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Abstract

More than 350 million tons of plastics are produced
globally per annum. The major kinds of plastics include
polyethylene (PE), polypropylene (PP), polystyrene (PS),
(PU), polyvinyl (PVC),
polyethylene terephthalate (PET). PET is one of the

polyurethane chloride and

predominant plastics used in textiles and packaging. PET
wastes have been recycled using mechanical and
chemical methods. However, these techniques are costly,
non-eco-friendly, and may generate toxic by-products.
Hence, intensive research is underway to develop
biological methods of PET depolymerization. Several PET-
digesting enzymes have been isolated from bacteria,
actinobacteria and fungi. However, bacterial enzymes
suffer from low efficiency, slow reaction rates,
recalcitrance to high crystallinity PET, and lack of
robustness to range of pH and temperatures. In contrast,
actinobacterial enzymes show higher thermostability but
they also have their own limitations. More recently,
improved enzymes have been produced using rational, Al
directed and even directed evolution strategies. Some of
these enzymes have demonstrated rapid
depolymerization of low-to-medium crystallinity PET
wastes. A French group has shown efficient
depolymerization of PET bottles and recycling into virgin
PET bottles. A British team has produced food, vanillin,

from PET waste using an engineered microbe for the first
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time and other groups have shown the feasibility of
upcycling (valorization) of PET waste into various value-
added products. This minireview will highlight the recent
developments in microbial degradation, recycling, and

upcycling of PET wastes.

Keywords: Polyethylene terephthalate, PET, enzyme engineering,

recycling, upcycling, /deonella sakaiensis, LCC.
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Introduction

The annual production of plastics exceeds 350 million tons (Carr et
al., 2020). As very few plastics are recycled, they get incinerated or
landfilled, and s significant portion falls into the world’s oceans and
other water bodies generating microplastics that threaten aquatic life
forms.
The major kinds include PE, PP, PS, PU, PVC, and PET. PET is
predominantly used in making clothes, textiles and bottles, and other
packaging materials. PET is currently one of the most extensively used
plastics (Liu et al., 2022). About 70 million tons of PET are produced
globally per year for use in textiles and packaging (Tournier et al,
2020). The techniques of degradation are in the most advanced stage
for one kind of plastic i.e. poly (ethylene terephthalate) compared to
other plastic types.

Strategies for PET degradation

These include mechanical, chemical, and biological/enzymatic
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Figure 1l Various Methods of PET Degradation (Courtesy: Google Creative Commons)

Table 11 Methods for PET disposal (Samak et al., 2020)

Method Brief Description Extent of Advantages Disadvantages
Recycling
Mechanical  Sorting, shredding, Limited to Fast and cost- Eco-unfriendly may generate infectious
melting, and recycling monolayer effective agents and VOCs, loss of quality, and
plastics recalcitrance to multilayer plastics
Chemical Depolymerization to Limited to Simple and Eco-unfriendly may generate infectious
monomers via hydrolysis,  condensed moderately fast agents and VOCs, cost, and energy-
glycolysis, and ethanolysis  polymers intensive
Biological Polymer bond cleavage Limited to certain  Ecofriendly, Time-consuming when compared with
into monomers via types of plastics products could be other methods
microbial enzymes only used for various
applications

Table 2| Bacterial species degrading PET

Microorganism Enzyme Substrate Temperature Reference
(49

Bacillus subtilis BsEstB 3PET 40-45 (Ribitsch et al., 2011)
Clostridium bolulinum Cbotu_EstA  PET film 50 (Biundo et al., 2018)
Ideonella sakaensis IsPETase Low crystallinity (Yoshida et al., 2016)

PET/bottle-grade, high 20-45

crystallinity PET
O. antarctica BB-8 PETS5 PET nano agar 50 (Danso et al., 2018)
Pseudomonas aeustunigri PE-H Amorphous PET film 30 (Bollinger et al., 2020)
Pseudomonas mendocina PmC PET nano agar 50 (Danso et al., 2018)
Vibrio gazogenes PET6 PET nano agar 50 (Danso et al., 2018)
Uncultured bacterium from marine PET2 PET nano agar 50 (Danso et al., 2018)
metagenome
Uncultured bacterium in leaf branch LCC Amorphous PET film 50-70 (Sulaiman et al., 2012)
compost metagenome
Uncultured bacterium in compost PHL7 PET film 50 (Tiso et al., 2021)
metagenome
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methods. Mechanical and chemical methods are energy-intensive and
may generate environmental pollutants (Figure 1 & Table 1).
Landfilling and marine disposal threaten marine and terrestrial life
forms. There is also the problem of microplastics. Recycled plastic
produced via traditional strategies is of low quality and the process
can run only for a few cycles. Intensive research is being conducted on
microbial degradation, recycling, and upcycling of plastic wastes. The
best option is using whole cell systems or enzymatic methods which
can degrade, recycle and upcycle PET wastes for a truly circular
economy.

