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Abstract: Plastic, in the form of packaging material, disposables, clothing and other articles with a short lifespan, 
has become an indispensable part of our everyday life. The increased production and use of plastic, however, 
accelerates the accumulation of plastic waste and poses an increasing burden on the environment with negative 
effects on biodiversity and human health. PET, a common thermoplastic, is recycled in many countries via ther-
mal, mechanical and chemical means. Recently, several enzymes have been identified capable of degrading this 
recalcitrant plastic, opening possibilities for the biological recycling of the omnipresent material. In this review, 
we analyze the current knowledge of enzymatic PET degradation and discuss advances in improving the involved 
enzymes via protein engineering. Looking forward, the use of plastic degrading enzymes may facilitate sustain-
able plastic waste management and become an important tool for the realization of a circular plastic economy. 
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1. Introduction
Plastic has become an omnipresent material in our daily life 

and, as a consequence, the plastic industry has become the seventh 
most important industry in Europe, employing more than 1.5 mil-
lion people with a turnover of 355 billion Euros in 2017.[1] Plastic 
production is cheap and the generated plastic items are durable 
and versatile. The material is lightweight leading to cost savings 
in transportation and its use for packaging prevents food from 
spoiling. However, these very properties simultaneously render 
plastic an environmental burden: Most plastics degrade poorly 
in nature and the low-cost production promotes one-time use and 
littering while depleting fossil resources.

Plastics are used in many sectors such as in building and con-
struction, transportation, electrical devices, in electronics and in 
agriculture. Mainly, however, plastics are applied in household 
goods and personal care products, clothing and, in particular, in 
packaging (Fig. 1).[2] Most plastics used are synthetic polymers 
which can be classified into two categories: Thermoplastics, such 
as polyethylene (PE), polypropylene (PP) or polyethylene tere-
phthalate (PET), which consist of molecular units joined end-to-
end into a series of long, single carbon or heteroatomic chains. 
Thermoplastics can be repeatedly softened and hardened by heat-
ing and cooling. Thermo-set plastics, on the other hand, include 
for example polyurethane and phenol-formaldehyde resins, which 
have a highly cross-linked structure. These plastics are designed 
to be molded into their final form, an irreversible process.[1]

In 2015, the total worldwide primary plastics production 
amounted to 407 million metric tons and the primary waste gen-
eration was estimated to be 302 million metric tons (Fig. 1).[2] 
Demand and production of plastic is continuously increasing and 
as a consequence the environmental burden due to the concomi-
tant growth in waste volume is intensifying: More than 90% of 
the plastics applied in packaging are used once only and less than 
10% of plastic packaging waste is currently recycled.[3]

1.1 Plastic in the Environment and the Food Chain
While the pollution of beaches with plastic bottles, shopping 

bags, disposables or fishing gear have garnered public atten-
tion, also the small things matter: Microplastics (1 µm – 5 mm) 
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in Geneva that the allowed import margin of global plastic waste 
into China will be reduced.[13] Many other countries issued similar 
restrictions. As a result, strategies and measures designed to reduce 
plastic waste,[14] improve recycling[15] and to allow for the treatment 
of plastic waste locally are currently implemented by politics and 
industry. A successful European example is the collection and recy-
cling of food PET bottles which works particularly well in countries 
with a disposal charge. The EU member states have a 90% collec-
tion target for plastic bottles by 2029 and by the end of 2030 plastic 
bottles will need to have a content of recycled material of at least 
30%.[16] For a detailed discussion of the recycling strategies please 
refer to recent reviews.[3,15,17]

1.3 PET Recycling
PET is a semi-crystalline, thermoplastic polyester consisting 

of the building blocks ethylene glycol (EG) and terephthalic acid 
(TPA) linked via ester bonds.[18] Commercial synthesis of PET 
either starts with EG/TPA or EG/dimethyl terephthalate (DMT). 
Upon heating bis(2-hydroxyethyl) terephthalate (BHET) is 
formed, which reacts further to form PET (Scheme 1). Depending 
on the desired molecular weight, two or three polymerization 
steps follow. 

