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ABSTRACT: Plastics are everywhere in our modern way of living, and their production
keeps increasing every year, causing major environmental concerns. Nowadays, the end-of-
life management involves accumulation in landfills, incineration, and recycling to a lower
extent. This ecological threat to the environment is inspiring alternative bio-based solutions
for plastic waste treatment and recycling toward a circular economy. Over the past decade,
considerable efforts have been made to degrade commodity plastics using biocatalytic
approaches. Here, we provide a comprehensive review on the recent advances in enzyme-
based biocatalysis and in the design of related biocatalytic processes to recycle or upcycle
commodity plastics, including polyesters, polyamides, polyurethanes, and polyolefins. We
also discuss scope and limitations, challenges, and opportunities of this field of research. An
important message from this review is that polymer-assimilating enzymes are very likely part
of the solution to reaching a circular plastic economy.
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1. INTRODUCTION

1.1. Interest and Importance of Polymeric Materials

2020 was the celebration of the centennial anniversary of the
first article published by Hermann Staudinger introducing the
concept of polymerization.1 Today, polymeric materials, which
are most often coined as “plastics”, have become ubiquitous in
our modern way of living. They indeed address our needs for
energy and new technologies, for construction, health, housing,
clothing, packaging, transport, communication, and for our
well-being in general. The worldwide polymer market reaches
more than 500 million metric tons (Mt) per year, which not
only comprises functional and structural polymers (approx-
imately 23 Mt and 370 Mt, respectively), but also rubber
products (30 Mt) and man-made fibers as well (>80 Mt).
Plastic production has increased by roughly 35% in the past
decade and is expected to grow to 700 Mt in 2030,
representing 80 kg of plastics per human being.2 In the past
two decades, plastic demand has increased at a rate of approx
5% every year (Figure 1A). Since the 1950s, almost 9 billion
tons of plastics have been manufactured, of which approx-
imately 80% has been landfilled, 10−12% has been incinerated,
and less than 10% (600 Mt) has been recycled. Figure 1B
shows the global generation of plastics in 2019. Roughly 20%
of plastics were produced in Europe, while China now appears
as the leading plastic producer, accounting for 29% of the total
global production. Figure 1C shows the distribution of plastics
use in Europe by application area. Unsurprisingly, plastic
production is mainly intended for the packaging sector (food
and nonfood) accounting for 40% of consumption, far ahead of
the automotive, building and construction, electrical and
electronic devices, and all other applications.
As far as their physical properties, and in particular their

thermomechanical properties are concerned, although this is
misnomer, polymeric materials can be divided into three main
types, including thermoplastics, thermosets, sometimes called
thermosetting plastics, and elastomers.4 These three families
eventually distinguish one from each other by their response to
mechanical stress, temperature, and chemical structures (see
next section). In fact, elastomers, also known as rubbers,
should not be considered as plastics strictly speaking, as they
represent a very special class of polymeric materials. Elastomers
indeed exhibit a high capability for large elastic deformation
under stress, namely, they can be stretched sometimes over a
few hundreds of % of their original length, with no
deformation.4−6

If plastics have conquered so much our daily life,
representing most consumed synthetic products in the world,
it is mainly because they exhibit remarkable chemical diversity
and functionalities, including elasticity, lightness, impact
resistance, thermal and electrical conduction, insulating
properties, etc.4−8 In addition, their production cost remains
relatively low. 2020 has also seen the entire planet facing the
health crisis due to the Covid-19 pandemic. In this context,
polymeric materials have shown all their interest but also their
limitations. Plastic-made protective or medical equipment,
such as face masks, gloves, catheters, protective glass, etc.,
enable to keep safe or cure millions of people. In the

forthcoming global combat against viruses, polymeric materials
will continue to play a key role.
Polymers are barely used as such in a given application: they

are formulated, processed, and manufactured in the presence of
multiple and variable proportions of specific additives, such as
plasticizers, antioxidants, pigments, compatibilizers, flame
retardants, lubricants, antimicrobial agents, or fillers.9,10

Obviously, the molecular and macromolecular characteristics
of the polymer matrix, sometimes called resin, play a key role
in the targeted applications. In practice, the additives are not
easily recovered as they are intimately integrated within the
polymer matrix. Formulation and processing operations aim at
optimizing the performance and physical-chemical properties
of polymers. Polymeric materials can also result from the
blending of different resins or are in the form of laminates. The
resulting materials correspond to what are commonly called
“plastics” or “elastomers”, as mentioned above. Therefore, it is
important to keep in mind that chemical structure and
composition of plastics are highly heterogeneous in essence,
while research efforts on polymer recycling and/or polymer
design most often focuses on one type of polymer chains and
not on the complex structure of plastics. At the end, the real
content in polymeric chains in a plastic can range from less
than 10% to almost 100%, depending on the targeted usage.
This heterogeneity should be considered when targeting the
end-of-life management and the recycling of this plastic and
the perspective to develop scalable and economically viable
recycling processes.11

1.2. Some Definitions about Polymers, Main Features and
Possible Classifications

There are different ways to classify polymers, according to (i)
their origin (naturally occurring vs synthetic polymers), (ii) the
polymerization method from which they are derived (chain vs
step-growth polymerization), (iii) their cost-performance
ratios (e.g., commodity vs high performance plastics), and
(iv) their structure and the dimensionality of their constitutive
chains.4−7 In the latter case, and as mentioned above, one can
distinguish between thermosets, thermoplastics, and elasto-
mers. Thermosets refer to dense three-dimensional (3D)
networks that prove infusible and insoluble materials because
of an irreversible curing process into a permanent shape.
Thermosets cannot be easily recycled due to their permanently
cross-linked structure, making them thermally, mechanically,
and chemically resistant. A few common thermosets include
formo-phenolics, polyepoxides, most of the polyurethanes, or
cross-linked materials deriving from unsaturated polyesters. In
contrast, thermoplastics are free of covalent bonds between
polymeric chains, i.e., they are made of linear chains, enabling
them to be potentially recycled. There are two main categories
of thermoplastics, namely, amorphous and semicrystalline
thermoplastics. The former usually correspond to transparent
materials due to the random arrangement of the constitutive
chains. Examples of fully amorphous polymers include
polystyrene (PS), poly(methyl methacrylate) (PMMA), poly-
(vinyl chloride) (PVC), or polycarbonate of bisphenol A (PC).
For instance, PS and PVC are sought for their resistance at the
solid state (high Tg), while polybutadiene is used for its rubber
elasticity (low Tg). Semicrystalline polymers are characterized
by a degree of crystallinity (Xc) corresponding to the relative
content between regularly arranged, cohesive, and organized
crystalline domains and nonorganized amorphous domains.
These confer semicrystalline materials mechanical reinforce-
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ment and impact resistance while restricting polymer mobility
and reducing the permeability to small molecules such as
liquids and gas. Typical examples of semicrystalline polymers
are (linear) low-density and high-density polyethylenes
(LDPE, LLDPE, and HDPE, respectively), isotactic poly-
propylene (iPP), poly(ethylene terephthalate) (PET), or
polyamides (PA).
Another view for classifying polymers from a structural

viewpoint is as follows.11−13 Polymer backbones are most often
either linked by sp3-hybridized C−C bonds or are constituted
of functional groups (oxygenated, chlorinated, etc.), i.e.,
polymers containing C−X linkages (X = O, N in most
cases), which mainly define their properties of use (Figure 2).
Table 1 summarizes the most prevalent synthetic polymers

categorized by polymers linked by C−C bonds and polymers
with C−N and C−O-based motifs, along with their chemical
structure, properties, and common uses. The materials within
each class are further ordered by their global annual
consumption amounts.
The glass transition temperature (Tg) and potential for

crystallization are among the most important properties to be
considered for the final application of the constitutive polymer.
Thus, polymer backbone that is flexible can relax quickly, and
is characterized by a much lower Tg than room temperature,
for applications for instance as rubber or as polyethylene-based
plastic bags. In contrast, rigid polymer backbone will relax on
longer time scales, giving high Tg materials. All synthetic

Figure 1. (A) Steady increase in global plastic production during the past 70 years; (B) global production of plastics by region; (C) plastics
production by sector in Europe. NAFTA = American Free Trade Agreement Nations, including Mexico, the United States, and Canada, Adapted
with permission from ref 3. Copyright 2021 Wiley-VCH.

Figure 2. Annual global market size of main plastics in million metric tons (Mt) per year. (left) Polymers constituted of C−C bonds in their
macromolecular backbone; (right) polymers linked by C−N and C−O bonds. HDPE = high density polyethylene; LDPE = low density
polyethylene; LLDPE = linear low density polyethylene; PVC = poly(vinyl chloride); PP = polypropylene; PS = polystyrene; NR = natural rubber;
SR = synthetic rubber; PVA = poly(vinyl alcohol); PMMA = poly(methyl methacrylate); PET = poly(ethylene terephthalate); PU = polyurethanes;
UPE = unsaturated polyesters; PC = polycarbonate. Data correspond to years 2016−2019 and were taken from ref 11.
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polymers possess a Tg value that is characteristic of the
amorphous regions.4−7

Polymer chains are of various length, consisting of a few tens
to several thousands of repeating units, which make related
materials so long-lasting. Namely, polymer molar masses (also
called polymer molecular weights), i.e., the number-average
molar mass, Mn, the weight-average molar mass, Mw, or the
viscometric average molar mass, Mv, which can range from a
few thousands to sometimes millions of grams per mole, are
key factors that define the properties of the polymer. Thus,
increasing the molecular weight gives higher Tg materials.
Other structural parameters having a determining role on the
macroscopic properties and final application and, conse-
quently, on its ability to be deconstructed and/or recycled,
include molecular weight distribution (called dispersity, Đ),
chemical nature, stereoregularity (tacticity), degree of branch-
ing, and/or degree of cross-linking (topology).4−7

Topology effect can be best illustrated by the two
architecturally different polyethylenes, namely, LDPE and
HDPE. Due to the existence of both short and long chain
branches in its structure, enabling strain hardening during
extensional or elongational flows, LDPE is an ideal candidate
for film-forming applications (e.g., plastic bags). In contrast,
HDPE exhibits an essentially linear structure and is almost free
of branchings. Therefore, its extent of crystallinity is much

higher than that of LDPE, which makes HDPE well-adapted
for applications as rigid flasks and containers. On the other
hand, it is important to distinguish between topologically
branched and cross-linked polymers. The former materials
remain soluble with, eventually, an improved solubility, relative
to linear polymer analogues of same molecular weight.
Conversely, cross-linked polymers are 3D networks that do
not flow as they are not soluble in any solvents and cannot be
reprocessed. Both thermosets and elastomers, e.g., resulting
from vulcanization of polydienes, are typical examples of
insoluble 3D polymeric networks. Therefore, the knowledge of
most of (macro)molecular parameters, such as Tg, Tm, Mn, Đ,
and some essential chemical and physical properties of the
polymers, such as composition, solubility, and thermomechan-
ical properties, are paramount in the perspective of conducting
degradability and/or recycling studies.
A great part of plastics, namely, more than 85% fall into

seven categories defined by the Society of the Plastics
Industry.2−5,7−13,15 In this frame, one can find the logo of
three triangular arrows, called the Möbius strip, with a code
number from 1 to 7 in the center, meaning that the plastic is
potentially recyclable (Table 1). These codes are supposed to
facilitate plastic sorting for the aforementioned recycling
(Table 1). The number indicates the specific type of plastic
and is used in the following manner: PET (1), HDPE (2),

Table 1. Polymer Constituting the Main Plastics to Be Degraded

aTg: glass transition temperature bTm: melting temperature cThe Tm value of commercial PVC can range from 110 °C to 250−260 °C, depending
on the size of the crystallites. The melting and processing behavior of PVC have been discussed in ref 14.
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PVC (3), LDPE (4), PP (5), PS (6). Code 7 is finally used to
cover all other types of potentially recyclable plastics, e.g.,
polycarbonates (PC), polyurethanes (PU), polyamides (PA),
and bioplastics such as polylactide (PLA), PMMA, or
polyesters different from PET. It is important to note that
most of these plastics have long been considered as neither
biodegradable nor compostable, with the exception of PLA and
now PET (see further).
1.3. Environmental Pollution by Persistent Plastics

Most plastics are still designed mainly for their performance
and much less for their degradability and recyclability. Plastics
have thus become a threat because of their environmental
impact and an inappropriate management of their end-of-life as
well.11−13,15,16 The high chemical stability of the macro-
molecular structure that make plastics so valuable in many
applications is also an obstacle to convert them into new
products. Current methods that enable to transform polymeric
constitutive chains are indeed poorly selective and very energy
demanding. Seeing plastic waste in the environment has thus
given the public, and the media, a very negative perception of
plastics. Again, this should not overshadow the many benefits
that these materials provide: for transportation, clothing,
entertainment, health and protection, food without waste, and,
more generally, for everyday well-being. Scientists now have a
key role to play in finding a solution to the problem of “white
pollution”.3,11−13,15−19

Plastics are typically designed to have a service life of 1−50
years. However, a large part of plastics is for short-term single-
use packaging for food, beverages, etc. Of the ∼460 Mt
produced in 2019, 40% was for single-use products composed
of PE, PP, and PET.11,12,20,21 However, all plastics are not
intended for ephemeral use but remain commonplace for a
given period of time in our homes, offices, etc. Electronic
equipment, car parts, household appliances, shoe soles, sport
equipment, food containers, reusable water bottles, pens,
textiles, and other objects are all examples of the perennial use
of plastics in our daily lives. Last but not least, the plastics
industry employs millions of people all over the world (e.g.,
more than 1.6 million people in Europe, over 60 000
companies (mostly SMEs), with a turnover of over 360 billion

euros in 2018). Yet, the current polymer economy is essentially
linear.2,3,11−13,15−19

More than a million disposable plastic grocery bags made
from fossil fuel are produced per minute worldwide. Some
plastics can remain in the environment for several hundreds of
years, depending on the type of plastic and its ecosystem.15,16

During this time, they can be ingested by animals and/or
transformed into microparticles and then nanoparticles, whose
impact on human health remains uncertain. Paradoxically,
indeed, the chemical inertness that makes polymeric materials
so stable is also their major drawback, as it is challenging to
break them down. For a very long time, plastics were not
designed to be degraded until the relatively recent awareness of
the problem of their environmental footprint. Most commodity
plastics are thus recalcitrant to degradation due to the high
chemical stability of their constituting units. This is particularly
true for the most prevalent synthetic polymers, namely, those
in which polymer chains are all linked by sp3-hybridized C−C
polyolefins (Table 1). In this regard, resistance of synthetic
polymers to degradation is reminiscent of that of lignocellu-
losic biomass in biofuels production, in the sense that plastics,
as plant cell walls, are structurally and chemically heteroge-
neous composites. But, to do without plastics in our daily life is
simply illusory, and “elimination of plastics”, as advocated by
various associations, remains utopian. Plastics are not only
comfort tools, they are useful too, from a health and safety
point of view, as already mentioned. It is not so much the
plastics industry that needs to be destabilized, but rather the
end-of-life of these materials that needs to be better managed
and optimized. Regulations have been boosted over the past
few years toward this end. Thus, to achieve the objective of
“plastics circularity”, next challenges in polymer science are to
develop alternative polymer synthesis methods, and in parallel,
more efficient polymer recycling technologies. In the former
case, upstream actions and innovative initiatives are needed to
deliver polymers that can be better designed for recyclability,
reducing our reliance on fossil sources, and increasing their
overall biodegradability. These more sustainable, degradable,
and easily recyclable polymers are aimed to serve as
replacements for nondegradable petroleum-based plastics. On
the other hand, through downstream actions with the

Figure 3. Life cycle of polymeric materials and main recycling technologies.
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implementation of much more efficient recycling technologies
for mass-produced plastics, also seem essential. Such
considerations to build a better plastic future have been
taken into account when the partners of the Mix-Up
consortium evocated the “6-R” principles (rethink, refuse,
reduce, reuse, recycle, replace).22

1.4. Recycling Technologies of Commodity Plastics

Approximately 25% of postconsumer waste plastics are
landfilled and thus lose their intrinsic value. Another important
fraction (roughly 42%) of plastic waste is incinerated for
energy recovery. Eventually, less than 30% of plastic waste is
collected for recycling and reused in closed loop.3,11−13,15−19

In fact, recycling options often appear complex and/or costly
and/or too energy intensive. As each constitutive polymer of
plastics show specific physicochemical properties, the recycling
of these plastics cannot be viewed as a one-size-fits-all
approach, but rather must be analyzed on a case-by-case
basis. A range of technical complexities affect recycling rates,
including aspects related to intrinsic chemical or compositional
characteristics, such as the presence of additives, fillers,
contaminants, including dust, metallic residues, or traces of
poly(vinyl alcohol) (PVA) or PVC that can leach acidic
catalysts, promoting for instance acidolysis or hydrolysis of
PET during extrusion, or biological contaminants, as well as
more logistical aspects related to the collection, sorting of these
raw materials, their possible hygienization, etc. As mentioned,
not all plastic materials should be recycled, and the
environmental benefits of recycling must be assessed for each
type of material across the entire value chain. Clearly, with the
notable exception of PET as detailed further in this review,
current recycling approaches do not enable yet a circular
plastics economy.
Recycling technologies can eventually be divided into four

subcategories that are differentiated by the nature of the
recycling processes implemented and the nature of the final
products (Figure 3). These methods for polymer recycling are
termed primary, secondary, tertiary, and quaternary recy-
cling.11−13,15−19,23

In primary recycling, postindustrial scrap polymer feedstocks
generated during plastic manufacturing in plants are mixed
with the virgin polymer. The resulting mixture is further
processed mechanically without any loss of properties,
representing a real “closed polymer-to-polymer loop recycling”
approach.24 However, only plastics of the same type can be
recycled in this way, and this is achieved with low extent of
waste to retain the quality of the virgin plastic product. Primary
recycling thus deals with postproduction materials and not
with, for instance, postconsumer or contaminated waste. A
relevant example is that of PET, which can undergo primary
recycling to regenerate recycled PET that can be reused for the
production of new containers (e.g., bottles).
Postconsumer plastic waste is treated by secondary

mechanical recycling, also referred to as mechanical recycling
process, after collection, sorting, and cleaning, producing new
plastics with less demanding properties. Consequently,
polymers thus recycled are used for downgraded applications
and are ultimately landfilled. At the end, both primary
recycling and secondary recycling are based on a mechanical
melt process.3,11−13,15−19,23,24 Secondary recycling, and even-
tually primary recycling as well, require less than half the
energy used to generate new plastics, hence both prove less
energy-demanding than producing plastics from petroleum

products. However, secondary recycling produces plastics of
compromised mechanical quality after a few melt cycles
compared to the “virgin” plastic. This is due to side reactions
such as radical chain scissions and/or couplings/cross-linkings.
In addition, pure and clean plastic waste is necessary in these
recycling processes. Residual contaminants can diffuse during
the melting process and can contribute to alter the properties
and the aspect of the recycled polymers, such as elongation at
break, toughness, melting point, and color. For these reasons,
secondary recycling is often reckoned as a “downcycling”
method, the number of reprocessing cycles being dependent
on the evolution of the polymer properties. In the particular
case of PET, such variations in molecular weights during
mechanical reprocessing can be alleviated, in particular by a
solid-state postpolycondensation and/or the addition of chain
extenders24 (e.g., oxazolines, isocyanates, epoxides, lactams,
hydroxyls, carboxylic acids, phosphites, and phosphates).
Therefore, further purification through selective solvent-based
extractions can aid achieving chemically pure recycled
materials (e.g., the Polyloop process by Solvay for PVC or
the Creasolv and PureCycle processes for various plas-
tics).25−27

In tertiary recycling, (thermo)chemical or (bio)catalytic
processes are implemented to degrade polymer waste as
selectively as possible, breaking down the macromolecular
structure into value-added smaller molecule prod-
ucts.3,11−13,15−19,23 These include monomers (monomer
loop, Figure 3) or oligomers, and molecular feedstocks, such
as syngas (CO and H2), that can be further employed to design
new materials (molecular loop, Figure 3). Typical processes
are by hydrolysis, for instance, in the presence of chemical
catalysts or enzymes, pyrolysis, and gasification. Depolymeriza-
tion of plastic waste back to the original monomers, which can
be readily repolymerized to produce the same polymer, is likely
the most sought-after way of tertiary recycling.28−30 This
“chemical recycling to monomer” (CRM) method indeed
allows operating in closed loop under rather mild conditions in
some cases. In particular, polar step-growth polymer substrates
consisting of C−N or C−O-based units, e.g., polyesters, such
as PET, polyamides, and polyurethanes, have been shown to be
depolymerized. This is not surprising as these polymers
contain carbonyl moieties that can easily undergo chemolysis,
for instance, using nucleophiles, thus enabling relatively
controlled degradation of the polymer chains. In contrast,
chain-growth-derived C−C-based and unfunctionalized com-
modity polymers, such as PE or iPP, requires energy-intensive
pyrolysis, i.e., at high temperature (>400 °C) and/or pressure,
and the use of designed transition metal-based catalysts. These
severe conditions prove unselective, yielding a broad spectrum
of species, including waxes and fuels of different molecular
weights. In this regard, and although innovative approaches in
this area have been recently reported, pyrolysis is still viewed as
a downcycling and not as recycling or upcycling method, as the
energetic, environmental, and commercial viability of this
process have been questioned. These recycling technologies
have been reviewed, discussing possibilities to increase the
efficiency of used catalysts or polymer functionalization prior
to the thermolysis process.20,29−38

Chemical upcycling, sometimes called repurposing, of
polymers aims at selectively converting discarded plastics
into higher value chemicals, e.g., fuels, or surfactants, or
nanostructured carbon-based materials.33,35,39−42 Chemical
upcycling thus holds great promise to reduce our dependency
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to fossil resources, to save energy, and to eventually reduce the
environmental impact of plastic waste.
In addition to some biosynthesized polymers like cellulose

or chitin, some synthetic polymers can be biologically
degraded into small molecular fragments by microorganisms
producing enzymes.11 Several reviews focused on biological
upcycling and valorization of plastic waste by microorganisms
or enzymes have been published very recently.22,31,36−38,43

Analysis of this literature shows, as it will be discussed in detail
in this review, that (i) enzymatic degradation of synthetic
polymers is generally slow, (ii) the scope of polymer substrates
is still limited to certain polymers, again those featuring
carbonyl groups in their main chain (PET, PLA, PA), and (iii)
enzymes are poorly tolerant to harsh reaction conditions. For
instance, enzymatic biocatalysis of plastic is expected to
primarily take place under aqueous conditions. As most
polymer plastics are not soluble in water, deconstruction of
recalcitrant polymers by enzymes should proceed via an
interfacial mechanism, if an analogy can be made with the
degradation of naturally occurring biopolymers. Many efforts
are thus directed toward improvements of enzyme stability to
increase the accessible surface area for enzymatic depolyme-
rization of synthetic polymers. Not only do processing
conditions matter for efficient biocatalytic recycling, but also
structural parameters of the polymer substrate (Tg, Tm,
molecular weights, etc.), as already mentioned.
Energy recovery via incineration of postconsumer plastic

waste is considered as the fourth recycling technology for end-
of-life polymer materials.2,23,24 This recycling option leverages
the high calorific values of plastic waste to produce carbon
dioxide and steam energy in the presence of oxygen. Some
polymeric materials can only be recycled by this way, for
example, those contaminated with biological agents (e.g.,
viruses, blood, etc.) or complex materials made of multiple
layers or incorporating large proportions of additives, for which
pretreatment options (separation of the various components
from each other) is too costly. However, quaternary recycling
recovers only partly the energy used to produce the plastics. In
addition, incineration of waste causes serious environmental
issues and contributes to greenhouse gas emissions, as it
generates several hazardous pollutants and volatile organic
compounds and necessitates subsequent cleaning of the
incinerator.
1.5. Methods to Probe Plastic (Bio)degradation

Monitoring the degradation process of a polymer is essential to
select the most effective conditions and routes. Various
analytical methods have been implemented, and they are
briefly presented hereafter. First, visual estimation of the
macroscopic and morphological state of the material, before
and after treatment according to one or the other process
discussed above, can first account for some evolution, at least
qualitatively: presence of cracks in the sample, change in color,
size, and/or shape, etc.11 A step further, although remaining
qualitative, consists in observing whether biofilms can form on
the plastic surface upon exposing that plastic either under
terrestrial conditions in soil, or under aqueous conditions, in
particular inside the marine water. This method helps to
anticipate the ability of a plastic for microbial degradation and
provides a primary indication that biodegradation can occur.
More accurate assessment about the polymer morphological

evolution can be obtained by microscopic analysis techniques,
such as scanning electron microscopy (SEM) or atomic force

microscopy (AFM). Obviously, many characterization techni-
ques, specific or not of polymeric materials, can provide
information about the progress of the biodegradation process
by probing the properties of the polymer in relation with its
morphology, its dimensional state, and its intimate structure at
different scales of observation and analysis (Figure 4). These

techniques are routine or more sophisticated and include size
exclusion chromatography (SEC), differential scanning color-
imetry (DSC), dynamic mechanical analysis (DMA) and other
mechanical tests, static and dynamic light scattering (SLS and
DLS), X-ray photoelectron spectroscopy (XPS), contact angle
measurements and water uptake, Fourier transform infrared
spectroscopy (FTIR), ultraviolet−visible (UV−vis) spectros-
copy, X-ray diffraction (XRD), or nuclear magnetic resonance
(NMR) spectroscopy.11 For instance, as biocatalytic degrada-
tion is expected to cause changes in the chemical structure of
the polymer, this can be monitored by FTIR, and/or NMR,
and UV−vis spectroscopy, through the appearance and/or
disappearance of functional groups. On the other hand,
polymer degradation is reflected by a steep decrease of the
molecular weight, which can be evidenced by SEC before and
after the enzymatic treatment. This is also most often
accompanied by weight loss, which can be monitored by
gravimetry.
In addition, various analytical methods can be implemented

to screen and characterize plastic degrading enzymes and
microorganisms. The so-called halo method, which is based on
the visualization of a clear halo zone around the spotted sample
on immobilized insoluble substrate due to release of soluble
monomers, represents around half of the utilized methods. A
more quantitative approach consists in following the decrease
in turbidity of an emulsion of polymer by visible spectroscopy,
upon incubation with a plastic degrading enzyme. The latter
method, however, might impact the crystallinity of the treated

Figure 4. Analytical techniques for monitoring the extent and nature
of plastic degradation. DMA, dynamic mechanical analysis; SEC, size
exclusion chromatography; XRD, X-ray diffraction; TGA, thermog-
ravimetric analysis; DSC, differential scanning calorimetry; ESCA,
electron spectroscopy for chemical analysis; SEM, scanning electron
microscopy; FTIR, Fourier transform infrared spectroscopy; NMR,
nuclear magnetic resonance; TLC, thin-layer chromatography; GC,
gas chromatography; MS, mass spectrometry; HPLC, high perform-
ance liquid chromatography.
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polymeric sample while not providing any information about
product release (monomer or oligomers). Evaluation of weight
loss is the other widely used technique.44 This can be carried
out either by precision balance, QCM-D, or SPR.45 Monitoring
released products is a much more accurate and quantitative
method, although it is limited to quantify soluble fractions
only, thus missing the oligomer formation and endoworking
enzymes. This can be followed by more classic analytical
methods, including HPLC NMR, titration of released acidic
functions (e.g., in the case of PLA or PET depolymerization),
but it does not provide any information about the type of
depolymerization products. Additional pH variation by
monitoring the reaction supernatant can also be instructive.46

More specific to PLA, the total organic carbon (TOC) value
can be used as an indicator of the content of the water-soluble
PLA oligomers and monomer formed by hydrolysis. As a
means to evaluate the hydrolysis of polyester films, optical
waveguide light mode spectroscopy (OWLS) is based on
sensing change in the refractive indices across the sensor-
solution interfaces. Other methods qualitatively probing
change of the polymer properties, e.g. by viscometry,47

FTIR,48 SEC, SEM, AFM49−53 can be employed. Finally,
alteration of the mechanical properties of the polymer by an
enzyme can be established by tensile strength and/or stress at
break and/or Young modulus measurements.
1.6. General Considerations on Enzymatic Degradation of
Polymers

The past decade has witnessed a considerable increase in the
number of initiatives by academics and industries for polymer-
recycling processes. The development of more efficient
(bio)catalytic chemical recycling or upcycling processes of
commodity plastics is booming, both in research groups from
academia and in industry. Current efforts in this direction
appear promising in view of developing closed loop recycling
technologies that can be commercially competitive with regard
to traditional polymer manufacturing methods. In this context,
possibilities to degrade commodity plastics using a biocatalytic
approach have been intensively investigated. As already
mentioned, however, and as detailed hereafter, this has only
been successfully conducted in the case of polymers containing
relatively easy to hydrolyze chemical bonds, notably ester or
amide moieties, as in the case of PET, PLA, and some PU and
PA, which can be recycled or upcycled into well-defined
oligomers or monomers or higher-value products. The
biorecyclability of polymers can thus be directly correlated to
their constitutive chemical bonds.
Enzymes are highly efficient biocatalysts that offer numerous

advantages over chemical processes, notably thanks to (i) their
high catalytic power, providing acceleration by up to 1020 of
each elementary reaction step, (ii) their operation in milder
reaction conditions (temperature, pH and pressure), (iii) their
high selectivity, and (iv) low environmental impact (less
energy consumption, reduces waste generation). Enzymes can
be thought of as renewable and biodegradable catalysts that
can easily be implemented through inexpensive and environ-
mentally benign fermentation processes. Many industries have
already exploited the advantages of enzyme catalysis for a
broad range of applications in the pharmaceutical, food and
beverage, detergent, biofuel, and fine chemistry fields. Enzymes
can improve industrial chemical processing by simplifying the
conventional chemical synthesis routes and the process
economics. Furthermore, biocatalytic processes relying on

the utilization of enzymes in their purified form, as part of a
cell lysate, or whole cells provide more sustainable and
renewable solutions to produce chemical synthons, materials,
and energy from waste, feedstocks, or bioresources, and
enabling a circular bioeconomy. The global market for
enzymes in industrial applications is expected to grow from
$6.4 billion in 2021 to $8.7 billion by 2026.54 This market
projection emphasizes the need to discover or to engineer
efficient enzymes that can enter biocatalytic processes further
optimized at different levels (catalytic activity, stability,
expression efficiency, fermentation yields, immobilization,
reuse of and recycling of catalysts, etc.) to fulfill industrial
operation constraints and commercial needs.
The first microorganism degrading synthetic polymers was

reported nearly 50 years ago, with the degradation of
polycaprolactone by fungus Aureobasidium pullulans.55 Yet,
research in the field has remained quite limited until 2000.
Over the past 20 years, with the fossil fuel limitations and the
plastic pollution crisis, the research on enzymes or micro-
organisms able to degrade synthetic polymers has regained
considerable interest,56 even necessitating the development of
databases to compile the flood of data and their exploita-
tion.56,57 It is nowadays well admitted that depolymerization
mediated by free enzymes is emerging as an efficient and
sustainable alternative for plastic treatment and recycling.22

However, this approach remains limited to some polyesters
(PET and PLA) and the finding of active enzymes for PE, PP,
PVC, ether-based PUR, PA, or others still represents an urgent
challenge that needs to be tackled.43 In the following sections,
we review depolymerization and controlled degradation
methods of polymers utilizing different classes of enzymes.
These include serine hydrolases (cutinases (EC 3.1.1.74),
lipases (EC 3.1.1.3), and carboxyl ester hydrolases (EC 3.1.1)),
oxidases (laccases, peroxidases), etc., depending on the nature
of the polymer and the catalytic reaction envisaged. Besides the
use of enzymes and microorganisms available in Nature, we
will also present and discuss how directed evolution and
structure-based engineering have enabled to improve catalytic
activity and stability of enzymes, substrate binding in the active
site and onto enzyme surface. Most successful approaches to
develop performing enzymatic biocatalysis are often multi-
disciplinary, combining enzyme screening, design, and
engineering to biophysical and computational techniques, to
provide deeper understanding about the interrelationships
between the sequence, the structure, and the function of the
enzymes.
Biocatalytic chemical recycling, which is now regarded as

part of tertiary recycling, is expected to lead to a trans-
formation of the commercial recycling market, as the intrinsic
value of waste materials is retained, in addition to proving
energy efficient. In this review, we specifically present advances
made in enzyme-based biocatalytic methods for the
deconstruction of the most representative polymers. We also
discuss scope and limitations, challenges, and opportunities of
this field of research. Focus is placed on microbial and
enzymatic degradation and/or depolymerization of the most
common commodity polymers (Table 1, Figures 1 and 2),
namely, polyesters (PET and PLA), and other main polymers
such as polyamides (PA), polyurethanes (PU), vinylic
polymers, includingpolyolefins (PO), polystyrene (PS), and
polyvinyl chloride (PVC). The next section (section 2) deals
first with the two polymers that have been the subject of the
most enzymatic depolymerization studies, namely PET and
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PLA. Indeed, many enzymes have been discovered, charac-
terized, and optimized for polyester degradation, the ester link
being an easily enzyme-catalyzed broken bond. The following
section (section 3) is dedicated to biocatalytic degradation of
the more recalcitrant polymers, including not only PA, PU, or
PUR, but also vinylic polymers, keeping in mind that only a
very few (if none) enzymes have been identified yet, the C−C
bond, and to some extent, the amide bond, being less
accessible to an enzyme activity. Note that due to a very
limited literature on the enzymatic degradability of elastomers
and most of thermosets, polymers falling into these categories,
such as natural or synthetic rubbers, or polyepoxides, will not
be considered in this review.

2. ENZYME-CATALYZED DEPOLYMERIZATION OF
POLYESTERS

2.1. Polyethylene Terephthalate (PET)
2.1.1. About PET. Poly(ethylene terephthalate) (PET) is a

major polymer with about 18% of the world polymer
production and is part of the so-called “big five” category
with PE, PP, PS, and PVC.58

PET is a semiaromatic and semicrystalline polyester
exhibiting high mechanical strength, good barrier properties,
and high optical clarity, features that justify its main use as
textile fibers and packaging. Most of the PET production (98
Mt; IHS Market in 2021, Market Research Future in 2021 and
KPC in 2022) is for synthetic fibers (around 60%), with bottle
production accounting for about 30%. In the case of textile
applications, PET is referred to by its common name,
polyester, whereas the acronym PET is generally related to
packaging.
PET is the most recycled plastic worldwide; it can be

identified by its recycling code 1. Recycled PET can be
converted to fibers, fabrics, sheets for packaging, and
manufacturing automotive parts. Depending on its processing
and thermal history, PET may exist either as an amorphous
(transparent) or as a semicrystalline material. It can be
semirigid to rigid, impact-resistant, very lightweight, and makes
a good gas and fair moisture barrier as well as a good barrier to
solvents.
Semicrystalline PET might appear transparent or opaque

and white, depending on the size of the crystal structures.
About 60% crystallization is the upper limit for commercial
products, except for polyester fibers. Clear products can be
produced by fast cooling molten polymer below Tg to form an
amorphous solid. At room temperature, the chains are frozen
in place, but if enough heat energy is put back upon heating
above Tg, they gain in mobility allowing crystals to nucleate
and grow, a process which is known as solid-state
crystallization. When allowed to cool slowly, the molten

polymer forms a more crystalline material, namely, in the form
of spherulites containing many small crystallites when
crystallized from an amorphous solid.
Industrially, PET is manufactured via a four-step process

(Figure 5). First, bis(2-hydroxyethyl terephthalate), BHET, is
synthesized by esterification of ethylene glycol (EG) with
terephthalic acid (TA). Transesterification of EG with
dimethylterephthalate (DMT) was widely used until the
1960s, but slow reaction rates and high corrosivity rendered
this process obsolete. The second and third steps are
characterized by the prepolymerization of BHET and
subsequent melt condensation to form low-molecular weight
PET (suitable for fibers). Finally, solid-state polymerization
(SSP) is implemented to access PET of high Mn suitable for
drink bottles.59−61 Antimony-based catalysts, such as Sb2O3 or
Sb(OAc)3, prove effective for PET synthesis. Two main PET
grades are thus produced, namely, fiber-grade PET and bottle-
grade PET, which mainly differ in molecular weight and/or
intrinsic viscosity. Bottle-grade PET has a molecular weight of
24 000−36 000 g/mol, corresponding to a viscosity index (VI)
between 0.75 and 1.00 dL/g, standard bottle grade having an
intrinsic viscosity of 0.80 dL/g. Textile fiber-grade PET has a
lower molecular weight of 15 000−20 000 g/mol, correspond-
ing to an VI between 0.55 and 0.67 dL/g. PET fiber-grades for
technical yarns, such as tire cord, have higher molecular
weights, with a VI above 0.95 dL/g. For packaging films, the VI
is 0.64 dL/g.
PET properties can be modulated to target specific

applications through the synthesis of PET-based copolymers,
namely, by copolymerizing the above monomers with other
diols or diacids. A common monomer modifier for that
purpose is isophthalic acid (IPA), which leads to a replacement
of 1,4-para-linked terephthalate units by 1,2-ortho- or 1,3-meta-
linkages. Compared to PET, the resulting copolymer chains are
kinked, thus affecting their crystallization and eventually
lowering their melting point. These copolymers are valuable
for molding applications, such as thermoforming, which is
used, for example, to make trays or blister packaging from co-
PET films or amorphous PET sheets. Crystallization is also
important in other applications where mechanical and
dimensional stability are requested, such as seat belts.
Cyclohexanedimethanol (CHDM) can also be used as a
comonomer with EG, which will result in the modification of
the crystallization process and will lower the polymer melting
temperature. Such PET is referred to as PETG or PET-G for
PET glycol-modified. It is a clear amorphous thermoplastic
that can be injection-molded, sheet-extruded, or extruded as
filament for 3D-printing. PETG can be colored during
processing. For PET bottles, film, and packaging applications,
around 2% IPA is added to slow down crystallization. As a

Figure 5. Industrial manufacture of PET via the BHET route.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00644
Chem. Rev. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


result, bottles are manufactured via stretch blow molding
(SBM) and are both clear and crystalline enough to be an
adequate barrier to aromas and even gases, such as carbon
dioxide in carbonated beverages. This explains why PET
bottles are less crystalline than fibers made with IPA-free PET.
For fibers, high crystallinity is sought to obtain heat resistance.
Diethylene glycol (DEG) can be added to improve dyeability,
color pick-up of yarn or garment. CHDM can be also added for
special packaging applications by small number of suppliers
(e.g., SK Chemical/Eastman). In the perspective of enzyme-
catalyzed depolymerization of PET, it is important to consider
that the presence of comonomer units in the copolymer chain
emanating from these comonomers can impact the binding of
the polymer substrate to the enzyme, and consequently the
catalytic efficiency of the reaction.
PET is prone to various types of degradation during

processing. Main degradation processes that can occur are
hydrolytic, photolytic, and most importantly, thermal. When
PET degrades, several events take place, including discolor-
ation, chain scissions resulting in molecular weight reduction,
formation of acetaldehyde, and cross-links (“gel” or “fish-eye”
formation). Discoloration is due to the formation of various
chromophores following prolonged thermal treatment at
elevated temperatures. This becomes a problem when the
visual expectations for the polymer are very high, such as in
packaging applications. The thermal and thermo-oxidative
degradation results in poor processability characteristics and
performance of the material. Again, one way to alleviate this
issue is to resort to a copolymeric material, i.e., by using
upstream comonomers such as CHDM or IPA. Thus, the resin
can be plastically formed at lower temperatures and/or with
lower force. This helps to prevent degradation, reducing the
acetaldehyde content of the finished product to a quasi-
unnoticeable level. Another way to improve the stability of
PET is to use stabilizers, mainly antioxidants such as
phosphites. Stabilization at molecular level of the material
using nanostructured chemicals has also been considered.62

Traditionally, EG and TA are petroleum-based although the
synthesis of biobased PET is possible. Bio-PET in circulation is
eventually 30% biobased only, corresponding to renewably
sourced EG from biomass. The perspective of producing 100%
biobased PET thus remains a long-term ambition of the
industry, technical constraints associated with renewable TA
production still limiting its commercialization. Handling
properly PET waste is thus a main concern nowadays. The
thermomechanical recycling of PET is well established, but
several drawbacks are associated with such a process. Recycling
into bottles can only use transparent and pure PET waste.
Indeed, no purification step can remove colorants, pigments,
titanium dioxide, and it is not possible to use multilayers trays
or bottles. It is also limited by eventual material downcycling,
with ductility decreasing from 310% to 218%% after only one
cycle and to 2.9% after the third cycle.63 This necessitates
recycled PET to be repurposed into lower-value products, such
as fibers (72%) in carpeting, which cannot be recycled
further.63,64 Moreover, PET waste streams are easily
contaminated by PVC and PLA, rendering the recycled
product of low-grade quality, which cannot be mechanically
recycled.24 Nevertheless, there is no competition between
thermomechanical and enzymatic recycling, the first one uses
transparent bottles, whereas enzymatic recycling can use less
expensive waste, colored and opaque bottles, as well as
multilayer trays. In the past, the commercial viability of

thermomechanical recycling relied on a high and stable oil
price (>75$/barrel), but nowadays, a booming demand for r-
PET creates an unprecedent price increase trend. Indeed, the r-
PET market price is no more correlated to the “virgin” PET
market price and is even 44% higher, reaching 2500€ per ton in
March 2022 (Source: Icis in 2022).
Another strategy is the chemical recycling to monomer

(CRM).65 After purification, BHET and dimethyl terephtha-
late (DMT) are the main reaction products. An important
limitation of this approach is that DMT is not a common
monomer of the PET industry, and consequently it requires to
couple a dedicated PET production unit to a recycling unit.
Beyond long-term material value retention, the possibility to
access higher-value products offers a potential route to
decoupling PET recycling from a volatile oil market. There is
already an exhaustive body of literature concerning the
chemical recycling of PET.65−69

2.1.2. Biocatalysts for PET Depolymerization. Nowa-
days, enzyme-based depolymerization of PET through
biotechnological processes is considered as an unambiguous
alternative to chemical depolymerization of PET.70−75 Indeed,
chemical methods often require the maintenance of high
temperature and pressure, as well as use of toxic reagents.70,71

