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Abstract

Plastic waste accumulation poses significant environmental challenges due to a lack

of economical solutions for the molecular deconstruction of diverse synthetic poly-

mers. Biological-based degradation offers promise but is hindered by the crystallinity,

hydrophobicity, and additive complexity of plastics, which restrict biocatalyst access

and activity. To address these barriers, we propose a multi-scale framework that

combines detailed materials characterization, optimization of plastic-biomolecular

interfacial interactions, and enhancement of biocatalytic kinetics to develop effective

plastic-deconstructing enzymes. This approach leverages principles from reaction

kinetics, transport and interfacial phenomena, and enzyme engineering to systemati-

cally address barriers across diverse plastic types. Our framework aims to accelerate

the discovery and optimization of biocatalysts capable of scalable, selective, and effi-

cient deconstruction of plastic waste. These advances hold potential to enable sus-

tainable biological recycling and upcycling pathways, contributing to global efforts in

mitigating plastic pollution and promoting circular material economies.
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1 | INTRODUCTION

Plastic waste continues to accumulate globally, posing significant envi-

ronmental, health, and economic challenges.1,2 Despite growing

awareness, recycling and reuse of plastics remain limited; mechanical

recycling, the most common method, often yields materials with

reduced performance and value.3 Thus, there is a growing need for

strategies that deconstruct polymers and upcycle these products into

new materials and chemicals. Chemical processes designed to decon-

struct plastics have yet to become economically feasible in part due to

intense operating conditions and the quality of the resulting prod-

ucts.4,5 Enzymatic deconstruction of amorphous, hydrolyzable plastics

such as polyethylene terephthalate (PET) has emerged as an

industrially viable alternative to energy-intensive chemical recycling

processes.6,7 However, biological approaches for other major plastic

types remain underdeveloped. This is largely due to the inherent com-

plexity of these plastic materials, including variability in molecular

weight, crystallinity, and hydrophobicity, along with a need for

chemistries rarely seen in biology, which present unique challenges

for biocatalyst design.8 To address these challenges, we propose a

multi-scale framework based on chemical engineering principles from

reaction kinetics, transport and interfacial phenomena, and materials

characterization to guide enzyme discovery and optimization for plas-

tics deconstruction.

Effective biocatalysts, those with strong substrate recognition,

high catalytic turnover, and robust stability, are central to any biologi-

cal strategy for plastics deconstruction. However, the current list of

plastic-active biocatalysts and microbes is limited9 in both reaction

rates and the diversity of plastics types and formats they can address.
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Expanding this toolkit requires sustained discovery efforts, including

meta-omics analyses (e.g., DNA, RNA, and protein profiling) and data

mining of large variant libraries using established and emerging AI/ML

strategies for candidate identification, along with rigorous biochemical

characterization.10–14 However, optimization for industrial scale

deployment cannot rely solely on empirical screening. A chemical

engineering perspective provides a mechanistic foundation for ratio-

nal design by linking polymer properties (e.g., hydrophobicity, crystal-

linity, chain length) with biocatalyst features (e.g., surface charge,

binding domains, active-site geometry) that govern deconstruction.

Within this framework, two key engineering bottlenecks to plastics

biodeconstruction become readily apparent: (1) transport and interfa-

cial phenomena between hydrophobic plastics and hydrophilic

enzymes that limit substrate binding interactions; and (2) catalytic

mechanisms capable of accommodating long, variable polymer chains

to enable high processivity and efficient degradation.

The challenges encountered in enzymatic plastics deconstruc-

tion are not unique; similar barriers arise in the biodegradation of

plant biomass, which also features large, insoluble, crystalline

substrates.15–19 This parallel offers a useful case study for inform-

ing strategies in plastics biocatalysis. First, precise material defini-

tion, such as quantifying surface accessibility, was essential for

interpreting hydrolytic performance, and led to the recognition of

distinct enzymatic mechanisms when processing amorphous or

crystalline domains.20–22 Second, improving weak enzyme-

substrate association required fusion of substrate binding domains,

such as cellulose-binding carbohydrate-binding modules (CBMs),

to catalytic hydrolases.23,24 Third, lignin cleavage was accelerated

by pairing lytic polysaccharide monooxygenases (LPMOs), which

create multiple functionalized sites for chain scission and reduce

polymer crystallinity, with hydrolases that then cleave the exposed

chain.25,26 Collectively, these lignocellulolytic strategies offer a

blueprint for designing biocatalysts capable of overcoming the

structural and chemical complexity of synthetic polymers.

In this perspective, we propose an integrated multi-scale frame-

work to guide the identification and engineering of biological systems

capable of deconstructing the highly heterogeneous stream of post-

consumer plastics waste (Figure 1). This framework begins with thor-

ough appreciation and characterization of key material properties,

such as additive content, crystallinity, and molecular weight, that

define the physical and chemical boundaries for enzymatic activity.

Once a polymer template is selected, both abiotic (i.e., environmental)

and biotic (i.e., enzyme or cell) factors must be considered to under-

stand and optimize the interfacial phenomena that governs

biocatalyst-substrate binding. We review both rational and empirical

strategies for improving the catalytic potential of plastic degrading

enzymes. The discovery, design, and optimization of such biocatalysts

requires an integration of material properties, interfacial science, and

kinetics to ensure broad applicability across diverse plastics wastes.

2 | MATERIAL PROPERTIES SET THE
LIMITS FOR BIODECONSTRUCTION
SYSTEMS

Plastic deconstruction rates are highly sensitive to material character-

istics and properties,27–31 meaning that any discussion of biological

deconstruction must be qualified by a definition of the material used.

F IGURE 1 Biological plastics
deconstruction must be approached
systemically with a chemical engineering
lens to enable substantive progress.
Material properties, interfacial
phenomena, and the discovery and
engineering of biocatalysts should be
evaluated independently and with
appropriately chosen substrates to guide
development of plastics
biodeconstruction efforts.
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Plastics are complex composites consisting of more than just polymer

chains. They often include additive packages (including slip agents,

antioxidants, plasticizers, and colorants) and may be processed into

co-polymers or multi-layer formats.32 Even within the same resin

code, plastics can vary significantly in mechanical properties such as

elastic modulus, ductility, and rigidity due to differences in

manufacturing processes.33 These mechanical properties are governed

by polymer chain architecture, namely the crystallinity and branching

of the polymer chains,34,35 the molecular weight, and the presence of

additives. Importantly, enzymatic access to polymer chains is con-

strained by crystallinity36 and molecular weight, defining regimes

within which biodeconstruction becomes possible. Processing-

dependent effects (e.g. extrusion or molding) can influence secondary

morphological features such as crystallinity heterogeneity, chain ori-

entation, and geometry, which impact degradability. However, these

processing-dependent properties are reversible and can be mitigated

through thermal, chemical, or mechanical pretreatment,37,38 reducing

their impact compared to intrinsic properties like molecular weight or

chemical structure (Table 1).39 Thus, three key properties of the

plastic—additive content, crystallinity, and molecular weight—must be

defined for each plastic to assess its biodegradability.

Additive effects on deconstruction vary by plastic type and must be

understood in context. For non-hydrolyzable plastics, antioxidants inhibit

oxidative (bio)chemistries required for chain scission.40 For example,

removing additives from HDPE led to a 4.3-fold increase in product yield

during chemical deconstruction over a Pt/WO3/ZrO2 catalyst.41 Con-

versely, hydrolyzable plastics do not rely on oxidative pathways40 and

are less affected by antioxidants. Slip agents added to reduce friction and

improve surface smoothness are chemically similar to base polymers and

susceptible to enzymatic oxidation and hydrolysis.42–45 Plastic-active

enzymes may preferentially target these smaller, linear additives due to

better active-site binding.46,47 This can divert enzymatic activity away

from the polymer backbone, reduce the sensitivity of degradation assays,

and confound results with non-polymer degradation products.

To accurately evaluate the biodeconstruction potential of plastics

and identify enzyme candidates with verified backbone degradation,

additives and polymers should be separated and studied indepen-

dently. Extraction methods such as ultrasonic, shake-flask, Soxhlet, or

microwave assisted extraction48 can isolate additives, yielding pure

polymer to use in biodeconstruction studies. Additive mixtures can be

analyzed via liquid chromatography MS (LC–MS), and individual com-

pounds purified or purchased for targeted biodegradation studies.