Due to its low cost, durability and excellent food packaging 
properties, PET is one of the most sought-after plastics and cov-
ers more than half of the global demand of synthetic fibers and 
bottles. In 2017 the world PET resin production had a capacity of 
more than 30 million tons.[19] Thermal (incineration, pyrolysis), 

and nanoplastics (1 nm – 1 µm)[4] are equally associated with 
a potential danger to the environment. Micro- and nanoplastics 
derive from different sources: They are released from synthetic 
clothes in the form of fibers[5] while micro- and nanoplastic 
beads are part of personal care products (toothpaste, face wash). 
These so-called primary micro- and nanoplastics have been 
found in water, in fish and bivalves,[6] in the air[7] and in hu-
man lungs.[7b] By contrast, the secondary micro- and nanoplas-
tics originate from plastic waste degradation. After exposure to 
sunlight, wind or sea, plastic debris stemming from landfills or 
from littering is ground into smaller particles posing a threat to 
marine wildlife as these particles are mistaken for food. In this 
way, plastic particles end up in the food chain and appear for 
example in fish and bivalves (mussels, oysters, scallops) sold 
for human consumption[6] or in table salt.[8] A preliminary study 
which detected microplastic in human stool samples was recent-
ly presented at the United European Gastroenterology week[9] 
and together with a report estimating the amount of plastic in-
gested by humans annually[10] confirmed worries about effects 
on human health.[7b,11] 

1.2 Strategies to Reduce Plastic Waste 
A large part of the plastic waste produced in developed countries 

is not processed locally but is transported to other countries, where 
poor waste management strategies may result in inadequately dis-
posed waste and a high risk of polluting the environment. [12] In 2017, 
Beijing announced at the meeting of the World Trade Organization 

Scheme 1. Schematic representa-
tion of possible PET synthesis 
pathways (adapted from ref. [18]).

Fig. 1. Plastic is part of our everyday life. It is mainly used in packaging, building and construction as well as to produce household goods including 
textiles. Plastic waste is a major problem due to the accumulation of plastic debris in water, air and soil. Data presented refer to the global primary 
plastics production and primary waste generation (in million metric tons) in 2015 according to industrial use sector.[2] 
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ability to degrade PET materials. The enzyme was isolated from 
leaf-branch compost by a metagenomics approach and showed a 
degradation yield of approximately 25% after 24 h of incubation 
at 70 °C.[28] Sharon and Sharon studied the biodegradation of PET 
films by naturally growing microbes, mainly fungi and actinomy-
ces. Their results confirm a slow microbial degradation of PET 
film by Nocardia with the help of an esterase.[29]

In 2014, two putative polyester hydrolases were cloned from 
the thermophilic actinomycete Thermomonospora curvata by Wei 
et al. The authors showed that these enzymes can degrade PET 
nanoparticles with unknown crystallinity at temperatures of up to 
50 °C. However, their thermostability profile (≤ 50 °C) could limit 
their application at higher temperatures and thus their efficient deg-
radation of PET films.[30] Kawai et al. cloned a cutinase-like poly-
esterase from Saccharomonospora viridis capable of degrading a 
PET-film (no crystallinity reported) with up to 27% weight loss 
at 63 °C after 3 days. The presence of Ca2+ in the reaction mixture 
increased the activity of the enzyme. Calcium anions are assumed 
to bind to the surface acidic amino acids of the enzyme leading to 
changes in the tertiary structure required for full activity.[31]

Gong et al. combined biology with a chemical process by us-
ing whole cell biocatalysts consisting of Camamonas testoster-
one F6 under alkaline conditions for the biodegradation of PET. 
Micro-size PET particles with 23% crystallinity were used as 
substrate and after 48 h at 37 °C the crystallinity of PET was 
increased by 1.5% indicating that low crystallinity or amorphous 
areas in PET are more likely to be degraded by the enzymes.[32] 
Similarly, a combined physical and a biological PET degradation 
process was reported by Farzi et al.[34] In this study Streptomyces 
species were mixed together with PET bottles that had been pow-
dered into different particle sizes. Results showed that the size of 
the particles as well as the incubation time had a profound effect 
on PET degradation. Almost 70% degradation was observed after 
18 days at 28 °C for the smallest particle size (212 µm) while in 
case of larger particles (500 µm) only 50% degradation was de-

material (crushing) as well as chemical recycling strategies have 
been implemented[20] over the years and the use of recycled PET to 
produce food-packaging has been approved.[21] But despite all ef-
forts, finding an efficient, environmentally friendly way to chemi-
cally recycle PET is still a challenge.[22] In chemical recycling one 
targets to transform plastic waste into products with higher added 
value or to depolymerize used plastic to its monomers followed 
by repolymerization.[23] Proof-of-concept studies on pure poly-
mers, demonstrate successful recovery of the monomeric building 
blocks. Biological recycling follows similar principles as chemical 
recycling but was originally restricted to biodegradable plastics. 
PET has long been thought to have only limited biodegradability 
due to the presence of the aromatic TPA units in its backbone that 
restrict the mobility of its polymer chains.[24] Additionally, PET 
is semi-crystalline, which negatively affects enzyme accessibility 
and consequently its potential for biological degradation. Recent 
research, however, has identified enzymes that are also able to 
degrade recalcitrant plastics like PET (Table 1).