In contrast, biological recycling of PET through enzyme-based
depolymerization appears to be a more sustainable solution
because of mild pH and comparatively lower temperature
conditions without the use of hazardous chemicals.70,76,77

Additionally, the biological catalyst shows a very high
selectivity, specifically targeting the polymer ester bonds,
thus facilitating the monomers recovery (TA and EG). This
can be readily achieved by discoloration, TA precipitation and
crystallization, monoethyleneglycol (MEG) distillation after
salt separation, and further used for synthesis of virgin
PET.71,73,78 The high specificity toward a given substrate also
allows enzyme-based depolymerization to be applicable to PET
recycling from blended materials (multilayer trays or sparkling
water bottles containing a layer of polyamide) and mixed
waste, avoiding intensive sorting.79 As less intensive sorting of
PET waste means a reduced price of the PET waste feedstock,
this might be an important consideration for the economic
development of such a recycling approach. On the other hand,
a reduced purity of PET waste feedstock might increase the
cost of post-PET depolymerization waste treatment. It is a
complicated task to speculate now on the optimal sorting of
PET waste, as it might only be carefully evaluated once highly
advanced processes will be in operation, either at demon-
stration unit scale or at industrial scale.
For decades, PET has been considered as a nondegradable

polymer, until Tokiwa and Suzuki reported in 1977 that some
lipases, which are extracellular enzymes that usually cleave
esters in oils and fats, can attack ester bonds in some aliphatic
polyesters and can depolymerize such materials.80 Never-
theless, such enzymes could not hydrolyze aromatic polyesters.
The reason for the missing degradability of aromatic polyesters
was later elucidated by Marten et al. These authors indeed
showed that the mobility of the polymer chains in the
crystalline zones controls the degradability of PET by
hydrolases, e.g., lipases.81,82 Successively, two Thermomono-
spora fusca strains were found able to hydrolyze an aliphatic-
aromatic copolyester, the poly(butylene adipate-co-terephtha-
late (PBAT).83 However, the first breakthrough in enzymatic
PET depolymerization was achieved using a cutinase, namely,
TfH from the actinomycete Thermobif ida fusca. A three-week
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enzymatic incubation at 55 °C with an amorphous melt
pressed postconsumer PET bottle film (10% crystallinity)
conclusively resulted in 50% weight loss of the aromatic
polyester.84

Since then, numerous enzymatic catalysts able to promote
PET depolymerization have been reported. Related enzymes,
characterized so far as PET hydrolases, belong mainly to the
esterase class (EC 3.1.1., carboxylic ester hydrolases),85−88 for
which a comprehensive database derived from their primary,
secondary, and tertiary structures is maintained (CASTLE).89

More specifically, PET hydrolases have been classified as
carboxylesterases (EC 3.1.1.1, carboxyl ester hydrolases, and
EC 3.1.1.2, arylesterase), cutinases (EC 3.1.1.74), and lipases
(EC 3.1.1.3, triacylglycerol lipase). Finally, in 2016, the PET
hydrolase class (EC 3.1.1.101) was created to contemplate the
catalytic activity of IsPETase.72,90 To date, no general
denomination has been accepted by the scientific community

for these enzymatic catalysts, beside their enzymatic classi-
fication. Consequently, numerous descriptive names are still in
use, such as PET hydrolytic enzymes (PHEs), PET
depolymerases, PET hydrolases, or even PETases. In addition,
a distinction between PET surface-modifying enzymes and
PET hydrolases has been proposed.85 This enabled better
distinguishing of enzymes only capable of PET surface
hydrophilization without visible change by scanning electron
microscopy (SEM), from PET hydrolases that can significantly
degrade the inner block of PET, causing observable change by
SEM. It has been proposed, after a comprehensive and
elaborate demonstration, that PET hydrolases must ideally
display at least two characteristics. First, the protein should
exhibit a thermostability higher than 65 °C (preferably above
70 °C or even better 90 °C), which is consistent with the Tg of
PET (70−80 °C). Second, an open active site topology is
required to enable the binding of more than a single monomer

Table 2. Reported PET Hydrolases from Actinomycetota Phyluma

name

sequence
identity with
BTA-1 (%)

sequence
identity with
BTA-2 (%)

alternate name compared to BTA-1 or
BTA-2 source

GenBank
accession

UniProtKB
accession ref

BTA-1 (TfH)b 100 92.3 BTA-1 Thermobif ida fusca
DSM43793

AJ810119.1 Q6A0I4 83,84,92,104

BTA-2 92.3 100 BTA-2 Thermobif ida fusca
DSM43793

AJ810119.1 Q6A0I3 83,84,92,104

Tfu_0882 99.2 BTA-2K112E/S176T Thermobif ida fusca
YX

AAZ54920.1 Q47RJ7 95

Tfu_0883b 100 BTA-1 Thermobif ida fusca
YX

AAZ54921.1 Q47RJ6 94,95,105

TfCut1 98.1 BTA-2R68N/A69V/F72L/D75S/N127I Thermobif ida fusca
KW3

CBY05529.1 E5BBQ2 96

TfCut2
(Cut2-kw3)b

99.2 BTA-1S58R/T176S Thermobif ida fusca
KW3

CBY05530.1 E5BBQ3 96

Cut1 99.2 BTA-2K112E/S176T Thermobif ida fusca
NRRL B-8184

JN129499.1 G8GER6 106

Cut2b 100 BTA-1 Thermobif ida fusca
NRRL B-8184

JN129500.1 Q6A0I4 106

Thf42_Cut1 97.7 BTA-1S58R/T176S/T205R/A222L/K226R/S234T Thermobif ida fusca
DSM44342

ADV92528.1 E9LVI0 96

TfAXE 98.9 BTA-1S58R/N88S/R268W Thermobif ida fusca
NTU22

ADM47605.1 E0Z5H1 97

Thc_Cut1 100 BTA-1 Thermobif ida
cellulosilytica
DSM44535

ADV92526.1 E9LVH8 96

Thc_Cut2b 99.2 BTA-2K112E/S176T Thermobif ida
cellulosilytica
DSM44535

ADV92527.1 E9LVH9 96

Tha_Cut1 98.5 BTA-1E112P/L177P/W201R/R293C Thermobif ida alba
DSM43185

ADV92525.1 E9LVH7 98

Est1b 83.1 85.1 Thermobif ida alba
AHK119

BAI99230.2 D4Q9N1 100,101,107

Est119 (Est2) 82.4 85.1 Thermobif ida alba
AHK119

BAK48590.1 F7IX06 100,101,107

Thh_Est 75.1 75.9 Thermobif ida
halotolerans
DSM44931

AFA45122.1 H6WX58 102

Tcur1278 60.8 60.0 Thermomonospora
curvata DSM43183

ACY96861.1 D1A9G5 108

Tcur0390b 60.8 61.0 Thermomonospora
curvata DSM43183

ACY95991.1 D1A2H1 109

Cut190 64.8 65.5 Saccharomonospora
viridis AHK190

AB728484.1 W0TJ64 110,111

aThe sequence identities were calculated based on pairwise alignments of the mature protein sequences, either described or predicted using SignalP
6.0 signal peptide predictor online server.103 Each mature enzyme has been compared with the first described tandem synthetic polyester
hydrolases BTA-1 (TfH) and BTA-2 from Thermobif ida fusca DSM43793, and only highest sequence identity percentage is mentioned to allocate
an alternative protein name presented as a variant of the closest BTA enzyme. Amino acid numbering is performed from the full length of native
BTA-1 and BTA-2 proteins (301 amino acids), regardless of their respective mature protein sequences (e.g., BTA-1 and BTA-2, 260 amino acids
from position 41 to 301). bHigher enzyme activity described than the other one from the tandem enzymes for a specific origin.
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unit (e.g., MHET).87 Consequently, PET hydrolases meeting
these requirements are mainly limited to thermostable
cutinases.91

2.1.2.1. Bacterial PET Hydrolases from Actinomycetota
Phylum. Since the description of TfH, which was the first PET
hydrolase identified from the bacterial actinomycete Thermo-
bif ida fusca,84 a second PET hydrolase has been characterized
in the same DSM43793 strain (Table 2).92 The latter
hydrolase was named BTA-2, while TfH was renamed as
BTA-1. Both enzymes are cutinases harboring a signal peptide,
cleaved during protein secretion to the extracellular environ-
ment. In fact, matured BTA-1 and BTA-2 only differ by 20
amino acids over their 261 amino acids length (92.3%
sequence identity). Moreover BTA-1 PET hydrolase was
found to be more efficient for PET depolymerization than its
homologous protein.93 At the same time, numerous
Thermobif ida fusca strains have been screened and numerous
homologous tandem PET hydrolases have been identified.
Tfu_0882 and Tfu_0883 were successfully identified from XY
strain,94,95 TfCut1 and TfCut2 from KW3 strain,96 and Cut1
and Cut2 from NRRL B-8184. Nevertheless, only unique PET
hydrolases were identified from strains DSM44242 and
NTU22, named Thf42_Cut196 and TfAXE,97 respectively.
Similarly, tandem PET hydrolases named Thc_Cut1 and
Thc_Cut2 were characterized from the species Thermobif ida
cellulosilytica, a member of the Thermobif ida genus,96 whereas
Tha_Cut1, a unique PET hydrolase, has been described from
Thermobif ida alba DSM43185, another member of the
Thermobif ida genus.98 When considering protein sequence
identities, it appeared that BTA-1, Tfu-0883, Cut2, and
Thc_Cut1 were strictly identical, and TfCut2, TfAXE,
Tha_Cut1, and Thf42_Cut1 differed by only two, three,
four, and six amino acids from this pool, respectively. They
could thus be considered as four closely related independent
variants of BTA-1. Similarly, BTA-2 differs by only two amino
acids from a set formed by Tfu_0882, Cut1, and Thc_Cut2
(identical all together) and five amino acids from TfCut1 and
could be considered as two closely related independent
variants of BTA-2. Unfortunately, no consolidated denomina-
tion has been accepted by the scientific community yet,
rendering difficult the analysis and the comparison of the
multiple data produced over the years. For instance,
comparison of TfH, TfCut2, TfCut1, Tfu-0882, and BTA-2
activities93 could have been more illustrative if written BTA-1,
BTA-1S58R/T176S, BTA-2R68N/A69V/F72L/D75S/N127I, BTA-
2K112E/S176T, and BTA-2 by considering the nature of the
mutated amino acids in relation to a unique protein. Similarly,
a recent study comparing Thc_Cut1 and Thc_Cut299 could
have been more effective if stated as a comparison between
BTA-1 and BTA-2K112E/S176T proteins, thus facilitating
comparison between research articles. Finally, three less
conserved PET hydrolases, but still displaying more than
75% of protein sequence identity with BTA-1 or BTA-2
mature proteins, were identified and characterized from the
same Thermobif ida genus. Effectively, Est119 and Est1, a
tandem of PET hydrolases, were found in Thermobif ida alba
strain AHK119100,101 when a unique PET hydrolase was
characterized from Thermobif ida halotolerans and named
Thh_Est102 (Table 2).
Complementarily, among bacterial thermophilic Actino-

mycetota phylum,112 three other PET hydrolases were
characterized through screening studies, namely, Tcur1278
and Tcur0390 as a tandem of proteins from Thermomonospora

curvata113 and Cut190 from Saccharomonospora viridis110

(Table 2). All of these thermophilic PET hydrolases isolated
from Actinomycetes were carefully described in a dedicated
book chapter.109

At the same time, many novel PET hydrolases were
discovered from various organisms, mainly from bacterial
sources and a few from Eucaryota. An extensive phylogenetic
distribution analysis of plastic-degrading microorganisms has
been performed,44 confirming that the Actinomycetota phylum
represents a potential source of PET-degrading enzymes.
Previously, 853 putative PET hydrolase genes were identified
from various databases and metagenomes (108 marine and 25
terrestrial). The respective origins of these PET hydrolase
genes indicated an over-representation from Actinomycetota
and Pseudomonadota phyla (mainly in Beta-, Delta- and
Gamma-protobacteria classes) regarding terrestrial metage-
nomes when a Bacteriodota phylum origin was mainly observed
from marine metagenomes.114 Similarly, a deep search for
cutinases in the carbohydrate esterase family 5 (CE5) of the
carbohydrate-active enzymes database (CAZy)115 and repre-
senting over 3000 entries, allowed identifying 151 putative
cutinases, 41 from bacterial and 110 from fungal organisms.116

In view of the intensive efforts to search for new PET
hydrolases, and even if considered as particularly rare
enzymes,114,117 the need for specific databases rapidly appeared
mandatory. Consequently, the plastics microbial biodegrada-
tion database (PMBD) aiming at compiling experimentally
verified enzymes able to specifically depolymerize a synthetic
polymer was published online.118 However, this database, with
only 22 enzymes listed in June 2022, suffers of a lack of
exhaustivity and maintenance regarding already or newly
characterized PET hydrolases. Conversely, the plastics-active
enzymes database (PAZy), compiling all biochemically
characterized active PET hydrolases, currently 41 enzymes,
appears more exhaustive.57 As emphasized previously, only
three enzymes out of this database were identified from
Eucaryota. Another database, called PlasticDB, has been
released recently.56 Extensive developments have been made
since its first publication44 and the web application provides
access to consolidated data regarding all microorganisms and
proteins related to plastic biodegradation. By June 2022, 50
proteins were referenced under the PET entry. Hopefully,
these databases will continue to be updated as they enable to
follow the diversity of PET hydrolases regularly reported. In
addition, some general guidelines or classifications would also
be needed to help a better distinction between PET hydrolases
from other PET surface-modifying enzymes at the origin of
some discrepancies between databases.

2.1.2.2. Eucaryota PET Hydrolases. To date, only a few
PET hydrolases are known to be produced by eucaryotes,
more specifically by fungi.72,85,88 Indeed, even if numerous
lipases and cutinases have been reported as being able to
degrade various objects in PET,119 they are globally not
considered as PET hydrolases but rather as PET surface-
modifying enzymes. As one major use of PET resides in fiber
production, fungal enzymes from Fusarium solani, Candida
antarctica, Aspergillus orizae, Cladosporium cladosporoides, or
Penicillium citrinum are suitable as antipilling and antigraying
agents on polyester textiles where degradation of the inner
building block of PET is unfavorable as it weakens the fiber
strength.85,120 Consequently, a very limited number of
enzymes are considered as PET hydrolases, mainly because
of their low optimal temperature, below 50 °C, which is
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unfavorable for an efficient degradation of amorphous PET.87

In addition, the highly frequent presence of a N-terminal lid
domain121 prevents the accessibility of the active site of these
enzymes to the polymeric substrate. Nevertheless, the
commercialized HiC cutinase from the thermophilic fungus
Thermomyces insolens (formerly Humicola insolens), which
shows a high optimal temperature of 75−80 °C and can
efficiently hydrolyze amorphous PET at 70 °C,122,123 could be
considered as a PET hydrolase.87 Others add the FsC cutinase
from Fusarium solani pisi124 as another effective PET
hydrolase,72,74 while the PAZy database57 also considers
CalB, a lipase from Pseudozyma (Candida) antarctica,122 as
efficient for enzyme-based depolymerization of PET. CalB was
indeed described to enhance PET depolymerization yield
when used in combination with HiC enzyme. This is probably
due to its esterase activity on soluble products (e.g., MHET,
BHET) released during the depolymerization123 and should
thus not be considered as an effective PET hydrolase.
Alternatively, the FoCut5a cutinase from Fusarium oxy-
sporum125 as well as TlLip from Thermomyces lanuginosus126

have been reported as PET hydrolases in a dedicated review
article.88 Nevertheless, without minimizing the efforts devoted
to characterize these enzymes, as well as to develop high
throughput screening assays for fungal polyester hydrolyzing
enzymes discovery using a synthetic copolyester such as
poly(butylene adipate-co-terephthalate (PBAT),127 we will
focus our review only on bacterial PET hydrolases used as
biocatalysts for PET depolymerization.

2.1.2.3. Other Bacterial PET Hydrolases. Several reports
described PET depolymerization activities for carboxyles-
terases from Bacillota, one p-nitrobenzyl esterase (BsEstB)
from Bacillus subtilis128 and an esterase (Cbotu_EstA) from
Clostridium botulinum.129 These enzymes, larger than cutinases,
share a temperature optimum of 40 °C and show a marginal
level of PET hydrolysis. Therefore, they are considered as PET

surface-modifying enzymes rather than PET hydrolases.87,91

The most promising group of PET hydrolases, in addition to
the previously described from Actinomycetota, consists of
various enzymes characterized from different bacteria origins
or metagenomic approaches. For instance, two highly thermo-
stable and closely related PET hydrolases have been isolated
from metagenomic approaches. The corresponding leaf-branch
compost cutinase, abbreviated as LCC,130 and a closely related
protein from bacterium HR29, BhrPETase, share 93.8%
sequence identity with the mature LCC.131,132 Even if their
precise organisms of origin are not known, bacterial
Chlorof lexota phylum appears to contain both protein
sequences reported under GenBank accession number
HEM19059.1 for LCC133 and under GenBank accession
number GBD22443.1 for BhrPETase131 (Table 3). Their
respective melting temperatures indicate their high level of
thermostabilty, up to 86 °C for LCC130 and above 100 °C for
BhrPETase.132 A growing set of enzymes from Pseudomonadota
phylum have also been reported over the years. For instance, in
2016, the bacterium Ideonella sakaiensis was shown growth on
amorphous PET as a sole carbon source, and the bacterial PET
hydrolase named IsPETase was consecutively characterized as
an efficient mesophilic catalyst for PET degradation.90 Later,
and using a Hidden Markov Model (HMM) profile
constructed using PET hydrolases sequences previously
characterized (e.g., PET hydrolases from Actinomycetota,
LCC and IsPETase), the research performed on marine and
terrestrial genomes led to the identification of hundreds of
putative PET hydrolases. Among them, PET5 (OaCut) from
Oleispira antarctica, PET6 from Vibrio gazogenes, and PET12
from [Polyangium] brachysporum were selected for deeper
characterization and functionally verified as novel PET
hydrolases, giving clearance on PET nanoparticle plates.114

Therefore, their respective abilities to efficiently degrade other
PET objects or powders remain to be elucidated. Another

Table 3. Other Reported PET Hydrolases from Diverse or Unknown Bacterial Originsa

name source
bacterial PET hydrolase

type thermostability Tm or Topt (°C)
UniProtKB
accession ref

Chlorof lexota
LCC metagenome from leaf-branch compost type I 86.2 (Tm) G9BY57 130
BhrPETase bacterium HR29 type I 101.0 (Tm) A0A2H5Z9R5 131,132

Bacillota
Cbotu_EstA Clostridium botulinum ATCC3502 nab 40.0 (Topt) A5I055 129
BsEstB Bacillus subtilis 4P3-11 na 40.0 (Topt) D7R6G8 128,129

Pseudomonadota
IsPETase Ideonella sakaiensis strain 201-F6 type IIb 46.0 (Tm) A0A0K8P6T7 90
PET5 (OaCut) Oleispira antarctica RB-8 type IIa 40.4 (Tm) R4YKL9 114,137
PET6 Vibrio gazogenes type IIa ndb A0A1Z2SIQ1 114
PET12 [Polyangium] brachysporum type IIb nd A0A0G3BI90 114
RgPETase Rhizobacter gummiphilus NS21 type IIb 48.5 (Tm) A0A1W6L588 135
PE-H (PaPETase) Pseudomonas aestusnigri VGX014 type IIa 50.8 (Tm) A0A1H6AD45 136
Lip1 (Mors1) Moraxella sp. TA144 type IIa 52.0 (Tm) P19833 137

Bacteroidota
PET27 Aequorivita sp. CIP111184 type I* nd A0A330MQ60 138
PET30 Kaistella (Chryseobacterium) jeonii type I* nd A0A0C1F4U8 138

Unknown
PET2 (lipIAF5-2) metagenome derived type IIa 69.0 (Tm) C3RYL0 114,140
PHL-7 metagenome derived type I 79.1 (Tm) A0A165B1I1 139
aClassification within bacterial PET hydrolase types is provided (e.g., types I, IIa, IIb) and adapted from previous work.134 Exceptions to this
classification are mentioned (type I*). Indication of protein thermostability is provided when available, with assessments of melting temperature
(Tm) or optimal temperature (Topt).

bna, not applicable, and nd, not determined.
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approach consisted in the classification of 69 cutinase-like
sequences134 that further led to the characterization of
RgPETase from Rhizobacter gummiphilus, another mesophilic
enzyme able to depolymerize PET.135 Similarly, PE-H from the
marine bacterium Pseudomonas aestusnigri136 and Lip1
(Mors1) from Antarctic bacterium Moraxella sp.137 were also
considered as PET hydrolases. None of these organisms
appeared to be thermophilic. Moreover, melting temperatures
(Tm) of these listed PET hydrolases confirmed their low level
of tolerance to the envisioned reactional temperature, close to
the Tg of PET,87 to efficiently depolymerize PET. Indeed,
assessed Tm of 46 °C for IsPETase,90 40 °C for PET5,137 49 °C
for RgPETase,135 51 °C for PE-H,136 and 52 °C for Lip1137 are
far below the level of thermostability envisioned for an efficient
enzymatic depolymerization catalyst for PET, requiring
thermostability higher than 65 °C (preferably above 70
°C).87 A similar approach, using identical HMM depicted
previously,114 has been performed to search for new PET
hydrolase homologues in the Bacteroidota phylum138 and two
novel enzymes, PET27 from Aequorivita sp. and PET30 from
Kaistella (Chryseobacterium) jeonii have been reported. Both
enzymes display a C-terminal extension (Por secretion signal)
that might be detrimental to their respective PET depolyme-
rization efficiencies. Moreover, the Antarctic origin of both
genomic samples could suggest low thermal stability of the
enzymes, which thus requires further functional character-
ization. Finally, several metagenome derived PET hydrolases
were reported from unknown bacterial origins. The PET2
(lipIAF5−2) enzyme114 as well as the PHL-7 protein and its
quadruple variant, PLH-7A2E/L210F/D233N/S255A, named PHL-
3,139 appear to be promising PET hydrolases, notably because
of their respective high thermal stabilities of 69 °C for PET2140

and 79 °C for PHL-7139 (Table 3). Lastly, PHL-7 has been
renamed PES-H1, while PLH-7A2E/L210F/D233N/S255A has been
called PES-H2.141

2.1.2.4. Sequence-Based Classification of Bacterial PET
Hydrolases. To anticipate PET depolymerization properties of
bacterial PET hydrolases and other bacterial PETase-like
enzymes, it has been proposed to classify them into two types,
namely type I and type II (Figure 6). Such classification has
been proposed by comparison with IsPETase primary
sequence features, IsPETase being assigned to type IIb PET
hydrolases.134 Type I PET degrading enzymes do not contain
additional disulfide bond nor the extended loop found in
IsPETase (Figure 7). Indeed, type I PET hydrolases have a
unique C-terminal disulfide bridge, whereas type II enzymes
show a second one, which is adjacent to the active site and
connecting the β7-α5 and β8-α6 loops that harbor the catalytic
aspartate and histidine residues, respectively. The second
feature, specific of the type II enzymes, is the presence of a
three amino acids extension in the β8-α6 loop. Additionally, it
has been suggested that type I enzymes should possess His and
Phe/Tyr residues at the corresponding positions of Trp159
and Ser238 found in IsPETase, respectively. Surprisingly, the
recently characterized PET27 and PET30138 do not contain
any additional disulfide bond like type I enzymes. However,
they do include an extended loop as well as Trp and Ser
residues at specified corresponding IsPETase positions, turning
them into an exception of the type I enzymes. In parallel, type
II enzymes were separated into two subtypes, where type IIa
enzymes have a Phe or Tyr residue at the corresponding
position of Ser238 in IsPETase. To adequately define the
PET2 enzyme as a type IIa PET hydrolase, Trp residue,
another aromatic amino acid, should be considered for this

Figure 6. Unrooted phylogenetic tree of 24 PET hydrolases selected from bacterial PET hydrolases (enzymes highlighted in Table 2 and Table 3
without the 11 enzymes too closely related to BTA-1 and BTA-2) in addition with the fungal HiC cutinase. Clusters of enzyme types determined
from specific primary protein sequence features are specified. Multiple amino acid sequences were aligned using ClustalW, and the guide tree was
obtained based on the neighbor-joining method using the p-distance model. Scale bar: 0.25 amino acid substitution per single site. Analysis was
performed using MEGA X.146
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position (Figure 6, Table 3). While thermostable PET
hydrolases, having a Tm higher than 70 °C, appear to belong
to type I group, the type IIa and type IIb enzymes regroup
mesophilic enzymes, with Tm lower than 55 °C, with the sole
exception of PET2 PET hydrolase (Figure 6, Table 3).
Consequently, the additional disulfide bond found for these
type II enzymes does not seem relevant for their overall
thermostability,142 even if it is correlated to a gain of Tm of 13

°C in IsPETase.134 This additional disulfide bond within the
active site was effectively characterized as maintaining the
integrity of the catalytic triad of IsPETase, having additionally
the three amino acids extension of the β8-α6 loop, while
allowing higher flexibility at low temperature than their
thermophilic counterparts (e.g., type I PET hydrolases).143

Attempts to classify bacterial hydrolases according to their
primary sequence features might be of interest but might need

Figure 7. Multiple sequence alignment of selected bacterial PET hydrolases. Amino acid sequences of 10 selected PET-degrading enzymes of each
type (e.g., type I, type IIa, type IIb, and type I*) are compared. Secondary structure elements are shown based on the LCC X-ray structure (PDB
6THS). Multiple amino acid sequences were aligned using ClustalW. Representation was done using ESPript.147 Catalytic residues are indicated by
red triangles, disulfide bridges are marked in yellow and in green for that defining the type II PET hydrolases. The extended loop defining type II
and I* is highlighted in navy blue. The G-x1-S-x2-G motif is indicated in purple, with x1 = W for type IIa, IIb, and I* and x1 = H for type I. The S
defining type IIb is highlighted in cyan color.
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to be taken very carefully when trying to extend to general
rules. Nevertheless, despite their types, bacterial PET hydro-
lases share common features, notably the catalytic triad (Ser-
His-Asp), as well as the two residues, an aromatic amino acid
(Phe or Tyr) located between the β3-strand and the α1-helix,
and a Met residue in the α4-helix, next to the catalytic Ser,
forming the oxyanion hole involved in the transition state
stabilization (Figure 7). Moreover, bacterial PET-hydrolases
have a highly conserved Gly-x1-Ser-x2-Gly motif surrounding
the catalytic Ser in which x1 is an His for type I PET
hydrolases, like LCC enzyme, or a Trp for the other types144

and x2 is a Met residue, strictly conserved within all the
bacterial PET hydrolases protein sequences.134 Additionally,
the C-terminal disulfide bond is conserved due to its
importance on the overall stability by connecting the terminal
α6-helix with β9-strand.145 It is noteworthy that PET27 and
PET30, two type I* PET hydrolases, revealed a subtle
displacement of one of the cysteines forming the disulfide
bridge in their primary sequence alignment (Figure 6), which
was further confirmed in the crystallographic structure of
PET30 (PDB 7PZJ).138

2.1.2.5. Catalytic Mechanism of the Bacterial PET
Hydrolases. The hydrolytic process of PET degradation
takes place in a flat, superficial, hydrophobic cleft found in
PET hydrolases,145 and no surface activation is required. Due
to this architecture, these enzymes can hydrolyze high
molecular weight polymer structures.74,148 The hydrolytic
mechanism exerted by the catalytic triad (Ser-His-Asp) of PET
hydrolases has been described as a ping-pong reaction or an
acylation/deacylation process, involving the formation of an
acyl-serine intermediate occurring via a first tetrahedral
intermediate and released via a second tetrahedral inter-
mediate.149−151 Enzymes involved in PET degradation belong
to esterases subclass and possess a catalytic triad (Ser-His-Asp)
which is characteristic of α/β-hydrolases. Ester bond hydrolysis
is performed by the nucleophilic attack of the catalytic serine
oxygen to the carbonyl carbon atom present in the scissile ester
bond. Importantly, negatively charged aspartate stabilizes the

positively charged histidine residue establishing a charge
transfer network, which enables the proton shuttle required
for serine activation and consecutive nucleophilic attack.145,152

During this first (acylation) step, the nucleophilic serine
attacks the ester scissile bond forming the first tetrahedral
intermediate stabilized by the oxyanion hole,153 thus leading to
the formation of a covalent acyl-enzyme. In the subsequent
deacylation step, nucleophilic attack by a water molecule takes
place on the covalent acyl-enzyme to complete the cleavage of
the ester bond, leading to a second tetrahedral intermediate.
This is followed by the release of the reaction product, thereby
regenerating the free enzyme (Figure 8).
Despite this canonical two-step serine hydrolase reaction

mechanism employed by PET hydrolases, many questions
remain.11 For instance, the detailed interaction between the
solid synthetic PET substrate and the PET hydrolases has not
yet been reported.96 Nonetheless, it is globally accepted that
PET hydrolases catalyze endotype hydrolysis activity by
cleaving internal ester bonds of PET, resulting in an increase
of PET chain ends and the formation of oligomers.85 However,
both endo- and exotype hydrolysis activities have been
demonstrated by NMR spectroscopy toward the mobile
amorphous fraction (XMAF) of crystalline PET when using
thermophilic TfCut2 PET hydrolase. Consequently, the
amorphous region of the polymer was rapidly hydrolyzed,
whereas the remaining crystalline structure was only attacked
through endotype chain scission activity and slowly hydrolyzed
without any detectable weight loss.154 Similar observation was
reported when using LCCY127G/D238C/F243I/S283C quadruple
variant where an initial endotype scission activity of the PET
hydrolase was followed by an exotype scission of the
neighboring ester bond in the XMAF of the PET substrate as
the reaction proceeded.155

The hydrolytic mechanism of these enzymes on PET chains
remains disputed at the molecular level.145 Several modes of
action for PET degradation by IsPETase have been proposed
based on X-ray data, molecular docking, and site-directed
mutagenesis experiments.134 The proposed catalytic mecha-

Figure 8. General hydrolytic mechanism of serine hydrolases. R-O-(CO)-R′ is the acyl donor, R-OH is the leaving group in the first step of the
reaction (acylation), and H-O-H is the acyl acceptor in the second step (deacylation).
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nism based on a docked 2-HE(MHET)4 as substrate model
and suggesting a trans conformation of the EG in PET134 was
later questioned.156 Using solid-state NMR, Wei et al. showed
that the conformation and the mobility of the PET oligomer
chain could play a role on the PET degradation performance of
the enzymes.156 In particular, the ratio between trans and
gauche conformations (t/g ratio) of EG, which coexist to
different extents in amorphous (enriched in gauche con-
formation) and (semi-) crystalline (enriched in trans extended
conformation) PET, was shown to depend on the temperature
(9:91 at 30 °C vs 56:44 at 70 °C). A more-ordered state of
PET was also observed at higher temperature. More recently,
Guo et al. combined MD simulations, molecular docking,
enzyme engineering, together with high-resolution microscopy
and solid-state NMR, to investigate the PET conformation
most susceptible to be degraded by PET hydrolases.157 Their
study not only revealed the ability of PETases to accommodate
both gauche and trans conformations of the polymer chain but
also the importance of PET conformational selection on the
degradation performance of the enzyme. Interestingly, the
authors also demonstrated how single amino acid mutations
could alter conformational preference between trans and
gauche and efficient binding in catalytically productive
conformation, supporting a conformational selection mecha-
nism rather than an induced fit one. This was illustrated by the
engineering of IsPETase mutant S238A that displayed a totally
reverse preference of the enzyme toward the trans
conformation of PET (75.4% trans selectivity for S238A vs
10.1% for the wild type). This was assumed to be due to
mechanistic differences in terms of Re- and Si-face nucleophilic
attacks, the latter being facilitated in trans conformation.
Most of the PET hydrolases through enzyme-catalyzed PET

depolymerization produce terephthalic acid (TA) and ethylene
glycol (EG) with, to some extent, other degradation
intermediates, including mono(2-hydroxyethyl) terephthalate
(MHET) and bis(2-hydroxyethyl) terephthalate (BHET)88

(Figure 9). These products are usually separated and
quantified using reverse-phase HPLC.158 More recently, longer
soluble oligomers were also detected after small protocol
adjustments when performing a PET depolymerization assay
using Thc_Cut1 and Thc_Cut2 enzymes.159 This study raised
again the question of the enzyme processivity and PET
depolymerization mechanisms. Nevertheless, there are ex-

ceptions to these observations and two PET hydrolases are
unable to further cleave the ester linkage of MHET (IsPETase
and PE-H). Consequently, the MHET is accumulating in
solution during PET depolymerization, without major release
of TA and EG.88 Indeed, with the discovery of Ideonella
sakaiensis 201-F6 able to grow on PET as a sole carbon
source,90 two enzymes were pointed out. The IsPETase
responsible of PET depolymerization produces MHET, while a
second enzyme named IsMHETase was immediately affiliated
to a newly created class (EC 3.1.1.102). Activity of the
IsMHETase enzyme (UniProtKD A0A0K8P8E7) is specific to
MHET degradation in TA and EG, as it was previously
described that this enzyme had no activity toward PET, BHET,
or pNP-aliphatic esters.90 Reminiscent of feruloyl esterases,
IsMHETase possesses both a classical α/β-hydrolase domain
and a lid domain conferring substrate specificity.160 Numerous
crystallographic structures have been reported regarding native
IsMHETase, either without ligand (PDBs 6QGC, 6QG9;160

6JTU;161 6QZ1, 6QZ2, 6QZ4162), or with benzoic acid (PDB
6QGB160), or in complex with a nonhydrolyzable MHET
analogue (PDB 6QGA160), or in complex with BHET (PDB
6JTT161) as well as a multiple variant of IsMHETase without
ligand (PDB 6QZ3162). Consecutively, from a homology
search against the 6671 tannases family sequences retrieved
from the National Center for Biotechnology Information
(NCBI), two close homologues of IsMHETase were identified.
Indeed, an enzyme from Comamonas thiooxydans and another
from Hydrogenophaga sp. PML113 sharing 81% and 73%
sequence identity to IsMHETase, respectively. Both were
shown to be active against MHET, with estimated kcat/Km 10−
20-fold lower than the 2.17 μM−1 s−1 measured for
IsMHETase.162 Parallelly, from a metagenomic study using
the biodegradation of an aromatic−aliphatic copolyester blend
(PBAT) by a marine microbial enrichment culture, several
MHETase-like enzyme candidates have been identified.163 A
marine mesophilic MHETase-like hydrolase (Mle), named
Mle046, able to hydrolyze MHET, under broad temperature
and pH conditions, has been further characterized.164 Mostly
because of a poor affinity with the MHET, Mle046 has a
catalytic efficiency 40 times lower than that of IsMHETase but
in the same order of magnitude as the Comamonas thiooxydans
and Hydrogenophaga sp. PML113 MHETases. A second
exception to MHET degradation by bacterial PET hydrolases

Figure 9. Chemical structures of PET and hydrolyzed products.
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has been reported, and PE-H (PaPETase) from Pseudomonas
aestusnigri, a type IIa bacterial PET hydrolase, able to degrade
amorphous PET film or BHET by producing MHET with no
production of TA, has been characterized.88,136 Nevertheless,
no MHETase has been reported from this organism yet.
As emphasized above, acidic products (e.g., TA and MHET)

accumulate in the reaction media when performing an enzyme-
based PET depolymerization. This monoacid (MHET) and/or
diacid production (TA) results in the acidification of the
reaction media. The PET hydrolases, which prove highly active
at alkaline pH because of their reaction mechanism, thus lose
their catalytic efficiency, most likely by the protonation of the
catalytic His. Increasing buffer strength and/or concentration
has been proposed as an alternative to lower this enzyme
inhibition induced by the acidification of the reaction
media.165,166 This could represent an efficient solution when
performing a small-scale PET depolymerization for research

studies but sounds odd when considering a potential industrial
deployment using very high PET concentration and monomer
recovery. Another alternative could be the use of acid-tolerant
PET hydrolases exhibiting a broad pH optimum range. Several
acid-tolerant cutinases have been identified to this end,167−169

in particular an enzyme from the fungus Thielavia terrestris
exhibiting detectable PET hydrolysis activity at pH 4 and 50
°C.167 No further developments have been released since.
Consequently, pH regulation using a strong base appears
mandatory when performing a scaled-up enzyme-based PET
depolymerization at high polymer concentration (e.g., 20% w/
w).78

Modeling enzymatic reactions using high-level hybrid
quantum mechanics/molecular mechanics (QM/MM) meth-
ods, although computing is time-consuming, can provide
outstanding information to understand in detail the molecular
mechanisms of PET degradation.162,170,171 Reaction mecha-

Table 4. Crystallographic Structures of Bacterial PET Hydrolases and Variants with Associated Resolutiona.134

bacterial PET hydrolase
enzyme
type PDB ID (resolution) of wild-type enzyme PDB ID (resolution) of variant

Actinomycetota
BTA-1 (TfH) type I 5ZOA (1.54 Å)184

TfCut2 (BTA-1S58R/T176S) type I 4CG1 (1.40 Å), 4CG2 (1.44 Å), 4CG3
(1.55 Å)179

Thc_Cut1 (BTA-1) type I 5LUI (1.50 Å)185

Thc_Cut2
(BTA-2K112E/S176T)

type I 5LUJ (2.20 Å)185 5LUK (1.45 Å), 5LUL (1.90 Å)185

Est119 (Est2) type I 3VIS (1.76 Å), 3WYN (1.68 Å)186

6AID (1.30 Å)187

Cut190 type I 4WFI (1.45 Å), 4WFJ (1.75 Å), 4WFK (2.35 Å)188

5ZNO (1.60 Å), 5ZRQ (1.12 Å), 5ZRR (1.34 Å), 5ZRS
(1.40 Å)189

7CEF (1.60 Å), 7CEH (1.09 Å)190

7CTR (1.20 Å), 7CTS (1.10 Å)191

Chlorof lexota
LCC type I 4EB0 (1.50 Å)192 6THS (1.10 Å), 6THT (1.14 Å)78

7VVE (1.98 Å)178 7VVC (1.82 Å), 7W45 (1.94 Å), 7W44 (1.85 Å), 7W1N
(1.88 Å)178

BhrPETase type I 7EOA (1.24 Å)b

Pseudomonadota
IsPETase type IIb 5XG0 (1.58 Å)152 5XFY (1.40 Å), 5XFZ (1.55 Å), 5XH2 (1.20 Å), 5XH3

(1.30 Å)152

5XJH (1.54 Å)134 5YNS (1.36 Å)134

6ANE (2.02 Å)143 5YFE (1.39 Å)193

6EQD (1.70 Å), 6EQE (0.92 Å), 6EQF
(1.70 Å)144

6IJ3 (1.40 Å), 6IJ4 (1.86 Å), 6IJ5 (1.72 Å), 6IJ6 (1.95 Å)194

6EQG (1.80 Å), 6EQH (1.58 Å)144 6ILX (1.45 Å)195

6ILW (1.57 Å)195 6KUO (1.90 Å), 6KUQ (1.91 Å), 6KUS (1.80 Å)b

6QGC (2.00 Å)160 6KY5 (1.63 Å)196

7CQB (1.86 Å)b

7CY0 (1.32 Å)197

7OSB (1.45 Å)198

7SH6 (1.44 Å)199

7QVH (2.24 Å)200

RgPETase type IIb 7DZT (2.35 Å)135 7DZU (2.40 Å), 7DZV (1.60 Å)135

PE-H type IIa 6SBN (1.09 Å)136 6SCD (1.35 Å)136

Bacteroidota
PET30 type I* 7PZJ (2.10 Å)138

Unknown
PET2 (lipIAF5-2) type IIa 7EC8 (1.35 Å), 7ECB (1.83 Å)140

PHL-7 type I 7NEI (1.30 Å)139

7CUV (1.45 Å), 7E30 (1.56 Å)141 7W69 (1.56 Å), 7E31 (1.38 Å)141

aEnzyme type definition is adapted from previous work. bUnpublished crystallographic structure released in PDB.
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nism of IsMHETase, an enzyme acting in synergy with
IsPETase to degrade PET, was the first investigated at atomic
level using QM/MM method.162,172 Starting from a modeled
Michaelis complex with MHET,162 a two-step mechanism to
degrade MHET and BHET161 into EG and TA was proposed
for IsMHETase. These two steps include the acylation and
deacylation via the formation of an acyl-enzyme intermediate.
Although Knott et al. suggested that no metastable tetrahedral
intermediates were formed during these steps,162 Pinto et al.
later revisited the mechanism and found evidence that
transient tetrahedral intermediates were formed although
short-lived.172 In both studies, deacylation was predicted to
be the rate-limiting step, as reported more generally for serine
α/β-hydrolases. Recently, the reaction mechanisms catalyzed
by IsPETase, LCC, and improved LCCY127G/D238C/F243I/S283C

quadruple variant78 were also investigated using QM/MM
methods starting from distinct docked substrates in distinct
orientations, (MHET)2, (MHET)3,

170 or 2-HE(MHET)2.
171

The most likely orientation of the polymer chain binding in the
active site of these enzymes was debated based on the reported
energetics.170 Noteworthy, these studies rely on the modeling
of substrate fragments, only partially representative of the real
polymer substrate. The actual mechanism of the enzyme
(endo- or exoactivity) is not fully established, and the impact
of the temperature on the crystallinity grade of the polymer,
the polymer substrate accessibility, and the enzyme con-
formation and stability are not considered in these calculations.
These QM/MM studies suggested the occurrence of four
concerted steps to complete the whole catalytic cycle.
However, Zheng et al. suggested that the last concerted step
of deacylation was the rate-limiting step of the reaction,171

whereas Boneta et al.170 identified the acylation as the limiting
step. This latter study also concluded that subtle differences
observed in the mechanisms of these PET degrading enzymes
could not explain all differences experimentally observed
regarding the performances of these enzymes. Hence, our
comprehensive understanding on the mechanism of these
enzymes still suffers from the lack of data and that many
questions are still left to answer. More recently, Jerves et al.173

proposed an alternative mechanism to the one by Boneta et

al.170 that comprises two steps of acylation and deacylation, the
acylation being the rate-limiting step of the overall reaction
mechanism.

