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Plastics made from petrochemicals drive a huge
demand in the petroleum industry

Li H. et al. (2022) Green Chem. 24:8899



Global plastics projections 2050

Pottinger et al. Science (2024) 386:1168–1173



Recycling options of plastics along the 
value chain

Fraunhofer UMSICHT (2023)



Synthetic plastics made from petrochemicals



Only synthetic polyesters can presently be 
significantly deconstructed using enzymes

• Polyethylene terephthalate (PET)

• Polyethylenfuranoate (PEF)

• Polycaprolactone (PCL)

• Polylactic acid (PLA)

• Polybutylenadipat-co-terephthalate (PBAT)

• Polyester-polyurethane



Chemical recycling

Li et al., Green Chem. (2022) 24: 8899–9002



Biocatalytic recycling of post-consumer PET

Sonnendecker C, Oeser J, Richter PK, Hille P, Zhao Z, Fischer C, Lippold H, Blázquez-Sánchez P, 
Engelberger F, Ramírez-Sarmiento CA, Oeser T,  Lihanova Y, Frank R, Jahnke H-G, Billig S, Abel B, Sträter
N, Matysik J, Zimmermann W (2022) ChemSusChem2022, 15, e202101062



Thermophilic and mesophilic polyester 
hydrolases and their hydrolytic activities

Zimmermann W. (2025) Nat. Rev. Bioeng.



Degradation of PET by polyester hydrolases

Falkenstein P, Zhao Z, Di Pede-Mattatelli A, Künze G, Sommer S, Sonnendecker C, Zimmermann 
W, Colizzi F, Matysik J, Song C (2023) ACS Catalysis 13:6919-6933
Zimmermann W (2025) Nat. Rev. Bioeng. 



Cutinases are an important group of 
microbial polyester hydrolases

• The natural function of cutinases is the 
hydrolysis of the plant polyester cutin
– Degradation of cutin during mineralisation of dead 

plant cell polymers
– Infection  of plant cells by phytopathogenic 

microorganisms

• Not recently evolved in response to man-made 
plastic in the environment

• Features
– Highly diverse: produced by fungi, bacteria and 

plants
– Ser-His-Asp catalytic triad, no lid
– Broad range of substrates
– Catalyses also esterification reactions
– Many thermophilic enzymes



Conventional and omics-based approaches 
for the discovery of polyester hydrolases

Zhu B. et al. Trends in Biotechnology (2022),  40; 1



Putative new polyester hydrolases from 
terrestial and marine metagenomes

Danso D, Schmeisser C, Chow J, Zimmermann W, Wei R, Leggewie C, Li X, Hazen T, Streit W (2018) Appl. Environ. Microbiol. 84:8 e02773-17



Novel polyester hydrolases isolated from a compost 
metagenome



Structural comparison of TfCut2 and PHL7

Roth C. et al.  (2014) Appl Microbiol Biotechnol 98:7815-7823, 

15, e202101062.Sonnendecker, C. et al. (2022) ChemSusChem 15, e202101062.
Falkenstein P. et al (2023) ACS Catalysis 13:6919-6933 



Structural similarity of polyester hydrolases

Ideonella sakaiensis        Thermobifida fusca       Metagenomic cutinase

Chen et al. Science of  the Total Environment 709 (2020) 136138    



Strategies in engineering polyester hydrolase 
performance for industrial applications

– Achieving stability at 
higher reaction 
temperatures required 
for efficient PET 
deconstruction

– Design and engineering 
for higher activity 
relevant for industrial 
applications

– Available tools
• Structure-based rational 

design
• Directed evolution
• Advanced computational 

methods & machine 
learning

M. Wittmund et al., ACS Catal. (2022) 12:14243−14263



Development of mesophilic and 
thermophilic polyester hydrolases

Liu Y-J. et al. (2025) Green Carbon



PET packaging materials and PET textiles 
can be biochemically recycled



Polyester hydrolases for the recycling of PET textile 
fibres and packaging materials

Zimmermann W. (2025) Nat. Rev. Bioeng.



Assets of biocatalytic molecular PET recycling vs. chemical 
and mechanical recycling

• Low energy demand of the 
depolymerization process: reaction 
performed at 70° C

• No hazardous chemicals, LCA show 
lower greenhouse gas emissions

• Scalable process: does not require large 
feedstock thruput to be profitable

• The monomers are recovered for the 
re-synthesis of virgin-quality recycled 
PET: a closed loop is realized 

• Valorization of underutilized post-
consumer feedstock 
– Difficult-to-recycle post-consumer 

feedstock such as colored, multilayer, 
and contaminated plastic waste can be 
recycled



Scale-up of a biocatalytic recycling process for 
post-consumer PET bottles

Singh et al., Joule (2021)



Schematic model of semicrystalline 

thermoplastics

Polyester hydrolases degrade the 
accessible mobile amorphous 
fractions (XMAF) and to a
lesser extent the rigid amorphous 
fractions (XRAF) of PET.

The crystalline fractions (XC) are 
recalcitrant to enzymatic 
hydrolysis.

Zimmermann W. (2025) Nat. Rev. Bioeng.



Development of industrially relevant enzymatic recycling 
processes for high-crystalline bottle-grade and textile PET 

• Presently employed large-scale processes require 
energy-intensive amorphization steps to utilize high-
crystalline bottle-grade and textile PET as feedstock 
resulting in non-competitive prices for TPA and EG

• Challenge: development of low-energy pretreatments 
for high-crystalline PET bottles and textiles
– Combined chemical/biochemical deconstruction processes

– Amorphization steps using polymer dissolution/precipitation 
processes



Emerging commercial developments

• CARBIOS (F) uses engineered PET hydrolases to 
depolymerize PET with focus on bottle and textile 
waste; process demonstrated at an industrial demo 
plant since 2021. A 50,000 t/y of PET waste processing 
plant is presently planned. Partnering with Wankai, 
China’s third-largest PET producer, in 2025 aiming at 
≥50,000 t/y of PET waste processing. 

• SAMSARA ECO (AU) is an operational enzymatic PET-
recycling biotech company running its first commercial 
scale plant focusing on textile waste.



Emerging commercial developments:
Start-ups/pilot scale

• BIRCH BIOSCIENCES (US) presently at R&D-to-pilot 
stage, plans to operate a pilot-scale facility with 
commercial-scale targeted for 2026–2027

• Protein Evolution (US) designs AI enzymes to 
transform textile waste into high-performance fabrics 

• ESTER BIOTECH GmbH (D) enzyme and analytical tools 
development, plans for pilot plant in 2026/2027

• BLUE BITE BIOTECH Inc (US, Chile) uses thermoform 
PET packaging waste as feedstock, enzyme 
development by AI, development of a low energy/low 
capex process



BlueBite Biotech‘s approach

• One million tonnes of PET trays and clam shells are annually 
produced in the EU, only a fraction is presently recycled providing a 
low-cost feedstock source for biochemical recycling.

• Valorized low-crystallinity thermoform PET packaging and 
multilayer packaging materials do not require high-energy 
amorphization steps.

• Development of highly active process-adjusted enzymes is further 
reducing process costs.

• Low capex and low energy requirements for the conversion and 
downstream process results in TPA and EG  prices equivalent to 
petrochemical products.
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