge gap (Danso et al., 2019).
4.2 Ecosystem Impacts of Enzymatic Activity
The introduction of PET-degrading enzymes or enzyme-producing microorganisms into natural ecosystems raises substantive ecological concerns that must be evaluated prior to large-scale deployment. Engineered microbial strains with enhanced PETase activity could displace native microbial communities if they confer competitive advantages in PET-colonized environments, potentially altering plastisphere dynamics and associated food web interactions. Studies on introduced biocontrol organisms in other environmental contexts demonstrate that displacement of native taxa can have cascading ecological consequences that are difficult to predict or reverse (Oberbeckmann & Labrenz, 2020).
The specificity of PETase for PET ester bonds provides some degree of biochemical selectivity; however, the potential for off-target hydrolysis of structurally related natural polyesters, including suberin in plant tissues and cutin on leaf surfaces, has not been comprehensively evaluated. Evidence from in vitro substrate profiling studies indicates that PETase and related cutinases possess measurable activity against model cutin monomers, suggesting that ecological risk assessment must include evaluation of potential impacts on plant physiology and soil organic matter dynamics (Ribitsch et al., 2017; Palm et al., 2019).
Aquatic environments merit particular attention. TPA, one of the terminal products of PET enzymatic degradation, is relatively recalcitrant in anaerobic conditions and has been detected at elevated concentrations in industrial effluents. The controlled degradation of PET in aerobic surface waters would generate TPA concentrations likely well below acute toxicity thresholds; however, chronic low-level exposure effects on aquatic biota remain inadequately characterized (Wierckx et al., 2015; Hartmann et al., 2017).
4.3 Comparison with Conventional Recycling Approaches
Enzymatic depolymerization offers mechanistic advantages over conventional PET recycling that are relevant from an environmental life cycle perspective. Mechanical recycling of PET is limited to materials with low contamination levels and specific color profiles, excludes composite or multilayer packaging, and yields downcycled polymer with degraded mechanical properties. In contrast, enzymatic depolymerization to TPA and EG produces virgin-equivalent monomers from diverse, contaminated, and colored PET streams, enabling true closed-loop recycling without quality deterioration (Ragaert et al., 2017; Schyns & Shaver, 2021).
Life cycle assessment (LCA) studies of enzymatic PET recycling indicate significantly lower greenhouse gas emissions and energy consumption compared with conventional virgin PET production and thermal recycling routes, provided that the enzyme production process is itself optimized and the energy requirements of reactor heating are addressed (Tournier et al., 2020; Rosenboom et al., 2022). Evidence suggests that when enzymatic processes operate at or near ambient temperatures, as is the objective for in situ bioremediation applications, the carbon footprint advantage over chemical recycling is maximized. However, comparative LCA data for environmental release scenarios are essentially absent from the current literature.
4.4 Potential Contribution to Circular Economy Frameworks
Enzymatic PET depolymerization aligns conceptually with circular economy principles by enabling material recovery from waste streams that are currently directed to landfill or incineration. The recovery of chemically pure TPA and EG monomers from enzymatic processes supports their reintegration into PET polymer production, closing the material loop in a manner that is not achievable through mechanical recycling of degraded or heterogeneous feedstocks (Tournier et al., 2020; Tiso et al., 2021). Studies demonstrate proof-of-concept for re-polymerization of enzymatically recovered TPA to produce PET with properties equivalent to virgin-grade material, though the economic viability of this pathway at commercial scale remains to be established (Rosenboom et al., 2022).