2.1.2.6. Structural Characterization of Bacterial PET
Hydrolases. The number of experimentally determined crystal
structures of enzymes reported to degrade polymer chains has
boomed over the recent years. Although many of these
enzymes, including cutinases, lipases, and esterases, were
already known for their activities on cognate substrates, they
have recently regained interest when their promiscuous
hydrolytic activity on polymers was revealed. Focusing on
bacterial PET hydrolases, numerous high-resolution structures
have been elucidated87 (Table 4), evidencing that they exhibit
conserved structural properties, which has allowed classifying
them into a single subclass of the α/β-hydrolase fold enzyme
superfamily. Wei et al. first solved Streptomyces exfoliates lipase
structure (PDB 1JFR),174 harboring nine β-strands within the
protein, two of them being antiparallel.175 This fold is
effectively composed of a central β-sheet surrounded by
seven to eight α-helices and shares a common catalytic
machinery with a highly conserved catalytic triad (Ser-His-
Asp), as emphasized previously.176 Fungal PET hydrolases
involving shorter polypeptides as the already mentioned HiC
cutinase (PDB 4OYY), belong to a separated subclass,
distinctive by the presence of only five parallel β-strands,177
as well as the existence of a lid covering the active site shielding
catalytic site from the solvent. Numerous crystallographic
structures of PET hydrolases have been released, covering all
enzyme types previously described (Table 4). Interestingly,
even though IsPETase was isolated from a phylogenetically
distant mesophilic bacterium, the structure of this type IIb
enzyme (PDB 5XG0) showed a high structural similarity (Cα
RMSD of 0.78 Å) compared to the structure of the highly
thermostable LCC, a type I bacterial PET hydrolase (PDB
4EB0),152 illustrating the conserved structural folding among
bacterial PET hydrolases (Figure 10). Nevertheless, despite the
conserved fold of bacterial PET hydrolases, important
macroscopic differences have been pointed out regarding
surface properties and characteristics of the catalytic
pocket.87,134,145 Notably, when comparing type I TfCut 2

Figure 10. Three-dimensional structures of LCC (in complex with MHET, PDB 7VVE) and IsPETase (mutant R103G/S131A in complex with
HEMT, PDB 5XH3). Catalytic triad is shown in magenta, residues forming oxyanion hole in orange, and disulfide bridges in yellow. The wobbling
Trp is shown in green. Co-crystallized ligands are displayed in purple.
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with type IIb IsPETase enzymes, several features have been
highlighted such as the highly polarized surface charge of
IsPETase, its wider active-site cleft, potentially more suitable to
accommodate large substrates as well as an enhanced
hydrophobicity of the catalytic triad environment.144 Another
study of the effect of the structural differences on the active site
dynamics of bacterial PET hydrolases revealed that the
IsPETase active site displays enhanced flexibility at room
temperature compared to the thermophilic type I enzymes like
TfCut2 and LCC.143

Although many structures of native or variants of PET-
hydrolases have been determined by X-ray crystallography,
most of them are obtained in free form with no bound PET
nor soluble products of PET depolymerization (Table 4).
Nevertheless, a few structures of enzyme/ligand complexes
have been released. Interestingly, structures of inactive catalytic
serine variant of IsPETase complexed with a PET product
analogue, the p-nitrophenol (PDB 5XH2), and with the 1-(2-
hydroxyethyl)- 4-methyl terephthalate, a methyl ester of
MHET, named HEMT (PDB 5XH3), were simultaneously
released.152 These structures provided some insight into the
substrate-binding mode and supported the mechanism of
action of action of IsPETase.86,134,152 More recently, a
structure of the inactive catalytic serine LCCICCG variant in
complex with the mono(2-hydroxyethyl) terephthalic acid
(MHET) (PDB 7VVE) has been released.178 The enzyme−
substrate interactions of LCCICCG appeared highly identical to
those evidenced for IsPETase, the most notable variation being
the deviation by 30° of the aromatic moieties of the two bound
ligands. This angle deviation appeared to be determined by a
conserved Trp residue (W190 in LCCICCG and W185 in
IsPETase). Effectively, this residue adopts a wobbling
conformation and is pushed down to a B-type conformation
upon substrate binding in IsPETase152 when this B-type
conformation of the corresponding W190 in LCCICCG is not
occurring because of the presence of other H218 and F222
residues. From this perspective, LCCICCG appears to display a
more rigid substrate-binding groove than IsPETase, which may

demand PET to bend a bit to fit in.178 Additionally, three
structures of the PHL-7 enzyme (renamed PES-H1) in
complex with a PET product analogue, the 4-(2-hydrox-
yethylcarbamoyl) benzoic acid (MHETA) (PDB 7W6C,
7W6O, and 7W6Q) have been advertised but remain to be
released by the PDB.141 Similarly, a structure of the PLH-
7A2E/L210F/D233N/S255A quadruple variant (renamed PES-H2) in
complex with the bis(2-hydroxyethyl) terephthalate (BHET)
(PDB 7W66) remains to be released in the PDB.141 Finally, as
most of the X-ray structures of PET hydrolases have mainly
been determined in free form or in complex with small ligands,
the binding mode of the polymers or their constitutive
fragments (e.g., monomer, dimer, trimer, tetramer, etc.) has
mostly been inferred by computational methods, usually
derived from molecular docking.78,96,134,135,143,144,179−181 This
has led to the identification of amino acid residues that could
play a key role in polymer binding or substrate accessibility.
This also provided mutagenesis targets to improve catalytic
performances of enzymes for polymer degradation.182

Complementarily to structural characterization of PET
hydrolases, an in-depth solution NMR study of the native
LCC, as well as the sequential variants leading to the LCCICCG

quadruple mutant, has been recently carried out.183 Using
various NMR probes, such as backbone amide, methyl group,
and histidine side chain resonances, elements of a potential
interacting surface between the enzymes and MHET, used as a
surrogate of a PET chain, were identified. Moreover, MHET
induced chemical shift perturbations (CSP) in the spectra of
the different LCC variants correlated well with the previously
determined enzymatic activities of the latter. This NMR study,
by the identification of many markers, demonstrated new
possibilities to investigate further the molecular interaction
between a PET hydrolase and a PET polymer surface.

2.1.3. Considerations for Industrial Development of
Enzyme-Catalyzed PET Depolymerization. While the
previous section emphasized the tremendous work carried
out to discover and characterize efficient PET hydrolases, the
main challenge remains the development of an enzyme

Figure 11. Enzymatic PET depolymerization process decomposed in three main sections (feedstock pretreatment, enzymatic depolymerization
reaction, and product and coproduct recovery). Adapted with permission from ref 72. Copyright 2021 Elsevier.
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catalyzing PET depolymerization as a viable industrial process
assorted with full recovery of the monomers produced. Such an
industrial deployment would mean the depolymerization of
tens of thousands of tons of PET plastic waste per year, and
the production of the final monomers, preferably TA (under its
acidic from) and EG. Those recovered monomers, following
their respective purification scheme, will then be reintroduced
into a process of PET production by a conventional existing
plant. An ideal enzymatic PET depolymerization process can
be decomposed into three main sections (Figure 11):72,201 (i)
feedstock pretreatment, (ii) enzyme-catalyzed PET depolyme-
rization, and (iii) product and coproduct recovery.
Enzyme-based PET depolymerization is a heterogeneous

reaction occurring at the solid/liquid interface (Figure 12) as

PET is a water-insoluble synthetic polymer. A key parameter
affecting enzyme PET depolymerization efficiency is the
crystallinity (Xc) of the polymer. As a semicrystalline polymer,
the morphology of PET consists of both amorphous and
crystalline domains with strong effect on its degradability.75

The amorphous regions of PET consist of a mobile amorphous
fraction at a temperature above the Tg (XMAF) and a rigid
amorphous fraction (XRAF), the latter forming the interface
between the crystalline regions and the XMAF.

202 PET
hydrolases are expected to preferentially hydrolyze the
amorphous region of PET, especially in the XMAF.

78,81,82,85,154

It thus appears crucial to perform a feedstock pretreatment to
transform semicrystalline PET into an amorphous state. If not,
the enzyme will degrade solely the accessible XMAF of the
polymer and only low yield of depolymerization will be
reached. When considering the high price of PET waste and
the cost of postreactional waste treatment, a minimum yield of
90% (ideally 95%) can meet expectations of an economically
viable industrial recycling process.
Another key parameter to maximize the reaction kinetics is

the exchange surface between the solid phase constituting the
plastic and the enzyme, which is contained in the liquid phase.
This exchange surface must be improved, the finer the particle
size of the plastic powder, the faster the depolymerization
kinetics will be. Several studies have emphasized this statement
when performing PET depolymerization assays either by using
a fungal cutinase, HiC from Humicola insolens,203 or by using

b a c t e r i a l P E T - h y d r o l a s e s , T h c _C u t 1 2 0 4 o r
LCCY127G/D238C/F243I/S283C quadruple variant.205

Capital Expenditures (CAPEX) dedicated to the enzymatic
PET depolymerization section depends mostly on the
productivity of the reactor, expressed in grams of monomers
produced per liter and per hour.206 This productivity is
influenced by two parameters, (i) the concentration of PET
waste introduced in the reactor and (ii) by the kinetics of the
reaction.
As emphasized above, an efficient enzyme-based PET

depolymerization will generate TPA as a diacid and EG as a
diol, accumulating in the reaction media. Such acidification is
detrimental to the catalytic efficiencies of PET hydrolases. To
both maximize the overall productivity and favor a complete
PET depolymerization, a pH regulation using a strong base,
rapidly appeared necessary. Upon complete neutralization,
terephthalate salt instead of TPA is eventually produced.
Consequently, the saturating concentration of this tereph-
thalate salt in the medium at the completion of PET
depolymerization reaction might dictate the optimum
conditions to improve the productivity of the process by
increasing the PET waste quantity. Indeed, it is crucial to keep
the released monomers in the liquid phase to separate them
from any potential residual solid waste. The solubility of
disodium terephthalate in water is around 13% in weight and is
not dependent on the temperature between 25 and 70 °C.206
Consequently, the initial concentration of PET waste must be
around 20% w/w. On the other hand, it has been shown that
the accumulation of EG during PET depolymerization tends to
reduce further this disodium terephthalate solubility206 but
with a very limited impact when considering a complete
depolymerization of a 20% w/w PET concentration (e.g.,
around 5% of disodium terephthalate solubility reduction).
The reaction temperature is the main parameter enabling

tuning of the reaction kinetics. Beyond the effect of a
temperature increase on the enhanced enzyme-based PET
depolymerization kinetics, via Arrhenius’ law, there might have
an additional favorable improvement related to the increased
mobility of the polymer chains during its degradation. At
temperatures below Tg, indeed, the chains within the
amorphous phase are rigid, while an increased mobility of
these latter is observed at temperatures close or above Tg,
providing better substrate accessibility to the PET hydro-
lases.91,122,144,155,207 Additionally, water has a plasticizing effect
on PET, and the adsorption of water molecules into PET
amorphous regions results in a decrease of Tg by approximately
10 °C.110,208−210 This allowed slightly lowering of the
temperature to perform an enzyme-catalyzed PET depolyme-
rization. Effectively, the PET polymer is not a substrate like any
other, as it might evolve depending on the conditions in which
it is placed. Close to Tg, PET chains tend to crystallize, and this
thermally induced crystallization is even more efficient as the
temperature approaches Tg.

211 This thermally induced
crystallization appears consecutively to PET incubation at a
temperature above Tg. Those induced physical changes of PET
chains (e.g., increase of Xc and increase of XRAF) are known to
impede the enzymatic attack.155 In practice, when an
amorphous PET powder does not crystallize after 24 h of
incubation at 65 °C in an aqueous solution, a 40% degree of
crystallinity (Xc) is obtained after 24, 15, and 5 h at 70, 72, and
75 °C, respectively.78 Moreover, this crystallization kinetics
proves as fast as the PET molecular weight is low. As a result,
PET from textile waste crystallizes faster than PET arising from

Figure 12. Schematic representation of PET hydrolysis by PET
hydrolase. PET hydrolase binds to the surface of PET and acts on the
mobile fraction of amorphous regions (XMAF) when the rigid
amorphous fraction (XRAF) of amorphous regions as well as the
crystalline regions of PET remain recalcitrant to depolymerization.
Each sphere represents a monomer of MHET.
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bottle waste. As discussed above, the presence of comonomers
in the PET chains (e.g., IPA in bottle grade PET) can help
reducing the polymer regularity and thus slowing down the
crystallization kinetics. Conversely, thermally induced crystal-
lization is very limited (if occurring) below Tg, because of the
restricted chain mobility of the amorphous regions.212

In summary, two competitive events take place during an
enzyme-based PET depolymerization assay performed at a
temperature close to Tg, namely, polymer chain depolymeriza-
tion and recrystallization of the polymer. To thus maximize
PET depolymerization yields, two conditions must be fulfilled.
First, the enzyme must be sufficiently thermostable to work at
a temperature close to the Tg of PET. Second, the PET
hydrolase must have sufficient catalytic efficiency to act faster
than the recrystallization.

2.1.4. Strategies to Improve the Reaction Perform-
ances. To enhance the catalytic performances of the PET
hydrolases during a heterogeneous reaction of an enzyme-
based PET depolymerization, both entities of this binary
system have been studied for optimization. First, PET
pretreatments to increase its amorphous state as well as to
increase its surface of exchange with the enzyme. Second,
various strategies of enzyme engineering: (i) improvement of
substrate/enzyme interaction, (ii) increase of enzyme thermo-
stability, (iii) optimization of the catalytic efficiency of the
enzyme, and (iv) minimization of the enzyme inhibition.
Those different approaches targeting specifically the PET
hydrolases will be detailed further in the manuscript.

2.1.4.1. Substrate Properties Influencing Enzyme Based
Depolymerization. It could be postulated that the ester bonds
of PET could be easily hydrolyzed by many hydrolases.
However, whereas diethylene glycol terephthalate was
demonstrated to be biodegradable,213 PET proves particularly
stable. On the other hand, poly(ethylene succinate-co-
terephthalate), a copolymer of lower crystallinity than PET,
was shown to be easily hydrolyzed.214 This confirms that high
Xc limits chain mobility and consequently decreases the
availability of chain ends for enzyme degradation.77 Never-
theless, IsPETase from Ideonella sakaiensis was claimed as being
able to degrade semicrystalline PET polymer.90,148,196 How-
ever, no convincing evidence has supported this claim, in the
sense that only a very small proportion of the crystalline PET
polymer used was degraded (e.g., around 0.2% conversion for
Coca-Cola, Nestle,́ and Pepsi-Cola commercial bottles).148

Effectively, an enzyme producing monomers from a crystalline
PET object with a high crystallinity rate is not a convincing
proof by itself, the PET hydrolase being able to attack
specifically the sole amorphous regions of these objects.
Moreover, the strain Ideonella sakaiensis has been found able to
grow on amorphous PET but not on highly crystalline PET.215

Finally, Lu et al. provided definitive proof that this enzyme did
not degrade the highly crystalline PET of bottles.199 Even if
sooner or later the possibility that an enzyme will be capable to
depolymerize crystalline PET cannot be ruled out, no such
enzyme has been described yet. Consequently, different types
of PET pretreatments have been investigated to promote an
amorphogenesis of the substrate. A first approach consisted in
soaking PET flakes with EG. To evaluate the impact of this
pretreatment, a 22 h incubation at 37 °C has been performed
prior to enzyme-based depolymerization, and no change in Xc
of the pretreated PET have been observed. A positive but
unconvincing increase of TA accumulation by 17% have finally
been reported after its depolymerization.123 Another approach

aimed at reducing the crystallinity of PET consists in its
solubilization by an organic solvent, such as 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) or trifluoroacetic acid 90%(v/
v) (TFA), followed by its precipitation by addition of cold
water under intense stirring.216−218 However, these methods
utilizing toxic solvents do not appear viable for an industrial
deployment. Nevertheless, these solvent-based methods of
production of PET nanoparticles have the positive advantage
to generate particles of nanometric size (100−200 nm in
diameter) increasing the exchange surface of the polymer, and
consequently accelerating the enzyme-based depolymerization
rates217 and they are of interest to develop high throughput
screenings. This beneficial effect has also been observed when
PET objects are transformed into a powder, the enzymatic
activity exhibiting a higher activity as the size of the particles is
smaller.204,205,219 Alternatively, PET pretreatment by UV
irradiation inducing intramolecular breaks of amorphous PET
films have been investigated.220 Unexpectedly, no improve-
ment was observed after enzyme-based depolymerization, most
likely because such UV irradiation promoted increased rigidity
of the polymer chain as well as an increased PET crystallinity,
both factors preventing catalytic efficiency. Only a few reviews
emphasized these important aspects of PET pretreatments
useful to envision an industrial deployment using an efficient
enzyme-based PET depolymerization process.72,91,221 Alter-
natively, they also mentioned strategies to improve the reaction
conditions as well as the use of potential additives, these
aspects will not be developed further in this manuscript mostly
because use of additives must be considered in technoeco-
nomic feasibility. Indeed, their potential benefits must
compensate a more complex portfolio of consumables and
downstream requirements to meet the required purity of PET
monomers produced. In this sense, the simpler the technology,
the better.72,221 Finally, Tournier et al. proposed an industrial-
scale process both reducing the crystallinity of postconsumer
washed colored flakes and maximizing the PET particles sizes
for optimal activity.78 Indeed, a twin-screw extruder was thus
used to melt the PET at 265 °C to yield a molten polymer,
which was subsequently pelletized in a die plate with water at
80 °C before rapidly cooling down the PET and fixing it into
its amorphous state. Pellets of two to three millimeters in
diameter were then micronized at room temperature to achieve
a powder showing a granulometry between 200 and 250
μm.78,222

2.1.4.2. Improvement of Substrate/Enzyme Interaction.
The interaction between an enzyme and the substrate surface
has a dramatic effect on the enzymatic activity,223 even more so
if considering the heterogeneity of the enzymatic catalysis
process of PET hydrolysis. Within such aqueous systems, free
soluble enzymes encounter highly insoluble hydrophobic PET
chains, potentially interfering with the adsorption of high
amounts of biocatalysts to their surface.109 No substrate-
binding modules have been found in PETases’ structures to
promote substrate adsorption, in contrast to some enzymes
that target hydrophobic polymers found in nature (e.g.,
carbohydrate-active enzymes). Consequently, the binding
process is essentially dictated by electrostatic and hydrophobic
interactions between substrate molecules and amino acid
residues on the enzyme surface.96,185 Therefore, the improve-
ment of the enzyme−substrate interaction, with the aim at
improving the biocatalytic efficiency, has been significantly
explored over the last years, which has been specifically
emphasized in several review articles.72,182,224,225 As described
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in the following sections, two main approaches have been
developed, namely, the tailoring of the surface properties of
plastic-degrading enzymes and the use of additives for polymer
surface treatment.

2.1.4.2.1. Tailoring Surface Properties of Plastic-Degrad-
ing Enzymes. Tailoring Surface Electrostatics. Modification
of hydrophobic surface and/or electrostatic properties are
common strategies. Indeed, electrostatic repulsion between the
PET substrate and the enzyme surface might be reduced by
targeting charged, solvent exposed, protein amino acid
residues, thus enhancing binding and PET degradation
efficiency. For example, two closely related cutinases from T.
cellulosilytica DSM44535 (Thc_Cut1 and Thc_Cut2), differing
by only 18 amino acids, exhibited drastically different PET
hydrolysis properties.96 The contribution of protein surface
charged amino acid residues was extensively analyzed and the
R29N mutation of Thc_Cut2, generating a more neutral
enzyme surface in a structural area located far away from the
active site, was found to facilitate PET hydrolysis.226 Similar
catalytic enhancement of Cut190 was induced by the R228S
substitution, which was thought to generate a neutral
electrostatic surface area near the mutated site.188 Another
approach consisted in considering the PET surface negative
charge increase during its enzymatic degradation, yielding
anionic carboxyl, which attracted PET hydrolases through their
positive charge surface.166,227 Consequently, positive charge
enhancement of the PET2 (lipIAF5-2) surface by the
introduction of F105R and E110K mutations led to a 1.8-
fold improvement of PET hydrolysis yield because of the 2.7-
fold enhancement of the binding rate constant with PET.140

Alternatively, a protein EKylation strategy was developed,
inspired from zwitterionic polymers properties that were
shown to provide a more stable environment to proteins and
to reduce nonspecific adsorption.228,229 EKylation consisted of
a C-terminus addition to a PET hydrolase of a poly(EK)
polypeptide, containing repetitively alternating negatively
charged glutamate or positively charged lysine residues. Such
an EKylation of the IsPETase successfully induced an 11-fold
increase of PET hydrolysis efficiency (Table 5).197

Tuning Surface Hydrophobicity. Enzyme−substrate inter-
action could also be enhanced by tuning enzyme surface
hydrophobicity. This was exemplified by the deletion of a lid
structure formed by a 71 amino acids length N-terminal
domain of Cbotu_EstA, a cutinase from Clostridium botulinum.
Such a deletion exposed a hydrophobic surface area accessible
for PET substrate adsorption, which resulted in higher
enzymatic hydrolysis.230 Upon increase of protein surface
hydrophobic residues, however, enzymatic aggregation or
structure disruption occurred due to unwanted additional
intermolecular hydrophobic interactions, resulting in impaired
catalytic activity.
Attachment of Accessory Binding Domains. An alternative

to enhance enzyme−substrate interaction is inspired from
carbohydrate-binding modules (CBMs). CBMs are auxiliary
domains found in carbohydrate-active enzymes involved in
natural biopolymer degradation and responsible of the
enzyme−polymer adhesion mechanism.231 CBMs have pro-
miscuous abilities to bind various natural polymers and
synthetic plastics.231,232 Yet, no substrate-binding domains
have been reported for PET degrading enzymes. Numerous
approaches have thus emerged to enhance enzyme−substrate
interaction through a protein fusion using heterologous
polymer binding modules.

First reported in 2010,233 a heterologous C-terminus protein
fusion between a cutinase (UniProt ID Q47RJ6) isolated for
Thermobif ida fusca and the CBM of cellulase CenA from the
bacterium Cellulomonas f imi (CBMCenA) was generated, which
further improved efficient hydrolysis of PET fibers.234

Therefore, and owing to different properties existing between
PET and cellulose fibers, single tryptophan mutations were
introduced into CBMCenA to seek for improvements. Finally,
adhesion to PET fibers was enhanced, as well as the number of
released products from an enzymatic PET degradation, 1.4-fold
to 1.5-fold with W68L or W68Y, respectively (Table 5). The
same year, the improvement of an enzymatic degradation of
amorphous commercial PET film was described by adding a
CBM to an already known cutinase. Indeed, a C-terminus
fusion of Thc_Cut1 cutinase from Thermobif ida cellulosilytica
with trCBH, the CBM of 1,4-β-cellobiohydrolase I from
Hypocrea jecorina (anamorph of Trichoderma reesei) achieved
higher binding affinity to the PET surface and significantly
increased enzymatic PET hydrolysis efficiency.235 Lately, a C-
terminus fusion of ThermoPETase, a triple mutant (S121E/
D186H/R280A) of IsPETase, from Ideonella sakaiensis with
TrCBH, significantly improved PET hydrolysis efficiency using
commercial PET granules.236 Finally, a chitin-binding domain
(ChBD) was characterized in the CmChi1 chitinase from
Chitinolyticbacter meiyuanensis SYBC-H1.237 In the latter case, a
1.3-fold enzymatic PET hydrolysis efficiency improvement was
observed through its C-terminus fusion with the
LCCY127G/D238C/F243I/S283C variant.238 Moreover, the chimera
protein was shown to accelerate similarly the degradation of
PET samples regardless of its sourcing (e.g., commercial
amorphous PET, amorphized postconsumer waste PET or
crystalline PET). As CBMs exhibit a broad range of
hydrophobic binding affinities with many natural biopolymer
substrates, including cellulose, chitin, xylan, and starch,239 this
potential was explored with synthetic PET. In consequence,
effort has been devoted to the development of a fast and
reliable PET surface affinity assay to screen CBMs for PET film
binding.232 From the evaluation of eight CBMs belonging to
distinct CBM families, BaCBM2 of chitinase B from Bacillus
anthracis was identified as the most efficient PET-binding
module when using biaxially oriented PET (boPET) film.
Moreover, MD simulations unraveled that the mechanisms of
such binding involved a combination of a protein planar
surface harboring a tryptophan residues triad, in interaction
with phenyl rings of the polyester chains, and formation of
hydrogen bonds between other amino acid residues near the
tryptophan triad and the ester linkage of PET.
In the past decade, chimera proteins built by associating

PET hydrolases and CBMs were shown to improve initial PET
hydrolase efficiency by enhancing their substrate binding
affinity. Such improvements were demonstrated regardless of
the PET sourcing (fiber, amorphous, crystalline, amorphized
waste, and boPET), as shown in Table 5. Protein engineering
studies using CBMs revealed that these domains could
effectively promote adhesion of chimera proteins to PET
surface. Similarly, research works were extended to other
domains, such as polyhydroxylalkanoates domains,235 hydro-
phobic domains,240 and anchor peptides.241 For example, a C-
terminus fusion of Thc_Cut1 cutinase from Thermobif ida
cellulosilytica, with the polyhydroxylalkanoate-binding module
(PBM) of the PHA depolymerase from the bacterium
Alcaligenes faecalis, achieved higher performances (binding
affinity and enzymatic PET hydrolysis efficiency) than its
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counterpart using a CBM.235 Hydrophobins are small
amphiphilic proteins (<20 kDa) with surfactant-like behav-
ior242 produced by filamentous fungi. Mechanistically, hydro-
phobins can self-assemble into amphipathic layers at hydro-
phobic−hydrophilic interfaces.243 Hydrophobins were shown
to improve the enzymatic binding affinity to the PET surface
when introduced as free molecules or used for material
pretreatment (see the next section). The highest improvement
of PET hydrolysis efficiency was described when hydrophobins
were fused to a PET hydrolase. For example, class II
hydrophobins (HFBs) from the fungal genus hypocrea, which
are small secreted hydrophobic proteins, were described to
stimulate enzymatic PET hydrolysis when expressed as fusion
proteins.244 Indeed, a C-terminus fusion of HFB4 or HFB7 to
Thc_Cut1 cutinase from Thermobif ida cellulosilytica could
enhance the effective adsorption as well as the degradation
activity of the PET film by more than 16-fold.240 In contrast,
protein fusion between HFB9b, an hydrophobin from
pseudoclass I, and Thc_Cut1, showed very poor performances
toward PET hydrolysis efficiency, even if HFB9b only was
previously shown to have very good PET pretreatment
properties. This observation corroborates the fact that different
classes of hydrophobins affect enzymatic PET hydrolysis
differently. This also suggests that, for each new PET hydrolase
to improve through this approach, an extensive evaluation of
each individual type of hydrophobin is necessary.240 Moreover,
any beneficial impact on PET hydrolysis efficiency using a PET
hydrolase fusion protein with either CBM, PBM, hydro-
phobins, or anchor peptides needs to be specifically evaluated
for every PET hydrolase. A variant of IsPETase showed
impaired PET degradation yields when produced as a fusion
protein with the hydrophobin HFB7 or a PBM of the PHB
depolymerase from Ralstonia pickettii.236 Similarly, no specific
PET depolymerization improvement was detected when using
a variant of LCC harboring a C-terminal extension composed
by either the PBM of the PHA depolymerase from Alcaligenes
faecalis or the hydrophobin HFB4.238

Amphiphilic properties of some bioactive polypeptides are
involved in their strong adherence to the surface of various
synthetic polymers.247,248 This feature could be leveraged to
improve enzyme polymer hydrolysis. For instance, a chimeric
fusion was constructed by genetically linking Tachystatin A2
(TA2) anchor peptide to the C-terminus of a Thermomono-
spora curvata cutinase, which allowed achieving a 6.6 times
higher polyester-PU nanoparticles hydrolysis efficiency.241

Another anchor peptide, namely, the dermaseptin SI (DSI),
could immobilize phenolic acid decarboxylase (PAD) to PET
surface.248 Lately, a comparative study was performed to
improve PET hydrolysis efficiency of TfCut2, a cutinase from
Thermobif ida fusca.249 The authors generated fusion proteins
by adding a domain type from each previously described. PET
binding abilities comparisons were performed using either
BaCBM2 CBM,232 HFB4 or HFB7 hydrophobins,240 DSI248

or TA2 anchor peptides.241 Finally, the N-terminus fusion
protein between DSI and TfCut2 achieved a 22.7-fold higher
PET depolymerization hydrolysis efficiency (Table 5).
The lack of surface substrate-binding domain for PET

degrading enzymes can be efficiently compensated by the
addition of a PET substrate-binding domain, through the
expression of a chimera protein. Even if numerous domains
have already been described, directed evolution has been
applied to these peptides to improve their polymer binding
affinities, and the ultrahigh throughput screening systems

developed concomitantly could potentially be used to engineer
more efficient enzyme fusion for plastic degradation.250

Nevertheless, high ligand-binding affinity may come at the
cost of turnover speed.251 This trade-off, depicted by the
Sabatier principle, is well-known within heterogeneous
catalysis252 and a recent study claimed that both TfCut2 and
LCC PET-hydrolases have too strong intrinsic interaction with
PET polymer for an optimal turnover.253 Effectively, a 20-fold
improvement of kcat for TfCut2 as well as a 5-fold
improvement for LCC by weakening substrate binding using
the surfactant cetyltrimethylammonium bromide (CTAB) is
demonstrated. These results need to be put in perspective with
depicted strategies of enzyme−substrate interaction enhance-
ment using accessory binding domains. They are also pointing
out the lack of a general framework to rationalize the kinetics
of these interfacial enzymes hampering fundamental and
comparative descriptions of PET-hydrolases.253

2.1.4.2.2. Additives for Polymer Surface Treatment.
Hydrophobins can improve the enzymatic binding affinity to
the PET surface when introduced to the enzymatic PET
depolymerization assay as free molecules or used for material
pretreatment.244−246 For instance, addition of the lytic
polysaccharide monooxygenase (LPMO) from the white-rot
fungus Pycnoporus coccineus, named PcAA14A, even under its
enzymatically inactive form, improved the PET degradation
efficiency when added to IsPETase by 30%.254 The detailed
mechanism of PET substrate recognition by PcAA14A is still
misunderstood because no auxiliary domain has been identified
yet;255 this LPMO might act itself as a CBM or a hydrophobin.
Differently, a 3 h PET pretreatment by class I hydrophobins
RolA from Aspergillus oryzae or HGFI from Grifola f rondosa
was necessary to significantly decrease the water contact angle
at the polymer surface. In consequence, the self-assembly of
the hydrophobins on the PET surfaces exposed their
hydrophilic portions. The consecutively added IsPETase
would then accumulate better at this modified substrate
interface, enabling increase of PET hydrolysis efficiency by
1.5−1.6-fold245,246 (Table 6).
Another alternative to enhance enzyme adsorption to the

polymer surface could be through a PET substrate
functionalization. Indeed, electrically charged amphiphilic
molecules like surfactants can cover the PET surface through
their hydrophobic portion, while the charged hydrophilic
portion, exposed to the aqueous solution, can attract a specific
PET depolymerase. Notably, a preincubated amorphous PET
film with sodium tetradecyl sulfate (C14-OSO3

−) was 128-fold
more prompt for depolymerization by the IsPETase enzyme
than without treatment by this anionic long-chain alkyl
surfactant.227 The rationale behind this major improvement
was that three positively charged amino acid residues (R53,
R90, and K95), determining a large cationic region localized
near the substrate binding site pocket of the enzyme, were
driving ionic interaction with the anionic portion of the
surfactant. In this way, the enzyme showed higher accessibility
to the PET surface. Alternatively, rhamnolipids were also
shown to improve by 4.5-fold the PET depolymerization
mediated by the IsPETase enzyme when added in solution.256

Later, and in an opposite manner, a preincubated amorphous
PET film with dodecyl trimethylammonium (C12-N(CH3)3+)
as cationic surfactant was 12.7-fold more susceptible for
depolymerization by a TfCut2 variant of the enzyme from
Thermobif ida fusca than without PET surfactant pretreat-
ment.166 Finally, it is important to consider that promoting
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PET depolymerization through enzyme−surfactant interac-
tions does not follow a straightforward development, because it
relies notably on enzyme surface properties. For instance, such
protein−surfactant interactions were shown to be deleterious
by promoting structural changes, protein denaturation or
aggregation, when applied to HiC enzyme.257−259

2.1.4.3. Improvement of Enzymatic Thermostability. As
emphasized previously, thermostability of PET hydrolases is
highly desired for an industrial PET depolymerization,
especially for PET polymer exhibiting high Tg. However, the
overall low thermostability of naturally occurring PET
depolymerases is one major bottleneck for practical applica-
tions. Inspired by the unique structural features of
thermophilic proteins, effective strategies have been success-
fully developed to improve the thermostability of PET
hydrolases.225 Numerous studies reported thermostability
improvements of PET hydrolases over the years and were
compiled in recent reviews.74,87,88,91,221,224,225,260−262 Several
distinct approaches that have been successfully applied to PET
hydrolases to increase their PET depolymerization efficiencies
at elevated temperatures are discussed below.

2.1.4.3.1. Decrease of Aggregation Phenomena. Glyco-
sylation of proteins expressed in eukaryotic microbial cells can
enhance enzyme thermostability by strengthening the protein
thermodynamic stabilization and by preventing thermal
protein aggregations. It has been demonstrated that the
LCC, one of the most thermostable PET hydrolases, with a
Tm of 86 °C, was susceptible to thermal-induced aggrega-
tion.263 This may explain why despite its high Tm value, the
protein half-life observed at high temperatures were relatively
low (40 and 7 min at 70 and 80 °C, respectively).192 The
expression of the LCC PET hydrolase in the eukaryotic Pichia
pastoris, leading to a glycosylated form of the enzyme via post-
translational modification, enabled increase of the temperature
at which the aggregation phenomenon is delayed by 10 °C,
slowing down the aggregation kinetics for temperatures above
70 °C and increasing PET depolymerization efficiency at
elevated temperature. However, the correct positioning of a
glycan moiety at the surface of a protein is not well controlled
and might interfere with the positioning of the PET chain in
the active site of the enzyme.204,264,265 Moreover, the nature of
the glycan moiety, in terms of length and composition, will be
dependent on the expression host. Consequently, this strategy
must be implemented directly in the final host for enzyme
production, provided that this latter has the machinery to make
such post-translational modification.

2.1.4.3.2. Thermal Stability Improvement by Addition of
Disulfide Bridges. Most PET hydrolases have divalent metal
sites in their three-dimensional structure. The number of such
sites can be up to three. For instance, three Ca2+ binding sites
were identified in the Cut190 crystal structure (PDB
5ZNO).111 The addition of divalent ions such as Ca2+ or
Mg2+ has been shown to increase both thermostability and
optimum temperature.111,188 For instance, the stabilizing effect
of calcium (Ca2+) on LCC was assessed by circular dichroism
(CD) demonstrating a 12 °C increase of Tm when
supplemented by 20 mM Ca2+ (Tm = 98 °C),192 while
differential scanning fluorimetry (DSF) gave a value of 9.3 °C
increase when using saturating concentrations of Ca2+.78 X-ray
structures combined to MD simulations of substrate-bound
states also suggested that Ca2+ binding in Cut190 could trigger
conformational transitions between the open and closed states
and drive the catalytic cycle.262 Nevertheless, this observationT
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might be specific to Cut190, because until now the Ca2+
binding site involved has not been identified in other PET
hydrolases.183,262

Disulfide bonds contribute to the thermal stability of
enzymes. For instance, LCC contains a disulfide bond between
Cys275 and Cys292, well conserved among thermophilic
bacterial PET hydrolases, and its removal leads to a 15.6 °C
loss of Tm.

192 Introduction of disulfide bridges to mimic the
beneficial effects of these Ca2+ binding sites, and to remove the
metal dependence, potentially detrimental for downstream
processing of the PET depolymerization assay, were explored.
Indeed, this strategy successfully led to the improvement of the
thermal stability of various cutinases such as TfCut2 (variant
D204C/E253C; Tm 92.8 °C; +21.6 °C),266 Cut190 (variant
D250C/E296C; Tm 79 °C; +20.0 °C),111 and LCC (variant
D238C/S283C; Tm 94 °C; +7.8 °C)78 (Table 7). Despite a Tm

of 86.2 °C, the LCC is not thermostable enough to carry out a
reaction at 65 °C for 3 days. Although the D238C/S283C
variant showed a 28% decrease in activity, it contributed to
reach one of the most impressive depolymerization results
obtained at 72 °C, a temperature close to the Tg of the PET
polymer.78 However, those results were only made possible
because the depolymerization kinetics were faster than the
crystallization kinetics and has implied a concomitant increased
of the specific activity of the LCC PET hydrolase on top of its
thermostability improvement, leading to the LCCICCG

quadruple variant. This variant was able to depolymerize
90% of a 200 g·L−1 solution of PET in 10 h, which is an
appropriate time frame avoiding recrystallization of PET.78

Nevertheless, LCCICCG variant could not reach a conversion
yield higher than 55% when the PET depolymerization was
performed at 75 °C. Indeed, at this temperature, the kinetics of
recrystallization prevailed over the kinetics of depolymeriza-
tion. Effectively, a crystallinity higher than 40% was reached in
only 6 h, and the reaction stopped before a high conversion
was reached.78 Additionally, the same approach of disulfide
bridge introduction, targeting the same Ca2+ binding sites as
previously described for type I PET hydrolases, has been
performed in the type IIb IsPETaseS121E/D186H/R280A triple
variant, named ThermoPETase, and showed a Tm increase of
11.6 °C (Table 7).267 Lastly, a disulfide bridge introduction
has been introduced in the similar calcium binding site of the

type I PHL7 PET hydrolase (renamed PES-H1). When this
introduction showed no Tm improvement at low concentration
of potassium phosphate buffer (e.g., 77.1 °C to 76.8 °C), the
increased of buffer strength improved the wild-type enzyme Tm
to 84.9 °C and the disulfide bridge addition leaded to an
additional gain of 6.4 °C of Tm (Table 7).141 However, use of
high concentration of potassium phosphate buffer will be an
economic brake on the industrial deployment of this solution.

2.1.4.3.3. Thermal Stability Improvement by Other
Approaches. Formation of hydrogen bonds and hydrophobic
interaction between a proline and neighboring residues can
stabilize the tertiary structure of a protein. Furthermore, the
proline side chain’s cyclic structure may contribute to higher
structural rigidity. The introduction of proline residues has
been successfully exemplified to increase the thermostability of
PET hydrolases. Effectively, as early as in 2012, the beneficial
impact on protein thermostability by the substitution of the
S219 by a proline in the Est119 bacterial PET hydrolase from
Thermobif ida alba AHK119 has been reported.101 The
corresponding mutation was further transferred in the
Cut190 bacterial PET hydrolase of Saccharomonospora viridis
AHK190. Indeed, the Cut190S226P variant showed a Tm
increased by 3.7 °C assorted by a PET depolymerization
efficiency improvement.110 Alternatively, the comparison of
protein sequences of the PET hydrolases from the
Thermobif ida genus highlighted a proline to threonine
evolution regarding the amino acid at position 253 for both
tandem PET hydrolases originating from Thermobif ida alba
AHK119 (e.g., Est1 and Est119). A thermostabilizing effect of
this proline was consecutively demonstrated by generating the
Est1T253P variant, which showed a 5 °C increase of Tm.

107

Recently, the thermostability of the LCCICCG quadruple variant
has also been improved by introducing a proline at the position
N248.178 This position, identical to the previously described
T253 residue from Est1, has been targeted based on similar
approach, a comparison of protein sequences with the most
thermostable PET hydrolases from the Thermobif ida genus.
The introduction of this N248P mutation in the LCCICCG

quadruple variant led to 3.6 °C increase of Tm. Alternatively,
the thermostabilizing effect of this N248P monovariant in LCC
has previously been described in a Carbios’ patent, where a 4.4
°C increased of Tm was claimed.268 Beyond the fact that the
introduction of this N248P mutation to the LCCICCG

quadruple variant illustrates the potential additivity of the
mutations properties (e.g., increase of Tm), authors claimed
that this variant exhibited higher PET depolymerization
activity at 80 and 85 °C than LCCICCG based on initial rate
determinations.178 This statement might be biased and
subjected to discussion. Effectively, as emphasized previously,
performing an enzyme-based PET depolymerization at a
temperature higher than the Tg of the polymer is detrimental
to enzyme performances, principally because of the too-fast
PET recrystallization kinetics and the inability of the PET
hydrolases to depolymerize crystalline region of the PET
(Figure 12).75,78,155 Effectively, with only 3% conversion,
achieved after 7 days of enzymatic treatment using a low PET
concentration (e.g., 8 g·L−1), it can be postulated that the
extremely high recrystallization rates, anticipated for assays
performed at 80 and 85 °C, were responsible for the very low
yields of the PET depolymerizations reported and were
interfering with an unbiased comparison of the performances
of the PET hydrolases involved.