2. Examples of PET-degrading Enzymes and Microbes
In 2005 Müller et al. showed for the first time that PET can be 

degraded by a polyester hydrolase from a Thermobifida species 
(TfH). Using a melt-pressed PET sample from a beverage bottle 
with 10% crystallinity, the study showed a weight loss of around 
50% after three weeks of incubation at 55 °C with the microor-
ganism.[25]

This initial finding triggered extensive studies of the related 
cutinases from T. fusca and other Thermobifida species.[27,36] In 
2009, Ronkvist et al. reported a cutinase from Thermomyces inso-
lens that reached almost complete degradation of low-crystallinity 
(lc)PET with 7% crystallinity after 96 h at 70 °C.[26] However, en-
zymatic efficiency decreased significantly and almost no weight 
loss was observed when biaxially oriented (bo)PET with 35% 
crystallinity was used. Sulaiman et al. reported an LC-cutinase 
with 57.4% sequence identity to the cutinase from T. fusca with the 

Table 1. Examples of reported PET hydrolysing enzymes and microbes (not exhaustive). 

Enzyme  
(if specified)

Source Substrate Ref.

TfH Thermobifida fusca Melt pressed PET from beverage bottle 
(10 % crystallinity)

[25]

HiC Thermomyces insolens lcPET (7 % crystallinity),  
boPET (35 % crystallinity)

[26]

Thh_Est Thermobifida halotolerans PET film (properties not reported) [27]

LC-Cutinase Metagenome from leaf branch compost Amorphous PET film [28]

Nocardia species PET transparency sheets [29]

Tcur1278  
Tcur0390

Thermomonospora curvata Nanoparticles of lcPET film [30]

Cut190 (S226P/
R228S)

Saccharomonospora viridis lcPET (6–7 % crystallinity)

PET film for packaging (PET-S) 
(8.3 % crystallinity)

[31]

Comamonas testosterone F6. Micro-size PET particles (23 % crystalli-
nity)

[32]

Uncultured bacterium Amorphous PET foil [33]

Streptomyces species Powdered PET from beverage bottle [34]

PETase Ideonella sakaiensis 201-F6 lcPET (1.9 % crystallinity) and high crys-
tallinity hcPET (commercial bottle)

[35]
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performance of PETase compared with the other three cutinases 
was also found when high crystallinity (hc)PET was used as a 
substrate, highlighting its promising activity for the degradation 
of resistant PET plastic at a moderate temperature. 

4. Structure of PETase 
In order to understand the superior performance of PETase 

compared to previously known plastic degrading enzymes, sev-
eral studies have focused on the structure elucidation of PETase. 
Based on the cutinase model (its closest homolog as predicted 
from the sequence alignment), PETase belongs to the α/β hydro-
lase superfamily. The core of the enzyme folds to nine β-strands 
surrounded by seven α-helices while the active site, located at 
the surface of the protein, contains the conserved catalytic triad 
Ser160-His237-Asp206 (Fig. 3).[39]

Unlike other PET-hydrolyzing enzymes, PETase monomers 
form two intramolecular disulfide bridges (DS1 and DS2) (Fig. 
3). DS1 is located near the active site and connects the β7-α5 and 

tected. Unfortunately, when PET films were used, the biodegrada-
tion was very low and no significant changes of the film surface 
morphology were observed. 

Recently, a further promising candidate for PET degradation 
with superior activity against PET compared to the other enzymes 
was discovered. Yoshida et al. reported a Gram-negative bacte-
rium Ideonella sakaiensis 201-F6 which can effectively use PET 
as a carbon source by utilizing two enzymes named PETase and 
MHETase.[35] Since its discovery in 2016, PETase has received 
increasing attention due to its ability to degrade PET at moder-
ate temperatures, potentially providing a green solution to reduce 
PET accumulation in the environment (Fig. 2). 