Once each component is characterized, cross-compatibility of degra-

dation conditions for both the additive and polymer components in

the plastic can be assessed, and the enzyme engineered to increase

robustness with more real-world materials. For instance, enzymes

optimized for polymer deconstruction may not tolerate solvents or pH

conditions required for additive breakdown. These interactions deter-

mine whether a particular plastic can be deconstructed in a one-pot

reaction, or if additive pre-treatment is necessary. We strongly recom-

mend using purified polymers and additives for independent valida-

tion of biodegradation prior to testing post-consumer materials. This

approach minimizes false negatives caused by additive interference

and ensures accurate assessment of enzymatic activity. If single-pot

enzymatic deconstruction is not possible, particularly in cases where

inhibitory additives like antioxidants are present in polyolefins, pre-

separation becomes essential. Isolating the polymer allows subse-

quent processing steps to focus on pure polymer chains, enabling the

use of standardized enzymatic treatments across resin codes. This

strategy is analogous to crude oil refining, where distillation separates

components for targeted downstream processing.49

Independent of additives, plastics within a resin code share back-

bone chemistry but differ in physical structure due to variations in

chain architecture.34,35,50,51 Branching density, branch length, and

molecular weight drive chain packing and subsequently crystallinity,

which in turn affect enzyme accessibility.50,51 Lower crystallinity

increases surface area for enzyme binding, facilitating deconstruc-

tion.36,50 This has been well-documented in PET biodeconstruction,

where PET hydrolases are only active on polymers with <15–23%

crystallinity.13,36 Crystallinity thresholds for non-PET plastics remain

undefined due to limited enzymatic systems.40 To address this, plas-

tics of varying crystallinity should be assessed on microbial and enzy-

matic systems. Plastics of varying crystallinity can be generated during

synthesis by altering polymerization temperatures and pressures52 or

post-synthesis via solvent extractions or nitric acid etching on existing

polymers.53 Amorphization techniques, such as alkali pre-treatment,

can also be used to decrease crystallinity prior to enzymatic proces-

sing.54 Alternatively, enzymes can be engineered for improved

TABLE 1 Effects of pretreating plastics and impacts on biological accessibility.37,38

Pretreatment type Techniques/processes Polymer modification Bio-accessibility

Mechanical Grinding, milling, high-shear, size

reduction

Increases surface area, exposes internal polymer Increase in number of binding

sites

Thermal Heat treatment, hydrothermal

processes

Increases chain mobility, can cause chain scission More frequent binding and

catalysis of polymer chains

Chemical/ Oxidative Acid/alkali hydrolysis, chemical

oxidants, UV, photooxidation

Generates polar surface functional groups, radical sites Improved adhesion/

colonization of the plastic

surface

Non-thermal physical Plasma, ultrasound, microwave Alters surface chemistry and surface structure Improved adhesion/

colonization of the plastic

surface
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thermostability above the polymer glass transition temperature (Tg),

where chain mobility enhances enzyme binding. For example, PET

hydrolases have been engineered to operate at 80�C (PET Tg ≈ 75�C),

enabling hydrolysis of PET with up to 39% crystallinity.55 Although

non-hydrolyzable plastics such as LDPE already exist well above their

glass transition temperature under physiological conditions (LDPE

Tg ≈ �100�C),56 engineering enzymes with increased thermostability

can further enhance polymer chain mobility and improve bio-

accessibility of these substrates.57 However, enzyme engineering for

improved thermostability is limited for plastics with a Tg above the

40–90�C range. Otherwise, the discovery or de novo design of small

enzymes capable of penetrating crystalline domains may be required.

Low molecular weight plastics are theoretically more amenable to

biodeconstruction due to their shorter chain lengths, which require

fewer bond-cleavage events. However, shorter chains exhibit reduced

polymer entanglement58,59 and more chain mobility relative to higher

molecular weight polymers, which typically promotes more efficient

packing and increased crystallinity.60 This relationship between poly-

mer molecular weight and crystallinity is non-linear as it is impacted

by several factors such as chain branching, processing conditions, and

monomer identity.61,62 Therefore, to delineate the activity range of

biological systems, plastics of varying molecular weights should be

systematically tested. Such plastics can be synthesized by changing

reaction conditions to control molecular weight.63 Given the added

complexity of engineering enzymes or introducing pre-processing

steps for high molecular weight and high crystallinity plastics with

inherently unfavorable properties for biocatalyst binding and function,

initial testing should prioritize low molecular weight substrates that

have low crystallinity. These serve as baseline materials to establish

enzymatic activity, with subsequent testing on more recalcitrant plas-

tics used to define the upper bounds of biodeconstruction. It is impor-

tant to note that low molecular weight polymers must still fall within

the representative molecular weight distribution of the plastic class

under investigation. For example, a polyethylene with a molecular

weight of 1000 g/mol is not an appropriate substrate, as it falls well

below the minimum for characteristic polymer entanglement of

�4200 g/mol and the typical range of �10,000 to 100,000 g/mol of

typical polyethylenes.52

3 | INTERFACIAL PHENOMENA INITIATE
PLASTICS BIODECONSTRUCTION

For biological systems to deconstruct plastic waste they must first

access the plastic surface. These interactions are inherently challeng-

ing, as hydrophobic plastic surfaces are poorly compatible with the

charged surfaces of proteins and cells.64 This incompatibility helps

explain why plastic hydrophobicity is one of the strongest predictors

of its environmental persistence.65 To overcome this barrier, two

complementary approaches can be employed (1) using interfacial

forces and/or protein binding domains to enable biocatalyst interac-

tion with highly hydrophobic plastic surfaces and/or (2) charge com-

patibilization of plastic-active enzymes to promote direct plastic

binding. The first approach is effective against plastics that are highly

hydrophobic, in which attraction is largely a function of dispersion

forces. The second approach is more specific to plastics that possess a

surface charge, where binding can be achieved via dipole interactions.

Below, we review several techniques to implement these strategies at

both the cellular and enzymatic levels.

Whole-cell biocatalysts that adhere to plastic surfaces localize

enzymatic activity at the interface. The most well-characterized micro-

bial adhesion phenotype is biofilm formation.66–68 This action is medi-

ated by cell charge and various secreted extracellular polymeric

substances (EPS) which comprise the biofilm matrix.69 However, not all

biofilm-forming microbes bind effectively to all plastics.70 Biosurfactants

play a particularly active role in this surface colonization.71 For example,

the alkane-degrading bacterium, Alcanivorax borkumensis, forms robust

biofilms on LDPE surfaces, resulting in significant weight loss of the

plastic.72 The compatibility of Alcanivorax to a highly hydrophobic plas-

tic like LDPE stems from the glycine-glycolipid biosurfactant they pro-

duce.8 Similarly, fungal biofilms utilize amphiphilic proteins known as

hydrophobins to bind hydrophobic substrates.73 Aspergillus species

expressing hydrophobins can rapidly bind and flocculate a wide range

of plastics, including HDPE, LDPE, PS, and PET, often within seconds.74

However, these chassis are non-model, and more robust genetic tools

are needed to develop them into whole-cell biocatalysts.

Once a microbe has adhered to a plastic surface it must make its

enzyme payload available in the extracellular space to access the poly-

mer substrate. Many naturally-occurring plastic-degrading organisms

rely on extracellular secretion of plastic-active enzymes. Ideonella

sakaiensis secretes IsPETase, which hydrolyzes insoluble PET into sol-

uble oligomers that can be transported into the cell for metabolism.75

However, enzyme secretion can be a limiting step, as illustrated in cel-

lulolytic systems, where microbes and engineered hosts have been

optimized to boost secretion capacity. This was achieved primarily by

either (1) engineering signal peptides which act to designate to native

cell machinery which enzymes should be secreted,76 or (2) enhancing

secretory pathway flux by overexpressing Sec pathway compo-

nents.77 In microbial chassis that lack extensive genetic parts, screen-

ing N-terminal signal peptide variants for enhanced secretion by the

conserved Sec pathway may be an effective strategy. An alternative

to secretion is cell surface display, in which enzymes are anchored to

the microbial cell envelope, localizing activity directly at the cell-

polymer interface. Surface display has been widely implemented in

model microbial chassis using well-characterized anchoring motifs

in various bacterial and fungal hosts.78 By tethering enzymes to the

cell surface, these approaches maintain high local enzyme concentra-

tions, reduce diffusional loss, and enable repeated or sustained inter-

action with insoluble substrates such as plastics.79 The mechanisms

by which a cell displays an enzyme are highly host-dependent. For

example, E. coli was engineered to surface display IsPETase using the

PgsA membrane anchor and was able to degrade BHET with sustained

activity for at least 5 reaction cycles.80 When working in genetically

tractable model organisms, surface display offers a robust strategy to

enhance enzyme–plastic interactions beyond what can be achieved

through secretion alone.