Table 7. Stabilizing Effect of Ca2+ Divalent Cations Addition
and Disulfide Bridge Introduction through the Estimated
Tm Comparison of Selected PET Hydrolasesa

PET hydrolase name
Tm (°C), no

Ca2+
Tm (°C), with

Ca2+ ref

LCC 86.2 98.0 130,192
LCCD238C/S283C 94.0 97.6 78
TfCut2 71.2 84.6 93,266
TfCut2D204C/E253C 92.8 92.8 266
Cut190 59.0 75.0 188
Cut190D250C/E296C 79.0 78.9 111
ThermoPETase 56.6 ndb 194,267
ThermoPETaseN233C/S282C 68.2 nd 267
PHL7 84.9 nd 141
PHL7R204C/S250C 91.3 nd 141

aThermoPETase is the given name of the triple variant
IsPETaseS121E/D186H/R280A showing a 10.6 °C increase in Tm compared
to the IsPETase’s Tm of 46 °C.194 bnd, not determined.
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Hydrogen bonding network improvement can maintain
protein higher-order structures, which can promote structural
stability and improve resistance to high temperature.225

Engineering the formation of hydrogen bonds at the flexible
regions to generate a more stable enzyme structure is another
method to improve thermostability.269 When the IsPETase
derived from the bacterium Ideonella sakaiensis discovery has
been released in 2016, the Science’s research article received an
incredible media attention and scientific success,90 mostly
because of the ability of the organism to grow on PET as the
sole carbon source. The IsPETase showed higher degradation
activities when performing an enzyme-based PET depolyme-
rization at moderate temperature (e.g., 30−40 °C) than other
thermostable PETases already described (e.g., BTA-1, BTA-2,
LCC). Nevertheless, the IsPETase, with a Tm as low as 46 °C,
suffered from very low thermostability, and once the specific
activities of different PETases were compared at their optimum
temperatures, the IsPETase was shown to be from 2 to 4
orders of magnitude less efficient than BTA-1 or BTA-2 from
Thermobif ida fusca DSM43793 and LCC, respectively.78

Consequently, numerous strategies have been conducted to
increase the thermostability of this promising enzyme, notably
by the introduction of hydrogen bonds. For instance, using the
structural information on IsPETase, and more particularly the
B-factor values as a descriptor of the flexibility of the protein, a
rational protein engineering strategy was applied to search for
variants of improved thermal stability and PET degradation
activity. Indeed, a rational protein engineering approach
coupled with an evolutionary comparison between the
IsPETase and the TfCut2 thermostable PET hydrolase (Tm
= 69.8 °C) has been performed. Focusing on the β6−β7
connecting loop, it has been identified a His-Asp pairing in
TfCut2 facilitating H-bond formation. Therefore, the
IsPETaseS121E/D186H double variant was generated to match
the TfCut2, which indeed improved the Tm by 6 °C.194
Drawing on previous work, showing enhanced catalytic activity
with a R280A mutant,134 authors further generated the
IsPETaseS121E/D186H/R280A triple variant (called ThermoPE-
Tase), revealing a Tm value increased by 8.8 °C (Tm = 57.7
°C). The PET degradation activity was enhanced by 13.9-fold
at 40 °C in comparison to parental wild-type enzyme.194

However, this positive result must be put into perspective
because when using this improved variant with an enzyme
loading of approximately 1.5 mg·g−1 of PET, less than 0.1% of
the PET introduced (10 g·L−1) was depolymerized in 72 h
after an objective but approximate calculation of the yield
reported. Effectively, this research article, as too many other
ones, is performing PET depolymerization using a 6 mm
diameter sample of PET film, without quantitation of exact
mass introduced, additionally authors are comparing their
enzyme improvements based on the quantity of released
monomers (e.g., TA, MHET, and BHET), avoiding de facto
any comparison and pertinence evaluation with other studies
releasing objective yields.
Another approach consisted in a computational strategy

called GRAPE was recently devised. The GRAPE strategy
combined a systematic clustering analysis with greedy
accumulation of beneficial mutations in a computationally
derived library. When applied to IsPETase, this approach led to
the redesign of a variant of IsPETase containing 10 mutations,
called DuraPETase, that exhibited a Tm drastically increased by
31 °C (Tm = 71 °C).196 Moreover, an enhanced degradation
by 300-fold toward semicrystalline PET films (crystallinity:

30%) at 37 °C was obtained, corresponding to a maximum of
15% degradation at 37 °C of a 4g·L−1 PET solution in 10 days.
A neutral, deep learning-based approach has been used to

improve catalytic activity and thermostability of the
IsPETase.199 The most thermostable variant described has an
additional N233K mutation with respect to DuraPETase and
has a Tm of 83.5 °C, leading to a first significant enzyme-based
PET depolymerization efficiency reported when using an
IsPETase variant at 60 °C (unlike the ThermoPETase and
DuraPETase). The N233K mutation is establishing an
intramolecular salt bridge between residues at position K233
and E204. Additionally, it can be postulated that dependency
to Ca2+ has been removed because these two residues were
part of the three residues that were involved in Ca2+
coordination in IsPETase (e.g., E204, N233, and S282).
Moreover, when a disulfide bridge addition in ThermoPETase,
leading to the ThermoPETaseN233C/S282C variant, was showing
a 11.6 °C increase of Tm,

267 the ThermoPETaseN233K variant,
targeting and stabilizing the same N233 residue, exhibited a
similar range of Tm enhancement with an 8.6 °C of
improvement.199 Similar mechanism of Tm enhancement in
the reported DuraPETaseN233K variant could be reasonably
hypothesized. Finally, the best compromise between thermo-
stability and activity has been reported for the variant called
FAST-PETase obtained through the addition of N233K and
R224Q to the ThermoPETase variant.199 The thermostability
of the FAST-PETase being only of 67 °C, the PET
depolymerization was carried at 50 °C. At this relatively low
temperature, a PET depolymerization yield of 90% was
achieved after 14 days of enzymatic treatment of a 45 gPET·
L−1 solution (e.g., amorphized PET bottle flakes) and using a
total enzyme load of 1.8 mg·g−1 of PET. Indeed, fresh enzyme
loading was performed every day during the 14 days of the
PET depolymerization because of a fast FAST-PETase
inactivation. Consequently, such a PET depolymerization
process did not seem economically relevant because of the
time length necessary for a complete depolymerization but also
because of the very high dilution of the monomers generated
that are collected at each step of the fresh enzyme loadings,
jeopardizing their efficient purification under economic
constraint.
Recently, computational approaches based on statistical

methods and machine learning (ML) have been used to
rationalize how structural characteristics derived from MD
simulations were related to protein thermal stability.270 These
ML models were established based on a data set extracted from
the ProTherm database (Thermodynamics Database for
Proteins and Mutants)271−273 and then used to predict thermal
stability changes induced by sequence variations. Indeed, from
a set of 177 predicted single-point variants of TfCut2 PET
hydrolase, nine variants were selected for experimental
evaluation, and among them, seven revealed an enhanced
thermal stability compared to parental wild-type enzyme.270

Then, following a semirandom recombination of the
mutations, the TfCut2S121P/D174S/D204P triple variant showed
an enhancement of the Tm value by 9.3 °C assorted by a 46-
fold PET depolymerization efficiency improvement, when
performed at 70 °C. The enzyme efficiency improvement
appeared impressive, however, even if the PET depolymeriza-
tion was performed by introducing crystalline PET (e.g.,
crystallinity 35.5%) the low substrate loading of 10 g·L−1

combined with the high amount of enzyme used (e.g., 5 mg·
gPET−1) might biased the claimed PET depolymerization
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efficiency improvement. Indeed, authors emphasized that there
was no residual activity of the wild-type enzyme after 30 min,
while the TfCut2S121P/D174S/D204P triple variant showed some
residual activity up to 5 h when used at 70 °C.
Finally, with the development of an automated, high

throughput directed evolution platform for engineering PET
deconstructing enzymes, a new highly thermostable variant of
IsPETase, namely HotPETase, with a Tm of 82.5 °C, has been
reported.200 Effort was made to overcome the limitations of
structure-guided design using computational methods by
increasing the whole throughput of their enzyme variants
evaluation process and performing directed evolution of
IsPETase. After multiple rounds of evolution, each targeting
a specific set of residues identified either by the literature as
potentially important for stability and catalysis for the
improvement of IsPETase and LCC or by the protein
flexibility properties or by their structural localization (e.g.,
end of α-helices and β-sheets) or by other consideration, the
authors were able to evaluate >13 000 IsPETase variants and to
identify the HotPETase variant, containing 21 mutations, and
able to operate near or above the Tg of the PET polymer.
When performing a PET depolymerization, using a low
concentration of crystalline PET powder (e.g., 4 g·L−1,
crystallinity 36.4%, 300 μm) and around 0.3 mg of HotPETase
per gram of substrate, approximatively 14% PET conversion
was obtained after 50 h of treatment at 40 °C. The ability of
this evolved enzyme to work closer to the Tg of PET was
proven by performing a similar PET depolymerization at 60
°C, but it appeared that the thermostability improvement of
the HotPETase was not sufficient. Indeed, after 5 h, only 8%
conversion was reached, and the enzyme was already
inactivated.200

Overall, considerable efforts have been devoted over the
years to improve the thermostability of these catalysts used for
enzyme-based PET depolymerization. The main objective
being the development of a whole process of depolymerization
operating at a temperature as close as possible to the Tg of PET
(Figure 13).

2.1.4.4. Improvement of Enzyme Catalytic Activity. As
emphasized previously, a lot of efforts have been made to
improved PET hydrolases properties (e.g., substrate/enzyme
interaction, enzyme thermostability), and the optimization of
the PET hydrolases catalytic efficiency is probably one of the
most challenging. Numerous studies have reported catalytic
activity improvements of PET hydrolases over the years and
were compiled in recent reviews.88,145,224,225,261

The interaction between the PET hydrolase active site and
the PET substrate is a critical factor over the efficiency of the
PET depolymerization. Indeed, strategies of PET hydrolases
engineering for catalytic activity improvement are mainly
focused on this active site region.143,274 A common approach
was to increase the polymer substrate accessibility by wider
opening of the enzyme active site. Indeed, the L182A variant of
Fusarium solani cutinase generating an enlarged active site cleft
showed increased hydrolytic activity toward PET.275 Since
then, similar approaches were successfully implemented in
engineering numerous PET hydrolases such as Cut190,
IsPETase, LCC, or PE-H, enhancing their degradation activity
toward the PET or the model substrate poly(butylene
succinate-co-adipate) (PBSA).136,193,276,277 Effectively, a sub-
strate-bound 3D structure modeling strategy have been
developed to determine the putative binding pocket on the
crystal structures of the Cut190S226P/R228S thermostable

variant.276 The identified residues were then divided in several
groups related to the enzyme catalysis (e.g., vicinity of
oxyanion hole or catalytic triad, stabilization of the negative
charge of the tetrahedral intermediate formed) and further
targeted for amino acid mutagenesis. Many evaluated protein
mutants were negatively impacting enzyme properties, but the
I224A and Q138A variants as well as the I224A/Q138A
double variant were dramatically increasing the Kcat toward
PBSA even if the larger substrate binding surface area in the
active site generated led to a loss of affinity for the polymer
substrate. Similarly, a single amino acid substitution, namely
Y250S, have been generated in the PE-H PET hydrolase,
resulting in a rearrangement of the active site conformation
having then twice the volume than in wild-type PE-H.136 This
rearrangement was potentially favored by the prevention of a
polar contact between the Y250 residue located next to the
catalytic active histidine (H249) and a loop region of the active
site cleft. This active site structural modification led to a 30%
increased of PET depolymerization yield. Structure-guided
mutagenesis has also been applied to IsPETase to perform
rational modification of certain residues, either located in the
identified substrate binding pocket and/or located in a
hydrophobic cave above the catalytic triad.193 Amino acid
substitutions that induced a wider opening of the binding
center (e.g., Y58A, W130A, W130H, and A180I) or that
enhanced aromaticity on the edge of the binding pocket
(S185H) generated higher activity than that of the wild-type
IsPETase. Another structural analysis combined with molecular
docking of the tetrahedral intermediate from 2-HE(MHET)4
suggested that the substrate binding site of IsPETase formed a
long, shallow L-shaped cleft on a flat surface, the surface of the
substrate binding cleft being mainly hydrophobic with the
length of the cleft of ∼40 Å. Additionally, based on the scissile
ester bond of 2-HE(MHET)4, the substrate binding site could
be divided into two subsites, subsite I and subsite II, being able
to bind one and three MHET moieties, respectively. The polar
R280 residue located at the end of subsite IIc showed a
protruding shape, and authors hypothesized that it was

Figure 13. Melting temperature values of selected PET hydrolases
and the highest Tm reported through various engineering efforts in
comparison with the Tg of PET (no addition of calcium considered).
Reported Tm of improved PET hydrolases also had improved or
unchanged plastic degradation efficiency. Type I PET hydrolases:
TfCut293 and TfCut2D204C/E253C/D174R/G205D,266 Cut190188 and
Cut190S226P/R228S/Q138A/D250C/E296C/Q123H/N202H,111 LCC130 and
LCCF243I/D238C/S283C/Y127G/A59K/V63I/N248P,178 BhrPETase,132 PHL7141

and PHL7R204C/S250C.141 Type IIa PET hydrolases: PET2140 and
PET2R47C/G69C/F105R/E110 K/S156P/G180A/T297P.140 Type IIb PET hydro-
lases: IsPETase90 and HotPETase.200 Adapted with permission from
ref 88. Copyright 2021 MDPI.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00644
Chem. Rev. XXXX, XXX, XXX−XXX

AC

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00644?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hindering stable binding of PET substrate.134 As expected, the
IsPETaseR280A variant showed no change in BHET hydrolysis
efficiency compared to the wild-type enzyme. Indeed, because
of its distal localization from the catalytic site, the R280 residue
was not expected to directly participate in the substrate
binding when BHET was used. Conversely, PET depolyme-
rization efficiency was increased by 22% to 32% after 18 h and
36 h of enzymatic treatment, respectively. Authors proposed
that the R280A amino acid substitution was modifying the
conformation of the substrate binding site (subsite IIc) of
IsPETase, providing a hydrophobic and a nonprotruding cleft
and allowing longer substrate binding even if located distal
from the catalytic site with 22.8 Å.
However, a wide active site might also have weaker substrate

affinity due to reduced binding ability.276 Consequently, when
developing a PET hydrolase engineering approach, there is no
guarantee that an improved catalytic performance will arise
according to an increase of the size of the PET substrate
binding space. Indeed, the IsPETaseS238F/W159H double variant
where the amino acid substitutions were narrowing the active
site showed an increased PET depolymerization efficiency.
This catalytic activity improvement might be explained by a
positive combination of π-stacking interaction induced by the
S238F mutation and of deeper sitting of the PET substate in
the active site cleft enabled by the W159H amino acid
substitution.144

Alternatively, beyond the size of the PET hydrolase active
site, the hydrophobicity of the substrate binding groove has
also been successfully tuned. Indeed, an increase of hydro-
phobicity could be advantageous for PET binding due to
higher affinity.278 Indeed, through a molecular docking of a
PET2 molecule (e.g., dimer of MHET) in the active site of an
IsPETase crystallographic structure (PDB 5XG0), the authors
found six key residues surrounding the substrate-binding
groove. The enzymatic activities of the R61A, L88F, and I179F
mutants exhibited 1.4-fold, 2.1-fold, and 2.5-fold increases,
respectively, in comparison with the wild-type IsPETase. When
it was previously reported that the I179A mutation was
deleterious to the enzymatic activity because of a decreased
interaction with PET substrate,152 the I179F amino acid
substitution, with a more hydrophobic phenylalanine residue
and larger branch chains, showed the highest PET depolyme-
rization efficiency.278 Such an amino acid might function like
the two inherent substrate phenyl ring binding residues
previously reported (e.g., W156 and W130)134,152 and involved
in the immobilization of the phenyl ring of PET.
Furthermore, the combination of strategies aiming at

opening the size of the active site and at increasing its
hydrophobicity could synergistically improve the PET hydro-
lases catalytic performances. Indeed, the BTA-1Q132A/T101A

double variant, creating more space and increasing the
hydrophobicity in the active site, exhibited significantly higher
PET depolymerization efficiency than the wild-type enzyme.279

Interestingly, the type IIb IsPETase shares high sequence
identity to other type I thermostable PET hydrolases but has
higher PET depolymerization efficiency at ambient temper-
ature.90 Structural analysis suggested that IsPETase harbored a
substrate-binding residue, W185, with a wobbling conforma-
tion (e.g., conformation A, B, and C types) assorted with a
highly flexible W185-locating β6−β7 loop, when in other
homologous enzymes, the W185 conserved residue, strictly
adopted a C-type conformation.152 It was further hypothesized
that this structural variation should be attributed to the S214

residue whose equivalent was a histidine in all others
homologous enzymes.280 The small side chain of S214 could
leave W185 free to wobble, when in the other enzymes, the
S214 equiv His residue packed against and restricted the Trp
side chain from rotating. Additionally, the I218 residue from
IsPETase whose equivalent was a phenylalanine in all others
homologous enzymes was also identified as involved in the
W185 wobbling conformation. Introduction of the mutations
His/Phe to Ser/Ile to increase substrate-binding site flexibility
in the thermostable LCC and TfCut2 PET hydrolases were
proved to enhance PET depolymerization efficiencies280 when
performed at low temperatures. Effectively, even if the
LCCH218S/F222I double variant PET depolymerization efficiency
was improved when enzymatic treatment was performed from
40 to 60 °C, an important loss of efficiency was shown when
performed at higher temperatures.
Recently, more systematic approaches using the knowledge

accumulated over the last years have been developed to
improve PET hydrolases catalytic activity. Effectively, struc-
tural analyses and computational modeling using molecular
dynamics simulations have provided better understanding of
how product inhibition and multiple substrate binding modes
influenced key mechanistic steps of the enzymatic PET
depolymerization by PET hydrolases. For instance, the key
residues involved in substrate-binding as well as those
identified as mutational hotspots in homologous PET
hydrolases were subjected to mutagenesis in the type I
thermophilic PHL7 PET hydrolase.141 These approaches
compensated the lack of rationalization by a high throughput
development of screening methodologies. Nevertheless, the
PHL7L92F/Q94Y double variant, incidentally, was introducing the
equivalent amino acid residues of LCC (e.g., F125 and Y127)
and showed a low increase of Tm of 1.8 °C but an impressive
PET depolymerization efficiency improvement of 2.3-fold and
3.4-fold against amorphous PET films and pretreated real-
world PET waste, respectively, when enzymatic treatment was
performed at 72 °C.141 As emphasized previously, since the
first release of IsPETase properties in 2016,90 numerous
studies have developed intensive efforts to successfully improve
its thermostability as well as its catalytic activity. Indeed, with
the release of DuraPETase, a variant of IsPETase containing 10
mutations, obtained after greedy accumulation of beneficial
mutations, a high number of single variant properties (e.g., Tm
and catalytic activity) were also released. Some of these
variants showed improved catalytic efficiency without Tm
improvement and might not have been considered when
constructing the DuraPETase variant.196 Similarly, the release
of the FAST-PETase variant, adding N233K and R224Q
amino acid substitutions to the ThermoPETase variant of
IsPETase, emphasized the implementation of a neutral,
structure-based, deep learning neural network-based approach
to determine the set of variants to evaluate.199 This very
innovative approach, still successful, might suffer from a lack of
rationalization and reproducibility if applied to other PET
hydrolases. Nevertheless, a few single amino acid substitutions
(e.g., S121E, T140D, R224Q, and N233K), either in IsPETase,
ThermoPETase, or DuraPETase, were shown to improve
enzyme activity and were not subjected to any extensive
discussion regarding their individual contribution to enzyme/
substrate complex interaction. Conversely, computational
design of an improved TfCut2 PET hydrolase by mining
molecular dynamics simulations trajectories tried to rationalize
how structural characteristics derived from MD simulations
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were related to protein thermal stability through computational
approaches based on statistical methods and machine learning
(ML).270 Numerous predicted single-point variants have been
evaluated regarding their Tm and specific activities and further
combined. Several combinations showed improved catalytic
activity and might still need to be better characterized to avoid
misinterpretation of the mechanisms involved mostly because
of the concomitant Tm increase and the high temperature of
the PET depolymerization performed (e.g., 65 °C). Finally, the
automated, high throughput directed evolution platform
approach applied to introduce 21 mutations in IsPETase,
generating the Hot-PETase. The authors have well docu-
mented the Tm increase at each round of evolution following
the addition of several amino acid substitutions, but we can
deplore that they did not emphasize the temperature of the
PET depolymerization performed to evaluate the specific
activity of the best variant obtained at each round of evolution.
Nevertheless, the specific activity improvement of the FAST-
PETase was unambiguous when compared to the IsPETa-
seS121E/D186H/R280A triple variant efficiency when a PET
depolymerization was performed at low temperature (40
°C), alleviating bias of additional thermostability improve-
ment.200

Overall, various strategies have successfully been developed
to improve catalytic activity of PET hydrolases over the
insoluble PET substrate in a heterogeneous system. Never-
theless, there is still a lack of a general framework to rationalize
the kinetics of these interfacial enzymes hampering funda-
mental and comparative descriptions of PET hydrolases.253

Indeed, unbiased comparison of PET hydrolases properties is
not an easy task, moreover when considering separated studies.
Effectively, no standardized PET depolymerization assay have
been unanimously chosen by the scientific community. Such a
standardization is made difficult by the heterogeneous nature
of the catalysis which depends on the type of PET used, its
molar mass, its crystallinity, and the presence of comonomers
such as IPA as well as the shape of the degraded PET object
(e.g., film, powder with a given particle size). An amorphous
commercial Goodfellow film powder, either amorphous or
crystalline, could appear as an appropriate sourcing accessible
to everyone as we can deplore the extensive use of 6 mm
punch hole samples from Goodfellow film in numerous
research article introduced without consideration of mass in
the enzyme-based PET depolymerization. Moreover, a PET
powder, with known particle size distribution, could be a more
representative sample when considering an industrial deploy-
ment. Additionally, most of published research articles
presented PET hydrolases performances by giving the
concentration of equivalent TA released in the reaction
medium (e.g., μM or mM of TA equivalent), and even if
this might be appropriate when comparing PET hydrolases in a
single study, it jeopardizes greatly a fair evaluation of the
depicted performances regarding other existing studies.
Moreover, more rigorous description of the experimental
conditions would be of benefit to all. Indeed, beyond the mass
of PET substrate introduced, the enzyme/substrate ratio (e.g.,
mg of enzyme per g of PET), the final PET conversion
obtained after a given time of enzyme treatment as well as the
productivity (e.g., gTA·L−1.h−1) and the specific productivity
(e.g., gTA·L−1·h−1·genzyme

−1) should be mandatory, as it was
already pointed out in Kawai’s excellent review.87 Overall, such
a standardization of the PET depolymerization accompanied
by these amendments should benefit to the whole scientific

community by enabling putting into perspective the enzyme
engineering works presenting very significant improvements of
PET hydrolases performances toward PET depolymerization
but with modest performances when considering the effective
PET conversion into monomers. Through this review article,
we take the opportunity to propose the standardization of an
enzyme-based PET depolymerization assay, and it could
further be considered as a reference test to allow a fairly
comparison of the performances of the new PET hydrolases
released (e.g., new or engineered PET hydrolases) with other
referenced PET hydrolases. Indeed, a 100 mg Goodfellow PET
powder sample (sieved between 200 and 500 μm) must be
introduced in an aqueous buffered solution at pH 8 (e.g., 50
mL of potassium phosphate buffer >100 mM). Thus, the initial
PET concentration is known (e.g., 2 g·L−1) and the pH
remains unchanged up to complete PET conversion where
10.4 mM of TA are formed. For instance, Tournier et al. used
this test to fairly evaluate the PET depolymerization perform-
ances of five PET hydrolases, BTA-1, BTA-2, FsC, IsPETase,
and LCC. Indeed, authors used each PET hydrolase under its
optimal condition of pH and temperature to perform an
enzyme-based PET depolymerization. Accordingly, IsPETase
was proven to be a very inefficient enzyme, being
approximately 10, 100, and 10 000 times less efficient than
Fsc, BTA-1 and BTA2, and LCC, respectively.78 These results
agreed with comparisons made between IsPETase and
Cut19085 as well as IsPETase and LCC.156 In 2019,
Zimmermann et al. were the first to report a PET
depolymerization, introducing plastic waste under reasonable
waste and enzyme concentration conditions.154 The authors
used the enzyme TfCut2, purified from a Bacillus subtilis
overexpression and presenting a Tm 4.1 °C higher than when
purified from E. coli, and the PET concentration introduced, in
a 1.8 mL reactor, was around 20 g·L−1. The enzymatic
treatment was maintained at a temperature of 70 °C and pH 8,
and up to 97% of an amorphous Goodfellow film (e.g., 2%
crystallinity) was depolymerized in 120 h, leading to an average
productivity of 0,17 gTA·L−1·h−1. When considering postcon-
sumer PET packaging containers for fruits and vegetables (e.g.,
5% crystallinity), only 50% of depolymerization could be
reached with an average productivity of 0.097 gTA·L−1·h−1. The
authors further demonstrated by DSC studies that the arrest of
the enzyme’s PET depolymerization was due to a rapid
recrystallization of PET at 70 °C. Indeed, as it was emphasized
previously, the crystallinity of the polymer, when incubated at
70 °C, increased from 5 to 17% regardless the presence of the
enzyme. Alternatively, the HiC cutinase have been used to
depolymerize a postconsumer PET of high crystallinity (e.g.,
41.1%)281 using an optimum PET concentration of 220 g·L−1

and a ratio of 4.5 mgenzyme·gPET−1. The PET depolymerization
was arrested at 13% of conversion after 96 h, mostly because of
the high degree of crystallinity of the introduced PET polymer.
These data corresponded to an average productivity of 0.26
gTA·L−1·h−1, with a maximum initial productivity being 1.15
gTA·L−1·h−1. Finally, the most significant result was obtained
using the optimized LCCICCG quadruple variant to depoly-
merize postconsumer-colored washed flakes. Indeed, the PET
sample went through pretreatment steps of amorphization
(e.g., 16% crystallinity) followed by micronization into fine
powder (e.g., granulometry D50 between 200 and 250 μm).
Up to 90% of a 200 g·L−1 PET solution was depolymerized in
10 h when introducing an enzyme concentration of 2 mg·
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gPET−1, providing an average productivity of 15.5 gTA·L−1·h−1

and a maximum initial productivity of 29 gTA·L−1·h−1.78

2.1.4.5. Relieving Product Inhibition of PET Hydrolases.
Efforts in optimizing the PET hydrolases have also been made
to reduce product inhibition effects. Indeed, PET degradation
intermediates or products (e.g., BHET, MHET, TA, EG) can
inhibit enzyme activity,282−284 and such inhibition can be
alleviated by modifying the PET hydrolase’s active site
architecture. Only a few studies have reported enzyme
inhibition relief of PET hydrolases over the years and were
compiled in recent reviews.225,261 When it was demonstrated
that the TfCut2 PET hydrolase could be inhibited by MHET
and BHET,283 with MHET being the major competitive
inhibitor limiting the enzyme-based PET depolymerization
efficiency, several strategies have been proposed. For instance,
it was suggested to use an ultrafiltration membrane reactor to
perform an enzyme-based PET depolymerization introducing
TfCut2, which could ultrafilter the soluble hydrolytic products
released during the PET conversion to minimize the product
inhibition of the enzyme and improve the efficiency of PET
depolymerization by 70%.285 Such an implementation might
solve inhibitory effects but might be a very expensive and
inefficient approach when considering industrial deployment.
Alternatively, it was shown that MHET had a high affinity to
PET hydrolases’ substrate binding pockets, whose size and
hydrophobicity were known to influence the enzyme
depolymerization of PET substrate. Thus, to minimize the
interactions between PET hydrolases and the hydrolytic
products, such as the MHET, enzyme engineering approaches
provided successful results. Indeed, the introduction of a G62A
amino acid substitution, in TfCut2, to modify the substrate
binding groove due to lower steric hindrance of Ala than that
of Gly, resulted in a 5.5 times decrease in the binding constant
for the inhibitory hydrolysis product, MHET, thus leading to
improved PET degradation.286 It is noteworthy that Cut190
having an Ala at this position was not inhibited by
accumulation of the MHET. Another strategy to alleviate
product inhibition was through the establishment of a two-
enzyme system, including a PET hydrolase and a MHETase.
Indeed, HiC cutinase and Candida antarctica lipase B (CalB)
were combined to improve product inhibition, and these two
enzymes revealed synergy for complete PET depolymerization
to TA with an 7.7-fold increase of yield.123 Alternatively,
addition of an auxiliary enzyme capable of decomposing the
intermediate compounds has been shown to be effective in
reducing product inhibition.287 Finally, since the character-
ization of the IsMHETase, this enzyme has been used to
alleviate MHET inhibitory effect. Indeed, a chimera protein
formed by IsPETase and IsMHETase showed increased PET
depolymerization efficiency than the single IsPETase, which
could be attributed to the role of the IsMHETase in degrading
the intermediate MHET that inhibited the PET hydrolase.162

2.1.5. Outlook. As emphasized in this section dedicated to
poly(ethylene terephthalate), enzyme-based depolymerization
is a very promising alternative to either mechanical or chemical
recycling of PET polymer. Scientific reports are booming over
the last years, and numerous efforts are being made in multiple
directions. Indeed, many high quality studies have thus been
conducted using a few benchmark enzymes, such as thermo-
stable cutinase(-like) enzymes from the Actinomycetota
phylum, the plant compost-derived LCC cutinase, and
IsPETase224 to better assess the critical enzymatic parameters,
to improve their promiscuous activity over PET, as well as to

increase their enzymatic efficiency in a complex heterogeneous
system in the perspective of an industrial development.
Similarly, tremendous efforts are still made in the quest of
new PET hydrolases from the existing diversity,44,116,117 and
future releases are expected. Other teams are focusing on the
need of organizing this existing and upcoming diversity by
developing and maintaining databases dedicated to plastic-
active enzymes containing PET hydrolases (e.g., PAZy57 and
PlasticDB56). A next step might be the integration of amino
acid substitution effects evaluated through enzyme engineering
approaches applied to PET hydrolases, as recently reviewed.88

On other hand, the recent multiplicity of structural character-
ization of PET hydrolases accompanied by model substrate or
soluble products (e.g., HEMT, MHET, MHETA, BHET), as
well as the development of NMR probes, will help for a better
understanding of the interacting surface between the enzymes
and the polymer. Strategies of enzyme engineering using
rational approaches will directly benefit from these character-
izations to better improve enzyme kinetics parameters.
Undoubtedly, implementation of machine learning, as well as
many sequence-based approaches to help enzyme engineering,
will be fruitful,199,270 as the development of directed or random
evolution strategies.200 The latter approaches compensated the
potential lack of understanding by the development of
automated and high throughput platforms able to screen
very large numbers of enzyme variants. As emphasized, many
parameters are influencing the PET hydrolase efficiency during
a PET depolymerization. Tremendous efforts have been made
to increase thermostability and enzyme efficiency, to tailor the
enzyme affinity over the PET still considering the potential
inhibitory products, to elucidate the fine mechanisms
governing the exo- or endotype scission of the polymer.
Enzyme-based depolymerization of crystalline PET and more
precisely the crystalline region of PET remains a challenge.
Until further improvements either through enzyme discovery
or enzyme engineering, PET pretreatment and rigorous PET
depolymerization temperature control are required. Even
more, if considering the depolymerization of PET wastes,
composed by an uncontrolled amount of PET objects of
various crystallinities. Additionally, further characterization of
such enzyme-based PET depolymerization efficiency about the
additives found in PET objects (e.g., IPA, dyes) would be of
interest. Indeed, further industrial deployment introducing
textiles, either in PET or as blends, will benefit from the
accumulated knowledge. Facing the remaining challenges to
overcome, the scientific community would benefit to better
rationalize their claimed enzyme-based PET depolymerization
efficiencies and to contribute to a fair comparative evaluation
between research articles. Interestingly, a techno-economic, life
cycle, and socioeconomic impact analysis of enzymatic
recycling of PET predicted that enzyme-based PET depolyme-
rization could achieve cost parity with TA manufacturing as
well as substantial reductions relative to virgin polyester
manufacturing.201 Finally, an industrial deployment of an
enzyme-based PET depolymerization should soon be done.
Indeed, it has been reported that up to 90% of a 200 g·L−1

PET solution was depolymerized in 10 h by using the LCCICCG

variant at an enzyme concentration of 2 mg·gPET−1 and
providing an average productivity of 15.5 gTA·L−1·h−1.78 It was
estimated that such enzyme efficiency improvement, accom-
panied by a demonstration of PET polymerization from the
purified monomers, reached a technology readiness level
(TRL) of five.288 It was additionally claimed that Carbios’
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promising technology was the closest to a system proven in an
operational environment (TRL 9).288 Since then, a demon-
stration plant has been built using this technology,289 and
Carbios announced the deployment in France of an industrial
unit that should be operational in 2025.290 We can therefore
legitimately consider that the rise of a circular economy around
the PET through the development of such a biological catalyst
has now begun.
2.2. Poly(lactide) (PLA)

2.2.1. About PLA. PLA is a thermoplastic aliphatic
polyester exhibiting a biodegradable feature in industrial
composting conditions. Moreover, it is a biobased polymer,
manufactured from biorenewable sources, such as corn starch,
potato, or sugar cane instead of petrol in contrast to the many
other currently produced polymers. The monomer, lactic acid,
is produced by (homofermentative) lactic acid bacteria with
impressive yields of 1.8 mol of lactic acid per mol of glucose,
which is very close to the maximal theoretical yield of 2 mol of
lactic acid per mol of glucose and titers exceeding 160 g·L−1.291

Processing methods used for PLA mass production include
injection molding, sheet, and film extrusion, blow molding,
foaming, fiber spinning, and thermoforming. PLA can
eventually provide comparable optical, mechanical, thermal,
and barrier properties when compared with commodity
polymers, such as PP, PET, and PS. PLA is considered as a
“Generally Recognized As Safe” (GRAS) material by the U.S.
Food and Drug Administration (FDA). In the medical field,
PLA is extensively used because of its biocompatibility with the
human body, including for applications such as medical
implants, surgical sutures, and medical devices.292−294

Despite a still low market (460 kt/year),295 PLA is
particularly attractive for its intrinsic degradation, which can
be triggered by different means depending on the environment
PLA is exposed to. Extensive research efforts have been
directed toward the study of the degradation of PLA in human,
processing, and composting environments. All of these features
make PLA suitable for several applications, for instance, in the
pharmaceutical and microelectronics fields, 3D-printing, or as a

biodegradable plastic in packaging, bags, and mulching films.
As it is compostable, PLA offers a promising alternative to
reduce the municipal solid waste disposal issue by providing
distinctive end-of-life scenarios, in comparison to more
conventional plastics. For all of these reasons, the research
on PLA has exponentially increased over the last 30 years,
which is also explained by the development of industrial
methodologies, such as polycondensation of lactic acid (LA)
and ring-opening polymerization (ROP) of lactide, the lactic
acid cyclic dimer, allowing the production of high molecular
weight PLA to reach the market. PLA thus holds great promise
to become a major commercialized biosourced and biode-
gradable polymer.296−298 Nonetheless, PLA still shows some
limitations in its applications. For instance, PLA is brittle, it
exhibits poor elasticity, low thermal stability, low heat-
distortion temperature, low rate of crystallization, and modest
permeability to drugs, limiting its further commercial develop-
ments. Therefore, substantial research has focused on
obtaining PLA products with desired properties. For instance,
blending PLA with other synthetic or biobased polymers and/
or processing PLA with plasticizers and/or fillers, such as fibers
or micro- and nanoparticles, enable PLA properties to be
tuned.299 Typical plasticizers of PLA include LA itself,300

glycerol,301 citrate ester,302 and poly(ethylene glycol)
(PEG).303 Instead of plasticizers, and in order to maintain
the ductility of PLA, impact modifiers can be employed, e.g.,
ethylene-based copolymers. Although improving the impact
strength, many of these additives also cause a decrease in
transparency for PLA-based materials, which is a major
drawback for packaging application. Finally, nucleating agents
or crystallization-manipulating agents can be added (e.g., talc
and montmorillonite or amides or hydrazides) to optimize the
crystallization behavior during the industrial processing of
PLA.299 All of these new variations of PLA-based materials
target enhanced performance of PLA while sometimes at the
expense of losing the biodegradability of the polymer matrix
and reducing its industrial commercial recovery. Moreover,
there are still limitations due to the lack of suitable

Figure 14. Synthetic routes to PLA either by direct polycondensation of lactic acid or ring-opening polymerization (ROP) of lactide.
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infrastructure for sorting, recycling, and/or composting PLA
products at their end of life.
The monomeric repeating unit of PLA is lactic acid (or 2-

hydroxypropionic acid), which contains an asymmetric carbon
atom (Figure 14). Hence, lactic acid exists as L(+) and D(−)
stereoisomers. Lactic acid can be industrially produced by
converting carbohydrates obtained from vegetable sources
(e.g., corn, wheat, rice) by bacterial fermentation, forming
almost exclusively lactic acid in the L-form. As for
petrochemical synthesis, it yields a racemic mixture of the D-
and L-forms. Commercial PLA grades are usually constituted of
a mixture of L-LA (>95%) and D-LA (<5%). This little
proportion of D-LA allows improving the processability of PLA
using conventional melt-processing techniques. At high
temperatures, however (>200 °C), thermal degradation of
PLA takes place, which can involve different pathways,
including hydrolysis, unzipping depolymerization reactions,
oxidative degradation, and transesterification reactions.304

Therefore, processing conditions often require suitable
stabilizers (e.g., tris(nonylphenyl)phosphite) to minimize
these side reactions.305

While some microorganisms have been engineered to
produce PLA,306−308 the main synthetic route to PLA remains
the chemical polymerization (Figure 14). High molecular
weight PLA can thus be achieved by direct polycondensation
or by azeotropic dehydrative polycondensation. In the former
case, removal of water as byproduct and long reaction times
are required, producing PLA of rather low molecular weight
(<30 kg·mol−1).309 Solid-state polymerization (SSP) can be
conducted by heating PLA oligomers below Tm and by
continuously removing water under reduced pressure. In this
way, high molecular weight PLAs up to 500 kg·mol−1 can be
obtained. Alternatively, the azeotropic dehydrative polycon-
densation of lactic acid leads to PLA of molecular weight up to

300 kg·mol−1. In this case, tin-based catalysts are used as well
as azeotropic solvents such as diphenylether. However,
removal of water is still needed, and this process is typically
conducted at 130 °C and requires long reaction times (∼40
h).310 In the above polycondensation methods, only rather
poor control over molecular weight and dispersity of PLA
chains can be achieved. Much better control over macro-
molecular parameters, and consequently of PLA properties, is
provided by ROP of lactide.305,311 First PLA synthesis by ROP
was reported by Carothers et al. in 1932.312 Yet, the first
industrial example was patented by NatureWorks (ex- Cargill
Inc.) in 1992. This Cargill process involves the continuous
synthesis of L-LA by fermentation of corn dextrose, followed by
condensation forming oligomers, which are subsequently
depolymerized under reduced pressure in the presence of a
catalyst to give L-LA. The ROP step is then carried out in bulk
in the presence of tin octoate as catalyst, leading to high-
molecular-weight PLLA.293 NatureWorks LLC and Total-
Corbion are the two major producers of PLA, mostly PLLA
(>90% L-LA).
As it contains two chiral centers, lactide eventually exists in

three distinct diastereoisomers, namely, DD-, LL- (commonly
used as a racemic mixture, rac-LA) and DL- (meso-LA). With
appropriate catalysts/initiators, stereospecific ROP enables a
controlled insertion of monomers into the polymer backbone
based on their stereochemistry.313−316 While ROP of either
enantiomer yields isotactic PLA, stereocontrolled ROP of rac-
and meso-LA forms different microstructures (Figure 15) with
different properties. While both poly(D-LA) (PDLA) and
poly(L-LA) (PLLA) are semicrystalline, atactic PLA is fully
amorphous and brittle. PLLA exhibits a Tm around 160−180
°C. Both atactic PLA and PLLA exhibit a Tg value around 56−
57 °C. Of particular interest, the Tm value can be dramatically
increased up to 230−240 °C when mixing equimolar amounts

Figure 15. Different PLA microstructures from the stereocontrolled ROP of lactide.
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of PLLA and PDLA, owing to the formation of a stereo-
complex.
The degradation rate of PLLA is actually very slow in vivo. It

takes decades indeed to degrade in seawater, soil, landfills, and
at home composting conditions (<37 °C), while it decomposes
within 180 days in industrial composting facilities (>60 °C).317
This is due to the hydrophobic nature and high degree of
crystallinity (Xc) of PLLA. Copolymers consisting of L-LA and
D,L-LA have been designed as a means to increase the
degradation rate of PLLA. Likewise, copolymers incorporating
glycolide (GA), trimethylene carbonate, and 1,4dioxan-2-one
(PDX) as comonomer units with LLA have been conceived.
From the 50 000 tons of PLA waste generated in 2013

(mostly plates and cups, packaging, and other nondurable
goods), only a negligible amount (less than 5000 tons, 10%)
was recovered through recycling and/or composting.293,318

According to Rossi et al., landfill is the less preferable option,
given its high environmental impact.319 Plasticulture applica-
tions also raise the question of contamination by pesticide
residues. Studies on incineration with energy recovery were
conducted by Natureworks LLC on their grade PLA Ingeo
resin. A heat content of 19.5 MJ/kg was reported, which is like
cellulosic-based materials, without production of additional
toxicologically critical substances. Because PLA packages, such
as blisters and bottles, show low contamination, recycling is a
feasible route to recover these materials, reducing the demand
for raw PLA. PLA sheets produced with 100% recycled PLA
flakes (arising from thermomechanical recycling of cleaned
postconsumer PLLA 500 mL water bottles from Primo Water
Corporation) showed a 5% reduction in Mn, compared to the
initial PLA, this reduction not affecting the production of PLA
containers.320 Since 2004, NatureWorks LLC recycles off-
grade PLA Ingeo by using chemical recycling. Nevertheless,
recycling is limited due to the lack of collection and suitable
infrastructure for sorting out PLA at its end of life,
concomitant with an insufficient critical mass to retreat.
Moreover, the National Association for PET Container
Resources (NAPCOR) and the Association of Postconsumer
Plastic Recyclers (APR) have refuted the idea of mixing
biobased polymers like PLA into the existing stream of
recycled containers, expressing concerns regarding among
others the cost of separation and processing.293 Nevertheless,
this process might not actually compete with the price of
biological monomer production through fermentation, and an
alternative would be upcycling. LA is easily catabolized and
could fuel the central carbon metabolism of engineered
microbes to produce single high added value products of
choice. The production of various compounds found PLA yield
in Cmolproduct/Cmolsubstrate similar to those calculated with
glucose as carbon source with Pseudomonas putida as the
transforming cell factory.321

As LA is a nontoxic monomer322,323 and the bioaugmenta-
tion with PLA-degraders does not influence the intrinsic soil
microbial population and global health,324 a solution of choice
remains biodegradation. This can be achieved by composting,
which is related to the propensity of an object to biodegrade.
Biodegradability is defined as the capacity of a material to be
metabolized in a given period of time, i.e., utilized by
environmental ecosystems to produce biomass, H2O, and
CO2/CH4, thus displaying the great advantage of replenishing
the carbon cycle. Biodegradation is thus viewed as a key
strategy of circular economy. It is characterized by different
steps, including fragmentation, which causes a reduction of the

polymeric particle size without any change in molecular
weight, degradation reducing molecular weight by coupled
abiotic and biotic phenomena, and assimilation leading to final
H2O, biomass, and mineral carbon CO2/CH4. These steps
largely depend on environmental factors such as temperature,
pH, and oxygen availability. PLA is considered as biodegrad-
able only at elevated temperature and under relative humidity
(RH) conditions corresponding to those of industrial
composting, namely at 58 °C and 50% RH, as defined by
norms.325 Only a few composting facilities accept biodegrad-
able plastic materials, as it is not easy to distinguish
biodegradable plastics from conventional ones. Thus, to
conduct this material to its real potential of use in many
applications, new methods for promoting its biodegradation in
domestic compost conditions need to emerge. This is
particularly important for applications where emissions or
leakage is intended or inevitable, such as in agriculture with
films used for greenhouses, mulching, and silage (mulching is
among the largest applications of plastics in agriculture, with 2
× 106 tonnes/year produced, but nonrenewable inert PE is the
default choice in the plasticulture industry326), geotextile,
coated seeds, or fertilizers.
PLA biodegradation relies on three types of factors,327,328

including: (i) chemical structure (molecular weight, crystal-
linity, purity, and configuration of the substrate), (ii)
environment (UV, physical erosion, and mechanical/thermal
stress that will mainly promote abiotic degradation, as well as
temperature, pH, oxygen, and moisture), and (iii) micro-
organisms (metabolic pathways and enzymes). Here, we
intend to compile the numerous studies aiming at the
discovery of sources of enzymes degrading PLA and the
understanding of underlying catalytic mechanisms to develop
eco-friendly methods that could help its faster degradation in
natural environment. This could make PLA transcend from a
minor player in the market of commercial fossil-based
polymers to a new solution for a bio-based economy.