5. APPLICATIONS
PET-degrading enzymatic systems have been evaluated in a range of applied contexts, spanning controlled industrial processes to exploratory environmental deployment strategies.
5.1 Industrial Enzymatic Recycling
The most advanced and evidence-supported application of PET-degrading enzymes is contained industrial biorecycling. Carbios demonstrated pilot-scale enzymatic depolymerization of post-consumer PET waste using the engineered LCC-ICCG cutinase under thermophilic conditions (72 degrees Celsius), achieving greater than 90 percent monomer yield from colored, opaque PET within 10 hours (Tournier et al., 2020). This process has been validated at demonstration plant scale and represents the most proximate pathway to commercial deployment. The recovered TPA has been used to produce food-grade PET bottles, providing direct evidence for circular economy applicability. Techno-economic analyses indicate that industrial biorecycling can be economically competitive with virgin PET production under favorable market conditions, particularly when carbon pricing mechanisms are considered (Rosenboom et al., 2022).
5.2 In Situ Bioremediation
The direct application of PET-degrading enzymes or microbial consortia to contaminated environmental compartments, including marine systems, freshwater bodies, and contaminated soils, represents a longer-term and substantially more uncertain application pathway. Laboratory-scale studies have demonstrated PETase activity in marine water chemistry simulations and soil microcosm experiments, but extrapolation to field conditions is constrained by multiple variables, including enzyme stability, mass transfer limitations, competitive inhibition by dissolved organic matter, and the heterogeneous physical state of environmental PET (Danso et al., 2019; Gambarini et al., 2022).
Immobilization strategies, in which PETase is conjugated to carriers such as silica nanoparticles, magnetic beads, or biodegradable polymers, have been explored as mechanisms to extend enzyme half-life in environmental matrices and facilitate recovery after treatment. Studies demonstrate that immobilized PETase retains functional activity through multiple use cycles, and that carrier materials can be engineered to provide targeted delivery to plastic-rich microenvironments (Cui et al., 2021). However, the ecological implications of introducing nanoparticle carriers into natural ecosystems introduce an additional layer of environmental risk assessment complexity.
5.3 Textile and Fiber Applications
Enzymatic surface modification of PET textiles, using PETase at sub-degrading concentrations, has been proposed as a means to improve dyeability, moisture management, and the end-of-life biodegradability of polyester fabrics without compromising structural integrity. Controlled surface etching by PETase generates carboxyl and hydroxyl functionalities on PET fiber surfaces, potentially reducing the finishing chemical burden of textile processing. This application domain remains in early-stage research, with limited data on the long-term consequences of enzymatically modified fibers during mechanical washing, a primary route of microplastic emission from synthetic textiles (Shen et al., 2020; Wright et al., 2021).


6. CHALLENGES AND LIMITATIONS
Despite considerable progress in understanding and engineering PET-degrading enzymes, substantial scientific, technical, and regulatory challenges constrain the translation of laboratory findings to environmental practice.
6.1 Catalytic Efficiency and Substrate Accessibility
Even the most advanced engineered PETase variants exhibit catalytic efficiencies far below those of hydrolytic enzymes acting on soluble substrates, largely because degradation of solid-phase PET is constrained by interfacial enzyme–substrate interactions rather than intrinsic catalytic activity. This limitation is further compounded by the higher crystallinity of environmental PET compared to the amorphous substrates commonly used in laboratory studies. Evidence indicates that environmental PET often exhibits surface crystallinity exceeding 30 percent, which reduces effective enzyme binding site availability and significantly slows degradation relative to model systems (Knott et al., 2020; Lu et al., 2022).
Pretreatment strategies such as thermal annealing below the glass transition temperature to reduce crystallinity, mechanical milling to increase surface area, and ultraviolet irradiation to induce surface oxidation have been shown to enhance enzymatic degradation under controlled conditions. However, the energy and resource demands associated with these processes partially offset the environmental advantages of enzymatic approaches over conventional recycling methods, and their applicability to dispersed environmental contamination remains limited (Urbanek et al., 2018; Fecker et al., 2018).


6.2 Environmental Stability of Enzymes
Protein stability under diverse environmental conditions presents a fundamental challenge for in situ applications. Free PETase in aquatic or soil environments is subject to proteolytic degradation, pH extremes, ultraviolet irradiation, adsorption to particulate matter, and competitive inhibition by humic acids and other dissolved organic compounds. Half-lives of free PETase in natural water samples have not been systematically reported, representing a critical data gap. Thermostabilizing mutations that improve reactor performance may not confer equivalent benefits under the fluctuating, low-temperature, and chemically complex conditions characteristic of contaminated natural environments (Bornscheuer, 2016; Palm et al., 2019).
6.3 Scalability and Economic Viability
The production cost of recombinant PETase at scale remains a significant economic barrier to broad deployment. Current enzyme production relies predominantly on laboratory fermentation systems, with production costs that are incompatible with application to diffuse environmental contamination. While industrial biorecycling in contained facilities can achieve cost recovery through the value of recovered monomers, environmental remediation applications do not generate product revenue streams and must be justified on the basis of avoided environmental damage costs (Schyns & Shaver, 2021; Rosenboom et al., 2022).
Regulatory frameworks for the deliberate release of engineered enzymes or genetically modified microorganisms into natural environments are nascent in most jurisdictions, and the approval process for field trials is expected to be lengthy and require extensive environmental safety data that are not currently available (Wierckx et al., 2015; Danso et al., 2019).
6.4 Ecological Risk Assessment Gaps
Limited data exist on the ecological consequences of enzymatic PET degradation at the community and ecosystem level. The fate of TPA and EG in diverse environmental matrices, particularly under anaerobic conditions prevalent in sediments and waterlogged soils, is inadequately characterized. The potential for horizontal gene transfer of PETase-encoding sequences from engineered strains to native microbial populations, and the ecological consequences of such transfer, has not been evaluated (Oberbeckmann & Labrenz, 2020; Wright et al., 2021). Furthermore, the interactions between enzymatic degradation products and existing microplastic-associated contaminant complexes remain an open research question (Besseling et al., 2019; Hartmann et al., 2017).