4 of 12 KLAUER ET AL.
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Rather than directly engineering non-model biofilm formers, their

mechanisms can inform the engineering of model organisms. For

example, EPS structural stability and, by extension, biofilm mass can

be enhanced with increased expression of cyclases, making them a

model engineering target.81 Overexpression of cyclases DgcC and

WspR in an E. coli expressing PET hydrolase TfCut2 led to a 15%

increase in weight loss reduction of polycaprolactone, relative to a

control strain expressing TfCut2 only, likely a result of greater biofilm

mass82 (Figure 2). More advanced strategies include yeast surface dis-

play, which presents proteins externally for direct plastic interaction.

Co-expression of IsPETase and a class II hydrophobin from Tricho-

derma reesei on Pichia pastoris enabled 10.9% conversion of highly

crystalline PET over 10 days, whereas IsPETase alone had no activ-

ity.83 These results underscore the importance of pairing biosurfac-

tants with plastic-degrading enzymes to expand substrate scope and

improve deconstruction efficiency.

F IGURE 2 Multiscale physiochemical surface properties impact plastic bioavailability and biological tools which mediate binding.

KLAUER ET AL. 5 of 12
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Enzymatic binding to a plastic, and thus its deconstruction rate, is

governed by protein surface features such as charge and hydrophobic-

ity. For moderately hydrophobic plastics like polyesters and polyamides,

binding is facilitated by complementary charge distributions.84 For

example, PET hydrolysis by PET2 improved 1.8-fold after seven muta-

tions enriched positive residues near the active site, enhancing compat-

ibility with PET's negative surface charge.85 However, there is a trade-

off between substrate affinity and enzyme turnover. Excessively strong

affinity inhibits product release, generating an enzyme-specific opti-

mum for binding affinity in accordance with Sabatier's principle. For

example, PET hydrolases from Thermobifida fusca and leaf-cutter com-

post exhibited optima at Kds of 20 μM and 6 μM, respectively.86 In

contrast, highly hydrophobic, non-hydrolyzable plastics require hydro-

phobic binding domains (Figure 2). LDPE oxidation by dye-decolorizing

peroxidases (DyP) was enabled by a native hydrophobic loop domain

near a non-canonical surface-active site.87 Homologs lacking this

domain did not display LDPE activity, while engineered variants with

extended hydrophobic loops exhibited up to a 100% increase in oxida-

tion. Similarly, fusing hydrophobic binding modules from cellobiohydro-

lase I and polyhydroxyalkanoate depolymerase to a cutinase from

Thermobifida cellulosilytica enhanced PET surface absorption and tripled

deconstruction efficiency.85 These modular domains, combined with

rational engineering efforts such as recombinant accessory domains

and bulk surface charge tuning, offer a broad design space for develop-

ing high-performance plastics-active enzymes.

While the biotic properties above mediate plastic adhesion, abi-

otic factors, such as polymer chemistry and environmental conditions,

also define the limits of interaction. Plastics span a spectrum of hydro-

phobicity, necessitating that binding activity is established for each

polymer type. For example, polyesters and polyamides are less hydro-

phobic than polyolefins as they contain several polar functional

groups in their backbone65 (Figure 2). Additive loading, contamination,

and environmental factors further influence biomolecular binding.88

To isolate base binding activity, biodeconstruction studies should use

additive-stripped plastics and minimal buffers, when possible. Physical

properties such as surface roughness and hardness (i.e., crystallinity

and molecular weight) also impact binding at micron scale interfaces89

(Figure 2). These variables should be defined and standardized across

substrates to establish a baseline for binding performance.

4 | BIOCATALYSTS MUST BE DISCOVERED
AND ENGINEERED FOR EFFICIENT
BIODECONSTRUCTION

At the heart of many chemical engineering processes is an efficient

catalyst. Effective biodegradation requires specific catalysts for each

step of the deconstruction pathway tailored to each plastic type. Sev-

eral of these catalysts already exist in nature for many plastics, as evi-

denced by the reported deconstruction of all major types of plastics

by various microorganisms and insects. A comprehensive list of

plastic-deconstructing microbes and enzymes can be found in a recent

review.40 Notable examples include IsPETase from Ideonella

sakaiensis90 and leaf-branch compost cutinase (LCC),6 both of which

rapidly depolymerize PET into the dimer, bis-(2-hydroxyethyl) tere-

phthalate (BHET) and monomer, mono-(2-hydroxyethyl) terephthalate

(MHET). These intermediates can be further processed by BHETase

and MHETase to generate terephthalate and ethylene glycol that can

be recycled back into new PET90–92 or upgraded to other

chemicals.93–95 The discovery of IsPETase has catalyzed a wave of

plastic-active enzyme engineering efforts, accelerating the develop-

ment of industrial-scale enzymatic PET recycling in less than a decade

since its initial characterization.6

Efficient enzymes for the deconstruction of non-PET plastics

remain largely elusive, often due to the use of nonideal starting sub-

strates and inconsistent or non-quantitative material characterization.

For example, engineered nylonases have demonstrated limited activ-

ity, deconstructing only 0.67% of the tested polymer.96 However, the

addition of fresh enzyme did not increase the reaction extent, sug-

gesting that the substrate itself lacked sufficient accessible hydrolyz-

able bonds to properly quantify enzyme activity.96 Similarly,

polyurethane esterases have been identified on the basis of their

activity on soluble substrate mimics, but their deconstruction perfor-

mance on actual polymers remains unquantified.97–100 This gap

reflects a broader issue: the absence of standardized methodologies

to rigorously qualify and quantify biological plastics deconstruction.

As a result, claims of enzymatic deconstruction of non-hydrolyzable

plastics such as low-density polyethylene (LDPE) are often met with

skepticism. These reports typically rely on indirect detection methods,

such as Fourier-transform infrared spectroscopy (FTIR), which can

produce false positives due to enzyme-derived artifacts

(e.g., functional groups in amino acid residues that mimic degradation

signal).101,102 Moreover, results are often not generalizable across

similar substrates due to uncharacterized variability in substrate prop-

erties.103 Additives further complicate analysis. Many resemble plastic

degradation products and can leach from the plastic, confounding

techniques like gas chromatography–mass spectrometry (GC–MS) and

leading to misleading signals of deconstruction.104,105 To confirm

enzymatic plastic degradation, direct methods should be prioritized.

These include the use of isotope-labeled plastic substrates and gel

permeation chromatography (GPC) to track molecular weight changes

and label degradation products.101 When direct methods are not fea-

sible due to resource or cost limitations, indirect methodologies such

as differential scanning calorimetry (DSC), FTIR or x-ray photoelectron

spectroscopy (XPS) may be used with rigorous controls, including

inactive enzyme treatments and careful interpretation to minimize

false positives and ensure reliable conclusions.101

Given the absence of truly efficient enzymes for deconstructing

plastics beyond PET, a systematic approach, integrating both top-

down and bottom-up methodologies, is essential for identifying new

biocatalysts. Microbial communities from landfill soils and gut micro-

biomes of plastic-deconstructing insects are particularly promising

sources due to their prolonged exposure to plastics or structurally

similar molecules such as long-chain alkanes. These environments

offer high biodiversity and strong evolutionary pressure, increasing

the likelihood of discovering substrate-promiscuous enzymes.40
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A notable example is the discovery of Ideonella sakaiensis from a PET

bottle recycling facility, which led to the identification of IsPETase.90

In this instance, a bottom-up approach was taken, where microorgan-

isms were cultivated from soil samples with PET as their sole carbon

source followed by isolation and screening for plastic-degrading activ-

ity.90 While effective, bottom-up strategies are inherently limited by

the fact that over 99% of microorganisms are uncultivable.106 To

overcome this limitation, top-down approaches are critical as they

provide access to enzymes from the vast uncultured microbial major-

ity and expand the scope of discovery beyond what cultivation-based

methods can achieve.