2.2.2. Sources of Enzymes Degrading PLA. Recently,
databases gathering plastic depolymerases, mostly through
automated literature and database (NCBI and UniProt)
searches, have emerged. The Plastics Microbial Biodegradation
Database (PMBD) from Gan et al.118 was the first to propose
such a depository for degradation of 19 natural and synthetic
polymers. When created in 2019, PMBD gathered 949
microorganisms−plastics relationships and 79 genes involved
in the biodegradation of plastics. At this date, 24 micro-
organisms were reported to degrade PLA, and 7 PLA-
depolymerases were reported with an accession number.
Unfortunately, this database does not seem to be regularly
incremented. Buchholz et al.57 summarized 2500 publications
addressing plastic degradation and less than 60 describing the
isolation of plastic degrading enzymes. However, the authors
excluded PHA and PLA from their searches. Zaaba et al.
reported 2335 and 3586 articles related to microbial and
enzymatic degradation of PLA, respectively.329 Interestingly,
Gambarini et al.44,56 recently focused literature search on a
large range of synthetic and natural plastics, resulting in a more
complete database, which is regularly updated and allows
searches and data visualization, namely the Plastic Degradation
Database, PlasticDB330 When first published, this latter
included data from 421 publications, representing 562
microbial species and 111 isolated proteins. At this date,
according to PlasticDB data on 66 synthetic and natural
plastics,44 31 fungal and 63 bacterial species among the 436
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Table 8. Microorganisms Evidenced as Producing PLA-Degrading Enzymes
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plastic degraders could degrade PLA (second polymer most
degraded after PHAs). In September 2022, this number
increased to 151 strains with the ability to degrade PLA, blends
of PLA, or copolymers of LA (1 strain degrading poly(butylene
succinate/terephthalate/isophthalate)-co-(lactate), PBSTIL), 6
uncultured bacteria, and 27 PLA-depolymerases. Gambarini et
al.44 used a statistic “D” binary test (presence or absence of
reported degradation for each taxon) to measure the
relationship between phylogeny and degradation of each type
of plastic on a data set composed of all reported degraders and
7000 bacterial and fungal species randomly sampled from the
full NCBI taxonomy database. The strongest signal was
obtained for PLA degradation (D = 0.54), indicating a
phylogenetic conservation in the tree. Indeed, PLA degraders
are mostly found in Actinobacteria, whereas it corresponds to
the second most frequently observed bacterial phylum of
plastic degraders according to Gambarini et al.,44 Proteobac-
teria being the first one (30%).
Table 8 intends to list all microorganisms isolated with a

PLA-degrading activity. Most PLA-degraders from Actino-
bacteria331,332 are members of the Pseudonocardiaceae family,
gathering more than 25 degrading species from 7 different
genera. Amycolatopsis contains the largest number of PLA
degraders reported for a single genus. Pranamuda et al.333

screened 25 strains of Amycolatopsis, demonstrating that 15
are able to form clear zones on PLA plates and suggested that
PLA degraders are largely distributed within this genus. Less
frequent, PLA-degrading microorganisms belonging to Pro-
teobacteria and Firmicutes were also reported. Less abundant,
studies also described the degradation of PLA by fungi. A study
on degradation of PCL, PBS, and PLA led to the isolation of
79 PLA degraders, among which 5 isolates were fungi while 74
were actinobacteria.334 Finally, only two representatives of
Archaea were reported as plastic-degraders,335 also probably
related to these groups containing fewer documented taxa
overall. These PLA degraders come from various environ-
mental sources, such as compost, sludge, garbage, soil, or waste
dumping sites.
The potential of PLA degradation by microorganisms was

mined in available genomes of microbial taxa, with reported

plastic-degrading capabilities to identify potential plastic-
degrading genes.44 A number of 2236 orthologues of the
PLA-depolymerase from Paenibaci l lus amylolyticus
(BAC67195) was found, of which 532 from Firmicutes, the
phylum from which the enzyme was isolated.376 However, no
analysis of redundancy was provided. Zrimec et al.390 mined
ocean and soil metagenomes to assess the global potential of
microorganisms to degrade plastics. A set of 10 experimentally
evidenced PLA-depolymerases340,376,378,391,392 and E-value <
1e−10 homologuous sequences from UniProt TrEMBL data-
base enabled the identification of 31 potential PLA-degrading
enzymes, with only one found in ocean metadata while
remaining ones were from soil. Emadian et al.393 also reported
the higher abundancy of plastic microbial degraders in soil and
compost than is fresh water and marine environment. Even if
no experimental evidence of PLA degradation by such
candidates was reported, the great potential of natural diversity
exploration was highlighted.
Several studies have reported the increased rate of PLA

degradation in the presence of submerged culture or single
organism/consortia enriched soil and compost environments.
Pranamuda et al.336 was the first to report that Amycolatopsis
HT-32 isolated from soil by applying the halo methods could
degrade 60% of a 100 mg PLA film in 14 days. Many other
examples of PLA degradation using submerged cultures was
then reported. Yottakot et al.353 described a weight loss of 84%
of PLA-packaging (obtained from Dairy Home Co., not
characterized) by Streptomyces sp. KKU215 after 4 weeks of
incubation at 37 °C. Weight loss of a PLA film (home casted
from Natureworks PLA 2002D, not characterized) was 71%
after 4 weeks of incubation with Pseudonocardia sp. RM423 at
30 °C.348 Approximately 37% of a PLLA film (50 μm home
blown from Natureworks 4043D, 130 kg·mol−1) was degraded
by Amycolatopsis sp. SCM_MK2-4 after 7 days of cultivation at
30 °C and 58% after 14 days.334 Another strain of
Amycolatopsis extensively eroded the PLA polymer (PLLA
casted film from 4032D Natureworks, Mw 190−230 kg·mol−1),
leading to a weight loss of 36% in one month in mesophilic
conditions (30 °C).345 Pseudonocardia alni AS4.1531T could
reduce a PLA film (home casted from Natureworks PLA

Table 8. continued
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4042D, 74 kg·mol−1) by more than 70% weight in 8 days in
liquid culture at 30 °C.347 Pseudomonas sp. MYK1 and Bacillus
sp. MYK2 incubated at 30 °C for 4 days produced 10 times
increased amounts of CO2 from PLLA granules (Natureworks
4042D, 95.8% L-lactide, 4.2% D-lactide, Mn 183 kg·mol−1)
compared with the initial sludge inoculum.361 Culture medium
of Amycolatopsis could degrade 60% of a PLA film (Heat
pressed, PLLA from shimadzu, Mn 188 kg·mol−1, 100 μm
thickness) after 14 days at 30 °C.336 After 14 days of
cultivation at 30 °C, Tritirachium album ATCC 22563
degraded about 76% of a PLA film (commercial blown from
Shimadzu, not characterized).394 Satti et al.322 determined a
PLA degradation rate constant (Mn/Mno vs time) of −0.0263
g/mol/day for isolated strains of of Sphingobacterium sp. and P.
aeruginosa at 30 °C (casted film from PLA 2003D Nature-
Works, Mw 210 kg·mol−1, Mn 110 kg·mol−1).
Karamanlioglu et al.384 showed that coupons of food

containers formulated from PLA Ingeo PLLA (NatureWorks
grade 2003D, Mw 160 kg·mol−1, 35% crystallinity) could be
degraded after 4−5 weeks by sterile wheat inoculated with
Thermomyces lanuginosus PLA18 or Aspergillus fumigatus at 50
°C. The usefulness of soil bioaugmentation with specific PLA
degraders to accelerate PLA degradation in soil microcosm was
also demonstrated.
Pattanasuttichonlakul et al.395 reported on the synergistic

action of a microbial consortium in the soil mixture and
Pseudomonas geniculata WS3 on accelerating PLA biodegrad-
ability. A consortium of Penicillium chrysogenum, Cladosporium
sphaerospermum, Serratia marcescens, and Rhodotorula mucila-
ginosa degraded 26% of a 100 mg PLA solvent-casted film
prepared from Sigma commercial grade PLA (Mw 85−160 kg·
mol−1) in 15 days in a sterilized compost pile made of soil
(70%) and kitchen waste (30%) under regulated moisture, pH,
and temperature conditions (45−50%, 6 and 40−60 °C,

respectively).356 PLA degradation after 60 days in nonsterilized
soil enriched with Pseudonocardia sp. was found to be 1.2−3-
fold higher than without enrichment at 58 and 30 °C,
respectively.348 Saadi et al.396 showed a consortium of fungal
strains (Aspergillus niger (DSM 1957), Chaetomium globosum
(DSM 1962), Paecilomyces variotti (DSM 1961), Penicillium
pinophilium (DSM 1064), and Trichoderma viridens (DSM
1963)) could degrade 84% of a PLA film (heat-pressed from
PLLA Materianova pellets, Mn 116 kg·mol−1, Tg 60.8 °C) in 75
days at 58 °C. These cocultured simulated systems could be
reminiscent of multienzymatic cocktails used for biomass
deconstruction, as evidenced by the synergy between bacteria
and fungi observed in real compost.396

Other factors have been shown to contribute to PLA
degradation. Among them, UV irradiation can not only create
C�C double bonds within the PLA structure through a
Norish II mechanism, but also chain cleavage with a decrease
in molecular weight through bulk erosion. Jeon et al.48 thus
showed that UV treated PLA was degraded more rapidly by
microorganisms, with a decrease in such degradation if UV
treatment was carried out for too long. Pattanasuttichonlakul et
al.395 also evidenced that UV irradiation of PLA followed by
burying in a soil mixture of dairy wastewater sludge with P.
geniculata WS3 inoculation efficiently accelerated degradation
of PLA waste.
Copinet et al.397 previously reported that an increase in

temperature and relative humidity (RH) could also fasten the
degradation of high Mw PLA films (quasi total degradation in
30 weeks if RH was 100% and temperature above 45 °C),
without any enzymatic action due to ester bond cleavage in the
presence of water. Temperature was also found to be an
important parameter for biodegradation: PLA degraded in
compost at 50 °C, but not at 20 °C,384 PLA degradation was
2.7-fold higher at 58 °C than at 30 °C,348 and PLA degradation

Table 10. PLA-Depolymerases Purified and Characterized, Still Lacking Sequence Identification

enzyme
class origin PLA substrate used for activity assay methods of evaluation

pH
opt

T opt
(°C) ref

nda Geobacillus thermocatenulatus PLA from Shimadzu; Mn = 47 kDa; films of 50
μm thickness

SEC, weight loss nd nd 373

EC 3.1 Bacillus smithii PL21 PLLA from Nacalai Tesque; Mw = 10 kDa SEC 5.5 60 366
EC 3.4 Amycolatopsis sp. strain 41 LACTY 1012 from Shimadzu; Mw = 140 kDa;

powder
TOC, product quantification 6 37−45 339

EC 3.4 Amycolatopsis orientalis ssp.
orientalis IFO 12362

LACTY 1012 from Shimadzu; Mn = 340 kDa;
powder

product quantification nd nd 341

EC 3.1 Pseudomonas tamsuii TKU015 PLA 2002D from Cargill Dow; Mn = 12.5 kDa;
emulsion

halo, product quantification 10 60 360

EC 3.4 Actinomadura keratinilytica
T16-1

LACEA; emulsion turbidity decrease 10 70 350

EC 3.1 Pseudomonas sp. strain DS04-T PLA from Zhejiang Hisun Biomaterial; Mn =
400 kDa; hot pressed film

product quantification 8.5 50 359

EC 3.1 Ralstonia sp. strain MRL-TL PLLA from Sigma; Mn = 50 kDa; emulsion turbidity decrease 7 50 363
EC 3.1 Brevundimonas sp. MRL-AN1 PLLA from Sigma; Mn = 50 kDa; emulsion turbidity decrease 30 6 355
EC 3.1 Pseudomonas aeruginosa strain S3 PLA from NatureWorks; Mw = 200 kDa;

extruded films
product quantification, LC-MS, SEM,
FTIR, weight loss

7 30 409

nd Micromonospora sp. GMKU 353 PLA vyloecol BE-400 from TOYOBO; Mw = 43
kDa; cast film

SPR nd nd 45

Micromonospora sp. GMKU 358 nd nd
Micromonospora sp. GMKU 362 10 nd

EC 3.4 Bacillus amyloliquefaciens MS2 PLA bags from Nature-tech Ltd.; film GC-MS, FTIR, DSC nd nd 365
EC 3.1 Bacillus licheniformis PLA from Purac Biomaterials; emulsion turbidity decrease 6−7 50−60 368
and: not defined.
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drastically higher at 58 °C than at 30 °C.396 Nevertheless,
mineralization of PLA by soil bioaugmented with Sphingo-
bacterium sp. S2 was demonstrated at ambient temperature.322

Results on PLA biodegradation are promising, although they
are difficult to compare due to plethora of operating conditions
and substrates used. Interestingly, Gambarini et al.,44 reported
that approximately 24.5% of the plastics used for discovery and
characterization of PLA-degrading activity were of analytical
grade, 17.7% were not of analytical grade, and 57.8% could not
be assigned. As described in the following section, this entails a
bias, given that various physicochemical properties of particular
relevance for enzymatic depolymerization depend on the
substrate initially used and its subsequent treatment.
Finally, despite numerous studies describing the degradation

of PLA by microorganisms, most experiments were conducted
at laboratory scale with regard to both substrate treatment and
quantity to degrade, and only very few were patented for the
production of such activity and their further application in
bioremediation (Alcaligenes.398 Pseudomonas sp. strain
LXM88,399 Tritirachium, Amycolatopsis, Saccharothrix, Strepto-
myces, Bacillus, Streptoalloteichus, Kibdelosporangium, Lentzea,
Saccharomonospora, Staphylococcus, or Saccharopoly400).
As the use of super PLA-degraders GMO for bioremedia-

tion, even in restricted areas, is questionable, and no study
relate on the potential of microorganisms described above in
real conditions (amount of PLA waste, treatment needed, and
cost), a promising opportunity relies on the identification of
enzymes responsible for PLA-degradation for the development
of processes and materials.

2.2.3. PLA-Depolymerases. 2.2.3.1. Reported Protein
Sequences. Compared to the numerous PLA-degrading
microorganisms, only a limited number of PLA-depolymerizing
enzymes have been isolated and characterized. Williams et
al.387 was the first to report the enzymatic hydrolysis of PLA
using commercial enzymes, including proteinase K from
Tritirachium album (PRK, P06873). Purification of a PLA-
degrading enzyme from Amycolatopsis sp. strain 41 was
reported in 2001.339 Since then, many other PLA-depoly-
merases were purified and characterized for a PLA-depolyme-
rization activity, but their sequences were only partially or not
identified at all.342,401 These enzymes were mostly isolated
from bacteria and fungi, but few were also found produced by
mammals402 or plants.387 Only 7 PLA-degrading enzymes and
19 enzymes with activity but with no assigned sequence can be
found in the PMBD database. Ten PLA-degrading enzyme
sequences are listed in PlasticDB.44,56 Tables 9, 10, and 11
gather all PLA-depolymerases reported to date, either from
commercial sources (Table 9), purified to be characterized, but
without an associated sequence (Table 10), or having an
identified sequence (Table 11).
PLA-depolymerases were shown to belong to EC 3

hydrolase enzymes, particularly serine hydrolases, half from
EC 3.1 (esterases, lipases, cutinases) and half from EC 3.4
(proteases) (Tables 9 to 11). Still, an enzyme isolated from
Geobacillus hardly showed any esterase or protease activities,
which could represent a novel PLA-depolymerase acting on the
ester bond between lactate units but not on the common lipase
and protease substrates.373 Due to multiple families of PLA-
hydrolyzing enzymes, the Brenda database does not list PLA-
depolymerases as a unique family, according to EC numbers,
contrarily to PET degrading enzymes.
Proteases depolymerizing PLA were identified from both

chymotrypsin (which include chymotrypsin, trypsin, and

elastase-like enzymes) and subtilase (including subtilisin and
homologues) families, respectively, S1 and S8 families from the
MEROPS protease database classification.418,419 These two
families belong to serine proteases (EC 3.4.21), which use a
nucleophile serine in the canonical triad composed of an
aspartic acid, a histidine, and a serine. The order in sequence of
these residues differs in these two families, His/Asp/Ser and
Asp/His/Ser in S1 and S8, respectively. Despite different
structural folds, the active sites of subtilisin and chymotrypsin
are superimposable. Nevertheless, a divergence in subtilisins
with respect to PLA-depolymerizing activity exists, as
evidenced by Oda et al.,371 who showed that subtilisin from
Boehringer Mannheim was not active, whereas other
subtilisins, Savinase and Alcalase, were active.
Lipases, cutinases, and esterases were also found to

depolymerize PLA. The difference between lipases, cutinases,
and esterases lies, in one hand, in the presence of a lid covering
the active site of lipases, with a related interfacial activation
corresponding to the opening of the lid that exposes the active
site of the enzyme in the presence of a biphasic medium
(insoluble lipidic substrate). This does not occur in the case of
esterases and cutinases. On the other hand, the chain length of
the preferred substrate is different, i.e., short and long chain
fatty acids for esterases and lipases/cutinases, respectively.
They make use of the same catalytic triad as serine proteases
despite the topology of their active site being mirror images.
Differences were observed among EC 3.1 within the
pentapeptide containing the catalytic serine.376,378

Kawai et al.407 proposed to distinguish type I (proteases)
and type II (cutinases/esterases/lipases) PLA degrading
enzymes. Type II polyester hydrolyzing enzymes (lipases/
cutinase-type), which include PLA-depolymerases, are dis-
tributed across esterase families I, III, IV, V, VI, and new
esterase families, and they exhibit a significant phylogenetic
diversity.354,414

Most PLA-depolymerases are characterized by the presence
of a signal peptide enabling their secretion to the culture
medium, where the insoluble substrate stands. This criterion
was used as a critical piece of information for assessing whether
or not an enzyme could be a potential plastic degrader when
using the PlasticDB search tool.56 For both enzyme classes, it
was hypothesized that the insoluble substrate was first partly
hydrolyzed in the extracellular medium by the enzyme
constitutively produced in small amounts. The soluble low
molecular weight products would then enter the cell and
induce the production of larger amounts of enzyme. As for
other plastic degrading enzymes (for instance, cutinase
Thc420), the production of proteins able to depolymerize
PLA was shown to be inducible by distinct molecules, and not
only plastics and related. PLA-depolymerizing proteases
production could be induced by PLA,360,421,422 but also silk
fibroin,339 gelatin,346,348,394,421,422 soybean,423 elastin, or
keratin.47 Jarerat et al.346 studied the effect of various inducers
on Tritirachium album, Lentzea waywayandensis, and Amycola-
topsis orientalis. While the best inducer was different for these
organisms, the supplement of only 0.1% silk fibroin could
increase the level of PLA-degrading activity in the culture
medium of A. orientalis from 0 to 450 U·mL−1. Silk is a natural
polymer which was reported to contain a crystalline domain
with large amounts of L-alanine and glycine. Most other
protease inducers also contain L-alanine, which shows a
chemical structure like that of (L)LA and therefore suggested
that silk fibroin can be considered as a PLLA analogues.
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Lipases, esterases, and cutinases with PLA-degrading activity
were also shown to be inducible by biodegradable plastics
(PBS and PBSA)383,424 or PLA.365

In addition to a signal peptide enabling their secretion, PLA-
depolymerases are mostly produced as precursor proteins with
a N-terminal prodomain. This was evidenced by discrepancy
between N-terminal sequencing of purified protein and gene
sequencing.342 The N-terminal prodomain of lipase, esterase,
and cutinase PLA-depolymerases serves as an intramolecular
chaperone promoting the correct folding of the mature domain
and is cleaved by an extra protein from the producing host,
whereas the prodomain of protease PLA-depolymerase not
only promotes the folding but could also prevent from toxicity
to the producing host through a ligand-like binding in the
catalytic domain of the protein. Moreover, the processing of
the prosequence might sometimes be autocatalytic,392 like for
family S8 proteases (subtilase), or not such as in the case of
family S1 proteases (chymotrypsin).
The three amino acid residues of the catalytic triad are

known to be essential for peptide/ester bond cleavage for
natural activity of EC 3.1 and EC 3.4 members. This catalytic
triad could also be evidenced both for EC 3.1354,414 and EC
3.4392 as being essential for PLA-depolymerizing activity, as
mutation of catalytic residues entailed their inactivation.
Tchigvintsev et al.357 isolated an esterase belonging to the
esterase family VIII, including β-lactamase-like enzymes.
MSG0105 indeed displays a catalytic triad consisting of a
catalytic Ser nucleophile, as well as conserved Lys and Tyr
residues acting as a general base and a proton acceptor,
respectively. The functional significance of the β-lactamase-like
active site residues of MGS0105 was confirmed using site-
directed mutagenesis.

2.2.3.2. Structure and Engineering. Apart from the catalytic
triad, amino acid residues involved in the substrate binding
could not be experimentally evidenced, due to the lack of X-ray
structures of the enzymes in complex with bound polymeric
ligands. This is primarily due, such as for other synthetic
polymers, to the insoluble nature of the substrate. This has
fairly limited the comprehension of the molecular determinants
involved in activity of PLA-depolymerases, as well as their
molecular engineering to enhance their performances. Never-
theless, some X-ray structures of PLA-depolymerases have
been determined in their free form or in complex with either
their cognate substrate or inhibitors. For instance, the 3D-
structure of commercial savinase (PDB 1SVN425) and other
subtilisins (subtilisin BPN, PDB 1SBT,426 Subtilisin Carlsberg,
PDB 1CSE427), as well as PRK (PDB 2PRK428), have been
solved in various conditions. Several structures of cutinases
have also been determined but with structurally distinct
substrates mainly related to other enzymatic activities (CLE,
PDB 2CZQ410), (Hic, PDB 4OYL429), (Est119, PDBs 3VIS
and 3WYN186), (Cut190, PDB 4WFI188).
Protein properties, i.e., surface charge, hydrophobicity, and

size of the substrate binding site, or thermostability, have been
shown to influence enzyme activity. For instance, Thumarat et
al.107 compared Est1 and Est119 sharing 95% of sequence
identity and possessing similar 3D structures. Est1 displayed
the same degradation pattern as Est119 toward various
polymers.101 However, activity ratio of Est1 to Est119 was
approximately 2-fold on PLA agar plates, possibly due to the
several amino acid residues in the substrate-docking loops that
differ from each other, but no mutational experiment was

carried out to confirm the role of these residues in PLA-
depolymerase activity.
Hajighasemi et al. determined the crystallographic structure

of RPA1511 (PDB 4PSU) at 2.2 Å resolution.354 The structure
corresponds to a classical α/β-hydrolase fold, with a wide-open
active site containing a molecule of poly(ethylene glycol)
bound near the catalytic triad. One extremity of the PEG 3350
ligand is buried in the RPA1511 active site with the terminal
OH-group positioned close to the side chain of W218 residue.
The authors thus suggest that W218, exhibiting a homologous
Trp in the active site of PHB depolymerases, might represent a
structural motif for the potential hydrolytic activity against
polyester substrates. The main part of the bound ligand is in
the alcohol binding site with the other extremity spreading to
solvent. The ligand binding mode in the active site cavity of
RPA1511 suggests that this enzyme is likely to perform both
exo- and endoesterase cleavage of PLA. Moreover, by means of
alanine replacement, the authors identified several residues in
RPA1511, which were not essential for activity against soluble
monoesters (α-naphthyl propionate) but critical for the
hydrolysis of PLA (T48, Q172, R181, L212, M215, W218,
L220, and K252), while some other residues were found to be
important for the hydrolysis of both substrates (H113, L182,
and Y198), suggesting distinct binding interactions. As residues
are not all found in direct contact or close to the bound
poly(ethylene glycol) ligand, they might potentially contribute
to the binding of different chain-length PLA molecules. In
2018, the same group determined the structure of MGS0156 at
1.95 Å resolution and revealed a modified α/β hydrolase fold,
with a lid domain and a highly hydrophobic active site.414 Such
structure revealed two conformations for the catalytic Ser232
side chain, suggesting resting and acting states of the active
site. Here again, mutational studies of MGS0156 identified
residues critical for hydrolytic activity against both PLA
polyester and monoester substrates (L299G, L335A, and
M378G), while others (E330, L335, F338, and V353) are only
involved in polyesterase activity. In both studies, a mutant with
increased PLA-depolymerase activity (e.g., RPA1511V202A and
MGS0156L169A) was disclosed. Unfortunately, MGS0156 was
not associated with any known hydrolase families, while
RPA1511 was predicted to belong to the esterase family V. As
their primary sequence and 3D structure are quite different
from other PLA-degrading cutinases, this prevents from
extrapolating active site features to other PLA-degrading
enzymes.
Kitadokoro et al.187 were successful in obtaining crystals of

Est119, a cutinase from Thermobif ida alba AHK119 previously
shown to form clear halo on PLA agar plates,101 in complex
with ethyl lactate (EL) (PDB 6AID). From this structure, one
lactate (LAC) could be evidenced, as well as one EL occupying
different positions in the active site cleft. The binding mode of
EL is assumed to represent the state prior to reaction while
LAC is an after-reaction product. Only the D-type config-
uration of EL was observed, consistent with the enzyme
hydrolyzing PDLLA more easily than PLLA,101 as well as the
inhibition by D-EL slightly higher than that of L-EL. The
active site of Est119 resembles a mouth-like cleft, divided by
two jaw-shaped regions. One front-tooth side is constructed by
Y99 and T100, and the other by I217 and F248. S105 and
W194 are placed at each terminal edge of the cleft, while
H168, M170, and H247 are located at the bottom of the cleft,
near the catalytic center (made of S169, H247, and D215).
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The side chains of Y99, M170, W194, and I217 form a
sandwich with LAC.
Mutations on residues F106, T107, and W201 of Cut190

from Saccharomonospora viridis (corresponding to Y99, T100,
and W194 in Est119) were indeed found important for activity
toward PBSA,276 suggesting that the indole ring and the phenyl
group were important for substrate binding. In this study,
Q138A showed significantly increased affinity toward PBSA,
probably because of the additional space for the polymer
substrate generated by the mutation. This residue is conserved
in both Est119 (e.g., Q131) and Thc_Cut2 (e.g., Q93).
An alternative to the cocrystallization of an enzyme with a

ligand is the use of molecular docking techniques to gain
insight on the binding mode. Ribitsch et al. compared
Thc_Cut1, Thc_Cut2 (97.3% identity), and two variants of
Thc_Cut2.185 The Thc_Cut2R29N/A30V double variant showed
an increased activity toward PLLA. Effectively, after 6 h of
incubation, Thc_Cut2R29N/A30V released 4.5 times more lactic
acid from PLLA when compared to the native Thc_Cut2.
When studying the docking mode of PLLA into
Thc_Cut2R29N/A30V, it was evidenced that the lowest energy
docking modes generally had fewer PLLA subunits (often only
one) located on the “alcohol side”, which can be explained by
the binding site cavity in this area being significantly narrower
than the one on the opposite “acid side.” In these models,
residues R29 and A30, located on the surface of the protein, do
not seem directly involved in interactions with the substrate.
However, when considering PLLA subunits extension from the
“alcohol side”, it appears conceivable that longer oligomers and
the polymer may interact with residues in this surface region.
Unfortunately, the crystallographic structures of Thc_Cut2
and variants were determined in unliganded forms.
Two studies of particular interest are presented in patents.

The first one describes the identification of a proteinase from
Actinomadura keratinilytica T16.1 that possesses a high PLA-
depolymerizing activity. It can depolymerize micronized
objects made of PLLA, with 98% conversion of PLA cup
powdered to 250−500 μm after 48 h reaction at 45 °C.415 This
enzyme was further optimized by engineering.416 Indeed, 5
positions were found crucial for activity and a combination of 3
mutations could give a 14.2-fold improvement in PLA-
depolymerizing activity compared to wild type. Moreover,
this triple variant S101F/S103L/T106I was shown to be more
thermostable (2.1 °C increase in Tm). The second study has
discovered that a formerly characterized serine protease from
Thermus sp. strain Rt41A430,431 also exhibited a PLA-degrading
activity. Authors engineered the active site of this poorly PLA-
depolymerizing protease and obtained a sextuple variant more
active than the optimized variant of the protease from A.
keratinilytica T16.1 and with a higher thermostability of 79 °C
against only 58 °C.417 These two PLA-depolymerases and
variants were shown particularly useful in the design of
processes for degrading PLA and new material (see section
2.2.4).

2.2.3.3. Catalytic Mechanism and Factors of Influence. It
was proposed that serine hydrolases identified to have PLA-
degrading activity could act through similar mechanism as for
peptide bond cleavage (see mechanism of serine hydrolases in
Figure 8): (1) substrate binding in the catalytic site, (2)
nucleophilic attack by the γ-oxygen of the catalytic serine on
the substrate ester bond, (3) release of the C-terminal part of
the substrate and subsequent formation of a covalent acyl
enzyme intermediate, (4) hydrolysis of the covalent

intermediate in the deacylation step (by incoming water
molecule), to release the carboxyl group of the second product
and regenerate active enzyme for another catalytic cycle to
begin. The apparent energy of activation (EA) of the
hydrolysis of PLA by B. licheniformis protease was estimated
to be 112.7 kJ mol−1,408 that is distinctly higher than the EA
for the enzymatic degradation of natural polymers such as
cellulose. Various factors were found important for the PLA-
depolymerization reaction and will be discussed below.

2.2.3.3.1. Adsorption. Panyachanakul et al. showed that
increasing the agitation speed of a PLA-depolymerization
carried out by the PLA-depolymerase from Actinomadura
keratinilytica strain T16-1 in a 5 L stirred tank reactor from 50
to 100 rpm decreased the conversion yield by approximately
1.7-fold.432 This could be due to the denaturation of the
enzyme by the shear force of the disc turbine, or to lower
adsorption of the enzyme. Qualitative adsorption of PLD392

and PlaM4391 on PLA was evidenced by SDS-PAGE analysis.
By means of surface plasmon resonance (SPR), Susuki et al.389

showed that PCLE from Paraphoma-related fungus B47-9 was
able to bind PLLA with an association rate constants (ka) of
3.2 × 106 M−1 s−1. Moreover, they showed that Ca2+ ions
enhanced ka by 2-fold, while no change in dissociation rate was
observed. Nevertheless, experiments were carried out using an
unreactive substrate and therefore could not be correlated to
the catalytic activity. Shinozaki et al.411 also investigated the
adsorption of PaE cutinase-like by SPR and found that the
amount of PaE adsorption on amorphous PLLA film was 1.14
ng·mm−2, corresponding to an apparent 30 nm2 cross-area per
one molecule of bound PaE. Using crystalline nondegraded
PLLA, the authors determined a ka of 8.4 × 105 M−1 s−1.
Yamashita et al.51 studied the adsorption of PRK from
Tritirachium album (PRK) and the subsequent depolymeriza-
tion of an amorphous PLLA film by atomic force microscopy
(AFM) and quartz crystal microbalance (QCM). They
reported that buffer exchange or water washing could not
desorb the enzyme, contrarily to EtOH 40%. The protein
covered the entire surface of the film at 50 μg/mL (25
molecules/100 × 100 nm2), but the number of enzyme
molecules on the film continued to increase with enzyme
concentrations up to 100 μg/mL (32 molecules/100 × 100
nm2), despite the absence of space on the film, correlated with
a decrease in cross-area per one enzyme molecule. From these
experiments, it was concluded that the enzyme could undergo
conformational changes upon adsorption, leading to a high
density packing on the surface of the film. According to
Yamashita et al.,51 as the width measured for adsorbed PRK
was lower than for PLA degradation hollow, the enzyme could
degrade the film by moving around, which was accompanied
by conformational changes in order to enable catalytic residues
to attack the film. Finally, Yamashita et al.51 also showed a
correlation between the adsorbed concentration of the enzyme
and the degradation rate. It was thus suggested that the
enzymatic erosion rate could be simply determined by the
concentration of the enzyme on the film surface. When
Numata et al.52 used PLA monolayer for AFM and weight loss
study, they reported lower degradation rate (21 × 10−7 mg/
(min·cm2) at 20 °C with 10 μg/mL of enzyme compared to
1.1 × 10−4 mg/(min·cm2) at 25 °C with 10 μg/mL in
Yamashita et al.51). The authors attributed this difference to
the enzyme molecules easily detaching from the surface of the
monolayer because of the loss of polymer layer as an anchoring
scaffold through the enzymatic degradation, leading to a
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restricted amount of enzyme molecules participating in the
hydrolysis reaction of PLLA monolayer compared with a film
surface. It was suggested that A. oryzae uses several types of
proteins to recruit lytic enzymes to the surface of hydrophobic
solid materials and promotes their degradation.433 The
depolymerization of PBSA by the PLA-degrading enzyme
CutL1 from A. Oryzae383 was promoted by HsbA433 and
RolA.434 At that time, no such recruitment was reported to
enhance PLA adsorption or depolymerization.

2.2.3.3.2. Endogenous or Exogenous Scission Catalytic
Mechanism. Hypothesis on the mode of action of PLA
degrading enzymes started from Williams et al.387 While three
enzymes were detected with an activity on PLLA, two of them
(pronase and bromelain) caused a physical breakdown in the
polymer, yielding a much finer dispersion, while one of them
(PRK) did not substantially alter the physical form of the
powder. Since then, several studies were conducted to
elucidate the endogenous or exogenous scission mechanism
of PLA-degrading enzymes. Most of them, regarding either EC
3.1 or EC 3.4, seemed to evidence mostly an endogenous
scission mechanism, in addition to minor exomode hydrolysis
from the hydroxyl chain end. This would be consistent with all
of the characterized peptidases of the chymotrypsin and
subtilisin family being endopeptidases. Indeed, Matsuda et
al.392 demonstrated that the protease PLD can degrade PLA
with an average molecular mass of 220 kDa into lactic acid
dimers through lactic acid oligomers and finally into lactic acid.
Thus, it was proposed that the enzyme attacked within the
polymer. The finding that dimers are formed suggested that
subsite S2 occupancy might be important for PLA-depolyme-
rization. Based on their experiments on D/L distribution in
PLA films, McDonald et al.435 also discussed the importance of
available (L)-(L) dyads for enzymatic activity.
Other studies demonstrated the evolution of Mw and Mn

values when PLA was incubated with enzymes, as analyzed by
SEC on residual PLA.366,373,407,436 TOC measurements were
also reported, which could not account only for LA but also
revealed the presence of water-soluble oligomers as degrada-
tion products.376,381 This enabled to conclude that deester-
ification might occur at any region of the polymer chain
through a random endogenous scission mechanism. Concom-
itant with a decrease in Mw and Mn values, oligomers (DPn
from 2 to 24) were confirmed by ESI-TOF-MS after
degradation of PLA with CLE.407 In the same manner, Noor
et al.409 reported the detection of lactic acid oligomers of
intermediate chain lengths (DPn from 6 to 13), as well as
oligomers of cyclic- PLA consisting of 9 to 11 monomer units,
during degradation of PLA with an esterase from Pseudomonas
aeruginosa strain S3. Hajighasemi et al.354 also reported that
both ABO2449 and RPA1511 could catalyze complete or
extensive hydrolysis of solid PLA with the production of lactic
acid monomers, dimers, and larger oligomers as products
(DPn from 2 to 13). Another way to access endogenous or
exogenous scission mechanism would be to provide the
enzyme with a global amount of substrate of different Mw,
therefore providing PLA chains with various chain extremities.
Few studies report on the influence of PLA initial molecular
weight on the degradation. Akutsu-Shigeno et al.376 showed
that the shorter the PLA, the higher the rate of hydrolysis by
lipase from Paenibacillus amylotyticus TB-13. Nevertheless, all
three substrates used in their study were somehow low
molecular weight PLA (Mw 5/10/20000) and could be
depolymerized in 1 h to 1 h 30 min, as evidenced by total

turbidity decrease. PRK could degrade PLA of identical
stereocomposition and crystallinity over a wide range of Mn
(30−200 kg·mol−1), with no significant effect from chain
length,435 as evidenced by normalized weight loss rates
showing little deviation (average 4 μg/mm−2/h−1), respec-
tively. The authors concluded that the effects of PLA chain
length on PRK catalyzed degradation rates were not significant.
This was supported by Reeve et al.,404 who showed that PRK
hydrolyzed PLA-70 and PLA-75 to a lesser extend relative to
PLA-80 and PLA-85, despite their lower Mw, the % of L-LA
units being the predominant factor (see paragraph below). In
another study from Numata et al.,52 the hydrolysis rate for
linear PLLA samples by PRK increased with a decrease in the
molecular weight, but as the rate constant of enzymatic
hydrolysis of PLLA samples was not proportional to the
number of chain ends of the initial state, they concluded for a
dual endo- and exoscission mode.
Studies on PLA-depolymerization by PRK led to divergent

conclusions. Indeed, in a study by Reeve et al.,404 the residual
film after PRK degradation showed no change in Mw, which
was attributed to surface degradation. In contrast, Kawai et
al.407 found that PRK degraded a PLLA emulsion with a
reduction of Mw, from initial 169 kg·mol−1 to 44.6 kg·mol−1,
after only 2 h. This might be explained by the difference in the
substrate used for the depolymerization assays, as the former
used a film and the latter particles emulsion, thus providing
different surfaces for degradation. The available surface area
was therefore evidenced as being a key parameter during
enzymatic PLLA degradation. Vichaibun et al.406 reported a
linear increase in the rate of PLA degradation by PRK with
available surface area of PLA (single or multiple film pieces), as
previously reported for soil biodegradation of polybutylene
sebacate fragments.437 Numata et al.52 also found that the rate
of PRK hydrolysis, followed by AFM and weight loss, was
proportional to the exposed surface. This is consistent with the
enzymatic hydrolysis following a surface erosion mechanism,
contrarily to the nonenzymatic hydrolysis of the PLLA, which
proceeds mostly through surface and bulk erosion mechanisms
depending on the pH.438

2.2.3.3.3. Inhibition and Activation. The inhibition of PLA-
depolymerizing activity by di-isopropyl fluorophosphates
(DFP), aprotinin, and phenylmethanesulphonylfluoride
(PMSF) further confirmed the belonging of some PLA-
depolymerizing enzymes to the family of serine pro-
teases.340,342,350,412 Some of these PLA-depolymerizing pro-
teases were also inhibited when the surfactant Plysurf A210G
was added to the reaction mixture.377,402 Similar results were
reported upon using other surfactants such as SDS, Tween 20,
Tween 80, CTAB, and Triton X-10.377,412 Depending on the
surfactant, however, distinct effects were observed, i.e., either
an inhibition or an activation of the PLA-depolymerization, or
sometimes both, depending on the concentration used.406 As
this effect was not found on protease activity assayed on azo-
albumin, the authors suggested that surfactants probably
interfered with the binding of the enzyme to the solid PLA
substrate. In the same manner, when using soluble substrate
pNPB, a PLA-depolymerizing esterase purified from Ralstonia
sp. strain MRL-TL was not inhibited by SDS or Triton X-
100363 or even enhanced by Tween 80 and Triton X-100.409

Unfortunately, no effect was reported on PLA-depolymerizing
activity. In absence of surfactant, ABO2449 produced little
lactic acid, but in the presence of 0.1% Plysurf A210G, it
quickly degraded solid PLA10 (90% conversion) into lactic
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acid.354 It was thus suggested that Plysurf A210G could
facilitate the binding of ABO2449 to solid PLA because the
surfactant showed no stimulating effect on the enzyme activity
against the monoester substrate α-naphthyl propionate.
The presence of two calcium sites, with high and low affinity,

was reported for various subtilases with PLA-depolymerizing
activity. Calcium ions were also shown to be important for
PLA-depolymerization activity by proteases. Indeed, their
activity might be inhibited by ethylenediamine tetraacetic
acid disodium salt (EDTA), a divalent ion chela-
tor,350,377,402,412 or 1,2-bis(o-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid (EGTA).377 This effect was
attributed to enzyme denaturation rather than inhibition of
the enzyme molecules by removing Ca2+ ions from the
enzyme. Indeed, whereas little effect of Ca2+ was observed on
the proteolytic activity of PRK, removal of Ca2+ opens the
structure of the protein439 and might account for a higher
susceptibility to proteolysis, as already observed for other
proteases. In addition, Ca2+ were shown to stabilize PRK
(increase of average 10 °C of Tm) by bridging different parts of
its tertiary structure.439 Metallic cations such as Cu2+, Na+,
Mn2+, Fe2+ Mg2+, and Zn2+ were found to inhibit the PLA-
depolymerase from Laceyella sacchari, while Co2+, Ca2+, and K+

stimulated its activity. The latter cationic species affected the
thermostability of the enzyme at 60 °C, as evidenced by an
increased residual activity from 84 to 100% after 2 h at 60 °C,
upon addition of 1 mM of Ca2+ during incubation.
The influence of ions on PLA-depolymerizing activity was

also studied for EC 3.1. It also showed to be inhibited by
EDTA,365 that is also coherent with the finding of Ca2+ binding
sites in various structures.187 A study from Wang et al.359

showed that PLA-degradation by the lipase from Pseudomonas
was activated by 5 mM Na+ and K+ while decreased by all
other ions added (Zn2+, Mg2+, Cu2+, and Fe2+). Thumarat et
al.101 showed that Mg2+, Mn2+, and Ca2+ at concentrations of
0.25 and 0.5 mM enhanced the pNPB activity of PLA-
depolymerase Est119, while trivalent ions (Al3+ and Fe3+) and
monovalent ions (Li+ and Rb+) inhibited this activity. In the
presence of Ca2+, the activity and thermostability of Est119
were intensified both on pNPB hydrolysis and PBSA
degradation to a greater extent than with Mg2+ and Mn2+.
The PBSA degradation activity of PLA-depolymerase CmCut1
was also enhanced in the presence of up to 2.5 mM Ca2+ and
Mg2+,380 while Ca2+ and Mg2+ showed contrasting effects on
emulsified PBSA-degrading activity of PCLE PLA-depolymer-
ase: it was enhanced in the presence of 1−2.5 mM Ca2+ but
inhibited by Mg2+ at the same concentrations.389 The authors
suggested that the alteration of affinity between PCLE and its
substrates by these metal ions could greatly affect enzyme
activity. The PBSA-degrading activity of CfCLE was inhibited
by Ca2+ and Mg2+ at concentrations higher than 0.5 and 0.2
mM,379 but no data were provided on their influence on PLA
degradation.
The inhibition by lactic acid (2−8 g/L) was also evidenced

for A. keratinilytica T16.1 PLA-degrading enzyme.432 Never-
theless, authors did not relate this inhibition to either LA
concentration or decrease in pH (9 to 3.8). Kawai et al.407 also
mentioned substrate inhibition caused by both PLLA and
PDLA if higher than 1.6 and 1.8 mg/mL, respectively. L-LA
displayed inhibition on cutinase CutL1 pNPB activity,383 and
ethyl lactate was also reported as being the most suitable for
inhibition among the various alkyl lactates tested by

Kitadokoro et al.187 during hydrolysis of pNPB by cutinase
Est119.
Several other factors discussed hereafter were shown to

affect the enzymatic degradation of PLA. They are either
associated with the first-order structure (chemical structure,
i.e., stereochemistry and distribution of LA units, and
molecular weight) or with the higher-order structure (PLA
crystallinity) or to the surface conditions (surface area).