7. FUTURE RESEARCH DIRECTIONS
The current state of evidence identifies several high-priority research domains that are essential for the responsible advancement of PET enzymatic bioremediation.
7.1 Protein Engineering for Environmental Robustness
Future protein engineering efforts should explicitly prioritize stability and activity under environmentally relevant conditions, including low temperatures (5-20 degrees Celsius), variable pH, and high-ionic-strength aqueous matrices, rather than optimizing primarily for performance in laboratory buffer systems or controlled reactor environments. Machine learning approaches, which have proven effective in generating thermostable PETase variants, should be extended to model the fitness landscape of cold-active and contaminant-tolerant variants (Lu et al., 2022; Cui et al., 2021). Additionally, engineering for resistance to proteolytic degradation and surface adsorption will be essential for extending functional enzyme half-life in open environmental systems.
7.2 Synthetic Ecology and Consortium Design
Rather than relying on single-organism or single-enzyme systems, future research should evaluate the potential of rationally designed microbial consortia in which PET degradation, intermediate metabolism, and biomass growth are distributed across complementary community members. Evidence from synthetic ecology demonstrates that microbial consortia frequently outperform monocultures in complex substrate utilization through metabolic division of labor and cross-feeding interactions (Tiso et al., 2021; Sagong et al., 2020). The design of consortia incorporating PETase-expressing organisms alongside efficient TPA and EG metabolizers could overcome the product inhibition constraints that limit single-enzyme systems.
7.3 Environmental Fate and Risk Assessment
Systematic characterization of the environmental fate of PET degradation intermediates, including MHET, BHET, TPA, and EG, across diverse environmental matrices and redox conditions is an immediate research priority. Laboratory ecotoxicological assays using environmentally relevant exposure concentrations, complemented by field mesocosm experiments, are needed to establish safety thresholds and inform regulatory frameworks (Barboza et al., 2018; Besseling et al., 2019). Standardized protocols for assessing the ecological impact of enzymatic bioremediation interventions, analogous to those developed for petroleum hydrocarbon bioremediation, have yet to be developed for the plastic degradation context.
7.4 Life Cycle and Techno-Economic Assessment
Comprehensive life cycle assessments of enzymatic PET bioremediation across its full application spectrum are needed to quantify net environmental benefits relative to alternative waste management strategies. These assessments should incorporate uncertainty analysis reflecting the current state of process development and should be updated as engineering performance data accumulates (Rosenboom et al., 2022; Gambarini et al., 2022). Techno-economic modeling that accounts for enzyme production costs, process infrastructure, and market dynamics for recovered monomers will be essential for identifying conditions under which enzymatic approaches become economically competitive.

8. CONCLUSION
Enzymatic bioremediation of PET, based on the principles of PETase and MHETase is a scientifically supported and mechanistically consistent method of dealing with plastic pollution that has intrinsic benefits over traditional chemical and mechanical recycling processes. Combined with significant advances in protein engineering and scale-up to industrial levels, the elucidation of the molecular aspects of the phenomenon of PET degradation has created a solid base to build on. Research shows that enzymatic depolymerization can produce high yields of monomers in a variety of waste streams of PET under controlled conditions, and the life cycle benefits in terms of energy consumption and greenhouse gas emissions (Tournier et al., 2020; Lu et al., 2022).
However, the translation of these laboratory and industrial reactor advances to environmental remediation application applications remains significantly limited by constraints on catalytic activity on crystalline surfaces, enzyme stability in natural matrices, ecological risk knowledge gaps, and the lack of regulatory frameworks to deploy enzymes into the environment. Evidence suggests that the most proximate and evidence-supported application pathway is contained industrial biorecycling, whereas open-environment remediation strategies require considerably more foundational research before deployment is scientifically justifiable (Danso et al., 2019; Oberbeckmann & Labrenz, 2020).
A change in the research focus towards environmental realism, with more emphasis on enzyme variants and microbial systems capable of functioning under ambient conditions, and the development of sound frameworks of ecological risk assessment would be of great benefit to the field. Integration of protein engineering, synthetic ecology, environmental chemistry and regulatory science will be necessary in order to achieve the full potential of enzymatic bioremediation as a part of sustainable plastic management. Enzymatic PET degradation has real potential as a technology to reduce plastic persistence and to facilitate the shift towards a circular materials economy.
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Figure 1. Sequential Enzymatic Pathway of PET Biodegradation by PETase and MHETase
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