In a top-down enzyme discovery approach, multi-omics tech-

niques are used to identify biomacromolecules associated with plastic

deconstruction phenotypes at the genomic, transcriptomic, and prote-

omic levels. These methods provide insight into the DNA, RNA, and

proteins associated with deconstruction processes. Most definitive of

these is proteomics, as the proteins actively expressed by microorgan-

isms to deconstruct plastics will be present in samples undergoing

degradation.107,108 Genomic and transcriptomic data complement

proteomic analyses by helping to identify the microbial taxa and genes

that are enriched or upregulated in plastic-deconstructing communi-

ties. While multi-omics can generate strong hypotheses about candi-

date enzymes, these remain putative until validated experimentally.

To confirm activity, enzymes must be expressed, purified, and tested

directly on relevant plastic substrates. Only through such direct assays

can their true biodegradation potential be established.

The activity of naturally occurring plastic deconstructing enzymes

will need to be engineered to achieve industrially relevant levels, as

demonstrated by the development of high-performance PET hydro-

lases.13,14,92 In natural environments, plastics are unlikely to be the

preferred substrates for these enzymes due to their insolubility and

hydrophobicity. Therefore, plastic-active enzymes are often

substrate-promiscuous enzymes that canonically act on structurally

similar natural polymers or hydrocarbons, such as those in alkane

metabolism.40,47 Once a plastic-active enzyme is identified, directed

evolution can be used to enhance its activity on the target plastic.109

This process involves generating libraries of enzyme variants and

selecting those with improved performance. One practical approach is

to express these variants in a heterologous host capable of growing

on the plastic substrate only with the library, using growth rate as a

proxy for enzymatic activity. Alternatively, purified enzyme variants

can be screened directly on plastic substrates, though this method is

typically low-throughput due to the lack of parallelizable assays for

non-PET plastics. To accelerate enzyme discovery and optimization,

high-throughput screening methodologies must be developed.110

These should detect chemical changes required to deconstruct a plas-

tic, such as oxidation of non-hydrolyzable plastics or the release of

specific monomers or functional groups (e.g., chlorides from polyvinyl

chloride (PVC) or styrenes from polystyrene).111 The use of high-

throughput HPLC detection of PET deconstruction products enabled

the creation of evolved PET hydrolases 4–75 fold more active than

wildtype IsPETase,31,112 pushing enzymatic performance towards

industrial relevance.

Artificial intelligence and machine learning (AI/ML) approaches

have emerged as powerful tools for engineering enzymes, often out-

performing traditional directed evolution.113 In the context of plastic-

degradation, machine learning algorithms have improved IsPETase

activity more than 60-fold relative to wildtype.13 Among ML tech-

niques, large language models (LLMs) use sequence data to identify

optimal amino acid substitutions from vast libraries, enhancing

enzyme performance.114 However, models that incorporate protein

structural and biophysical principles tend to yield superior results, as

they are informed by the underlying biochemical interactions within

the protein. For example, the most active PET hydrolases to date,

FAST-PETase13 and TurboPETase,14 were developed using ML-

guided strategies focused on enzyme stability. FAST-PETase does so

by incorporating ML-derived rules to suggest mutations that stabilize

the local microenvironment of specific residues.13,115 TurboPETase

combined LLM-derived mutations with intramolecular force-field cal-

culations to optimize both thermostability and catalytic activity.14

These engineering objectives, such as enhancing thermostability, opti-

mizing pH tolerance, and improving substrate binding, are broadly

applicable to enzymes targeting non-PET plastics. However, the

development of robust ML models for these plastics is currently lim-

ited by insufficient training data. This underscores the need for high-

throughput screening methodologies to accelerate the discovery and

characterization of plastic-active enzymes. Therefore, to engineer effi-

cient catalysts for plastics biodeconstruction, enzymes should be

(1) discovered from environments where plastics deconstruction

occurs naturally; (2) tested on additive-free, low-crystallinity, low-

molecular weight plastics using high throughput, when possible to

detect bona fide polymer deconstruction; and (3) engineered to be

effective against environmentally representative plastics for industrial

relevance using directed evolution and/or rational approaches includ-

ing AI/ML (Figure 3). This integrated strategy will be essential for

expanding enzymatic solutions beyond PET and enabling scalable bio-

logical plastic recycling.

To realize biological plastics deconstruction at scale, enzymes

must be engineered not only for improved catalytic activity but also

for compatibility with the industrial conditions required to effectively

break down plastics. In other words, the deconstruction process must

be looked at holistically when designing enzymes for industrial use,

accounting for factors such as temperature, pH, and solids loading.

The most effective enzyme for PET degradation at room temperature

in a laboratory setting may not be suitable for industrial applications

where increased temperatures and pHs are used to decrease crystal-

linity and improve biodeconstruction.116 As PET deconstruction has

moved from bench-scale to industrial bioreactors, enzymes have been

engineered to function optimally at 60–70�C13,14,117 and under high

solids loading conditions.14 As efforts to biologically deconstruct non-

PET plastics advance beyond the lab, it is essential to consider the

crystallinity and molecular weight regimes of each plastic type. Activ-

ity assays should be conducted with environmentally representative

polymer substrates with realistic molecular weight, crystallinity, and

additive content after initial discovery and characterization on model

substrates. Enzymes must be tailored to operate within the bounds of
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these material properties under industrially relevant conditions. This

approach ensures that enzyme performance is not only effective in

controlled environments but also scalable and robust in real-world

processing systems.

The deconstruction of non-hydrolyzable plastics likely requires

multiple enzymes acting in concert to break down the polymer

backbone,40 in addition to enzymes needed to degrade processing

additives. Therefore. processes must be engineered wherein these

enzymes can work synergistically to most efficiently deconstruct the

plastic, minimizing transport limitations and accelerating reaction

rates. One strategy involves spatial organization of enzymes, position-

ing them in close proximity to facilitate sequential reactions.118 For

example, PETase and MHETase enzymes have been co-immobilized

on magnetic nanoparticles at optimized stoichiometric ratios, resulting

in a > 2.5-fold improvement in PET deconstruction compared to free

enzymes.119 Similarly, DNA or protein based scaffolds can be used to

dock enzymes in a defined sequence, mimicking natural enzyme cas-

cades in microbial metabolism.118 This design allows the polymer to

be “passed” from one enzyme to the next, enhancing deconstruction

kinetics by eliminating reliance on random collisions in a well-mixed

reactor. Such modular, scaffolded systems offer a promising route to

improve the efficiency of plastic biodegradation, especially for com-

plex polymers requiring multi-step enzymatic breakdown.

5 | PERSPECTIVE

Plastics deconstruction must be approached holistically to enable val-

orization of plastic waste, considering the chemical and physical com-

plexity of the material. Plastic components, namely the polymer(s) and

any additives, require distinct and potentially incompatible decon-

struction technologies. For example, certain plastic additives are

F IGURE 3 Workflow for discovering and engineering enzymes for plastics biodeconstruction.
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known to inhibit inorganic catalysts for polyolefin deconstruction,41

necessitating the development of specific strategies for their removal

or transformation. Even the polymer itself should be viewed as a het-

erogeneous system, with chains spanning a broad range of molecular

weights and exhibiting regions of varying crystallinity. These differ-

ences in mechanical and structural properties result in chain-to-chain

variability in deconstruction potential. Moreover, different enzymatic

or chemical technologies may be selectively effective within specific

crystallinity or molecular weight regimes. This is demonstrated by PET

hydrolases, which preferentially degrade amorphous polymer regions

while leaving crystalline domains largely intact.36 To design effective

and scalable deconstruction technologies, it is essential to match the

catalytic strategy to the material characteristics of each plastic com-

ponent. This systems-level perspective ensures that the resulting

deconstruction products are compatible with downstream valorization

pathways and that the process is both efficient and adaptable across

diverse plastic waste streams.

Biological solutions for the deconstruction of plastics are particu-

larly promising due to their tunability and selectivity. Enzymes can be

engineered to target both polymer chains and associated additives,40

enabling breakdown of each component in a plastic waste stream for

eventual upcycling. However, to realize these processes at scale, bio-

logical deconstruction must be assessed systematically, addressing

both binding and reactivity at each step. An enzyme must first bind

effectively to the plastic surface to a plastic to react and deconstruct

the substrate. Once bound, it must exhibit sufficient processivity to

degrade the entire substrate. This often requires pre-treatment

to reduce molecular weight, crystallinity, and additive loading, thereby

enhancing bioavailability and enabling scalable biodeconstruction.