3. PETase from Ideonella sakaiensis
In 2016, a Japanese group collected 250 environmental sam-

ples from a PET bottle recycling site to screen them for microor-
ganisms with the ability to use PET as a carbon source for growth. 
A microbial consortium was observed on a PET film sample that 
caused changes to the morphology of the material. Among the 
many microorganisms that grew on the PET film, the Japanese 
group succeeded to identify the Gram-negative bacterium respon-
sible for degradation. This new strain, which was named Ideonella 
sakaiensis, led to a complete degradation of the PET film after 
6 weeks at 30 °C. 

The authors could show that two enzymes were responsible 
for the PET hydrolysis.[35] The bacteria secrete an enzyme that 
can hydrolyze PET film to mono(2-hydroxyethyl) terephtalic acid 
(MHET) as a major product with minor amounts of bis(2-hydroxy-
ethyl) terephtalic acid (BHET) and terepthalic acid (TPA). This 
enzyme, dubbed PETase, showed only 51% amino acid sequence 
identity with the PET hydrolase from Thermobifida fusca (TfH).

Together with PETase, a second enzyme, crucial for the com-
plete PET degradation was identified. The MHET hydrolase (or 
MHETase) which was initially assigned to the tannase family, 
uses MHET as a substrate to convert it to TPA and ethylene gly-
col. A recent structural characterization of MHETase revealed its 
structural similarity with feruloyl esterases and suggested that a 
natural evolution through a loop modification in the lid domain 
might have led to the high substrate specificity of the enzyme.[38] 
Unlike other tannases and feruloyl esterases, MHETase showed 
no activity against PET, BHET, pNP aliphatic esters or typical 
aromatic esters. The PETase/MHETase system exhibited efficient 
PET degradation activity at room temperature. Moreover, when 
compared with other PET hydrolytic enzymes like LC-cutinase, 
F. Solani cutinase (FsC) and TfH for their ability to degrade 
PET film and BHET at 30 °C and pH 7.0, a 5.5-fold, 88-fold 
and 120-fold increase in activity was found, respectively. Higher 

Fig. 2. Schematic representation of PET degradation by Ideonella sakaiensis using its plastic degrading enzyme PETase. Adapted from ref. [37].

Fig. 3. Cartoon representation of the structural elements of the apo-
form of PETase (PDB code: 5XJH). The residues of the catalytic triad 
of PETase, highlighted with an orange cycle, are colored green and are 
depicted in the stick representation. The disulfide bridges DS1 and DS2 
are highlighted in yellow. 
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β8-α6 loops. Mutagenesis and molecular simulation studies have 
shown that DS1 is correlated with the integrity of the catalytic 
triad keeping the residues at functional positions and thus the en-
zyme active. Moreover, DS1 facilitates loop flexibility close to the 
binding site of the enzyme (β8-α6).[40] Interestingly, this critical 
loop is three residues longer compared to other PET hydrolyzing 
enzymes allowing the formation of an extended binding site called 
‘subsite’ for PET binding.[39] The high flexibility of this loop has 
also been connected to the superior activity of PETase at room 
temperature compared to other cutinases.[40a] The other disulfide 
bond, DS2, is conserved in all homologs and found close to the 
C-terminus of the enzyme. It links the C-terminal loop with the 
last helix. Since it is located far from the active site, DS2 has been 
linked to structural stability of the protein molecule.[39]

Tryptophan wobbling is another interesting PETase-related 
feature. Trp185, which is located close to the active site, is a high-
ly conserved residue among the PET hydrolyzing enzymes. [40b] 
In the crystal structure of PETase three different conformations 
of this residue have been observed and were named A, B and C, 
respectively. Interestingly, PETase substrate binding only takes 
place when the critical tryptophan residue adopts the B conforma-
tion. Notably, in structures of homologous enzymes, a spatially 
close histidine residue (instead of a serine in PETase) locks the 
tryptophan exclusively in the C conformation. Not surprisingly, 
replacement of the native serine to a histidine led to PETase vari-
ants with a lower activity on PET, confirming the high significance 
of this amino acid to the catalytic behavior of the enzyme.[40c]

4.1 Catalytic Mechanism of PETase
Biological PET degradation leads to the production of mono(2-

hydroxyethyl) terephthalic acid, bis-(2-hydroxyethyl) terephthal-

ic acid and terephthalic acid. Binding of PET into the active site of 
the PETase has been studied via structural investigations and mo-
lecular simulations of PETase employing substrate analogs.[39,40a,c] 