2.2.3.3.4. Influence of the Substrate Stereochemistry on
PLA Depolymerization. Lipases, esterases, and cutinases use
the same catalytic triad as serine proteases despite the topology
of their active site being the mirror image of the latter’s one,
which might explain their respective preference for either
PLLA or PDLA. Kawai et al.407 compared 8 proteases and 10
lipases from different sources (purified, recombinant, commer-
cial) and showed that lipases preferentially hydrolyzed PDLA
substrate, although with a more flexible enantioselectivity. This
might be explained by both the (S)- or (R)-enantioselectivity
toward their native substrates. Notably, upon increasing the
concentration of CLE, both PDLA and PLLA were completely
hydrolyzed in less than 1 h and difference in hydrolysis rates
toward PDLA and PLLA could not be measured. This flexible
enantioselectivity was also reported for instance for esterase
from Paenibacillus amylotyticus TB-13376 and PlaA lipase from
Aspergillus niger MTCC 2594,440 that are active on PDLLA,
and for an esterase isolated from Bacillus smithii active on
PLLA.366 In the same manner, Shinozaki et al.411 showed that
PaE esterase from Pseudozyma Antarctica could degrade
PDLLA to a higher extent, compared to amorphous PLLA
(with a notable low plateau for PLLA hydrolysis), as does the
cutinase-like CfCLE from Cryptococcus f lavus,379 Est119 from
Thermobif ida alba AHK119,101 and the cutinase CmCut1 from
Cryptococcus magnus-related strain BPD1A.380 In the structure
of esterase Est119 obtained by Kitadokoro et al.,187 only the D-
type conformation of ethyl lactate could be observed in
cocrystallization studies, in agreement with the halo-degrading
experiments which revealed that PDLA was somewhat easier to
hydrolyze than PLLA. Finally, stricter enantioselective EC3.1
members were also reported: PCLE from Paraphoma-related
fungus B47-9 was able to degrade PDLLA but not PLLA,
which could also be related to differences in molecular weight
(Mw 20 kg·mol−1 PDLLA and 130 kg·mol−1 PLLA) or
crystallinity (not explicated).389

Proteases, known as naturally hydrolyzing proteins which are
polymers of L-amino acids, hydrolyze PLLA almost exclu-
sively.407 Nevertheless, few studies compare PLA-depolymeriz-
ing proteases toward their activity on PDLA/PLLA, most of
them focusing on PRK. In their SPR experiments, PRK could
not degrade PDLLA,411 as previously reported.404,407 By means
of homemade high molecular weight amorphous films
containing various ratio of D/L-lactide, Li et al.441 confirmed
that PRK highly degrades L-lactyl units, as opposed to D-lactyl
ones, while no degradation occurred with pure PDLA. This
finding was in agreement with a previous hypothesis from the
same group that PRK was capable of cleaving L−L, D−L, and L−
D bonds, but not D−D bonds.442 Reeve et al.404 studied the
influence of D/L enantiomer ratio on the degradation of PLA
solvent casted films by PRK. Degradation was found to
increase with the % L-LA introduced, until a dramatic increase
in crystallinity due to the introduction of less than 8% D-LA
lowered the enzymatic activity. The degradation rate of a
PLLA containing 92% of L-LA, Xc = 32%, and PLLA containing
94% of L-LA, Xc = 44%, were found equal to 1.75 and 0.99 mg/
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mm2/h, respectively. Using homemade controlled copolymers
of PLA, McDonald et al.435 studied the influence on enzymatic
depolymerization of PLA with PRK of PLA film of varied
stereochemical composition and isomer distribution as
independent variables (equivalent chain enantiopurity and
crystallinity). For amorphous films containing 80−95% L-LA,
the rate of weight loss was almost constant, showing an
unexpected tolerance for D-LA units. The rate of weight loss
dramatically decreased when the %(D) exceeded 20−25%. The
authors claimed that this might be due to the availability of
(L)−(L) dyads necessary for enzymatic activity, which would
saturate PRK cleavage sites, so that a maximum enzyme−
substrate conversion rates was eventually observed. Never-
theless, a 43% decrease in weight loss rate was noted for films
produced by copolymerization of (L,L)/(L,D) lactides,
compared to copolymerization of (L,L)/(D,D) lactides. These
results thus evidenced that enzyme interaction were dependent
on the distribution of (L) and (D) units of LA, with a possible
inhibition by (L)−(D)−(L) triad sequences present in (L,L)/
(L,D) but not in (L,L)/(D,D) copolymers.
The different preference toward PLLA and PDLA of EC3.1

α/β-hydrolase fold enzymes and EC3.4 serine proteases might
be explained by the topology of their catalytic triad being
mirror images407 (Figure 16). The former will accommodate
either PDLA or PLLA in the active site, while the latter do not
hydrolyze PDLA, probably because PDLA cannot be
accommodated in the active site or PDLA cannot form an
acyl-enzyme intermediate. The study from Kawai et al.407 is
among the rare to determine kinetic parameters for 2 PLA-
depolymerizing enzymes, thus enabling an accurate compar-
ison of activities in terms of substrate characteristics,
quantification of degradation and reaction conditions. Data
confirmed the preference toward PDLA hydrolysis for CLE
(Vmax 0.09 mg/min, corresponding to twice the Vmax for PLLA,
and a Km of 8 mg/mL), and its superior activity compared to
hydrolysis by PRK (Vmax of 0.03 mg/min for PLLA hydrolysis),
as already observed by Masaki et al.378

2.2.3.3.5. Crystallinity Degree Also Influencing Depolyme-
rization. As highlighted for PET, substrate crystallinity is a key
parameter influencing enzymatic depolymerization of PLA.
Yet, it turns out that most of the enzymes are assayed on
amorphous substrate, i.e., solvent casted films or emulsions,
and therefore disregard this parameter. Oda et al.371 tested
commercial proteases on solvent casted films and found that
10 enzymes showed specific activities superior to 5 μg of
liberated LA·min−1·mg−1 enzyme, whereas none of the
enzymes produced lactic acid from a polylactide film
industrially manufactured by Shimadzu. The authors thus
hypothesized that the surface structure of their film was highly
amorphous, so that certain enzymes were readily capable to
trigger its hydrolysis.
As described for PE,443 owing to the high-ordered structure

of PLA, which relates to its temperature treatments, one can
distinguish three regions, namely, the crystalline region, the
restricted amorphous regions inside PLLA spherulites, and the
free amorphous region outside the spherulites as in a
completely amorphous film. The surface of crystalline regions
is connected with three types of amorphous chains, i.e., tie
chains, folding chains, and chains with a free end. The thermal
history of the polymer directs this high-ordered structure, the
free volume and mobility of the polymer chains,444 and thus
the accessibility of the depolymerizing enzyme.

Several studies accurately deepened the effects of PLLA
highly ordered structures on its enzymatic hydrolysis by PRK.
On the basis of a weight loss analysis, the enzymatic hydrolysis
rate by PRK was found to decrease, while at the same time Xc
of the polymer increased. McDonald et al.435 evidenced the
dramatic negative effect of Xc: even a low 10% of Xc value
entailed a 38% decrease in weight loss rate, compared to
amorphous film, whereas a Xc value of 50% caused almost
complete inhibition of PRK activity. Reeve et al.404 evidenced
that this parameter was even dominating over PLLA
stereochemistry. Indeed, the structural effects caused by
changes in PLA stereochemistry dominate the observed
degradation rate, only once a critical degree of disruption of
the crystalline phase was reached, i.e., at around 30%. When
Shinozaki et al.411 analyzed the hydrolysis of crystalline c-
PLLA by Pseudozyma antarctica esterase, they attributed the
decrease in the SPR signal on the first injection of PaE to the
degradation of amorphous regions existing interspherulite and
interlamellae. Upon analyzing the PDLA and PLLA resulting
from incubation for 4 days with CLE and PRK by WAXS and
DSC, Kawai et al.407 showed that the crystallite size increased.
The authors explained these results by a preferential hydrolysis
of interfacial amorphous edge between crystallites in

Figure 16. Illustration of the differences in enantioselectivity observed
for proteinase K (A) and CLE (B) toward PLLA and PDLA,
respectively. The topology of a catalytic triad in α/β-hydrolase fold
enzymes is the mirror image of that in serine proteases, which
probably causes the different preference toward PLLA and PDLA.
Reproduced with permission from ref 407. Copyright 2011 Elsevier.
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spherulites, the average size of the remaining crystals becoming
bigger, concomitant with an increase in Xc, from 40 to 60%
after 1 day.
By means of AFM, Kikkawa et al.445 showed that PRK

preferentially eroded PLLA films in the free amorphous region
around the crystal, whereas the restricted amorphous region
between the crystal and the glass substrate was degraded at
slower rate. Iwata et al.446 studied the enzymatic hydrolysis of
PLLA single crystals using PRK by AFM, soluble products
release, and SEC of residual PLLA. The authors concluded that
PRK hydrolyzed preferentially at the disordered chain-packing
regions of crystal edges rather than the chain-folding surfaces
of single crystals, when both the molecular weights of PLLA
chains in crystals and the thickness of monolamellar parts
remained unchanged during the enzymatic degradation. Tsuji
et al.438 observed a decrease in the high Mw species upon a 20
h incubation of PLA, concomitant with the increasingly
appearance of a lower Mw polymeric species. These peaks were
ascribed to the chains of one-, two-, and 3-fold in the
crystalline region, which strongly suggested that the enzymatic
hydrolysis of PLLA films took place predominantly at the free
and tie chains in the restricted amorphous region rather than at
those in the folding surface of the PLLA lamellae. As previously
shown by the same group the areas of these peaks became
higher with hydrolysis time, without any change in Mw,
revealing that the folding chains in the restricted amorphous
region were much more hydrolysis-resistant than the tie chains
and the chains with free ends.447

Fukusaki et al.403 correlated the depolymerization of
amorphous regions of low molecular weight PDLA (Mn
2200) by the commercial lipase from Rhizopus delemar to
water adsorption. The latter was found 10 times lower in
crystalline copolymers, rendering difficult the accessibility of
these regions by the enzyme. By in situ AFM monitoring,
Kikkawa et al.53 showed that, within 15 min, the free
amorphous region of a PLA film was completely eroded by
PRK, whereas that of the crystalline region remained
unchanged. Friction force measurements and AFM observa-
tions also suggested that the adsorption of water molecules on
the PLA film surface enhanced the surface molecular mobility
of the glassy amorphous region of PLA, favoring enzymatic
hydrolysis by PRK. Finally, Kawai et al.407 presumed that
despite a low Xc value of 29%, a 50/50 stereocomplex of PDLA
and PLLA could not be degraded by CLE because of strong
interaction between chains, preventing penetration of water or
enzyme.
If crystallinity is for sure a crucial limiting factor, the limit is

still not well established. A study by Cai et al.448 showed that
the degradation rate of PLA96 (96% of L-LA unit) by PRK
decreased with the increase in Xc, with a sudden drop observed
in the weight loss values beyond the heat of fusion of 20 J/g.
This indicated that, above a critical Xc value, degradation was
inhibited, which was in accordance with weight loss data from
PRK enzymatic hydrolysis of PLA. Indeed, as reported by Li et
al.,449 above a crystallinity around 26%, the degradation rate
drastically dropped because the vast majority of material is no
more amorphous and accessible for enzymatic attack. The
same frontier was observed previously:447 PRK depolymeriza-
tion activity was compared with PLLA films of Xc varying from
0 to 57%. Different behaviors were thus observed at a frontier
of Xc 33%, where either the free (below Xc 33%, outside
spherulites) and restricted (above Xc 33%, between crystalline
regions inside spherulites) amorphous regions were predom-

inant. The Xc value had high and small effects on the rate of
enzymatic hydrolysis below and above this 33% frontier,
respectively, showing higher hydrolysis resistance of the PLLA
chains in the restricted amorphous region of the film.
It should therefore be highlighted that the discrepancy in the

results for PLA-depolymerizing activity could result from the
use of substrate with different characteristics. For instance,
both Masaki et al.378 and Kawai et al.407 tested lipase PS from
Burkholderia cepacia (commercial from Amano). The latter
showed no activity on PLA LACEA from Mitsui chemicals (no
characterization provided), whereas the former proved active
on an emulsion of homemade high molecular weight PDLA.
Out of 18 commercially available lipases, only CLE was found
able to degrade a high Mw PLA (LACTY no. 1012 from
Shimadzu). Vichaibun et al.406 used the same LACTY no. 1012
PLA from Shimadzu and that only proteases were active, but
not lipases. As several proteases could be isolated for their
activity on this substrate, this might be a bias caused by the low
percentage of D-LA unit in the tested polymer. In the same
vein, the commercial substrate PLA ref 765112 obtained from
Sigma (pure PLLA) was hydrolyzed by proteolytic enzymes
but not by lipases.408 Again, a PLA-depolymerizing enzyme
from Actinomadura keratinilytica could hydrolyze 99% of a PLA
powder (80% L-LA and 20% D-LA, Mw 43 kg/mol from
Toyobo), whereas only 32% hydrolysis was achieved after 48 h
at 60 °C when this enzyme was used on commercial trays
(90% polylactic acid, size of 0.3 cm × 1 cm and thickness of 0.1
mm).432 As discussed above, the high crystallinity of substrate
might also be responsible for low activity as well as insufficient
available surface area.
Therefore, rigorous reporting of polymer chemical compo-

sition and preprocessing before experience that could
potentially affect the structure of the material, physical
properties, as well as reaction conditions, is a paramount
requirement to ensure accurate comparison and reproduci-
bility. Unfortunately, almost no study was conducted with the
same substrate or reaction conditions, rendering difficult the
comparison of enzyme performances, except when comparing
with PRK, which remains a reference enzyme for PLA
hydrolysis.

2.2.3.3.6. Blends and Additives Influencing Enzymatic
Degradation of PLA. As mentioned, in order to overcome
PLA disadvantages, such as mechanical brittleness, low heat
resistance, or slow crystallization, PLA can be used in blends in
the presence of either a reinforcing phase, e.g., cellulose, corn,
starch, chitosan, or plasticizers/compatibilizers, or fillers
(organic, mineral, or glass based) and other additives (heat
and light stabilizers, antioxidants, and flame retardants).
The use of blends intends not only to modulate polymer

properties but also to reduce the cost of the materials.450 These
blends might also be seen as alternative materials, with
increased biodegradability compared to pure PLA, as some of
the used additives might increase the enzymatic hydrolysis of
the polymer.393

Starch, PHAs (polyhydroxy alkanoates), natural fibers, or
soy protein can improve biodegradability while lowering the
cost of PLA-based materials. However, the use of these more
hydrophilic materials often requires the use of compatibilizers
to promote interfacial bonding and blend quality (cyclic
anhydres or glycerol for example). The biodegradability values
of PLA/starch blends (90/10 to 50/50), obtained in a
controlled environment, could thus be enhanced by increasing
starch content.451 In spite of a higher crystallinity, maleic
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anhydride compatibilized blends showed higher biodegrad-
ability than PLA/starch blends at the same PLA ratio.451 The
percentage of mineralization of PLA/starch blends in various
composting conditions proved superior to the required 60%
value for the definition of a biodegradable material (at 58 °C).
Moreover, the presence of starch was found to facilitate
biodegradation of PLA.452 This might be caused by a superior
water absorption capacity of blends containing starch, whose
abundance of hydroxyl groups confers on it a hydrophilic
nature. Plasticizers are suggested to introduce free volume in
the matrix, promoting the diffusion of water and accelerating
biodegradation through bulk erosion. It was suggested that
maleic anhydre might form an acid group due to water in the
compost, and this acid accelerated the chain scission of PLA,
resulting in high biodegradability.451 The incorporation of soy
protein in PLA (50/50 and 33/67, with adipic anhydride as
plasticizer) was shown to significantly accelerate the
biodegradation rate of this binary blend, compared with pure
PLA in soil medium at 21 °C.453 In the same manner, blends
of PLA with green coconut fibers (5 to 20 w% with MA as
plasticizer) were more easily degraded than pure PLA in a
Burkholderia cepacia compost at 35 °C and 50% RH, exceeding
68% after 21 days.454

Adding poly(hydroxy butyrate) (PHB) to PLA allowed
improving its mechanical properties due to the finely dispersed
PHB crystals acting as a fillers and nucleating agents in PLA.
Weng et al.455 reported higher biodegradation under real soil
conditions (20 °C at 20 cm depth) with higher poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) content. Indeed, only
fragments from pure PLA sample remained in the soil after 5
months burial. Zhang et al.456 also reported biodegradability of
PHB/PLA blends after burial in moist compost at room
temperature improved upon increasing PHB content. Kikkawa
et al.457 observed that miscibility of PLLA/atactic PHB blends,
which is dependent on the ratio, the Mw of both polymers and
the processing method influenced the enzymatic degradation
by PRK of the PLLA content: degradation in the miscible
blends proceeded faster than in immiscible and partially
miscible ones. Several fungal bacterial genera able to degrade
PLA/PHB blend mulching foils could also be isolated.458 The
presence of PEG also accelerated the biodegradation of
PDLLA/PHBV(polyhydroxybutyrate-co-valerate)/PEG blends
in the soil at room temperature, and the mass loss reached 80%
after 30 days for a 70/30/20 blend.459 This was attributed
again to the hydrophilic character of PEG that could help
absorb and keep the water. In the same manner, the addition of
PEG and ATBC (acetyl-tri-n-butyl citrate) as plasticizers
accelerated the biodegradation at 58 °C of PHB/PLA
blends.460 PRK enzymatic depolymerization at 37 °C was
found to be faster in blends of PDLLA/PEG blends than in the
neat PLA, with enhanced degradation when increasing the
PEG content.461 Possible explanations were that dissolution of
PEG increased either porosity, thus the available surface area
for enzyme to access, hydrophilicity, or chain mobility.
Biodegradation using Lentzea waywayandensis was performed
to study various PLA blends and their degradation capacity (in
the form of cast film, 1:1 in weight with either gum arabic
starch, microcrystalline cellulose, PEG, or PHB, with glycerol
as compatibilizer) and reported weight loss superior to 85%
within 4 days at 30 °C for all blends.462

PLA/PCL blends could improve the ductility and toughness
of PLA while raising the tensile strength of PCL. These blends
were designed mainly for biomedical applications. Enzymatic

degradation of PLLA/PCL blends (75/25, 50/50, 25/75) was
studied using PRK or Pseudomonas lipase; PRK was able to
degrade the amorphous domain of PLLA, but not the
crystalline part of PLLA or PCL, while Pseudomonas lipase
could degrade both amorphous and crystalline PCL, but could
not degrade PLLA.463 When investigating enzymatic degrada-
tion in toluene at 60 °C of PDLLA, PCL and their blends by
Novozym 435, both polymers were found to degrade
independently of each other, while the copolymer showed
enhanced degradation.464 Addition of EVA (ethylene-vinyl
acetate with 18 wt % VA content) allowed improving strain at
break and elasticity compared to PLA. Moreover, the microbial
degradation of PLA/EVA was shown to increase upon addition
of EVA (20 and 40 wt %), with a maximum of 32% weight loss
observed after 15 months burial under Vietnamese agricultural
soil (temperature 26 °C and 40% moisture) for the PLA/PVA
(60/40) blend, and degrading-strain of Nitrospirae, Rhizobium,
and Alpha proteobacterium could be isolated.465

Poly(vinyl acetate) (PVAc) could improve elongation at
break of PLA. Nevertheless, enzymatic degradation rate of the
blends by PRK dramatically decreased upon addition of PVAc
in PLA, even at a content as low as 5%.466 The same trend was
observed during enzymatic depolymerization of PDLLA/PVAc
blends by lipasesin organic solvent.467

As a means to increase the degradation rate of PLLA,
copolymers consisting of L-LA and D,L-LA, as well as
copolymers deriving from glycolide (GA), trimethylene
carbonate, and 1,4dioxan-2-one (PDX) and LLA, have been
specifically designed.468

Addition of nanoclays (inorganic layered silicate minerals) at
low levels of loading (<5 wt %) was shown to enhance the
mechanical, physical, and barrier properties of polymers.
Castro-Aguirre et al.469 used nanofillers, such as organo-
modified montmorillonite, halloysite nanotubes, and Laponite
to produce bionanocomposite (BNC) of PLA and studied
their degradation under controlled composting conditions (at
58 °C): BNCs showed a higher mineralization of the films
containing nanoclay in comparison to the pristine PLA during
the first 3−4 weeks of testing. Nevertheless, the enzymatic
degradation rate of PLA blends could be accelerated or
decelerated depending on the chosen additional clay: the
incorporation of Cloisite 20A into the PLA/PBSA (7/3)
blends accelerated the degradation rate by PRK at 37 °C,
whereas Cloisite 30B decelerated the degradation rate.470

PBS and PLA can be blended with the aim at obtaining
plastic formulations with mechanical properties in the range of
polypropylene (PP). Tolga et al.471 used chalk and talc as fillers
in such PLA/PBS (7/3) blends and studied their disintegration
in industrial compost at 60 °C and 70% RH. Interestingly, talc
led to lower and chalk to higher disintegration rates.

2.2.4. Application of PLA-Depolymerases for PLA
Biorecycling. 2.2.4.1. Use of Free Enzymes for Recycling
Purposes. Among the studies of enzymatic depolymerization
of PLA, the work from Lomthong et al.412 is of note, as these
authors showed that the PLLA-degrading enzyme from
Laceyella sacchari LP175 could depolymerize real objects
made of PLLA at a high concentration of 100 g·L−1 and small
enzyme loading (0.13%). The percentage conversion to lactic
acid of the PLLA objects (milled to fine powder) were 64, 39,
and 68% for cup, spoon, and tray obtained from NaturePlast,
respectively, after incubation at 50 °C for 24 h.
Some methods were also patented472−475 claiming the use of

enzymes, either lipases, proteases, or esterases, to promote the
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biodegradation in liquid composition of PLA-containing
materials. The inventors took advantage of commercially
available CLE, Savinase, Esperase, or PRK, previously
demonstrated as being PLA-depolymerizing enzymes, to
show degradation of 120 mg472,473 to 1 g474 of PLA 100 μm
thickness films homemade from NatureWorks PLA. In
CA02924964,473 46% degradation could be demonstrated by
weight loss measurements, using the Savinase 16L from
Novozymes after 16 h at 45 °C. In JP2011157483,474

methanization of the decomposition solution could be
obtained by mL of a plant liquid collected from the methane
fermentation tank equipment as an inoculum. In
WO2004013217,475 Novozym 435 was used at 100 °C for 1
day to depolymerize 90% of PLLA (150 mg) and Lipozym at
60 °C for 1 day to depolymerize 82% of PDLLA (10 mg).
Carbios, in collaboration with TBI patented PLA hydrolysis of
a 50 mg PLA film (Goodfellow, 50 μm thickness, 2% D-lactic
acid) using 90 μg of a PLA-depolymerase from Actinomadura
sp..415 Up to 55% and 82% conversion could be reached after
24 and 72 h of reaction, respectively, at 45 °C. The inventors
highlighted two parameters, including: (1) the importance of
granulometry, as discussed above, i.e., the thinnest the powders
were, the more efficient the hydrolysis rate was (a reaction
carried on particles of 100−250 μm lead to 68% conversion in
24 h), and (2) PLA crystallinity in the range of 5−24% had
little influence on hydrolysis performances. Moreover, it was
shown that the higher the concentration was, the higher was
the productivity of lactic acid formation tending to a 10 h
productivity of 0.2 g lactic acid/mg of enzyme/h with a
concentration of 300 g/L of PLLA (1 g/3 mL). Finally, their
protease could readily depolymerize commercial objects (PLA
cups, trays, film, and cutlery powdered to 250−500 μm by
micronization), with up to 98% of conversion for PLA cup
after 48 h and 93% and 84% of conversion of film and trays,
respectively, after 72 h. A study from Youngpreda et al.421 also
showed that the repolymerization of LA, issued from an
enzymatic depolymerization process, to oligomers of PLA was
possible. LA obtained after depolymerization with the crude
enzyme produced by A. keratinilytica strain T16-1 was thus
purified and used to generate a low Mw PLA (378 Da).
Despite these last few studies and patents, there is still a

need to bridge the gap by shifting research trends from merely
isolating the microbial species or even enzymes with lab-scale
biodegradation potential, to developing large scale protocols to
biodegrade such polymers. Moreover, and as discussed, these
methods still lack infrastructures and collections specific to
PLA, as does industrial composting. Thus, other methods are
being developed to directly create materials with increased
biodegradability, such as blending PLA with biodegradable
polymers. Embedding enzymes in the polymer matrix also
emerged over a decade ago as a promising strategy to control
plastic end-of-life.

2.2.4.2. Embedded Enzymes for Biodegradable PLA.
Reminiscent of previous studies,476,477 DelRe et al.478

discussed the production of PCL with nanodispersed lipase
from Burkholderia cepacia by mixing dissolved polymer and
stabilized enzyme solution at room temperature. It was shown
that (1) lipase was uniformly dispersed throughout semi-
crystalline spherulites, (2) up to 2 wt % enzyme PCL
mechanical properties only changed by 10% (stress−strain
curve), and (3) PCL containing 0.02 wt % BC−lipase
degraded internally once immersed in a 40 °C buffer solution
until 98% conversion in 24 h. Moreover, no change in

crystallinity was observed up to 80% degradation, nor any
decrease in Mw despite substantial weight loss, contrarily to
depolymerization by external enzyme (acting by random
scission mechanism). Authors claimed that nanodispersed
enzyme should proceed via consecutive reactions without
releasing its substrate, through processive depolymerization. In
the same manner, Greene et al.479 recently created 3D-printed
enzyme-embedded plastics. To this end, cryogrounded PCL
(Tm = 60 °C, processing 90 °C) was mixed with the
thermostable Amano lipase under powder form to minimize
the surrounding water and therefore increase its stability. The
mixture was used to feed the printing reservoir. The resulting
printed enzymated film (400 μm thickness, enzyme loading 1
wt %) was degraded within 7 days, with a total weight loss of
92.9%, compared to addition of 1 wt % external enzyme to the
PCL film (15.7% weight loss).
DelRe et al.478 also showed that 1.5 wt % PRK nano-

dispersed in PLA could promote 80% PLA-depolymerization
in 1 week at 37 °C. This dispersion was also found to
accelerate depolymerization in industrial soil composts, as
shown by films disintegration in 6 days at 50 °C for PLA.
Nevertheless, this latter method required mixing the enzyme in
the dissolved polymer and thus an extended use of volatile
organic solvent (dichloromethane for PLA), prior to drying the
casted films, a process which is not suitable for industrial
plastic processing facilities. Melting PLA via an extrusion
process required significantly higher temperature (around 170
°C), thus, Huang et al.480 immobilized PRK on polyacrylamide
to thermostabilize the enzyme before the production of
enzymated films. The PLLA solution-cast film with embedded
PRK (0.5%) showed weight loss of 78% after 96 h incubation,
i.e., twice the yield obtained with externally added PRK. The
extruded film with embedded PRK (0.5%) showed weight loss
of 6% after 21 days incubation at 37 °C, and the extruded film
with embedded thermostabilized immobilized-PRK (0.015%)
showed weight loss of 15% after 21 days incubation.
Experiments were not conducted to reach higher depolyme-
rization yield, neither to evidence composting capacities of
such films in compost standard conditions. A further limitation
relies in the use of an all-carbon backbone, inherently
nondegradable, polyacrylamide immobilization support.
Carbios, in collaboration with TBI, embedded a PLA-

depolymerase from Actinomadura sp. and variants415,416 to
create a self-degrading plastic. Biodegradable PLA compounds
were prepared by mixing PLA PLE 003 from Natureplast in
granulated form (96% by weight) and a solid formulation
containing the wild-type enzyme (4% by weight) thanks to a
corotating twin-screw extruder. Biodegradation tests per-
formed in liquid medium at 28, 37, or 45 °C on 1 g of such
enzymated PLAs showed average 6% conversion into lactic
acid and dimers at 37 and 45 °C after 70 days. The engineering
work carried out in patent WO2019/122308, and described in
section 2.2.3.2, led to a triple variant of this protease from A.
keratinilytica highly improved, which gave 75 and 77%
depolymerization of enzymated PLA (90% PLA + 10%
enzymatic formulation) in liquid medium in 24 h at 45 °C
and 10 days at 28 °C, respectively. Carbios and TBI also used
the optimized quadruple variant N102F/S104L/S106T/N107I
of a protease from Thermus sp. strain Rt41A (described in
section 2.2.3.2) to create self-degrading enzymated-PLA:417 84
and 87% of the material (90% PLA and 10% of enzyme
formulation) degraded in liquid medium in 24 h at 45 °C and
10 days at 28 °C, respectively. Carbiolice developed Evanesto,
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an enzyme-based additive that makes products containing PLA
compostable under home conditions. Evanesto presents the
great advantage that it can be added to composite plastics
containing 35% to more than 70% PLA on conventional
industrial plastics tools.

2.2.5. Outlook. As emphasized in this section, PLA
represents a promising alternative to replace conventional
plastics. Not only it is a biobased polymer, but its properties
can be tuned to respond industrial properties requirements.
Nevertheless, PLA is currently only compostable in industrial
composting conditions, which means at a temperature higher
than 60 °C. If there is no further progress in market size,
collecting, and sorting of PLA, recycling will not be considered,
thus emphasizing the need to design innovative methods to
rethink its end-of-life. PLA-degraders and the enzymes
responsible for PLA-depolymerization have thus attracted a
growing interest as they offer novel opportunities. Program-
mable decomposition under home compost, industrial, or
methanization conditions, by embedding PLA-depolymerases,
would be an efficient solution, overcoming the need to separate
PLA products from municipal organic waste. Concepts are
being demonstrated, still, methods must be implemented at
larger scale to bring PLA to be a major plastic of the market.

3. BIODEGRADATION OF OTHER MAIN POLYMERS

3.1. Polyamides (PA)

3.1.1. About PA. The success of polyamides (PA) is
primarily due to the regular distribution of amide functions
(−CONH−) in their structure, forming hydrogen bonding
interactions. These are at the origin of the cohesion and the
mechanical strength of PA-based materials (Figure 17). There
are several families of PA, which can be aliphatic, semi-
aromatic, or aromatic, depending on the nature of the linkers
separating amide functions. Aliphatic and semiaromatic PA are
identified by the two numbers designating, respectively, the
number of carbon atoms present in the diamine and the diacid
they are derived from. A single number is used if an amino acid
or a lactam is employed as monomeric precursor with both
amine and acid functions (Figure 17).
Due to the wide range of available monomers, PA can

exhibit a broad range of properties. Semicrystalline for the
most part, PA display high mechanical properties (tensile
modulus, strength, impact resistance including at low temper-
ature, abrasion resistance, resilience), heat resistance, resistance

to chemical aging, electrical insulation properties, and good
biocompatibility.
First appearing in the 1930s, PA, also referred to as Nylons,

represent high-performance materials of choice, with a market
of 8 Mt, which is expected to grow at the rate of 2.2%, reaching
up to 10.4 Mtby 2027.481−483 The 96% of PA are composed of
short-chain with half of polycaprolactam (PA-6) and half of
polyhexamethylene adipamide (PA-6.6 obtained from two
monomers, adipic acid, and hexamethylenediamine (HMD)),
and 4% of specialty PA (long-chain PA and polyphthalamides),
with 60% used as fibers and 40% as engineered polymers
(Figure 17).484 The world demand for PA is increasing every
year because of their wide use in various applications for
automotive, electrical, electronic, construction, packaging,
carpets, and sportswear. Differences between PA-6 and P-
A6.6 include, for instance, temperature resistance that is lower
for PA-6, while PA-6.6 has higher modulus and better wear
resistance. Cost production is lower for PA-6. Other PA have
been developed but remain minor, such as the polybutyr-
olactam (PA-4, Tm = 260−268 °C) obtained from biobased
butyrolactam (derived from glutamate obtained from glucose),
polyhexamethylene dodecanediamide (PA-6.12) obtained
from hexamethylenediamine and 1.12-dodecanedioic acid,
polyundecanamide (PA-11) obtained from biobased 11-
aminoundecanoic acid (amino acid from castor oil), and
polylauroamide (PA-12) obtained from lauryllactam. Interest-
ingly, PA-4 has been shown to be biodegradable in different
environments, including in seawater.485

As most of PA are nonbiodegradable, the issue of recycling
and disposal of a growing volume of PA waste has therefore
attracted an increasing attention. Part of PA waste is collected
in Europe through extended responsibility of producers (ERP)
in automotive, textile, fishing, and electric and electronic
sectors. However, few PA wastes are treated today, mainly
production waste through mechanical recycling.
Depolymerization of PA-6 back to its caprolactam monomer

has been investigated for a long time. Chemical recycling to
monomer (CRM) of PA-6 has seen some commercial
developments, as operated by Shaw Industries, Aquafil, and
DOMO Chemicals. The Aquafil group produces Econyl yarn
made of 100% recycled PA-6, emanating from production
waste, oligomers, and postconsumer waste (fishing nets,
c a rpe t s , r i g id t e x t i l e s , e t c/) . 4 8 6 The i r pa t en t
WO2013032408A1 protects the removal of Spandex from
polyamide elastomeric fabrics composed of PA-6 and/or PA-
6.6 fibers, by thermal treatment and washing of degraded

Figure 17. Chemical structures of some PAs.
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Spandex using solvent.487 Another patent filed by Aquafil,
WO2014072483A1 covers both a method and a device for
treating polymers by continuous depolymerization and/or
dissolution.488 DOMO Chemicals (ex- Solvay) has focused on
airbag fabrics, composed of 15% silicone coated PA-6.6 fabrics,
with its move4earth continuous process consisting in micron-
ization and chemical separation to deliver recycled PA-6.6.
Construction of an industrial-scale facility in Poland was
announced to become operational in 2016, but there has been
no information about it since. Depolymerization of PA can be
performed by hydrolysis or aminolysis, these processes
requiring harsh reaction conditions, notably temperatures
higher than 250−300 °C. Other methods based on glycolysis
or aminoglycolysis have been described, but they do not result
in efficient regeneration of PA monomers from the degraded
polymers. Recycled PA-6 arising from a CRM process
represents less than 2% of the 4.4 million tons of global PA-
6 production per year. This low fraction can be explained by
the challenge for removing contaminants (e.g., elastan fibers)
from PA-6. If the contaminants remain in the material when,
for example, pulling new fibers, this results in low melt strength
and breakage. Such a chemical recycling of PA has been the
topic of recent reviews. A recent example of successful catalytic
CRM of PA-6 in closed loop, namely hydrogenative
depolymerization using a designed ruthenium-based catalyst,
has been reported by Milstein et al.489

Solvay also produces Amni Soul Eco, a PA-6.6 yarn with
enhanced biodegradability. It is only biodegraded under landfill
conditions in 3−5 years. Their patent WO2016079724A2490

protects a fiber comprising PA having a hygroscopicity of at
least 4%, and a biodegradation agent (0.5−5% by weight) with
chemoattractant compound (sugar, coumarin, furanone),
glutaric acid or its derivative, carboxylic acid (such as
hexadecenoic acid), biodegradable polymer (PLA, PLGA,
PCL, PHA, chitosan, etc.), and swelling agent (natural fiber,
cyclodextrin PLA, etc.).490 There is also an example showing
14% biodegradation after 300 days instead of 2% for PA-6.6
alone, hence 90% biodegradation in around 5 years, if the
biodegradation rate stays constant, that remains to be
demonstrated. From an environmental and industrial point
of view, there is thus a need for identifying enzymes active on
PA, and to use them either for improving biodegradability of
PA, or for recycling a wide range of PA waste thanks to enzyme
specificity.
Although the amide bond of PA is common to the amide

bond between amino acids composing proteins, PA is far less
sensitive to biodegradation than proteins. This can be
explained by the fact that PA is not soluble in water, unlike
proteins. Moreover, the presence of hydrogen bonds between
PA chains was reported to increase its crystallinity,491 that is
known to be a bottleneck for biodegradation.

3.1.2. Methods to Identify PA-Active Enzymes and
Microorganisms Involved in PA Biodegradation. Most
protocols to identify PA depolymerization enzymes are fully
described in Negoro et al.492 The halo method can be used
with 6-aminohexanoate (Ahx)-cyclic oligomers, obtained by
fractionation of byproducts from PA-6 factories. Indeed, during
the ring-opening polymerization of caprolactam, i.e., PA-6
synthesis, and because of thermodynamic equilibrium, free
monomers remain, and the formation of cyclic oligomers
formed by head-to-tail condensation are released into factory
waste.493 LB-tributyrin plate can also be used; 270 ± 140 μm
powder of PA-6 can be used after limited hydrolysis by formic

acid treatment and freezing disruption. A thin layer with
average thickness of 260 nm can be obtained by spreading PA
dissolved in 2,2,2-trifluoroethanol (TFE).
Degradation products released in aqueous medium, Ahx and

Ahx linear dimer, can be detected on a TLC plate by ninhydrin
reagents or quantitatively assayed using a C18 reversed phase
HPLC column and a detection using absorbance at 210 nm. It
is also possible to quantify the released amino groups by a
colorimetric method using 2,4,6- trinitrobenzenesulfonic acid
(TNBS). Adipic acid can also be assayed by HPLC.494 Indirect
methods consisting in measurement of hydrophilicity by drop
test or rising height can also be used to detect surface
modification of PA.494

Four bacterial strains, Arthrobacter sp. KI72, Pseudomonas sp.
NK87, Agromyces sp. KY5R, and Kocuria sp. KY2, can grow on
Ahx oligomers as sole carbon and nitrogen sources.495

However, the biodegradability of PA-6 and PA-6.6 is very
low. Geobacillus thermocatenulatus is responsible of PA-6.6
molecular weight (viscosity average molecular weight, Mv)
decrease from 43 000 to 17 000 g/mol in 20 days at 60 °C and
has no action on PA-6.496

Even if examples of enzymatic degradation of PA-based
materials are scarcer than for polyesters, two types of
enzymatic activities have been identified, as described
hereafter: (i) hydrolases active on PA oligomers with an
action limited to the PA surface and (ii) oxidases reducing
molar mass of PA.

3.1.3. Surface Modification of PA Fabrics Using
Hydrolases. Surface hydrolysis can be implemented to
increase PA hydrophilicity, to produce for instance ultra-
filtration membrane less clogged by proteins, to improve textile
comfort allowing better evaporation of perspiration, or to
better color fibers.497 It can also be used to perform partial
hydrolysis and remove oligomers to smoothen the fabric
surface. Three types of enzymes can be used for this purpose,
namely, proteases, cutinases, and amidases. There is no direct
quantification of depolymerization activity but indirect
evidence through hydrophilization measurement.