Because plastic deconstruction typically involves multiple enzymatic

steps, each enzyme must be evaluated independently to validate its

specific biochemical role. These steps must then be integrated into a

cohesive bioprocess, optimized for industrial conditions such as solids

loading,14 pH,6 and temperature.31 Enzymes will likely need to be

engineered to remain active under these conditions. Moreover, each

step in the process should be treated as a unit operation, with poten-

tially distinct optimal operating conditions. Some steps in the process

that are difficult biologically, such as the oxidation of polyolefins

required for deconstruction,87 may require hybrid chemical and bio-

logical approaches. To determine the most effective combination of

biological and chemical technologies, techno-economic analyses

should be conducted. Once robust biological technologies are devel-

oped for each component of the plastic waste stream, they can be

integrated into bio-upcycling platforms. Biologically driven plastic

deconstruction can then be used to fuel bio-upcycling processes, as

extensively reviewed elsewhere, to valorize plastics waste, offsetting

petrochemical usage and emissions.8,40,120
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effects of polymers and their underlying molecular mechanisms.

Polymer. 1976;17(4):309-318. doi:10.1016/0032-3861(76)90187-7

31. Bell EL, Smithson R, Kilbride S, et al. Directed evolution of an effi-

cient and thermostable PET depolymerase. Nat Catal. 2022;5(8):

673-681. doi:10.1038/s41929-022-00821-3

32. Hahladakis JN, Velis CA, Weber R, Iacovidou E, Purnell P. An over-

view of chemical additives present in plastics: migration, release, fate

and environmental impact during their use, disposal and recycling.

J Hazard Mater. 2018;344:179-199. doi:10.1016/j.jhazmat.2017.

10.014

33. Rosato DV, Rosato DV. Overview of processing operations. In:

Rosato DV, Rosato DV, eds. Plastics Processing Data Handbook.

Springer Netherlands; 1990:1-37. doi:10.1007/978-94-010-9658-

4_1

34. Honeker CC, Thomas EL. Impact of morphological orientation in

determining mechanical properties in triblock copolymer systems.

Chem Mater. 1996;8(8):1702-1714. doi:10.1021/cm960146q

35. Guichon O, Séguéla R, David L, Vigier G. Influence of the molecular

architecture of low-density polyethylene on the texture and

mechanical properties of blown films. J Polym Sci B. 2003;41(4):327-

340. doi:10.1002/polb.10373

36. Thomsen TB, Almdal K, Meyer AS. Significance of poly(ethylene

terephthalate) (PET) substrate crystallinity on enzymatic degrada-

tion. N Biotechnol. 2023;78:162-172. doi:10.1016/j.nbt.2023.

11.001

37. Mat Yasin N, Akkermans S, Van Impe JFM. Enhancing the biodegra-

dation of (bio)plastic through pretreatments: a critical review. Waste

Manag. 2022;150:1-12. doi:10.1016/j.wasman.2022.06.004

38. Dewi S, Horbach T, Neumann T, Jaeger K, Streit W, Hartmann L.

Evaluation of pretreatment strategies and combinations of enzymes

for degradation of polyethylene terephthalate. J Polym Sci. 2025;

63(13):2770-2781. doi:10.1002/pol.20250254

39. Samir A, Ashour FH, Hakim AAA, Bassyouni M. Recent advances in

biodegradable polymers for sustainable applications. Npj Mater

Degrad. 2022;6(1):68. doi:10.1038/s41529-022-00277-7

40. Klauer RR, Hansen DA, Wu D, Oliveira Monteiro LM, Solomon KV,

Blenner MA. Biological upcycling of plastics waste. Annu Rev Chem

Biomol Eng. 2024;15:315-342. doi:10.1146/annurev-chembioeng-

100522-115850

41. Hinton ZR, Kots PA, Soukaseum M, et al. Antioxidant-induced trans-

formations of a metal-acid hydrocracking catalyst in the deconstruc-

tion of polyethylene waste. Green Chem. 2022;24(19):7332-7339.

doi:10.1039/d2gc02503e

42. Patel P, Savargaonkar N. A review of additives for plastics: slips and

antiblocks. Plastics Eng. 2007;63(1):48-51. doi:10.1002/j.1941-

9635.2007.tb00033.x

43. Turman MV, Kingsley PJ, Rouzer CA, Cravatt BF, Marnett LJ. Oxida-

tive metabolism of a fatty acid Amide hydrolase-regulated lipid ara-

chidonoyltaurine. Biochem. 2008;47(12):3917-3925. doi:10.1021/

bi702530z

44. Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB.

Molecular characterization of an enzyme that degrades neuromodu-

latory fatty-acid amides. Nature. 1996;384(6604):83-87. doi:10.

1038/384083a0

45. McKinney MK, Cravatt BF. Structure and function of fatty acid

AMIDE hydrolase. Annu Rev Biochem. 2005;74:411-432. doi:10.

1146/annurev.biochem.74.082803.133450

46. Rojo F. Degradation of alkanes by bacteria. Environ Microbiol. 2009;

11(10):2477-2490. doi:10.1111/j.1462-2920.2009.01948.x

47. Rojo F. Enzymes for aerobic degradation of alkanes. In:

Timmis KN, ed. Handbook of Hydrocarbon and Lipid Microbiology.

Springer Berlin Heidelberg; 2010:781-797. doi:10.1007/978-3-

540-77587-4_59

48. Ügdüler S, Van Geem KM, Roosen M, Delbeke EIP, De Meester S.

Challenges and opportunities of solvent-based additive extraction

methods for plastic recycling. Waste Manag. 2020;104:148-182. doi:

10.1016/j.wasman.2020.01.003

49. Alfke G, Irion WW, Neuwirth OS. Oil Refining. Ullmann's Encyclope-

dia of Industrial Chemistry. John Wiley & Sons, Ltd; 2007. doi:10.

1002/14356007.a18_051.pub2

10 of 12 KLAUER ET AL.

 15475905, 0, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/aic.70293 by U

niversity O
f D

elaw
are L

ibrary, W
iley O

nline L
ibrary on [16/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1016/j.csbj.2021.11.023
info:doi/10.1038/s41586-022-04599-z
info:doi/10.1038/s41467-024-45662-9
info:doi/10.1038/s41467-024-45662-9
info:doi/10.1016/j.heliyon.2020.e03170
info:doi/10.3389/fchem.2019.00874
info:doi/10.3389/fchem.2019.00874
info:doi/10.1016/j.cbpa.2015.10.018
info:doi/10.1038/s41570-020-0163-6
info:doi/10.1111/j.1742-4658.2010.07585.x
info:doi/10.1126/science.1137016
info:doi/10.1002/bit.21386
info:doi/10.1042/bj20040892
info:doi/10.1038/s41598-017-03927-y
info:doi/10.1126/science.1192231
info:doi/10.1016/j.sbi.2019.02.015
info:doi/10.1021/acssuschemeng.2c03142
info:doi/10.1021/acssuschemeng.2c03142
info:doi/10.1021/acssuschemeng.2c01961
info:doi/10.1021/acssuschemeng.2c01961
info:doi/10.1016/j.indcrop.2011.11.009
info:doi/10.1016/0032-3861(76)90187-7
info:doi/10.1038/s41929-022-00821-3
info:doi/10.1016/j.jhazmat.2017.10.014
info:doi/10.1016/j.jhazmat.2017.10.014
info:doi/10.1007/978-94-010-9658-4_1
info:doi/10.1007/978-94-010-9658-4_1
info:doi/10.1021/cm960146q
info:doi/10.1002/polb.10373
info:doi/10.1016/j.nbt.2023.11.001
info:doi/10.1016/j.nbt.2023.11.001
info:doi/10.1016/j.wasman.2022.06.004
info:doi/10.1002/pol.20250254
info:doi/10.1038/s41529-022-00277-7
info:doi/10.1146/annurev-chembioeng-100522-115850
info:doi/10.1146/annurev-chembioeng-100522-115850
info:doi/10.1039/d2gc02503e
info:doi/10.1002/j.1941-9635.2007.tb00033.x
info:doi/10.1002/j.1941-9635.2007.tb00033.x
info:doi/10.1021/bi702530z
info:doi/10.1021/bi702530z
info:doi/10.1038/384083a0
info:doi/10.1038/384083a0
info:doi/10.1146/annurev.biochem.74.082803.133450
info:doi/10.1146/annurev.biochem.74.082803.133450
info:doi/10.1111/j.1462-2920.2009.01948.x
info:doi/10.1007/978-3-540-77587-4_59
info:doi/10.1007/978-3-540-77587-4_59
info:doi/10.1016/j.wasman.2020.01.003
info:doi/10.1002/14356007.a18_051.pub2
info:doi/10.1002/14356007.a18_051.pub2


50. Zhu X, Zhou Y, Yan D. Influence of branching architecture on poly-

mer properties. J Polym Sci B. 2011;49(18):1277-1286. doi:10.1002/

polb.22320

51. Mileva D, Tranchida D, Gahleitner M. Designing polymer crystallin-

ity: an industrial perspective. Polym Cryst. 2018;1(2):e10009. doi:10.