Several bacterial species have been shown to degrade PET (Table 2).
PET-digesting enzymes have been obtained from these microbial
degraders. PET hydrolases may be PETases, cutinases, lipases,
esterases, or carboxylesterases. Most enzymes from mesophilic species
suffer from low efficiency, slow reaction rates, recalcitrance to high-
crystallinity PET, and lack of robustness to a range of pH and
temperatures. Some enzymes have been identified through a
metagenomic approach e.g., LCC and PHL7. LCC has been the most
efficient and robust enzyme but a recently discovered enzyme, PHL7,
seems to be more robust than even LCC. It would be interesting to see
how effective this new enzyme or its variants would be for large-scale
depolymerization of PET wastes.

Thermostable PET-digesting enzymes have been obtained mostly
from actinobacterial genera such as  Saccharomonospora,
Thermomonospora, and Thermobifida (Table 3).

Although bacterial/enzymatic recycling of PET wastes is an
attractive option, it faces limitations such as low efficiency, low
reaction rates, low tolerance to a range of temperatures and pH levels,
and recalcitrance to high crystallinity PET. Therefore, PET-digesting
enzymes have been engineered to address these problems. Some of
these use rational engineering approaches such as site-directed
mutagenesis or AI/ML-aided engineering. Some recent strategies
included the directed evolution of PET-degrading enzymes (Table 4).

Lu et al. (2022) used a machine learning platform to engineer a
robust and active hydrolase called FAST-PETase that showed better
hydrolytic activity to PET between 30 °C and 50 °C and a wide range
of pH levels and thus holds potential for enzymatic PET recycling at
the industrial scale (Lu et al., 2022). An improved PET hydrolase able
to achieve 90% PET depolymerization in 10 hours has been reported
(Tournier et al., 2020). This group improved both the activity and
thermostability of LCC through enzyme engineering. They reported
that biologically recycled PET generated from PET waste using this
enzyme has the same properties as petrochemical PET. The French
firm Carbios has recently set up a demonstration plant for recycling
PET bottles via this engineered enzyme.

A highly thermostable IsPETase enzyme called HotPETase has also
been developed through directed evolution (Bell et al., 2022). It can

operate at the glass transition temperature of PET. HotPETase can

depolymerize semicrystalline PET better than other enzymes. Other
groups have also developed improved versions of PET depolymerizing
enzymes through engineering (Table 4).

Recycling PET wastes by thermomechanical or chemical means are
not attractive. It’s costly and can generate pollutants. Worse, the
quality of recycled plastic decreases in each cycle compared to virgin
ones. O late, the enzymatic route has been investigated for recycling
plastic wastes. Some groups have attempted to use the monomers
from PET not to produce fresh plastic (recycling) but convert them
into high-value products (valorization, upcycling) (Table 5).

For the first time, PET waste has been upcycled into food (vanillin,
a component of ice cream) by Sadler and his colleagues (Sadler &
Wallace, 2021). They have valorized terephthalic acid (TPA), a
breakdown product of PET, into vanillin using a genetically enzymes
E. coli carrying genes for the enzymes required for bioconversion of
TPA into E. Coli. Other groups have valorized PET waste into
catechol and related aromatic compounds. Similarly, there are many
other reports on upcycling of PET into bioplastics (polyhydroxy
alkanoic acid. PHA), muconic acid and beta-keto adipic acid (BKA, a
nylon monomer), and other high-value products. (Table 5).