3.1.3.1. Proteases. A slight hydrolysis of PA-6.6 has been
described with papain, trypsin, and α-chymotrypsin.498

Aspartic protease, metalloprotease, and cysteine protease are
also used for PA textile modification, in particular, papain,
proteases from Genencor (bromelain, Purafect OX 4000 E,
protease GC 106, Protex Multiplus L), protease M from
Amano, Corolase N from AB Enzyme, and Flavourzyme 500L
from Novozymes499 Alcalase 2.4L from Novozymes was used
to modify surface of PA-6.6 fibers.500 Conditions of action
were described in detail by Parvinzadeh et al. using commercial
proteases from Genencor (Protex Gentle L and Protex 40L,
which are subtilisins produced in Bacillus subtilis and covalently
linked to propylene glycol; Protex multiplus L-serine alkaline
protease; Protex 50FP endo/exo peptidase produced in
Aspergillus oryzae).501 PA-6.6 fabric was treated in 40 mM
sodium acetate buffer pH 6.5 with 50 g·L−1 PA-6.6, 30
mgenzyme·gPA‑6.6

−1 for 80 min at 30 °C to improve coloration of
PA-6.6 fibers. From an industrial point of view, if the reaction
time is short and temperature is mild, the enzyme
concentration is quite high. A protease from Bacillus sp. was
demonstrated to be active on PA-6.6 model substrate (adipic
acid bis hexyl-amide, Figure 18) and even a better enzyme than
cutinases.502 This highest activity is correlated with the highest
adsorption of the enzyme.
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3.1.3.2. Cutinases. Surface hydrolysis of PA-6.6 fibers was
reported with different cutinases: Genencor’s GCI 2002/1410
cutinase,503 and the FsC cutinase from Fusarium solani
pisi.502,504 For instance, the FsC cutinase was active on adipic
acid bis hexyl-amide but presents a 4-times lower activity than
the protease from Bacillus sp, mostly because of its 3-times
lower adsorption.502 Molecular modeling studies combining
both molecular dynamics and molecular mechanics (MD/
MM) simulations have enabled identification of amino acid
targets for mutagenesis to enlarge the active site of FsC and
accommodate larger substrates, leading to the evaluation of
single mutants L81A, N84A, L182A, V184A, and L189A.275

The FsCL182A variant showed 45% higher activity than the
native enzyme and a 3-times higher adsorption when
considering the adipic acid bis-hexyl-amide model substrate.
Moreover, this FsCL182A variant was 19% more active than the
wild-type enzyme on PA-6.6 fabric. The substitution of leucine
by a smaller amino acid, such as alanine, near the active site,
could result in a more open structure, allowing a better fit of
PA into the active site and a stabilization of the tetrahedral
intermediate formed during the reaction. This study highlights
that the exchange surface is a crucial parameter on enzyme
activities toward polyamide. Unfortunately, there was no
control to detect the effect of agitation solely in the absence
of enzyme.
The Thc_Cut1 cutinase of Thermobif ida cellulosilytica has

been described to modify the surface of PA-6.6. Its X-ray
structure (PDB 5LUI) was further analyzed to identify the
amino acid residues composing the active site. Indeed, the I179
amino acid residue was proposed to be a key residue to
establish a hydrogen bonding interaction with the NH group of
the PA amide and could be necessary for the hydrolysis of the
C−N bond.505 This was confirmed through the obtention of
variants with higher activity than wild-type enzyme toward the
model substrate, N1,N6-dihexylhexanediamide (3PA-6.6), at
50 °C pH 7. The amidase activities of mutants I179Q, I179A,
and I179N were found improved by 6-, 7-, and 15- fold,
respectively. The amino acid mutations enabled creation of a
reallocated water network to facilitate the nitrogen inversion
mechanism by H-bonding and enhanced transition state
stabilization. This stabilization was further confirmed by MD
simulations. However, these variants remained poorly active on
PA-6.6 film (Goodfellow, thickness 50 μm).

3.1.3.3. Amidases. Five enzymes able to catalyze hydrolysis
of PA-6 were identified in Arthrobacter sp. KI72:492,506−510

• EI = NylA 6-aminohexanoate-cyclic-dimer (Acd) hydro-
lase (EC 3.5.2.12, 52 kDa, optimal pH and temperature
7.4 and 34 °C) hydrolyzes the amide bond, generating 6-
aminohexanoate-linear-dimer (Ald).

• EII = NylB Ald hydrolase (EC 3.5.1.46, 42 kDa, optimal
pH and temperature 9.0 and 40 °C, also active on trimer
to icosamer), releases 6-aminohexanoate (Ahx) by an
exotype mode of action.

• EII′= NylB′ (88% amino acid sequence identity with
EII, e.g., 46 amino acids different, but 200 times less
active, 42 kDa).

• EIII = NylC Ahx-oligomer endohydrolase (EC3.5.1.117,
37 kDa, optimal pH and temperature 7.0 and 42 °C)
hydrolyzes cyclic and linear oligomers of more than 3
units until more than 100 units by an endotype mode.

• Amidehydrolase NylC-like.
EII is more active on 6-aminohexanoyl-8-aminooctanoate

(Ahx-Aoc) and 6-aminohexanoyl-aniline (Ahx-Ani) than on
Ald, but it is barely active on 4-aminobutyryl-6-amino-
hexanoate or 8-aminooctanoyl-6-aminohexanoate (Ahx-Aoc)
(Figure 19).511 EII has no detectable activity on Acd, nor on 6-

aminohexanoate-cyclic-oligomers, nor on more than 60 kinds
of various peptides. EII also possesses hydrolytic activity for
carboxyl esters with short acyl chains: C2-ester and lower
activity toward C4-ester. EII specifically recognizes amide
compounds containing Ahx as the N-terminal residue in the
substrate, but the recognition of the C-terminal residue in the
substrate is not stringent. With Ald, Ahx is detected after only
15 min with 0.057 mol EII/mol Ald. EII releases 4.16 μmol
Ahx/min/mg enzyme.
Two other enzymes have been identified in Agromyces sp.

KY5R,495 namely A-NylB (identical to EII) and A-NylC, the
latter being more thermostable and more active at alkaline pH
than EIII. In addition, homologues of EI have been found in
several strains, including the Pseudomonas sp. NK87 and the
alkaline strain Kocuria sp. KY2.509 A homologue of EIII has
also been identified in Kocuria sp. KY2 and named K-NylC.495

Comparatively, EIII has a Tm of 52 °C, whereas A-NylC has a
Tm of 60 °C and K-NylC has a Tm of 67 °C, with 5 and 15
differing amino acids from EIII, respectively.512 Of note, two
patents from Rhone-Poulenc (e.g., WO1997004083A1 and
WO1997004084A1) protect an amidase from Comamonas
acidovorans active on PA-6 and PA-6.6 as well as an enzyme-
based hydrolysis process.513,514 The strain was selected as
growing on oligomers and a 50.5 g·L−1 of DP8 oligomers
preparation showed 72% conversion into monomers and
oligomers of DP < 4 after treatment by 6.2 g of cells for 18 h.
Two enzymes were also identified from Nocardia farcinica
isolated from soil: an aryl acylamidase of 190 kDa able to
hydrolyze a PA-6.6 model substrate515 and a polyamidase of 51
kDa, named NfpolyA.516 The aryl acylamidase has an optimal
pH between 8 and 11 (active at pH 6−11) and an optimal
temperature of 50 °C (half-life 35 min). NfPolyA have been
purified from an E. coli overexpression and was active on n-
butylamine used as a model substrate and on a PA-6.6 fiber
surface. Screening of 12 fungi showed that Beauveria

Figure 18. PA-6.6 model substrate (adipic acid bis-hexyl-amide).

Figure 19. Chemical structures of various amide compounds. 6-
Aminohexanoate (Ahx), 6-aminohexanoyl-8-aminooctanoate (Ahx-
Aoc), 6-aminohexanoyl-aniline (Ahx-Ani), 6-aminohexanoate-linear-
dimer (Ald).
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brongniartii and B. bassiana were the most efficient to
hydrophilize PA.497 Indeed, a polyamidase of 55 kDa was
identified from B. brongniartii, to be active on both PA-6 and
PA-6.6. Additionally, and without precision of its origin, a
ceramidase able to degrade amide and urethane links in
polymeric material (PA, PU, polyester, PP, PVC, PS, starch)
was patented by Tohoku University.517

The X-ray structure of EI has been determined in free form
and in complex with Acd (PDB 3A2P and 3A2Q), revealing a
catalytic center constituted by the S174/S150/K72 triad
responsible for EI catalytic function.509 Analysis of enzyme/
substrate interactions in the complex structure with inactive EI
revealed that A171 and A172 residues were involved in
oxyanion stabilization and that C316 residue is responsible for
Acd binding by forming a hydrogen bond with the nitrogen of
Acd amide bond.
Crystallization of purified EII failed under tested con-

ditions.507 However, the 3D structure of a hybrid between EII
and EII′, namely Hyb-24 (variant of EII′: T3A/P4R/T5S/
S8Q/D15G), has been successfully determined. Hyb-24
presented only 0.55% activity compared to EII. A homology
search based on the Hyb-24 structure was carried out in the
Protein Data Bank. Although the sequence identity between
Hyb-24 and the proteins in the penicillin-recognizing family of
serine reactive hydrolases is low (10−19%), their overall
structures were very similar, especially for DD-peptidase and
carboxylesterase (EstB). DD-Peptidase has no corresponding
residue at the position of G181 of Hyb-24. H266 is a residue

constitutive of the catalytic site. Mutations at these two
positions have thus been investigated. Interestingly, the
combined G181D/H266N mutations in EII′ enabled activity
to be restored, while in Hyb24, they led to 85% activity of EII.
The X-ray structures of the Hyb-24G181D/H266N double variant
(PDB 1WYC) and the catalytically inactive Hyb-
24S112A/G181D/H266N counterpart in complex with Ald (PDB
2DCF) have been determined508 (Figure 20). EII utilizes the
S112/K115/Y215 triad as common active site, for both Ald-
hydrolytic and esterolytic activity, but requires at least two
additional specific amino acid residues (D181 and N266) for
Ald-hydrolytic activity (Figure 20).
A catalytic mechanism has been proposed for EII (Figure

21)508 that involves the following steps: (i) the catalytic center
interacts with the N-ter of Ald, (ii) Ald induces then a
conformational transition of the enzyme from open to closed
form, (iii) a nucleophilic attack of Ald by S112 leads to the
formation of a tetrahedral intermediate, (iv) the acyl-enzyme is
then formed with the enzyme in open form, and (v) followed
by the deacylation of the enzyme by a water molecule and the
regeneration of the free enzyme, via the formation of a
tetrahedral intermediate. The hydroxyl function of S112 is
assumed to attack the ester-carbonyl and amide-carbonyl
bonds of the substrate, leading to the formation of the acyl-
enzyme. Residues K115 and Y215 are likely involved in
maintaining the optimum electrostatic environment to ensure
efficient catalytic activity in such a way that either one of these
two residues can act as a general base or promote the

Figure 20. Three-dimensional structure of the Hyb-24G181D/H266N (PDB 1WYC) (green color) and the inactive Hyb-24S112A/G181D/H266N in complex
with Ald (PDB 2DCF) (cyan color). An enlarged view of the amino acid residues involved in interaction with Ald is shown at the bottom.
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nucleophilic attack by S112. The subsequent deacylation step
involves the attack of the acyl enzyme by a water molecule.
The amide bond cleavage mechanism of PA-6.6 and

nonbiological amide bonds by EII was investigated using
computational quantum mechanics/molecular mechanics
approach coup led to metadynamic s (QM/MM
CPMD).492,518,519 It follows the two-step mechanism of
serine-reactive hydrolases involving a Ser/Lys/Tyr catalytic
triad and an oxyanion hole. The acylation via a tetrahedral
intermediate was shown to be the rate-limiting step. The work
also revealed the dual role of a unique Y170 residue in the
stabilization of the acyl-enzyme and the enhancement of the
proton donation of the general acid to the amide substrate in
the tetrahedral intermediate.
The 3D structure of A-NylC has also been determined (PDB

3AXG).512 It is constituted of a dimer of 36 kDa, each dimer
being composed of 2 subunits α and β of 27 and 9 kDa,
respectively. A-NylC adopts a doughnut-shaped quaternary
structure with putative catalytic residue T267 at the N-ter of
the β-subunit that participates in a H-bonding network with
N219, D306, and G307. The autoproteolysis of the precursor
produces the active enzyme.

3.1.4. Enzymatic Oxidative Degradation. Enzymatic
oxidative degradation has only been reported by a Japanese
team who also studied amidases, but there has been no
publication for 20 years. White rot fungi Deuteromycotina sp.
FERM BP-1859, Phanerochaete chrysosporium ATCC 34541,
and Trametes versicolor IFO 7043 were shown to degrade PA-6
and PA-6.6 under ligninolytic conditions thanks to a

manganese peroxidase induced by MnSO4 (MnP, 43
kDa).520−522 This manganese peroxidase is active from pH
3.5 to pH 5 with an optimum at pH 4.5. After its degradation,
PA displays various functions such as −CHO, −NHCOH,
−CH3, and −CONH2. The methylene group adjacent to the N
atom in the polymer chains is attacked by the peroxidase. The
Mw and the Mn of a PA-6.6 membrane decreased by 57% and
75%, respectively, after 2 days of incubation at 30 °C with the
purified enzyme. Alteration of a PA-6 fiber was also visible on
SEM. Additionally, the laccase of Trametes versicolor with 1-
hydroxybenzotriazole (HBT) degraded a PA-6.6 membrane,
showing a decrease of the Mw and the Mn by 81% and 72%,
respectively.523 Alternatively, several patents were released.
Indeed, a decomposition method of PA compound was
reported using the culture of basidiomycetes such as
Phanerochaete chrysosporium ATCC 34541 under N and C
starvation. The Mw and the Mn were found to decrease by 86%
and 90%, respectively, after 20 days at 20−28 °C.524 A
decomposition method of PA using MnP and Mn(II) and
phosphate such as MnSO4 et KH2PO4 was also described.525 A
degradation method of PA using MnP and additives such as
acetic/succinic/phosphoric acid.526 Finally, a decomposition
method of PA using a laccase mediator system, preferably 1-
HBT, was also reported.527

3.1.5. Outlook. Whereas partial hydrolysis of PA-6 and PA-
6.6 has been reported, especially for textile applications,
complete depolymerization of PA fibers by enzymes has not
been established yet. It appears that a unique research group
has reported the screening and the discovery of enzymes for

Figure 21. Proposed catalytic mechanism of EII along the following steps:508 (a) free enzyme in open form, (b) enzyme + substrate, (c) tetrahedral
intermediate in closed form (d) acyl-enzyme, and (e) tetrahedral intermediate in open form. Reproduced with permission from ref 508. Copyright
2007 Elsevier.
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PA degradation.506 Currently, the Open plastic project
supported by the Queen’s University, Ontario, Canada,528

and involving Carbios and DuPont among the partners is
searching for new microbes and new enzymes that could
depolymerize PA and could offer novel opportunities to
develop efficient PA degradation processes. Except for the
surface modification of fabrics, no industrial utilization of
enzymes has been reported so far to degrade PA waste. When
comparing with PET recycling, it appears certainly crucial to
first develop a method of PA pretreatment, to decrease the
crystallinity and to increase enzyme accessibility. Second, this
would require optimization of the enzyme thermostability to
work as close as possible to the glass transition temperature of
PA (Tg ∼ 50 °C). Of course, the improvement of the activity
might also be mandatory as the enzymes reported to be active
on PA have not been designed for this purpose by Nature. In
addition, potential inhibition of the enzyme by released
degradation products and adsorption of the enzyme on PA
remain to be further investigated.
PA-6 and PA-6.6 monomers are biodegradable. It could thus

be of interest to incorporate an enzyme inside the PA to
release monomers for short-life applications. However, it is
unlikely that an enzyme can be incorporated inside the PA to
improve its biodegradability as PA is transformed at high
temperature (>230 °C for PA-6 and >265 °C for PA-6.6).
Effectively, enzymes will be denaturated at these high
temperatures. An alternative could be to add the enzymes to
the PA via surface coating avoiding such temperature of
denaturation, as shown by Kuraray et al. in a released
patent.529 This approach presents however a risk of enzyme
leakage, losing the ability to biodegrade PA. Another solution
could be to use the enzyme to treat PA wastes in composting
or methanization units, monomers of PA-6 and PA-6.6 being
metabolizable.
Alternatively, the enzyme could be used in controlled

reactors to recover monomers. Ahx can be reused after
conversion to ε-caprolactam by intramolecular dehydration for

the repolymerization of PA-6, leading to closed loop recycling.
Adipic acid and HMD can also be recovered, purified, and
directly used for new synthesis of PA-6.6. In many wastes, such
as textiles and automotive parts, PA-6 and PA-6.6 are present
in mixture. If the same enzyme is used to depolymerize PA-6
and PA-6.6, three monomers will need to be separated, which
can be a more complex and tedious task. Another method
would be to optimize two enzymes, a first one selective for PA-
6 and a second one for PA-6.6, to treat wastes by successive
use of these two enzymes. Combination of oxidases and
hydrolases could be investigated, but it would require
anticipating the recovery of degradation products. For instance,
after PA degradation, Negoro et al. suggests performing
biotransformation of recovered monomers to valorize them by
conversion into other metabolites such as organic acids or
alcohols.492 The metabolic pathway for the conversion of Ahx
to adipate has been reported in Arthrobacter sp. KI72.510

3.2. Polyurethanes (PU or PUR)

3.2.1. About PU. Polyurethanes, abbreviated as PU or
PUR, represent a class of polymers constituted of carbamate (=
urethane) linkages. PU are the sixth most used polymers in the
world, with a consumption reaching more than 20 Mt per
year.530 Flexible foams are used for the cushioning of furniture,
bedding, or automotive seats, while rigid foams are used as
thermal insulators in the construction. PU are also used as
coatings, adhesives, sealants, and elastomers (CASE). PU
coatings provide a protection layer against weather, abrasion,
and corrosion. Elastomers are both elastic and flexible and can
be used in application, such as wheels for rollerblades. Certain
types of PU are biocompatible and used in medical application,
such as cardiovascular devices or orthopedic prosthesis. Elastan
is a particular PU used in textile.531

Classically, PU result from the polyaddition of a diol (or
polyol) onto a diisocyanate (or polyisocyanate). The latter is
directly produced from the corresponding amine and
phosgene, which is highly toxic. The hydroxylated oligomers

Figure 22. A two-step route to linear PU combining hard and soft segments and their representative nanostructuration in the bulk, with amorphous
and crystalline phases.
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(“polyols”) have a varied structure. However, they are most
often either based on polyether, especially in foams, which is
the main application of PU, or on polyester, in particular in
thermoplastic polyurethanes (TPU). Corresponding polymers
are thus often coined as “polyetherurethane” and “polyesterur-
ethane”, respectively. The polyether chains are essentially
constituted of poly(oxyethylene), (PEO, also referred as PEG
for poly(ethylene glycol)), poly(oxypropylene), (PPO or PPG
for poly(propylene glycol)), and poly(oxytetramethylene)
(PTMO). Main aliphatic polyesters derive from polyadipate
[butylene or ethylene/butylene] and poly(ε-caprolactone)
(PCL). Aromatic oligomers are also used to produce PU or
polyisocyanurate foams, improving their fire resistance. Hence,
PU can show a rich chemical diversity as they can be produced
from a wide range of at least two types of monomers, which
enables to tune their physical properties.
PU synthesis usually requires a catalyst, e.g., 1,4-

diazabicyclo{2.2.2)octane (DABCO) as a tertiary amine, or
dibutyltin dilaurate (DBTDL), in order to accelerate the
polymerization reaction, to balance the different reaction
events that can take place during the formation of urethane
linkages (e.g., trimerization of the isocyanate, reaction between
water and the isocyanate, etc.).
To achieve high performance elastomers or thermoplastics, a

third component like a diol (respectively diamine) or a triol,
(respectively triamine) of low molar mass can be incorporated
into the formulation. Difunctional reactants are often referred
to as “chain extenders”, while higher functionality compounds
will be referred to as “cross-linkers”. Their presence will lead to
the formation of chain or network portions, where the
isocyanate patterns will be very close together with a strong
density of urethane bonds. For entirely linear TPU, the
urethane moieties behave as rigid “hard” segments, as opposed
to chains deriving from the macrodiol oligomer behaving as
flexible “soft” segments. If there is a sufficiently significant
thermodynamic incompatibility between the hard and the soft
segments, this will result in the separation of the material into
rigid and flexible nanodomains.
The phenomenon is accentuated when the polymer is

synthesized in two steps via a prepolymer (Figure 22), which
forces the chain extender molecules to come together in the
chain to form a longer rigid segment (casting elastomers),
whereas a one-step synthesis (particularly in the case of TPU
synthesized by reactive extrusion) results in a more random
distribution of the different patterns.
The main defects being the toxicity of some precursors and

the difficulty in properly recycling PU waste, alternative
synthetic pathways are currently assessed that could overcome
those issues. In this concern, the most studied and promising
routes to PU include (i) the transurethanization polyconden-
sation between a bis-carbamate and a diol and (ii) the
polyaddition between cyclic carbonates and (pluri)amines.
Recent works have been performed to design biodegradable

PU for biomedical applications. On the opposite, current
commercial PU designed for long-term application are
recalcitrant to biodegradation. A review on PU biodegradation
is somehow difficult, as it is a diverse family of polymers which
differ considerably in their physical properties due to varied
nature of the different building blocks used for their synthesis.
Moreover, the exact composition of PU used in the different
publications is often unknown. At best, there is a commercial
name of PU, but PU producers do not provide information
neither about their chemical formula, nor about their

molecular weight. In some cases, however, PU were purposely
synthesized by the authors and were thus rather well
characterized.
To investigate the existence of biodegradation activity on

urethane bond, low molecular weight urethane-based model
molecules have been specifically designed. For instance, a
fungal strain of Exophiala jeanselmei can hydrolyze toluene-2,4-
carbamic acid diethyl ester into tolulene-2,4-diamine
(TDA).532 Likewise, 2,4-toluene diisocyanate (2,6-TDI)-
based diethyl ester can be degraded by E. jeanselmei. A strain
of Rhodococcus equi can hydrolyze toluene-2,4-carbamic acid
dibutyl ester (TDCB) into TDA, but its growth was inhibited
by TDA concentration higher than 1.0 mM.533 The R. equi
strain also showed hydrolytic activities on the urethane bonds
in methylene bisphenyl carbamic acid dibutyl ester (MDCB)
and hexamethylene carbamic acid dibutyl ester (HDCB),
releasing 3,3′-methylendianiline (MDA) and hexamethylene
diamine (HDA), respectively. There are thus enzymes able to
hydrolyze urethane bond despite the fact that they have not
been identified yet. However, theses enzymes may not
necessarily be able to degrade commercial PU as urethane
bonds are most often localized in the crystalline regions of the
polymeric structure.
This diversity in PU makes difficult the design of an enzyme

able to degrade a large variety of PU. It is obvious that a
specific enzyme must be developed for each specific PU.
Polyester-PU particle dispersions are generally used for

screening, then most promising strains are studied on bulk
polymers, polyester-PU, or polyether-PU, in the form of thin
films (coatings) or foams. Numerous microorganisms have
thus been identified for PU biodegradation and reported in
reviews.534−536 Presence of characteristic enzymatic activity
(esterase, protease, urease) has often been evaluated but
without evidence on its involvement on PU biodegradation
and without specific enzyme identification.
Impranil DLN from Bayer Corporation (now Covestro) is

often used as a PU model substrate. It is obtained from
polyhexane neopentyl adipate polyester and hexamethylene
diisocyanate (HDI,537 Diethylene glycol (DEG) is also a
component of Impranil-DLN.538 It is an aliphatic polyester-PU
colloidal dispersion used for textile, leather, and aircraft fabric
coatings.539 It is a white milky suspension composed of 40%
dry mass of ∼200 nm sized spheres and can remain suspended
in water-based media for several days. It becomes translucent
when hydrolyzed, enabling easy enzymatic activity detection.
Hydrolysis of urethane bond was confirmed with Impranil

DLN. For instance, a fungus strain of Cladosporium
pseudocladosporioides degraded up to 87% after 14 days with
the loss of carbonyl groups and NOH bonds, a decrease in the
ester compounds, and an increase in the alcohols and hexane
diisocyanate, indicating the hydrolysis of the ester and the
urethane bonds.540 A strain of C. tenuissimum was isolated at
the same time on Impranil DLN and was also able to degrade
solid foam of polyether-PU (PolyLack from Sayer Lack
Mexicana), leading to a 65% weight loss. Another fungal
strain, Aspergillus sp. reduced the initial weight by 20% after 28
days of a polyester-PU film, obtained by solvent casting in
tetrahydrofuran (THF) of methylene diphenyl diisocyanate
(MDI) polyester PU {poly[4,4′-methylene-bis(phenyl isocya-
nate)-alt-1,4-butanediol/poly(butylene adipate)]} pellets.541

Recently, microbial communities were selected by enrichment
with PolyLack, from deteriorated PU foams collected in a
municipal landfill.542 There were already reported PU-
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degrading genera (Paracoccus, Acinetobacter, and Pseudomonas),
but also new genera (Advenella, Bordetella, Microbacterium,
Castellaniella, and Populibacterium).

3.2.2. Enzymatic Hydrolysis of PU. Different classes of
enzymes have been identified and characterized for their
involvement in PU biodegradation: esterases, lipases, cutinases,
proteases, amidases, ureases, and oxidases. They are discussed
in the following paragraphs.

3.2.2.1. Esterases, Lipases, and Cutinases. Esterases
represent the main class of enzymes (EC 3.1) involved in
the degradation of polyester-PU. They are known to hydrolyze
the ester bonds in the soft segments, leading to the release of
carboxylic acid and alcohol end-groups.543 Esterase activity has
been detected in several strains degrading polyester-PU (for
instance, military paint Unicoat,;544 coating Hydroform,545). In
some cases, the enzyme was identified and its key role in the
PU biodegradation process was established.
Impranil DLN was degraded with lipases from Candida

rugosa (Sigma) at pH 7 and 35 °C with 2.5 g/L PU and 28 mg
lipase/g PU, generating diethylene glycol (DEG), adipic acid,
and trimethylol propane (recoverable in paints and coat-
ings).538 It is unknown if the reaction goes on after 1 h and the
total degradation of PU into DEG is not described. Biffinger et
al. have also studied commercial esterases from Sigma on
Impranil DLN: the recombinant esterase from Pseudomonas
f luorescens, the triacylglycerol lipase from the Pseudomonas
sp.539 The lipase was applied at the lowest concentration (1.75
mg lipase/g PU with 4 mg/mL PU). It showed the highest
esterase activity and was the only enzyme to completely “clear”
5.0 mg of Impranil after 24 h, generating the highest
concentration of soluble hydrolysis products (3.9 mM of the
soluble alcohol). The esterase activity was neither inhibited by
Impranil DLN nor its hydrolysis products and remained stable
after 24 h exposure to Impranil DLN.
Several extracellular serine-hydrolases (EC 3.1) with

consensus sequence GXSXG were shown to be able to clear
Impranil DLN. The PulA (48 kDa) arises from Pseudomonas
f luorescens and is known to exhibit an esterase activity. Its PU
degradation activity was confirmed after production in E.
coli.546 An approximately 21 kDa enzyme was purified from the
cell-free filtrate of Pestalotiopsis microspora.547 The secretion of
active protein appeared to be induced under PU growth
conditions. This enzyme is thermostable because a treatment
at 98 °C for 20 min was required to inactivate the enzyme. An
enzyme of 28 kDa was identified in Curvularia senegalensis with
an esterase activity, stable 10 min at 100 °C.548 An enzyme
(∼66 kDa) was identified in Acinetobacter gerneri and its
activity was increased with 5 mM of CaCl2.

537 Aspergillus f lavus
ITCC 6051 causes 61% mass loss of polyester-PU sheet of 1
mm thickness (from Instapark) after 30 days.549 A strain of
Pseudomonas putida degraded 92% of Impranil DLN within 4
days at 30 °C, with decrease of ester functional groups and
emergence of amide groups.550 Esterase activity was detected
in the cell lysate and a 45 kDa protein able to degrade PU was
detected by zymogram.
Two other enzymes were identified in Pseudomonas

chlororaphis ATCC 55729 by zymogram.546,551 One of 63
kDa (PueA) exhibited both esterase and protease activities
with respective optimum pH of 8.5 and 7.0, whereas the other
of 31 kDa showed esterase activity and an optimum pH of 8.5.
The enzyme activities of both proteins proved stable after 10
min at 100 °C. Then, a third enzyme was identified in P.
chlororaphis (PueB, 60 kDa552). Genes encoding PueA and

PueB were cloned in E. coli.552,553 According to sequence
homology, PueA is a lipase and has 56% identity in amino acid
sequence with PulA. PueA and PueB only share 42% identity
of amino acid sequence. The recombinant PueB showed
esterase activity when assayed with various p-nitrophenyl
substrates and lipase activity when assayed with triolein. PueA
and PueB are both part of an ABC transporter gene cluster554

with an ATPase-binding protein (ABC), an integral membrane
protein (MFP), and an outer membrane protein (OMP534).
Both enzymes are stable up to 100 °C. Insertional mutations in
the pueA and pueB genes generating knockout mutants suggest
that PueA may play a more major role in PU degradation than
PueB based on cell density and growth rates. Later, P.
chloroaphis was also found to degrade an open-cell polyester-
PU foam used in car seats, releasing DEG but without
significant weight loss.555 A method using this strain to remove
PU coating was patented by the U.S. Ship.556 Two lipases
PueA and PueB were also found in Pseudomonas prote-
gens.557−559 Deletion of the pueA gene reduced PU-clearing
activity, while pueB deletion exhibited little effect. Never-
theless, removal of both genes was necessary to stop
degradation of PU.
PueB from P. chlororaphis was studied by 500 ns MD

simulations either as a free enzyme or complexed with a PU
monomer (formed by polybutylene adipate (PBA) and 4,4′-
methylene diphenyl diisocyanate (MDI)).560 Along the
simulation of PU-MDI with the PueB, several residues (S31,
T32, P33, Q60, R95, T97, Y104, A108, L111, H151, L153,
P184, T201, W207, H250, P251, Q252, S253, A254, V255,
L256, P259, and Q260) were found to establish van der Waals
interactions, while T32, T62, R76, R98, S152, and L252
formed hydrogen bonds. These results indicated that the PU
monomer (MDI) suffered only small rearrangements, as it
maintained interactions with specific residues from the same
region of PueB during the entire simulation.
Despite their quite old discovery, all of these enzymes

remain to be characterized in deeper detail to quantify and
compare their activity on different PU. Especially, the
degradation products should be investigated to determine if
they only hydrolyze the ester bonds in the soft segments.
Indeed, the enzymes able to degrade PU are often, and
irrelevantly, called polyurethaneases due to their activity on PU
but without characterization of their abilities to hydrolyze
urethane bonds.
A strain of Comamonas acidovorans completely degraded 10

g·L−1 of polyester-PU in cube shape with long chain polyester
segments (homemade by reacting poly(diethylene glycol
adipate) (Mn 2,5 kg·mol−1) with 2,4-tolylene diisocyanate)
after 7 days into diethylene glycol (DEG) as well as few
trimethylolpropane (TMP) with PU as sole carbon source.561

The weight loss was 48% when PU was the sole carbon and
nitrogen source and, in this case, adipic acid was additionally
detected. In both cases, it was important to avoid acidification
by maintaining neutral pH. No metabolite was detected that
could be derived from diisocyanate segment. Moreover, C.
acidovorans was not able to degrade either poly(propylene
glycol) or polyether-PU (homemade by reacting poly-
(propylene glycol) with 2,4-tolylene diisocyanate). C. acid-
ovorans has a membrane-bound esterase PudA of 62
kDa,562,563 and the PudA protein purified from an E. coli
overexpression was able to degrade solid polyester-PU (DEGA,
2,4-tolylene diisocyanate). PudA contains the GXSXG motif
characteristic of serine hydrolases. Close to a Glu residue
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(E324) of the S199/H433/E324 catalytic domain of PudA,
there are three hydrophobic domains, one of which forms a
surface-binding domain, which is present in the C-terminus of
most bacterial poly(hydroxyalkanoate) (PHA) depolymerases.
An esterase of Cryptococcus sp. MTCC 5455 capable of

degrading different aliphatic polymers and copolymers was
reported.564 Between 35 and 55% degradation of PU film (no
reference on the type of PU) was obtained by the freeze-dried
enzyme in 12 h and complete degradation in 24 h. The
enzyme, which was characterized by a molecular weight of 25−
28 kDa, was stable at pH 4−10 up to 60 °C and proved active
at pH 5−8 and 10−50 °C.
Bayer filed a patent on a process for the enzymatic

decomposition of biodegradable adhesives (polyesteramides
and polyesterurethanes containing urea groups) with a lipase
(Candida antarctica lipase B, named CalB, Mucor miehei
lipozyme, Aspergillus niger lipase) and/or a cutinase (HiC from
Humicola insolens).565 Examples included polyesters and
urethane polyester (Desmocoll VPKA 8741 Bayer). Similarly,
another Bayer’s patent protected a process for decomposing
molding bodies, tablecloth structures, coatings, bonding
assemblies, or biodegradable polymer foams, with enzymes.566

This process reported the enzymatic decomposition of
polyesteramides and polyesterurethanes comprising urea
groups, with a lipase or cutinase. In the examples, a film of
polyester amide (60% caprolactam and 40% statistical
copolymer of adipic acid and butanediol) was completely
degraded using CalB lipase.
The degradation of Impranil DLN was shown with four

polyester hydrolases: LCC, TfCut2 from Thermobif ida fusca
KW3, and Tcur0390 and Tcur1278 from Thermomonospora
curvata DSM43183.543 Tcur0390 and Tcur1278 appeared less
thermostable than TfCut2. The highest initial kinetics and
hydrolysis rates were obtained for TfCut2 and Tcur0390. A
turbidity of 30−40% of Impranil remains after treatment with
all the enzymes (plate), indicating only partial hydrolysis.
TfCut2 showed the highest substrate affinity for Impranil
DLN. The four enzymes were also able to generate weight
losses of the solid thermoplastic polyester PU Elastollan B85A-
10 and C85A-10 without additives (supplied by BASF).
Indeed, up to 4.9% and 4.1% weight loss of Elastollan B85A-10
and C85A-10, respectively, with 0.6 mgLCC·gPU−1 and 80 gPU·
L−1 was observed after around 8 days at 70 °C. Size exclusion
chromatography confirmed a preferential degradation of the
larger polymer chains, with a decrease of up to 19% of Mw and
no change of Mn. Degradation of long chain preferentially
occurred at the polymer surface, and the urethane bonds were
reported to resist to hydrolysis.
The bacterial cutinase Tcur1278 was fused with the anchor

peptide Tachystatin A2 and produced in Pichia pastoris, which
led to an increased hydrolytic activity by a factor of 6.6 on
Impranil DLN compared to the wild-type enzyme.241

Degradation half-lives of PU nanoparticles were reduced
from 41.8 to 6.2 h (6.7-fold) in a diluted PU suspension
(0.04% w/v).
A polyester-PU film (5 g·L−1, obtained by solvent casting in

THF of PU1080 pellets from Bayer) has been incubated with
commercial HiC cutinase (Novozym 51032, 100 mgenzyme·
gPU−1, e.g., a high concentration) at 50 °C for 7days.567 Mn
decreased by 84% from 22 kg·mol−1 to 3.4 kg·mol−1, and Mw
decreased by 42% from 108 kg·mol−1 to 63 kg·mol−1 after 3
days without any further change after 7 days. Thus, the molar
mass dispersity increased from 4.89 to 17.89. Unfortunately,

results for PU incubated in the same conditions at 50 °C
without enzyme are not presented in the article. Scanning
electron microscopy (SEM) showed cracks at the surface of
the PU films because of enzymatic surface erosion. Liquid
chromatography time-of-flight/mass spectrometry (LC-MS-
Tof) analysis revealed the presence in the incubation
supernatant of all the monomer constituents of the polymer
(3,3′-methylendianiline (MDA), 1,4-butanediol and adipic
acid), but there was no quantification of degradation products.
Their concentration increased throughout incubation. The
presence of MDA indicates that the enzyme was able to cleave
not only the ester bond, but also, to a lesser extent, the
urethane portion of the PU. Oligomers (dimers, trimers)
concentrations first increased, then decreased. They were
probably hydrolyzed to monomers. Four PU were synthesized,
namely, 2 TPU with a PCL diol (Mn of 2 kg·mol−1) and either
TDI or MDI, 2 thermoset closed-cell foams with PCL diol (Mn
0.53 kg·mol−1) and PCL triol (Mn 0.9 kg·mol−1), and either
TDI or MDI.568,569 Molar masses were 13 and 17 kg·mol−1

(Mn) and 76 and 110 kg·mol−1 (Mw) for the TDI- and the
MDI-based TPU, respectively. Foams and coatings obtained
by solvent casting were incubated with CalB lipase from Sigma.
The highest weight loss (25%) was obtained with the TDI-
based PU foam, indeed, 1 g of TDI-based PU foam (67 g·L−1)
was degraded by CalB (1061unit·gPU−1) after 24 h at 37 °C
when only 3% weight loss occurred for the negative control.
Walls of the cells were fully degraded by the enzymes. These
results represent the first report on a complete degradation of a
whole PU compartment. 6-Hydroxycaproic acid (HCA) and a
short acid-terminated diurethane were recovered. Finally,
authors demonstrated recyclability of recovered monomers
through organometallic-catalyzed synthesis. A polymer with a
high Mw of 74 kg·mol−1 was obtained by mixing 50% of
recycled building blocks and 50% of neat HCA without the use
of toxic polyisocyanates. Synthesis with only recycled building
blocks was not effective, as trimethylolpropane was present
after the hydrolysis of PCL triol segments of the foam and
induced cross-linking. Even with 50% neat HCA, polymer-
ization yield was only 37% instead of 67% with 100% neat
HCA.
Cholesterol esterase (CE) from Sigma, an enzyme located in

the extracellular granules of liver cells, aortic intima, and
leukocytes, was able to degrade both polyester PU and
polyether PU at 37 °C for 3 weeks with regular replacement of
enzymatic solution.570 PUs were synthesized from 2,4-toluene
diisocyanate (TDI), methylene di-p-phenyl diisocyanate
(MDI), PCL (1.25 kg·mol−1), and poly(tetramethylene)
oxide (PTMO, 1 kg·mol−1), polyethylene glycol (PEO, 1 kg·
mol−1), ethylene diamine (ED), and butanediol (BD). PU
were in the form of film obtained by solvent casting with
dimethylacetamide (DMAC). Among TDI/PTMO/ED, TDI/
PCL/ED, MDI/PTMO/ED, and MDI/PTMO/BD blends,
the cholesterol esterase was only effective for TDI/PCL/ED
blend in releasing degradation products that contained hard-
segment components.
Metagenomics tools allowing screening of bovine rumen

microbiome were developed to select carbamate degrading
enzymes.571 This led to the discovery of a novel carboxyl-ester
hydrolase belonging to the lipolytic family IV, named
CE_Ubrb, that was able to clear Impranil DLN.

3.2.2.2. Proteases. After 3 weeks at 30 °C, a strain of
Alternaria solani, expressing a protease activity, caused 66%
weight loss in the polyester-PU film (supplied by Nakajima-
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Kambe homemade by reacting poly(diethylene glycol adipate),
Mn 2.5 kg·mol−1, with 2,4-tolylene diisocyanate). This was
evidenced through (i) the reduction in the number of −CH−
groups and increase in the number of −OH groups, (ii)
detection of acid and amine fractions attributed to the
hydrolysis of diisocyanate segment and adipic acid, diethylene
glycol, and trimethylolpropane released from the polyester
segment.572

The polyether PU elastomer film (Biomer, Ethicon), which
is used in some blood-contacting devices, was treated with the
plant papain (EC 3.4.22.2) for 1−6 months at 37 °C.
Degradation occurred at the urethane bonds, shown by
mechanical tests, SEC, and FTIR analyses.573

Human neutrophil elastase (HNE) and porcine pancreatic
elastase (PPE) were able to degrade a poly(ester-urea-
urethane) containing toluene diisocyanate (TDI), poly-
(caprolactone) (PCL), and ethylenediamine (ED), and a
poly(ether-urea-urethane) containing TDI, poly-
(tetramethylene oxide) (PTMO), and ED, PPE being the
most active.574

Bromelain (EC 3.4.4.24) and ficin (EC 3.4.22.3) were found
to be more effective than other proteases in the cleavage of
urethane bonds in PU.575 Diisocyanates have often been used
for chain extension of polyester oligomers. In the field of
biomedical materials, the enzymes mainly used are chymo-
trypsin, papain, and cholesterol esterase to ensure the cleavage
of urethane bonds. Lysine diisocyanate (LDI) based PU with
Mw 10.8 kg·mol−1 to 44 kg·mol−1 were synthesized by
polyaddition of LDI with various diols, such as ethylene glycol
(EG), diethylene glycol (DEG), and 1,4-butanediol (BD).
They are considered to give nontoxic degradation products
and are suitable biomaterials for tissue engineering, such as
scaffold materials. PUs prepared in this work were amorphous
and had a softening point under 70 °C, although all showed a
glassy state at room temperature. After coating of 10 μm
thickness by solvent casting, 37%, 53%, and 54% hydrolysis of
LDI/BD and LDI/EG LDI/DEG, respectively, were observed
with 100 mgficin·gPU−1 after 7 days at 37 °C and pH 7. Protease
K and chymotrypsin also hydrolyzed the PUs. The degradation
products of poly(LDI/BD) and model compounds by papain
were studied by NMR and SEC analysis. The hydrolysis of
pendant methyl ester in lysine moiety and the formation of low
molecular weight of compounds by cleavage of urethane bonds
in the backbone chain were confirmed.
Papain and α-chymotrypsin led to a decrease of Mw by more

than 30% after 10 days on a new biodegradable PU synthesized
from triethylene glycol (TEG) and 1,6-hexamethylene
diisocyanate (HMDI).576

A protease from Pseudomonas sp. (PDB 1GA6), able to
degrade PU.577 was investigated by MD simulations560 in free
form and in complex with a PU monomer (formed by
poly(butylene adipate) (PBA) and 4,4′-methylene diphenyl
diisocyanate (MDI)). Eight hydrogen bonds were formed
between the protease and the PU monomer units throughout
the simulation time, of which 1 to 3 were stable. The residues
K6, W81, L83, D170, R179, W220, E222, K229, W231, Q268,
L273, Y275, L280, Q281, G284, and G285 were found to be
involved in van der Waals interactions, while E171 and S287
formed hydrogen bonds with PU-MDI. Along the simulation,
the PU monomer, although continuously interacting with the
protease, suffered a rearrangement in the interaction pocket.