1002/pcr2.10009

52. Richards RB. Polyethylene-structure, crystallinity and properties.

J Appl Chem. 1951;1(8):370-376. doi:10.1002/jctb.5010010812

53. France C, Hendra PJ, Maddams WF, Willis HA. A study of linear

low-density polyethylenes: branch content, branch distribution and

crystallinity. Polymer. 1987;28(5):710-712. doi:10.1016/0032-3861

(87)90216-3

54. Giraldo-Narcizo S, Guenani N, Sánchez-Pérez AM, Guerrero A.

Accelerated polyethylene terephthalate (PET) enzymatic degradation

by room temperature alkali pre-treatment for reduced polymer crys-

tallinity. Chembiochem. 2023;24(1):e202200503. doi:10.1002/cbic.

202200503

55. Ding Z, Xu G, Miao R, et al. Rational redesign of thermophilic PET

hydrolase LCCICCG to enhance hydrolysis of high crystallinity poly-

ethylene terephthalates. J Hazard Mater. 2023;453:131386. doi:10.

1016/j.jhazmat.2023.131386

56. Dos Santos WN, De Sousa JA, Gregorio R. Thermal conductivity

behaviour of polymers around glass transition and crystalline melting

temperatures. Polym Test. 2013;32(5):987-994. doi:10.1016/j.

polymertesting.2013.05.007

57. Rozanski A. Influence of temperature and orientation on the

mechanical properties of amorphous regions on the example of poly-

ethylene. Polymer. 2025;323:128161. doi:10.1016/j.polymer.2025.

128161

58. Porter RS, Johnson JF. The entanglement concept in polymer sys-

tems. Chem Rev. 1966;66(1):1-27. doi:10.1021/cr60239a001

59. Zou L, Zhang W. Effects of entanglement on polymer crystal growth

and Intercrystalline phase formation. Macromolecules. 2024;57(9):

4410-4420. doi:10.1021/acs.macromol.4c00599

60. Tung LJ, Buckser S. The effects of molecular weight on the crystal-

linity of polyethylene. J Phys Chem. 1958;62(12):1530-1534. doi:10.

1021/j150570a015

61. Maderek E, Strobl GR. Crystallization and melting of fractions of

branched polyethylene: II. Dilatometric and small angle X-ray scat-

tering study on the molecular weight dependence of isothermal

crystallization. Colloid Polym Sci. 1983;261(6):471-476. doi:10.1007/

BF01419830

62. Krishnaswamy RK, Yang Q, Fernandez-Ballester L, Kornfield JA.

Effect of the distribution of short-chain branches on crystallization

kinetics and mechanical properties of high-density polyethylene.

Macromolecules. 2008;41(5):1693-1704. doi:10.1021/ma070454h

63. Hiltunen K, Seppälä JV, Härkönen M. Effect of catalyst and polymer-

ization conditions on the preparation of low molecular weight lactic

acid polymers. Macromolecules. 1997;30(3):373-379. doi:10.1021/

ma960919w

64. Endo S, Yuyama M, Takada H. Desorption kinetics of hydrophobic

organic contaminants from marine plastic pellets. Mar Pollut Bull.

2013;74(1):125-131. doi:10.1016/j.marpolbul.2013.07.018

65. Min K, Cuiffi JD, Mathers RT. Ranking environmental degradation

trends of plastic marine debris based on physical properties and

molecular structure. Nat Commun. 2020;11(1):727. doi:10.1038/

s41467-020-14538-z

66. Tribedi P, Sil AK. Low-density polyethylene degradation by pseudo-

monas sp. AKS2 biofilm. Environ Sci Pollut Res. 2013;20(6):4146-

4153. doi:10.1007/s11356-012-1378-y

67. Rong Z, Ding ZH, Wu YH, Xu XW. Degradation of low-density poly-

ethylene by the bacterium Rhodococcus sp. C-2 isolated from sea-

water. Sci Total Environ. 2024;907:167993. doi:10.1016/j.scitotenv.

2023.167993

68. Yang J, Yang Y, Wu WM, Zhao J, Jiang L. Evidence of polyethylene

biodegradation by bacterial strains from the guts of plastic-eating

waxworms. Environ Sci Technol. 2014;48(23):13776-13784. doi:10.

1021/es504038a

69. Sauer K, Stoodley P, Goeres DM, et al. The biofilm life cycle:

expanding the conceptual model of biofilm formation. Nat Rev

Microbiol. 2022;20(10):608-620. doi:10.1038/s41579-022-00767-0

70. He L, Qin J, Rong H, Tong M. Effects of growth and starvation con-

ditions on bacterial adhesion to plastic surfaces. NSO. 2024;3(6):

20240002. doi:10.1360/nso/20240002

71. Davey ME, Caiazza NC, O'Toole GA. Rhamnolipid surfactant produc-

tion affects biofilm architecture in Pseudomonas aeruginosa PAO1.

J Bacteriol. 2003;185(3):1027-1036. doi:10.1128/JB.185.3.1027-

1036.2003

72. Delacuvellerie A, Cyriaque V, Gobert S, Benali S, Wattiez R. The

plastisphere in marine ecosystem hosts potential specific microbial

degraders including Alcanivorax borkumensis as a key player for the

low-density polyethylene degradation. J Hazard Mater. 2019;380:

120899–120899. doi:10.1016/J.JHAZMAT.2019.120899

73. Riquelme M, Aguirre J, Bartnicki-García S, et al. Fungal morphogene-

sis, from the polarized growth of hyphae to complex reproduction

and infection structures. Microbiol Mol Biol Rev. 2018;82(2):e00068–
17. doi:10.1128/mmbr.00068-17

74. Klauer RR, Silvestri R, White H, et al. Hydrophobins from aspergillus

mediate fungal interactions with microplastics. Environ Sci Technol.

2025;59:14528–14539. doi:10.1021/acs.est.5c01771
75. Burgin T, Pollard BC, Knott BC, et al. The reaction mechanism of the

Ideonella sakaiensis PETase enzyme. Commun Chem. 2024;7(1):65.

doi:10.1038/s42004-024-01154-x

76. Liu C, Zhang Y, Yang L, Zhao F, Han S. Reinforcement strategies of

chassis cell secretory pathway for improving heterologous protein

production. The Microbe. 2024;3:100092. doi:10.1016/j.microb.

2024.100092

77. Ma RJ, Wang YH, Liu L, Bai LL, Ban R. Production enhancement of

the extracellular lipase LipA in Bacillus subtilis: effects of expression

system and sec pathway components. Protein Expr Purif. 2018;142:

81-87. doi:10.1016/j.pep.2017.09.011

78. Lee SY, Choi JH, Xu Z. Microbial cell-surface display. Trends Biotech-

nol. 2003;21(1):45-52. doi:10.1016/S0167-7799(02)00006-9

79. Smith MR, Khera E, Wen F. Engineering novel and improved bioca-

talysts by cell surface display. Ind Eng Chem Res. 2015;54(16):4021-

4032. doi:10.1021/ie504071f

80. Yamashita T, Matsumoto T, Yamada R, Ogino H. Display of PETase

on the cell surface of Escherichia coli using the anchor protein PgsA.