Future Perspectives

Urgent upscaling of PET repolymerization by effective engineered
enzymes is warranted. At the same time, we need to explore novel
microbes and enzymes for PET degradation which have higher
efficiency, faster reaction rates, and robustness to a wide range of
temperatures and pH values. It is also critically important to look for
enzymes that can depolymerize high-crystallinity PET. More research
is also needed for not just recycling PET wastes but also upcycling
them into value-added products. Mixtures of microbes and/or
cocktails of enzymes must also be developed to address mixtures of
plastic wastes in a real-world situation. The future looks bright for
microbial degradation, recycling, and upcycling of PET wastes.
Conclusion

Though traditional PET wastes have been degraded via mechanical
and chemical methods, biological methods are preferred. Quite a few
bacteria and actinobacteria capable of digesting PET have been
discovered. However, they suffer from slow reaction rates, low
efficiency, recalcitrance to high crystallinity PET, and lack of
robustness to a wide range of temperatures, and pH levels. Hence,
enzyme engineering is being pursued to improve PET-digesting
enzymes, especially IsPETase, LCC, and PHL7. Soon, a significant
fraction of PET wastes could be recycled into virgin PET products
using engineered enzymes and/or microorganisms. In addition, PET
waste is being upcycled into high-value products such as vanillin,
nylon monomers, muconic acid, glycolic acid, and other such
products. We may anticipate the feasibility of large-scale recycling and

upcycling of PET wastes soon.
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Table 31 Actinobacterial species able to degrade PET

Microorganism Enzyme Substrate Temperature Reference
(°C)
Saccharomonospora viridis ~ Cut190 Amorphous PET film 60-65 (Kawai et al., 2014)
and package-grade PET
Thermomonospora curvata ~ Tcur0390 PET nano suspension 50 (Wei etal, 2014)
T. curvata Tcurl278 PET nanospheres 60 (Wei et al., 2014)
Thermobifida fusca Tfca Cyclic PET trimers 50-60 (Billig et al., 2010)
T. fusca Tfcutl PET film 55-65 (Then et al., 2015)
T. fusca Tfcut2 PET film 55-65 (Then et al., 2015)
PET nanospheres
Thermobifida fusca TfH (BTA-1) Bottle-grade PET (10% 55 (Miiller et al., 2005)
crystallinity)
T fusca Thf42_Cutl 3PET and PET film 50 (Herrero Acero et al., 2011)
T fusca BTA-1 Bottle grade PET 65-70 (Miiller et al., 2005)
Thermomonospora alba Tha_Cutl 3PET 50 (Ribitsch, Herrero Acero, et al., 2012)
Thermobifida cellulolytica The_Cutl 3PET and PET film 50 (Herrero Acero et al., 2011)
(37% crystallinity)
T. cellulolytica The_Cut2 3PET and PET film 50 (Herrero Acero et al., 2011)
Thermobifida halotolerans ~ Thh_Est 3PET 50 (Ribitsch, Acero, et al., 2012)
Thermomonospora alba Est119 PET film 50 (Thumarat et al., 2012)

Table 4| Engineered enzymes for improved PET degradation

Enzyme Chassis  Substrate Effects Reference
IsPETase E coli PET Increased PETase activity (Joo et al., 2018)
IsPETase E coli PET 4.13% higher crystallinity loss (Austin et al,, 2018)
IsPETase E coli PET Enhanced activity at 30 degrees and pH9 (Liu et al., 2022)
IsPETase E coli PET Increased PETase activity (Ma et al., 2018)
FAST- P. PET Functional, active, stable, and tolerant (Lu etal., 2022)
PETase putida PETase (FAST)
HotPETase - PET Thermostable PETase variant (Bell et al., 2022)
Cut190 E coli PET Enhanced cutinase activity at 70, Ph 6.5-8 (Kawai et al., 2014)
Cut190 E coli PET Increased enzyme affinity and activity (Kawabata et al., 2017)
MHETase E coli MHET, BHET Enhanced enzyme activity (Palm et al., 2019)
PE-H E coli Amorphous PET Enhanced activity (Bollinger et al., 2020)
LCC E coli PET 90% PET degradation in 10 h (Tournier et al., 2020)
IsPETase E coli Semi-crystalline Increased thermostability at 60 for 3 d (Cui et al., 2018)

PET

Table 5| Some examples of PET upcycling

Microbe/enzyme used Substrate Key High-value products Reference
monomer
IsPETase and P. putida PET TPA BKA-monomer for nylon and other | (Lilli Manolis Sherman, 2022)
value-added products
Genetically engineered E coli | PET TPA vanillin (Sadler & Wallace, 2021)
Y lipolytica and P stutzeri PET, BHET TPA and EG | PHA (Tiso et al., 2021)
P umsongensis PET TPA PHA (Tiso et al., 2021)
Engineered P. putida PET TPA and EG | Muconic acid (Liu et al., 2022)
Engineered E coli PET TPA 5 products: GA, pyrogallol, Catechol, | (Kim et al., 2019)
muconic acid, and vanillic acid
Gluconobacter oxydans PET EG Glycolic acid (exfoliant) (Kim et al., 2019)
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