In essence, the catalytic mechanism for PET degradation follows 
the classical hydrolysis reaction of cutinases except for the W185 
movement that contributes both to the binding and release of the 
product. Particularly, the substrate binds into the shallow cleft of 
the active site of the enzyme mainly through hydrophobic interac-
tions and is further stabilized by the pi-stacking force of W185 in 
B conformation. The carbonyl group of the substrate is positioned 
close to the catalytic triad for the nucleophilic attack while the 
oxyanion hole stabilizes the tetrahedral intermediate. The sub-
sequent step of the acyl-enzyme intermediate formation and the 
second nucleophilic attack is similar to typical hydrolytic reac-
tions. After the cleavage of the ester bond the stronger pi-stacking 
interaction of the benzoic group with the W185 leads to rotation 
and release of the product from the active center (Fig. 4).[40c]

5. Improving PETase Activity
Despite its prominent contribution to PET degradation, the 

application of PETase at larger scale remains a key challenge. In 
this context, enzyme engineering offers a valuable tool to improve 
the properties of the biocatalyst and expand its use to actual ap-
plications. 

The significance of the substrate-binding pocket residues on 
enzyme activity has been highlighted in several studies. A struc-
ture-guided site-directed mutagenesis of PETase afforded mutants 
with, for example, a wider substrate pocket or enhanced aromatic-
ity which showed increased degradation activity towards a PET 
drinking bottle compared to the wildtype.[41] Moreover, substitu-
tion of a polar residue located distal from the catalytic site with a 

Fig. 4. Catalytic mechanism of PETase. The amino acids building the catalytic triad of PETase are presented as green sticks, the crucial site trypto-
phan is shown in purple and residues constituting the oxyanion hole are depicted in blue. 
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BHET.[48] Plastic production began about 70 years ago. The fact 
that enzymes with the ability to hydrolyze ester bonds in PET 
are already found in Nature is a rare but encouraging example of 
rapid natural evolution.[37] Building on this, additional screenings 
of natural habitats such as marine biofilms on plastic particles 
seem promising for the identification of enzymes able to degrade 
plastic other than PET. Exploiting the progress made over the last 
decade in protein engineering, this palette of naturally occurring 
plastic degrading enzymes can be further optimized to valuably 
contribute toward a circular plastic economy.
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active enzyme.[40b] 

Apart from PET and PEF, a large number of other polyesters 
are industrially produced and their degradation remains difficult. To 
address this challenge, Liu et al. expanded the substrate specificity 
of PETase towards naphthyl esters. Based on sequence and struc-
tural analysis, the authors altered the hydrophobicity and the size 
of three key residues located close to the catalytic center and the 
resulting mutants showed up to 4.3-fold higher hydrolytic activity 
towards naphthyl esters compared to the wildtype enzyme.[43]

Not only the modest PET degradation activity but also PETase’s 
low thermal stability limits its practical application in recycling. 
Exploiting a rational protein engineering strategy, Son et al. ad-
dressed this point by screening PETase variants for higher thermal 
stability and improved PET degradation ability. Mutations at the 
β6-β7 connecting loop and in the binding site generated an im-
proved triple mutant variant that exhibited an increase in the T

m
 

value by 8.8 °C and a 14-fold PET degradation activity enhance-
ment at 40 °C compared to the wild type PETase.[44]

6. Outlook
Most packaging products such as those made from PET are 

discarded within one year.[3] This represents not only a substantial 
environmental burden with potential health risks for living beings 
but depletes petrol resources and misses economic opportunities. 
Biocatalytic PET degradation has emerged as a green alternative in 
PET recycling[24,32,45] and, if further improved, may become a more 
widely applicable strategy for general plastic waste management. 

First steps toward the industrialization of enzymatic plastic 
waste management are already being taken. The French company 
Carbios, for example, has developed a closed-loop bio-recycling 
concept for enzymatic PET degradation.[46] The recovered mono-
mers are repolymerized and the generated PET is used to produce 
new bottles consisting of 100% recycled material. Going one step 
beyond, Carbios teamed up with Limagrain Céréales Ingrédients 
and Bpifrance to found the joint-venture Carbolice. The new 
company, which entered a partnership with Novozymes in 2019, 
focuses on the development of biodegradable single-use plastics 
containing in-built enzyme pellets. After use or while scattered 
in the environment the plastic is degraded enzymatically to base 
molecules that are taken up and metabolized by microorganisms 
ensuring a full degradation of the plastics in nature.[47]

Despite these initial successes, the reliable biotechnological 
application of enzymes in PET degradation requires improve-
ments in enzyme efficiency, enzyme temperature tolerance[45a] as 
well as the development of strategies to circumvent the competi-
tive inhibition of the enzymes by degradation products MHET and 
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