Appl Biochem Biotechnol. 2024;196(8):5471-5483. doi:10.1007/

s12010-023-04837-8

81. McCarthy RR, Mazon-Moya MJ, Moscoso JA, et al. Cyclic-di-GMP

regulates lipopolysaccharide modification and contributes to Pseu-

domonas aeruginosa immune evasion. Nat Microbiol. 2017;2(6):1-10.

doi:10.1038/nmicrobiol.2017.27

82. Howard SA, McCarthy RR. Modulating biofilm can potentiate activ-

ity of novel plastic-degrading enzymes. NPJ Biofilms Microbiomes.

2023;9(1):1-10. doi:10.1038/s41522-023-00440-1

83. Chen Z, Duan R, Xiao Y, et al. Biodegradation of highly crystallized

poly(ethylene terephthalate) through cell surface codisplay of bacte-

rial PETase and hydrophobin. Nat Commun. 2022;13(1):7138. doi:

10.1038/s41467-022-34908-z

84. Tournier V, Duquesne S, Guillamot F, et al. Enzymes' power for plas-

tics degradation. Chem Rev. 2023;123(9):5612-5701. doi:10.1021/

acs.chemrev.2c00644

85. Nakamura A, Kobayashi N, Koga N, Iino R. Positive charge introduc-

tion on the surface of Thermostabilized PET hydrolase facilitates

PET binding and degradation. ACS Catal. 2021;11(14):8550-8564.

doi:10.1021/acscatal.1c01204

KLAUER ET AL. 11 of 12

 15475905, 0, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/aic.70293 by U

niversity O
f D

elaw
are L

ibrary, W
iley O

nline L
ibrary on [16/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1002/polb.22320
info:doi/10.1002/polb.22320
info:doi/10.1002/pcr2.10009
info:doi/10.1002/pcr2.10009
info:doi/10.1002/jctb.5010010812
info:doi/10.1016/0032-3861(87)90216-3
info:doi/10.1016/0032-3861(87)90216-3
info:doi/10.1002/cbic.202200503
info:doi/10.1002/cbic.202200503
info:doi/10.1016/j.jhazmat.2023.131386
info:doi/10.1016/j.jhazmat.2023.131386
info:doi/10.1016/j.polymertesting.2013.05.007
info:doi/10.1016/j.polymertesting.2013.05.007
info:doi/10.1016/j.polymer.2025.128161
info:doi/10.1016/j.polymer.2025.128161
info:doi/10.1021/cr60239a001
info:doi/10.1021/acs.macromol.4c00599
info:doi/10.1021/j150570a015
info:doi/10.1021/j150570a015
info:doi/10.1007/BF01419830
info:doi/10.1007/BF01419830
info:doi/10.1021/ma070454h
info:doi/10.1021/ma960919w
info:doi/10.1021/ma960919w
info:doi/10.1016/j.marpolbul.2013.07.018
info:doi/10.1038/s41467-020-14538-z
info:doi/10.1038/s41467-020-14538-z
info:doi/10.1007/s11356-012-1378-y
info:doi/10.1016/j.scitotenv.2023.167993
info:doi/10.1016/j.scitotenv.2023.167993
info:doi/10.1021/es504038a
info:doi/10.1021/es504038a
info:doi/10.1038/s41579-022-00767-0
info:doi/10.1360/nso/20240002
info:doi/10.1128/JB.185.3.1027-1036.2003
info:doi/10.1128/JB.185.3.1027-1036.2003
info:doi/10.1016/J.JHAZMAT.2019.120899
info:doi/10.1128/mmbr.00068-17
info:doi/10.1021/acs.est.5c01771
info:doi/10.1038/s42004-024-01154-x
info:doi/10.1016/j.microb.2024.100092
info:doi/10.1016/j.microb.2024.100092
info:doi/10.1016/j.pep.2017.09.011
info:doi/10.1016/S0167-7799(02)00006-9
info:doi/10.1021/ie504071f
info:doi/10.1007/s12010-023-04837-8
info:doi/10.1007/s12010-023-04837-8
info:doi/10.1038/nmicrobiol.2017.27
info:doi/10.1038/s41522-023-00440-1
info:doi/10.1038/s41467-022-34908-z
info:doi/10.1021/acs.chemrev.2c00644
info:doi/10.1021/acs.chemrev.2c00644
info:doi/10.1021/acscatal.1c01204


86. Arnling Bååth J, Jensen K, Borch K, Westh P, Kari J. Sabatier princi-

ple for rationalizing enzymatic hydrolysis of a synthetic polyester.

JACS Au. 2022;2(5):1223-1231. doi:10.1021/jacsau.2c00204

87. Klauer RR, Hansen DA, Schyns ZOG, et al. Biological polyethylene

deconstruction initiated by oxidation from DyP peroxidases. Cold

Spring Harbor Laboratory bioRxiv Preprint posted February

27, 2025. doi:10.1101/2025.02.27.640435

88. Bang RS, Bergman M, Li T, et al. An integrated chemical engineering

approach to understanding microplastics. AIChE J. 2023;69(4):

e18020. doi:10.1002/aic.18020

89. Cai L, Wu D, Xia J, Shi H, Kim H. Influence of physicochemical sur-

face properties on the adhesion of bacteria onto four types of plas-

tics. Sci Total Environ. 2019;671:1101-1107. doi:10.1016/j.

scitotenv.2019.03.434

90. Yoshida S, Hiraga K, Takehana T, et al. A bacterium that degrades

and assimilates poly(ethylene terephthalate). Science. 2016;

351(6278):1196-1199. doi:10.1126/SCIENCE.AAD6359/SUPPL_

FILE/AAD6359-YOSHIDA-SM.PDF

91. Knott BC, Erickson E, Allen MD, et al. Characterization and engi-

neering of a two-enzyme system for plastics depolymerization. Proc

Natl Acad Sci U S A. 2020;117(41):25476-25485. doi:10.1073/pnas.

2006753117

92. Li A, Sheng Y, Cui H, et al. Discovery and mechanism-guided engineer-

ing of BHET hydrolases for improved PET recycling and upcycling. Nat

Commun. 2023;14(1):4169. doi:10.1038/s41467-023-39929-w

93. Hou Q, Zhen M, Qian H, et al. Upcycling and catalytic degradation

of plastic wastes. Cell Rep Phys Sci. 2021;2(8):100514. doi:10.1016/

j.xcrp.2021.100514

94. Mudondo J, Lee HS, Jeong Y, et al. Recent advances in the Chemo-

biological upcycling of polyethylene terephthalate (PET) into value-

added chemicals. J Microbiol Biotechnol. 2023;33(1):1-14. doi:10.

4014/jmb.2208.08048

95. Diao J, Hu Y, Tian Y, Carr R, Moon TS. Upcycling of poly(ethylene

terephthalate) to produce high-value bio-products. Cell Rep. 2023;

42(1):111908. doi:10.1016/j.celrep.2022.111908

96. Bell EL, Rosetto G, Ingraham MA, et al. Natural diversity screening,

assay development, and characterization of nylon-6 enzymatic depo-

lymerization. Nat Commun. 2024;15(1):1217. doi:10.1038/s41467-

024-45523-5

97. Russell JR, Huang J, Anand P, et al. Biodegradation of polyester

polyurethane by Endophytic fungi. Appl Environ Microbiol. 2011;

77(17):6076-6084. doi:10.1128/AEM.00521-11

98. Howard GT, Blake RC. Growth of Pseudomonas fluorescens on a

polyester–polyurethane and the purification and characterization of

a polyurethanase–protease enzyme. Int Biodeterior Biodegrad. 1998;

42(4):213-220. doi:10.1016/S0964-8305(98)00051-1

99. Howard GT, Ruiz C, Hilliard NP. Growth of pseudomonas chlorora-

phis on apolyester–polyurethane and the purification andcharacteri-

zation of a polyurethanase–esterase enzyme. Int Biodeterior

Biodegrad. 1999;43(1):7-12. doi:10.1016/S0964-8305(98)00057-2

100. Rowe L, Howard GT. Growth of Bacillus subtilis on polyurethane and

the purification and characterization of a polyurethanase-lipase

enzyme. Int Biodeterior Biodegrad. 2002;50(1):33-40. doi:10.1016/

S0964-8305(02)00047-1

101. Obrador-Viel T, Zadjelovic V, Nogales B, Bosch R, Christie-Oleza JA. Asses-

sing microbial plastic degradation requires robust methods. J Microbial Bio-

technol. 2024;17(4):e14457. doi:10.1111/1751-7915.14457

102. Jendrossek D. Polyethylene and related hydrocarbon polymers

(“plastics”) are not biodegradable. N Biotechnol. 2024;83:231–238.
doi:10.1016/j.nbt.2024.08.503

103. Stepnov AA, Lopez-Tavera E, Klauer R, et al. Revisiting the activity

of two poly(vinyl chloride)- and polyethylene-degrading enzymes.

bioRxiv Preprint posted online March 15, 2024:2024.03.15.585159.

doi:10.1101/2024.03.15.585159

104. Suhrhoff TJ, Scholz-Böttcher BM. Qualitative impact of salinity, UV

radiation and turbulence on leaching of organic plastic additives

from four common plastics—a lab experiment. Mar Pollut Bull. 2016;

102(1):84-94. doi:10.1016/j.marpolbul.2015.11.054

105. Bridson JH, Gaugler EC, Smith DA, Northcott GL, Gaw S. Leaching and

extraction of additives from plastic pollution to inform environmental

risk: a multidisciplinary review of analytical approaches. J Hazard Mater.

2021;414:125571. doi:10.1016/j.jhazmat.2021.125571

106. Epstein SS. The phenomenon of microbial uncultivability. Curr Opin

Microbiol. 2013;16(5):636-642. doi:10.1016/j.mib.2013.08.003

107. Tesei D, Quartinello F, Guebitz GM, et al. Shotgun proteomics

reveals putative polyesterases in the secretome of the rock-

inhabiting fungus Knufia chersonesos. Sci Rep. 2020;10(1):9770. doi:

10.1038/s41598-020-66256-7

108. Aslam B, Basit M, Nisar MA, Khurshid M, Rasool MH. Proteomics:

technologies and their applications. J Chromatogr Sci. 2017;55(2):

182-196. doi:10.1093/chromsci/bmw167

109. Arnold FH. Directed evolution: bringing new chemistry to life.

Angew Chem Int Ed. 2018;57(16):4143-4148. doi:10.1002/anie.

201708408

110. Klauer RR, Williams M, Nguyen DK, et al. A high throughput assay

to detect enzymatic polyethylene oxidation. Biochem Eng J. 2026;

226:109978. doi:10.1016/j.bej.2025.109978

111. Andleeb S, Munir M, Ali MI, et al. Biodegradation of polyvinyl chlo-

ride using vermibacteria under variable physicochemical conditions.

J Hazard Mater Adv. 2025;17:100571. doi:10.1016/j.hazadv.2024.

100571

112. Shi L, Liu P, Tan Z, et al. Complete depolymerization of PET wastes

by an evolved PET hydrolase from directed evolution. Angew Chem.

2023;135(14):e202218390. doi:10.1002/ange.202218390

113. Wu Z, Kan SBJ, Lewis RD, Wittmann BJ, Arnold FH. Machine

learning-assisted directed protein evolution with combinatorial

libraries. Proc Natl Acad Sci U S A. 2019;116(18):8852-8858. doi:10.

1073/pnas.1901979116

114. Xie WJ, Warshel A. Harnessing generative AI to decode enzyme

catalysis and evolution for enhanced engineering. Natl Sci Rev.

2023;10(12):nwad331. doi:10.1093/nsr/nwad331

115. Shroff R, Cole AW, Diaz DJ, et al. Discovery of novel gain-

of-function mutations guided by structure-based deep learning. ACS

Synth Biol. 2020;9(11):2927-2935. doi:10.1021/acssynbio.0c00345

116. Uekert T, S. DesVeaux J, Singh A, et al. Life cycle assessment of

enzymatic poly(ethylene terephthalate) recycling. Green Chem. 2022;

24(17):6531-6543. doi:10.1039/D2GC02162E

117. Cui Y, Chen Y, Liu X, et al. Computational redesign of a PETase for plas-

tic biodegradation under ambient condition by the GRAPE strategy. ACS

Catal. 2021;11(3):1340-1350. doi:10.1021/acscatal.0c05126

118. Zhang Y, Hess H. Toward rational design of high-efficiency enzyme

cascades. ACS Catal. 2017;7(9):6018-6027. doi:10.1021/acscatal.

7b01766

119. Kotnis S, Gulati S, Sun Q. High-efficiency PET degradation with a

duo-enzyme system immobilized on magnetic nanoparticles. Bio-

technol Bioeng. 2017;122(6):1397-1401. doi:10.1002/bit.28963

120. Tiso T, Narancic T, Wei R, et al. Towards bio-upcycling of polyethyl-

ene terephthalate. Metab Eng. 2021;66:167-178. doi:10.1016/j.

ymben.2021.03.011

How to cite this article: Klauer RR, Miller NN, Blenner MA,

Solomon KV. Biocatalyst discovery and design for plastics

deconstruction: A multi-scale perspective. AIChE J. 2026;

e70293. doi:10.1002/aic.70293

12 of 12 KLAUER ET AL.

 15475905, 0, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/aic.70293 by U

niversity O
f D

elaw
are L

ibrary, W
iley O

nline L
ibrary on [16/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1021/jacsau.2c00204
info:doi/10.1101/2025.02.27.640435
info:doi/10.1002/aic.18020
info:doi/10.1016/j.scitotenv.2019.03.434
info:doi/10.1016/j.scitotenv.2019.03.434
info:doi/10.1126/SCIENCE.AAD6359/SUPPL_FILE/AAD6359-YOSHIDA-SM.PDF
info:doi/10.1126/SCIENCE.AAD6359/SUPPL_FILE/AAD6359-YOSHIDA-SM.PDF
info:doi/10.1073/pnas.2006753117
info:doi/10.1073/pnas.2006753117
info:doi/10.1038/s41467-023-39929-w
info:doi/10.1016/j.xcrp.2021.100514
info:doi/10.1016/j.xcrp.2021.100514
info:doi/10.4014/jmb.2208.08048
info:doi/10.4014/jmb.2208.08048
info:doi/10.1016/j.celrep.2022.111908
info:doi/10.1038/s41467-024-45523-5
info:doi/10.1038/s41467-024-45523-5
info:doi/10.1128/AEM.00521-11
info:doi/10.1016/S0964-8305(98)00051-1
info:doi/10.1016/S0964-8305(98)00057-2
info:doi/10.1016/S0964-8305(02)00047-1
info:doi/10.1016/S0964-8305(02)00047-1
info:doi/10.1111/1751-7915.14457
info:doi/10.1016/j.nbt.2024.08.503
info:doi/10.1101/2024.03.15.585159
info:doi/10.1016/j.marpolbul.2015.11.054
info:doi/10.1016/j.jhazmat.2021.125571
info:doi/10.1016/j.mib.2013.08.003
info:doi/10.1038/s41598-020-66256-7
info:doi/10.1093/chromsci/bmw167
info:doi/10.1002/anie.201708408
info:doi/10.1002/anie.201708408
info:doi/10.1016/j.bej.2025.109978
info:doi/10.1016/j.hazadv.2024.100571
info:doi/10.1016/j.hazadv.2024.100571
info:doi/10.1002/ange.202218390
info:doi/10.1073/pnas.1901979116
info:doi/10.1073/pnas.1901979116
info:doi/10.1093/nsr/nwad331
info:doi/10.1021/acssynbio.0c00345
info:doi/10.1039/D2GC02162E
info:doi/10.1021/acscatal.0c05126
info:doi/10.1021/acscatal.7b01766
info:doi/10.1021/acscatal.7b01766
info:doi/10.1002/bit.28963
info:doi/10.1016/j.ymben.2021.03.011
info:doi/10.1016/j.ymben.2021.03.011
info:doi/10.1002/aic.70293

	Biocatalyst discovery and design for plastics deconstruction: A multi‐scale perspective
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIAL PROPERTIES SET THE LIMITS FOR BIODECONSTRUCTION SYSTEMS
	3  |  INTERFACIAL PHENOMENA INITIATE PLASTICS BIODECONSTRUCTION
	4  |  BIOCATALYSTS MUST BE DISCOVERED AND ENGINEERED FOR EFFICIENT BIODECONSTRUCTION
	5  |  PERSPECTIVE
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