3.2.2.3. Amidases. Several enzymes were tested in Tris HCl
buffer 100 mM pH 7 at 50 °C for 7 days on a model of

polyester-PU soluble in water, namely, 1-methoxypropan-2-yl
(4-nitrophenyl)carbamate carrying a para-nitroaniline group
adjacent to the urethane bond via a linker of 1,4-β-
cellobiohydrolase I of Trichoderma reesei.578 Hydrolysis of the
urethane bond released p-nitroaniline quantified at 405 nm.
Only penicillin G amidase and mainly polyamidase showed
activity on the model substrate. Native polyamidases (2.5 μM)
were also active on 200 g·L−1 of commercial PU pellets
(PU1080 and PU1050 from Bayer) previously washed. The
monomer, 4,4′-diaminodiphenylmethane (MDA), and the
oligomers, 4-hydroxybutyl (3-(3-aminobenzyl)phenyl)-
carbamate, bis(4-hydroxybutyl)(methylene bis(3,1-
phenylene))dicarbamate, bis(4-hydroxybutyl) (methylenebis-
(3,1-phenylene)) dicarbamate, and 4-(((3-(3-(((4-
hydroxybutoxy)carbonyl)amino)benzyl)phenyl)carbamoyl)-
oxy)butyl (4-hydroxybutyl) adipate, were released. This was a
clear indication that the enzyme was able to cleave both ester
and urethane bonds. The polymer with a higher content of the
rigid segment, MDA, was hydrolyzed to a lower extent. A fused
polyamidase with a binding module from the PHB
depolymerase of Alcaligenes faecalis, was up to 4 times more
active on the polymer when compared to the native enzyme,
confirming the relevance of enzyme adsorption for efficient
hydrolysis. The 3D model of the fused polyamidase suggested
that the active site residues and the binding site tunnel are not
directly affected by the fusion as they are in opposite
directions. The entrance of the active site could however be
influenced by a nonconserved loop/helix region consisting of
26 amino acids, from P388 to W413.

3.2.2.4. Ureases. Ureases (EC 3.5.1.5) hydrolyze the urea
bonds on poly(ether urea) PU, releasing two amines and
carbon dioxide.573

Urease activity was induced in the culture supernatant of
Staphylococcus epidermidis in the presence of polyether-PU
composed of 4-4′-diisocyanato diphenylmethane and poly-
(tetramethylene glycol) from Goodrich.579 The strain could
modify the surface properties of two films of Tuftane (400 μm
thickness) and Biomer from Ethicon (200 μm thickness,
composed of same building blocks), as attested by the
reduction of water angle, increase of C/N ratio at the surface.
However, there was no evidence of correlation between urease
activity and PU degradation.

3.2.2.5. Oxidases. A segmented polyester-PU elastomer
made from poly(ethylene adipate) (PEA, Mn 2 kg·mol−1), 4,4′-
diphenylmethane diisocyanate (MDI), and a chain extender of
ethylene glycol (EG) was synthesized580 and further blended
with small flax lignin concentrations (4.2 and 9.3 wt %). Thin
cast films of PU and its lignin blends were incubated for 3 days
at 30 °C with buffered solutions of peroxidase (EC 1.11.1.7)
and laccase (E.C. 1.10.3.2) produced in Aspergillus sp. by
Novozymes. According to ATR-FTIR analysis, peroxidase
produced a high surface enrichment in methylene groups,
carboxyl group formation, and secondary amine and
unassociated carbonyl decrease. The oxidative attacks,
although nonspecific, seemed to be oriented on the scission
of ester groups in soft segments and in a lower extent on
substitution of urethane hydrogen. In contrast, laccase
generated increased PEA concentration and weaker associa-
tions formed by polyester segments. The urethane carbonyls
and virtually all secondary amines proved more affected by
laccase. Laccase was thus thought to degrade the urethane
segments and might be involved in cross-linking and aromatic
ring reactions. With lignin, PU was less enzymatically modified,
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especially with 4.2% lignin. With 9.3% lignin, laccase had a
different profile of PU degradation, as it was likely more prone
to attack polyester than urethane segments. This could be
explained by surface externalization of polyester segments
when PU was blended with 9.3% lignin. Cross-linking reactions
and physical interactions between partially degraded lignin and
scissored polyester chains might also mask the ATR−FTIR
spectral evidence of true degradation extent in the blend.
Enzymatic degradation was also confirmed by SEM, which
showed surface erosion, by tensile testing, reflecting a lowering
of mechanical properties, and by TGA as well. Laccase
appeared to generate more efficient degradation than
peroxidase. Furthermore, horseradish peroxidase (HRP) from
Sigma did not enable to detect any PU degradation at 37 °C
among TDI/PTMO/ED, TDI/PCL/ED, MDI/PTMO/ED,
and MDI/PTMO/BD.570

A laccase mediated system was tested on four representative
PU models. The system was composed by LMS (laccase from
Trametes versicolor from Sigma) and hydroxybenzotriazole
(HBT) at pH 4.5, incubated at 37 °C for 18 days with a fresh
enzyme addition every 2 or 3 days. Different structures and
compositions were thus evaluated, including a thermoplastic
coating and a foam by adding glycerol to the formulation
(cross-linked structure), a polyester- and a polyether-based
PU.581 All of these PU precursors were synthesized from
toluene diisocyanate (TDI), two of them being based on a
polyester polyol (PCL, Mn of 2 kg·mol−1) and two others on
poly(tetrahydrofuran) (PTHF, Mn of 2 kg·mol−1). The two
thermoplastics PU (TPU) exhibited similar molar masses (Mw
in the range of 70−80 kg·mol−1 and Mn of about 20 kg·mol−1),
comparable to those conventionally found on commercial
TPU. The PCL-based PU foam was rigid, while the PTHF-
based PU foam was much more flexible. Long building blocks
based on flexible polyethers bring a high mobility to the
corresponding macromolecular architectures. Weight losses
were quite higher with LMS compared to the negative control
(17 and 7%, respectively, for the PCL-based PU; for other PU,
the difference was less important). Oligomers of around 0.3 kg·
mol−1 appeared in both TPU coatings degraded with LMS.
Both foams initially showed closed cells, desired for insulation
foams, but probably limiting for the enzyme diffusion to the
core of the foam. Through SEM observation of foams,
formation of holes with LMS was evidenced for the PCL-
based PU and more extensively for PTHF-based PU. The

mean maximal stress was also reduced in both PU, more
extensively with the softer PTHF-based foam (reduced to 87%
of the initial value with LMS against 77% with the negative
control). Slight changes in IR spectra are also shown after
treatment with LMS. In conclusion, it should be noticed that
degradation is very low despite the use of large amount of
enzyme.

3.2.3. Outlook. PU represent a large family of different
chemical structures based on various functional monomers and
each type, used for a specific application, is produced at
moderate or even low scale (foams, fibers, adhesives for
instance). Thus, it is difficult to recover a waste stream with a
unique PU as main component. To date, very few efficient
enzymes have been reported for PU degradation. Of note,
during the revision of this review, the first true urethanases
isolated from a soil metagenome library were reported.582

Three enzymes, UMG-SP-1, UMG-SP-2, and UMG-SP-3, with
GenBank accession numbers of OP972509, OP972510, and
OP972511, respectively, were found to hydrolyze low
molecular weight dicarbamates resulting from chemical
glycolysis of polyether-polyurethane foam. These enzymes
showed from 60% to 83% of sequence identity with their
closest homologues, amidases. This scientific release offers
novel perspectives for the enzymatic depolymerization of PU.
However, degradation of each PU might necessitate a specific
hydrolyzing enzyme that could be either isolated in nature or
engineered by mutagenesis. All of this leads to the conclusion
that it is improbable that a universal enzymatic recycling
process can be developed. An exception could be envisioned in
the case of the development of a recycling process dedicated to
a unique PU and in close relation with its producer, controlling
all of the value chain. Ecoconception of PU seems to be
preferable, using biodegradable monomers and including
enzymes able to cleave urethane bonds. Such an enzyme
must be optimized to be resistant to PU synthesis conditions as
PU are often thermosets obtained in situ by reaction between a
diol or polyol and a diisocyanate and to increase its activity at
ambient conditions that will certainly require long-term efforts.
3.3. Vinylic Polymers

3.3.1. Polyolefins (PO). 3.3.1.1. About PO. Polyolefins
(PO) represent the major class of commodity plastics,
combining low production costs and outstanding mechanical
properties. The annual production of PO is around 170 Mt per
year, and their annual growth of around 3−4% is remarkable.

Figure 23. Representation of isotactic polypropylene (iPP) and of high density polyethylene (HDPE), low density polyethylene (LDPE), and
linear low density polyethylene (LLDPE)
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This family alone represents more than 60% of the production
of plastic material.583 The success of PO lies on an innovative
research activity both in chemistry and processes of polymer-
ization. These researches have led to polymers with innovative
properties and thus to new applications, where PO have
replaced other materials.
PO are found everywhere in our daily life, covering a wide

range of applications: (i) packaging by allowing safe and light
packaging, which increases food conservation and reduces
energy consumption for transport, (ii) automotive by replacing
the metal, once again allowing a lightening and therefore a
reduction of emissions, (iii) infrastructure for the safe transport
of water, gas and electricity, and (iv) medicine by being used in
prostheses or as a suture. There are four main classes of
semicrystalline PO, namely, isotactic polypropylene (iPP), low
density polyethylene (LDPE), linear low density polyethylene
(LLDPE), and high density polyethylene (HDPE), differ-
entiated by the presence of short and long branches which will
impact their crystallinity and their usage properties (Figure
23).
PO are produced by radical polymerization or by polymer-

ization catalysis. The radical polymerization of ethylene is an
old process developed in the 1930s by the Imperial Chemical
Industry in the UK. The polymerization conditions are
extreme, involving both very high pressure (P > 1000 bar)
and high temperature (T > 150 °C). Under these conditions,
both intra- or intermolecular transfer reactions to the polymer
are very frequent, giving rise to highly branched PE-based
structures, i.e., LDPE, which is therefore less crystalline and
less dense than HDPE. The latter materials are synthesized by
polymerization catalysis, which was developed in the 1950s
around Phillips and Ziegler−Natta catalysis, requiring much
milder polymerization conditions. These so-called conven-
tional catalysts are, in general, heterogeneous, and multisites
Ziegler−Natta catalysis dominates the synthesis of PO. It is
used to produce HDPE, LLDPE, as well as iPP. Modern
catalysts are today based on titanium chloride activated by
organometallic aluminum compounds, but several generations
of Ziegler−Natta catalysts have been set up, to improve
catalyst productivity (trace catalyst residues are no longer
separated from the polymer), selectivity in particular
isospecificity of propylene polymerization by active site
selection processes, but also to improve the morphology of
the catalytic solid, an essential parameter to guarantee the
growth of polymer particles.
LDPE is mostly amorphous, with short branches (10−30

−CH3 per 1000 carbon atoms). This branching system makes
LDPE chains more accessible and the tertiary carbon atoms at
the branch sites more susceptible to attack than HDPE. The
HDPE can hold 1 to 2 short connections (−CH3) per 1000
carbon atoms of the main chain. It typically has a crystallinity
of 60−80% and a Tm of about 135 °C.584 Further, the molar
mass of HPDE is much higher. The iPP contains 333 −CH3
per 1000 C, which can be organized in a crystal lattice (about
60% crystallinity), with a Tm of about 165 °C.584 The iPP is
less resistant to oxidation than PE due to its tertiary C sensitive
to the attack of free radicals.
During processing and during their lifetime, PO are

subjected to the action of temperature and light even if
antioxidants are used to slow the abiotic breakdown of PO.
That is why there is some difficulty to recycle PO waste
coming from long-term applications. However, mechanical
recycling is quite well developed, and efforts are made to

improve quality of recycled PO. Currently, there is no food
grade recycled PO. The Nextloop project led by Nextek
envisions to produce food grade r-PP thanks to drastic sorting
and waste cleaning prior to recycling. Reborn has developed a
technology B.Clear to deink PE film. Chemical recycling has
also been developed by solvolysis (PureCycle for PP).
Pyrolysis is also extending (Thermal Anaerobic Conversion
technology of Plastics Energy; RewindTM Mix of Repsol and
Axens), including the treatment of complex waste such as the
ones encountered in automotive parts (partnership between
Audi and Karlsruhe Institute of Technology KIT).
When PO end up in landfill or worse, scattered in the

oceans, they are hardly biodegradable. LDPE is the most
abundant plastic waste discarded in landfills in the form of
plastic bags (69%).585 Microplastics are commonly found in
the marine environment.586 They are mainly PE, PP, and PS.
Primary microplastics are microplastics that are manufactured
for industrial or domestic applications to be of a microscopic
size. They include plastic particles used in facial cleansers,
shower/bath gels, deodorant, toothpaste, resin pellets,
cosmetics (scrubs, peelings, eye shadow, blush powders,
make up foundation, mascara, hair coloring, nail polish),
shaving cream, baby products, insect repellents and sunscreen,
synthetic clothing, abrasives found in cleaning products,
drilling fluids, and air-blasting media, and vectors for drugs.
Secondary microplastics are coming from large plastic debris
fragmenting over time. Due to awareness of plastic pollution,
numerous studies have been conducted on PO biodegradation,
all around the world with the aim at identifying potential
microorganisms in different environments (soil, compost,
marine water, sewage water). Although some PO-eating
enzymes have been recently reported, compelling evidence of
efficient degradation can be questioned. For instance, some
studies have been performed in the presence of other sources
of carbon in addition to the plastic, or studies are lacking of
evidence for monomer formation. Generally, prior functional-
ization under abiotic conditions involving a radical mechanism,
for example, using UV irradiation and/or oxidation agents, is
applied to insert carbonyl and/or hydroxyl groups or double
bonds, to then expose the thus-treated polymer to enzymatic
or microbial degradation. Furthermore, it is important to note
that colonization of PO-based plastics by enzymes or microbes
does not necessarily mean that enzymatic degradation has
really taken place.22,43 Indeed, some biodegradable additives
used for formulation of these plastics are likely preferentially
assimilated by the enzymes, rather than the polymer matrix
itself. Thus, enzymatic degradation of petroleum-based
polymers remains a challenge to be tackled. Besides these
attempts to degrade PO by a biocatalytic approach, efforts have
been made to produce biobased ethylene and propylene and to
reduce environmental footprint of PE and PP. However, this
does not improve the biodegradability of PE and PP.
Numerous studies have also been carried out on PO
formulation with biodegradable polymers such as starch.
Despite biodegradation of overall material is generally high,
no evidence of PO biodegradation has been brought.

3.3.1.2. Many Microorganisms Involved in PE and PP
Biodegradation Represent Sources for Enzyme Identifica-
tion. 3.3.1.2.1. Polyethylene (PE). Most publications deal with
PE films or powders. A significant biodegradation of LDPE
film with two Aspergillus strains in only 10 days was reported.
Indeed, the formation of holes and cracking was observed by
SEM and around 80% of biodegradation according to CO2
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assay.587 However, this yield seems to be overestimated, as
only a surface modification has been observed by SEM. Similar
results were reported when a 46% weight loss of PE film was
observed after 6 months pf treatment with a Streptomyces
strain,588 and when a 22% weight loss of LDPE and HDPE was
quantified after 2 weeks of incubation with a consortium of
Bacillus cereus, Bacillus pumilus, and Arthrobacter sp..589 Some
reviews have been published on this subject.583,590

More recently, LDPE pellets incubated with Streptomyces sp.
presented a 47% weight loss after 6 months.591 A fungi Zalerion
maritimum was responsible for a 57% weight loss of PE pellets
after 14 days.592 Aspergillus oryzae allowed a 36% weight loss of
a LDPE film after 3 months.593 A consortium of Aspergillus
niger, A. f lavus, and A. oryzae was responsible for the 26%
weight loss of an LDPE bag after 55 days.594 This weight loss
was found to be higher than those obtained by using a single
species of fungus. The loss of weight obtained when the LDPE
is the sole carbon source (15%) is less than that obtained when
other carbon sources are provided.
Singh et al. reported a 43% weight loss of 40 μm PE film

with Bacillus sp. in 40 days.595 In another study, after 30 days
at 55 °C with Bacillus sp. BCBT21, the weight losses of three
plastics bags, namely HL (with nanoadditives), VHL (oxo-
biodegradable with more than 70% LLDPE and less than 30%
HDPE), and VN1 (plastic bags with additives claimed to be
environmentally friendly) were respectively of 61%, 11%, and
4%.596 The average molecular weight Mv determined based on
the data from viscosity measurement of the polymer solution
of bags was significantly reduced (43%) from 205 kg·mol−1 to
116.8 kg·mol−1. Properties and morphology of treated plastic
bags had also significantly changed.
HDPE film was colonized by Achromobacter xylosoxidans,

which induced a 9% weight loss.597 Surprisingly, two fungi
were reported to better degrade HDPE than LDPE, but
authors did not give any information on the films (thickness,
molecular weight). Indeed, Penicilium oxalicum degraded
HDPE and LDPE after incubation for 90 days with a weight
loss of 55% and 37%, respectively, while Penicillium
chrysogenum degraded 59% and 34%, respectively.598

Structural variations in PEs formed during polymerization
and subsequent processing, such as unsaturated carbon−
carbon double bonds, carbonyl groups, and hydroperoxide
groups584 have been shown to be consumed first by the
bacteria resulting in rapid growth.585

Some old patents described microorganisms able to degrade
PE to some extent. Indeed, the use of a consortium of
Microbacterium sp., Pseudomonas putida, P. aeruginosa, and
Bacterium sp.,599 the use of Saccharomyces cerevisiae, S.
carlsbergensis, Hansenula subpelliculosa, etc., cultivated in the
presence of an alternating electric field to treat wastewater and
decrease its PE and PP content of 15% to 19% after 48 h at 28
°C.600 The patent US3909468 protects a biodegradable PO
thanks to addition of a yeast.601 More recently, a group from
Northeast Forestry University (China) filed two patents,
involving microbial degradation of PE by Pichia guilliermondii
and Serratia marcescens, reaching after 60 days, a weight loss of
4% and 14%, respectively.602,603 In another patent, they
proposed the degradation of PE and simultaneous production
of alkanes using Pichia guilliermondii, as a possibility to
associate the mitigation of an environmental problem of
pollution and energy generation.602 Finally, a patent protects
Penicillium citrinum for PE film degradation.604

Sullivan et al. have recently developed a process for
converting mixed plastic waste into distinct chemicals.605,606

Their method combines chemical recycling and engineered
bacteria to upcycle mixtures of HDPE, PS, and PET into
valuable chemicals. This is particularly attractive from the
perspective of an industrial development, as this recycling
approach could avoid the expensive sorting of mixed plastics.
The polymer blends were first chemically oxidized under air
conditions, in the presence of a cobalt−manganese−bromide
catalytic system, which produces a mixture of carboxylic acids,
namely, benzoic acid and dicarboxylic acids issued from HDPE
and PS breakdown, respectively. Second, the resulting
oxygenated compounds were fed to genetically modified soil
bacteria, i.e., using Pseudomonas putida for further conversion.
Genetic engineering was thus implemented to design two
distinct bacteria strains to convert the carboxylic acid mixture.
Namely, one bacterium strain selectively led to poly-
(hydroxyalkanoates) (PHAs), a useful biodegradable poly-
meric material for food packaging and for biomedical devices.
The other strain allowed biocatalytic conversion of carboxylic
acids into β-ketoadipate, which can serve as a synthon for
performance-enhanced nylons. This combined recycling
process by tandem chemical oxidation and biocatalytic
conversion also appeared to be suitable for multilayer
packaging and some textiles. Obviously, the economics of
this two-step plastic recycling process still need to be analyzed.

3.3.1.2.2. Polypropylene (PP). Although PP is more
sensitive to oxidation than PE, it is also more crystalline with
a higher Tm and a few publications have focused on it. A slight
weight loss of 6% was reported with Rhodococcus sp. and 4% by
Bacillus sp. after 40 days of incubation on PP microplastics.586

Two publications reported a more significant biodegradation
of PP. First, from a selective enrichment culture prepared with
different soil samples on 85% LDPE-15% starch, Cacciari et al.
isolated four microaerophilic microbial communities able to
grow on this kind of plastic with no additional carbon
source.607 One consortium composed of Pseudomonas sp.,
Vibrio sp., and Aspergillus niger was able to degrade pure iPP
strips in a mineral medium containing 0.05% glucose and
0.05% sodium lactate. After incubation and biofilm removal,
iPP was extracted with dichloromethane, a suitable solvent for
the extraction of apolar and slightly polar organic molecules.
The weight of extracts increased with incubation time up to
40% after 5 months. The extracted materials were charac-
terized by performing chromatographic and spectral analyses
and revealed a mixture of hydrocarbons with some ketones and
alcohols and a mixture of aromatic esters, probably due to the
plasticizers usually added to polyolefinic structures. Second, a
bacterial consortium of Enterobacter and Pseudomonas obtained
from cow dung showed a 63% weight loss of PP after 160
days.608 FTIR analysis revealed functional groups’ formation
and SEM analysis showed cracks at the polymer surface.

3.3.1.2.3. Genome Sequencing and Transcriptomic
Studies for Enzyme Identification. Genome sequencing of
some microorganisms (Stenotrophomonas maltophilia PE591
active on PE,609 Paenibacillus aquistagni DK1 active on PE with
AlkB-like protein610) could lead to the identification of
enzymes that could then be expressed recombinantly,
characterized, and further optimized. Alternatively, a few
studies have performed transcriptomic studies to identify the
upregulated genes, although there is no strong piece of
evidence of enzymatic degradation. Rhodococcus ruber C208
(DSM 45332) was cultivated for 3 days with 0.6% of various
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forms of PE described in Table 12 in culture medium.611 The
PE4K-OX, a commercial PE from Sigma-Aldrich, with low

molecular weight and thermo-oxidized during 14 days at 120
°C, recapitulated quite nicely the size distribution of the PE
fragments, which are obtained under natural photo-oxidation
of a commercial PE film containing pro-oxidants. Carbonyl
index was calculated with the ratio between the peak intensity
for the ketone carbonyl at 1715 cm−1 and the peak intensity of
the C−H stretching at 1465 cm−1. An increase of the
expression of 158 genes was observed after incubation with
PE. Large PE fragments are not likely to be efficiently
internalized by R. ruber and extracellular oxidases could be
excreted to reduce the average molecular mass of external PE.
Three highly homologous sequences were identified, related to
laccases/multicopper oxidases (namely RRUB_S0078_04240,
RRUB_S0078_03834, and RRUB_S0078_04261), but none
of them appeared to be upregulated in the presence of PE.
Short length PE fragments probably require dedicated
transport systems. Within the 19 putative transporters
identified in this study to be upregulated, in at least one
condition of PE supplementation, nine of them belong to the
major facilitator superfamily (MFS) and five belong to the
ATP binding cassette (ABC) family. Finally, additional
cytoplasmic oxidation steps could be involved to provide
small PE fragments compatible with their entry in the alkane
degradation process. Additionally, 34 different transcripts
encoding putative cytoplasmic oxidases were identified.
Interestingly, one of the most upregulated pathways is related
to alkane degradation and β-oxidation of fatty acids.
Upregulation of genes involved in fatty acid elongation was
observed as well as those of a key enzyme of the glycolipid
metabolism, namely a diacylglycerol kinase (EC 2.7.1.107;
RRUB_S0078_05576), which catalyzes the conversion of
diacylglycerol (DAG) into phosphatidic acid (PA), a central
intermediate of the phospholipid (PL) biosynthesis pathway.
These observations suggested that PE fragments might also be,
at least in part, incorporated within PLs.
Rhodococcus opacus R7 grown on PE powder, prepared at

1.2% as only carbon and energy source was also analyzed by
transcriptomics.612 It confirmed the activation of genes
encoding laccase-like enzymes. LMCO1 that was described
as a laccase-like multicopper oxidase (LMCO) was upregulated
by 19.5-fold. LMCO1 gene is located on the chromosome
downstream a genome region comprising genes encoding a
benzoate dioxygenase system and two-component monoox-
ygenase, named PheA1 [(4-hydroxyphenylacetate 3-monoox-
ygenase (EC 1.14.13.3), and nitrilotriacetate monooxygenase

component B (EC 1.14.13.−)]. Two other LMCO were
considered, although the RNA-seq analysis did not show any
evidence of their induction. The amino acidic identity with
laccase-like enzyme sequence identified in R. ruber C208 was
48% with respect to LMCO1, 53% with respect to LMCO2,
and 23% with respect to LMCO3. LMCO1, and LMCO2 also
shared more than 25% of sequence identity with respect to
crystallographic structure of Lac15 from a marine microbial
metagenome (PDB 4F7K). LMCO3 does not have a specific
known laccase domain but shows 57% of sequence identity
with respect to the crystallographic structure of a reference
multicopper oxidase (PDB 3GDC). This study also allowed
the identification of several candidate genes that might be
important for the further steps to reduce alkane fragment
length, leading to the β-oxidation pathway. Notably, the alkB
gene encoding an alkane monooxygenase, the cyp450 gene
encoding cytochrome P450 hydroxylase, and seven other genes
encoding membrane transporters, alcohol dehydrogenase
(alcdedh), aldehyde dehydrogenase (aldedh), acetaldehyde
dehydrogenase (mhpF), and long-chain-fatty-acid-CoA ligase
(fadD).
In a publication of 2021,613 a fungus from Alternaria sp. was

reported to display a prominent capability of colonizing PE of
commercial PE bags or additive-free plastic films from
Goodfellow (e.g., type ET311350 PE plastic of 250 μm of
thickness and type ET311126 PE plastic of 25 μm of
thickness). After removing the microbial layer, numerous
holes were observed in the PE surface. The diameter of some
holes could reach 0.5 μm, and some holes almost penetrated
across the film. The Mw of PE film decreased by 95% after 4
months (12 kg·mol−1 instead of 230 kg·mol−1, a 20-fold
decrease), the Mn was also decreased 9-fold (3.2 kg·mol−1

instead of 29 kg·mol−1). Its crystallinity decreases from 63% to
52%. It must be noticed that films were treated with H2O2 to
remove biofilm, and no control is presented to certify that the
observed degradation is not the consequence of the H2O2
treatment. Using GC-MS, the degradation products were
found to have between 3 and 27 carbons, the four-carbon
product, diglycolamine, accounted for 93% of all degradation
products. It is still not clear how diglycolamine does derive
from the PE and whether it will be degraded further or directly
utilized by the fungus. Degradation products were also
characterized after 60 days with a different profile: from 12
to 30 carbons. The product, 1-monolinoleoylglycerol trime-
thylsilyl ether, possessing 27 carbons, was predominant,
accounting for 51% of all products. The rest predominant
products were hexanedioic acid bis(2-ethylhexyl) ester (16%),
squalene (14%), tributyl phosphate (7%), cycloheptasiloxane
tetradecamethyl (3%), cyclohexanamine N-cyclohexyl (2%),
and 13-docosenoic acid methyl ester (8%).
Transcriptome of this fungus cultured with or without PE

for 45 days was analyzed, and 153 potential enzymes closely
associated with biodegradation were significantly upregulated
in the presence of PE. These enzymes include 3 peroxidases, 3
laccases, 26 hydroxylases (4 hydroxylases, 15 monooxygenases,
7 oxygenases), 49 dehydrogenases, 18 oxidoreductases, 10
oxidases, 22 reductases, 16 esterases, 4 lipases, and 2 cutinases.
The transcription levels of laccase encoding gene (Gene id:
evm.TU.contig_8.535), peroxidase encoding gene (Gene id:
evm.TU.contig_5.872), and oxidoreductase encoding gene
(Gene id:evm.TU.contig_5.292) were respectively increased
by 23-, 44-, and 102 fold. Two putative PE degrading enzymes
were purified from an E. coli overexpression, a glutathione

Table 12. Characterization of Different PE Samples Using
Data from ref 611

PE description
Mn

(g mol−1)
Mw

(g mol−1)
carbonyl
index

PE4K Sigma with Mn ∼ 1700 g/mol
according to provider

4900 7200 0.27

PE4K-OX PE4K thermo-oxidized during
14 days at 120 °C

1200 2700 2.50

PEfi 80% LLDPE/20% LDPE 23
μm thickness

26 700 94 100 0.10

PEfi-OX 80% LLDPE/20% LDPE 23
μm thickness containing
prooxidant (organometallic
cobalt salt) and fragmented
after storage at room
temperature for 10 years

1600 3800 1.15
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peroxidase (evm.model.contig_3.359) and a laccase (evm.mo-
del.contig_8.535). After 48 h with 0.1 genzyme·L−1, cracks and
signs of plastic film degradation were observed by SEM. Both
glutathione peroxidase and laccase showed a clear synergetic
degradation effect on the PE film. The Mn and Mw of the PE
film treated by both glutathione peroxidase and laccase were
respectively 20.9 kg·mol−1 and 109 kg·mol−1, which showed
about 18% and 7% decrease compared to those of control (Mn
of 25.5 kg·mol−1 and Mw of 116 kg·mol−1). The authors did
not specify the amount of PE film treated in their study.

3.3.1.2.4. Biodegradation by Insects and Their Gut
Microorganisms. Multiple recent reports showed biodegrada-
tion of PE by employing macroorganisms such as mealworms
(larvae of Tenebrio molitor),614 dark mealworm (T. obscu-
rus),615 waxworm (Achroia grisella)616 on HDPE, or super-
worms (larvae of Zophobas atratus).617 Naturally, these worms
were eating beeswax composed of a highly diverse mixture of
compounds, including alkanes, alkenes, fatty acids, and esters.
This feeding could explain why these worms were also able to
biodegrade PE similar to long chain alkanes. The PE
biodegradation by worms has been recently reviewed.618

Beworm is a German startup which works with bacteria
isolated from waxworm and aims at identifying enzymes
involved in PE biodegradation to use them in a reactor after
abiotic pretreatment.
A 70% weight loss was observed on PE foam after 58 days

with a dose of 5.2 mg of plastic per mealworm, but 40% plastic
residues were present in frass, meaning that only 30% were
really biodegraded.619 After exposure to ∼100 larvae of the
greater wax moth (Galleria mellonella) for 12 h, a PE plastic
bag lost 92 mg (e.g., 13% of weight loss).620 A crude wax worm
extract was made by homogenizing fresh worms at low
temperature (0−4 °C). The resulting paste was smeared on
the surface of PE film and left in contact for 2 h, then gently
removed and replaced with a fresh layer of wax worm
homogenate. This routine was repeated 7 times for a total of
14 h. The estimated weight loss demonstrated that not the sole
effect of mastication was involved. A 140% increase in surface
roughness was observed. It was not clear whether the
hydrocarbon-digesting activity of G. mellonella derived from
the organism itself or from enzymatic activities of its intestinal
flora. However, Billen et al. were skeptical about the use of
insects. Indeed, a diet of LDPE is insufficient for growth; the
consumption of PE serves for life subsistence, rather than for
growth.621 Moreover, 4−10 tons of larvae are needed to digest
1 ton of plastic. No significant weight loss was obtained when
homogenated paste is brought, only once, in contact with
LDPE films or paraffin.
Zhong et al. show that mealworms were capable of ingesting

LDPE and PS but not LLDPE or PP, although the hardness
and density of LLDPE were lower than those of LDPE.622

Authors explain these observations by an influence of
crystallinity, but the highest one is those of PP and is only
9%. Mn and Mw of LDPE increased 27% and 9%, respectively,
after ingestion by mealworms, while dispersity decreased from
4.20 to 3.66, implying that mealworms tended to attack the
lower molecular weight polymer chains. Transcriptome
analysis and KEGG mapping revealed that fatty acid
degradation pathways may play important roles in the
digestion of plastic. A total of 413 sequences showed
significant changes after feeding on LDPE. After annotation,
60 databases of essential gene (DEGs) were matched as
uncharacterized proteins, while 77 DEGs showed no matches

in the database, which may result from insufficient reference
transcriptome data. After 3 weeks, 185 DEGs were down-
regulated and 86 upregulated. Hydrolases had the greatest
changes in all classes of enzymes. Upregulations were observed
in hydrolases acting on ester bonds (i.e., 2w, phosphatidylinosi-
tide phosphatase SAC2; 3w, esterase FE4, phospholipase D2;
4w, type I inositol 1,4,5- trisphosphate 5-phosphatase), sugars
(i.e., 2w, myrosinase 1, glycoprotein endo-α-1,2-mannosidase;
3w, lysosomal α-mannosidase-like protein, β-galactosidase-1-
like protein 2; 4w, β-galactosidase-1-like protein 2), and C−N
bonds (3w, neutral ceramidase), probably producing long-
chain alcohols, long-chain C−C or C−N linked carboxylates,
or long-chain fatty acids from LDPE. According to the KEGG
mapping results, the DEGs of the mealworms fed on LDPE
were significantly enriched in 39 specific pathways.
In some studies, gut microbial communities were charac-

terized. For instance, Yang et al. found that the larvae of Plodia
interpunctella were capable of degrading PE films.623 Two
bacterial strains capable of degrading PE were isolated from
this worm’s gut, Enterobacter asburiae YT1 and Bacillus sp. YP1.
They form biofilms and the PE films’ hydrophobicity
decreased. Modification of the surface was observed by SEM
and AFM, as well as the formation of carbonyl groups, 6−11%
weight loss was observed and ∼6−13% reduction of Mw and
Mn after 60 days. The release of 12 water-soluble products was
also detected, covering a m/z range from 100 to 600. In
another study, a strain of Enterobacter sp. was isolated from the
gut of Galleria mellonella and was responsible for roughness on
the surface of PE films, formation of carbonyl functional
groups and ether groups when evaluated after 14 days.624 LC-
MS also revealed formation of water-soluble products such as
alcohols, esters, and acids, especially ethyldodecanoate, 6-
methyl-5-hepten-2-ol, monobenzyl phthalate, and N-acetylglu-
tamic acid. Additionally, three bacterial species (Lysinibacillus
fusiformis, Bacillus aryabhattai, and Microbacterium oxidans)
were isolated from whole body extracts of Galleria
mellonella.625 They were able to utilize LDPE powder from
Sigma, with a Mn of 1.7 kg·mol−1 and a Mw 4 kg·mol−1, as sole
carbon source according to growth curves, cell biomass
production, LDPE weight loss, and the presence of LDPE
hydrolysis products in the media. Consortia of these bacteria
with three other bacteria previously shown to degrade LDPE
(Cupriavidus necator H16, Pseudomonas putida LS46, and
Pseudomonas putida IRN22) were also tested. The bacterial
consortia were better able to degrade LDPE than the individual
species. The maximum percent of LDPE weight loss (14% after
18 days) was obtained with the consortium of C. necator H16,
P. putida LS46, and P. putida IRN22. GC analyses revealed the
presence of linear alkanes and other unknown putative LDPE
hydrolysis products.
A strain of Acinetobacter sp. and a strain of Bacillus sp. were

also isolated from T. molitor.626 The cells of both strains did
not grow on PE, but their coculture grew on LDPE and was
responsible for a 18% weight loss over 30 days. This suggests
that biodegradation of LDPE requires multiple microbes. Two
commercial LDPE foams without plasticizer additives were
biodegraded by T. obscurus.615 Low molecular weight PE (<5
kg·mol−1) was rapidly digested, while longer chain portions
(>10 kg·mol−1) were broken down. Mass balance analysis
indicated that nearly 40% of ingested LDPE was digested to
CO2. Finally, the antibiotic suppression of gut microbes in T.
molitor and T. obscurus larvae with gentamicin obviously
reduced their gut microbes on day 15, but the Mn and Mw
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decreased. This confirmed that LDPE biodegradation in
Tenebrio was independent of gut microbes. According to
authors, the low extent of broad depolymerization under
antibiotic suggested the presence of digestive enzyme(s) to
break down LDPE, but this could also be due only to
mastication. Biodegradation of ingested LDPE was confirmed
through the formation of oxidized intermediates and chemical/
physical modifications, which was confirmed using FTIR, 1H
NMR, and TGA analyses. Gut community was changed
significantly after the larvae received a diet of LDPE compared
with those fed on bran and unfed. The predominant gut
microbes associated with LDPE degradation included bacterial
families of Enterobacteriaceae, Enterococcaceae, and Streptococ-
caceae. At the genus level, Spiroplasma sp. and Enterococcus sp.
were strongly associated with LDPE biodegradation.615 On the
opposite, PE, PP, and PS biodegradation by Zophobas atratus
was reported to be microbial-dependent. Significant relative
abundance changes were observed after PE diet of Z. atratus
larvae such as increased abundances of Enterococcus and
Citrobacter.627 An increase in protease activity was also
observed. It is difficult to prove which microbial genera or
families are responsible for enhanced biodegradation because
only a few plastic-biodegrading microorganisms have been
isolated. Enterococcus genus is strongly associated to PE
biodegradation by distinct species of insect larvae: G.
mellonella,628 T. molitor,627 T. obscurus,615 and Z. atratus.627

A patent protects the use of microorganisms isolated from the
gut of the larva of Tenebrio molitor (Klebsiella oxytoca,
Escherichia fergusonii, and Bacillus toyonensis) for the degrada-
tion of different polymers (PE, PP, PET, PVC, and PS).629

Even if research on polyolefins biodegradation continues to
discover new microorganisms, efforts remain to be devoted to
the identification of the enzymes responsible for the
biodegradation in these microorganisms as well as to the
description of their associated mechanisms. Briefly, the process
of biodegradation can be divided into four stages: (i)
colonization/corrosion, (ii) oxidation leading to polymer
chain scission, (iii) assimilation, and (iv) mineralization.
Once PO has been fragmented under abiotic action and
achieve a minimal size enabling them to enter cells, numerous
microorganisms can mineralize them. The border limit of
transfer of molecules through the bacterial cell wall is around
500 g·mol−1 (35 carbons) (depending on the bacterial species
and molecule shape). In the case of n-alkanes, it is reported
that paraffin (44 carbons, 618 g·mol−1) can be assimilated
directly by some bacteria.630 In experiments with PE with a Mw
of less than 5000 g·mol−1, a large proportion of the fragments
in the range of 100−2000 g·mol−1 are rapidly metabolized by
the bacteria.631 Very recently, Sanluis-Verdes et al. have
reported that the saliva of Galleria mellonella larvae would be
capable of oxidizing and eventually depolymerizing PE films.
Namely, the animal enzymes include arylphorin, renamed
Demetra (NCBI accession number XP_026756396.1), and an
hexamerin renamed Ceres (NCBI accession number
XP_026756459.1), both belonging to the phenol oxidase
family.632 Using very high concentration of purified enzymes
(∼10−15 g per gPE), the Mw value was only very slightly
decreased (from 207 to 199 kg·mol−1 for film and from 4.0 to
3.9 kg·mol−1 for PE4000), eventually questioning the efficacy
of the enzymatic degradation despite the authors’ claims.
These were in fact based on the appearance of carbonyl groups
after treatment, but carbonyl index proved rather low (at most
0.1). Some degradation products were also identified by GC-

MS: small oxidized aliphatic chains, like 2-ketones from 10 to
22 carbons, as well as butane, 2,3-butanediol, and sebacic acid.
A small aromatic compound, benzenepropanoic acid, a known
antioxidant of plastic, was found, suggesting an “opening” in
the polymeric structures with the release of additives.
According to the authors, this aromatic compound could be
the target of the phenol oxidase and would generate free
radicals leading to the initiation of the autoxidative chain
reaction. This preliminary stud is surely innovative but fails to
provide convincing proof of an efficient enzymatic degradation
of PE.
This field is still in the early stages of development with first

transcriptomics studies. Furthermore, no study on thermo-
philes which could act in conditions where plastics are softened
has been reported so far. At the opposite, study of insects is
quite popular, even if little evidence on real biodegradation has
been brought. The chewing action by larvae can lead to
polymer fragmentation, which can greatly contribute to the
increase in plastic surface area for biodegradation. More
research needs to be carried out on replicating the intestinal
processes and conditions to fully understand the synergic
actions between larvae digestion and microbial metabolism and
to better characterize the enzymatic systems involved in plastic
biodegradation.618

3.3.1.3. Enzymes for Oxidative Degradation. As the border
limit of material penetration through cell wall is constant,
secretion of PE-degrading enzymes is important to increase
biodegradation rate. Different oxidases have been described. A
recent publication proposes hypothetical PE degradation
pathways as well as the mode of interaction of PE with
enzymes.180 A model substrate of PE was used (dodecane
C12H26) and modeled into the active site of four distinct
enzymes: a laccase, a manganese peroxidase, a lignin
peroxidase and an unspecific peroxidase.

3.3.1.3.1. Laccases. Laccases (EC 1.10.3.2) or phenol
oxidases correspond to oxidoreductases acting on diphenols
and using oxygen as an oxidant.633 They are present in plants,
in many fungi, as well as in some bacteria. The active site of
laccases consists of four copper atoms. As a result, laccases are
called multicopper blue enzymes. The organization of copper
atoms is as follows: an isolated copper, place of oxidation of
the substrate, and a trinuclear cluster, place of reduction of
oxygen. The copper atoms of the laccases allow the transfer of
electrons from the reducing substrate to oxygen without the
release of toxic peroxide intermediates, thanks to four mono-
oxidations of the substrate catalyzed by the isolated copper.
The electrons are then transferred to the trinuclear cluster,
where oxygen reduction and the release of water molecules
take place. In addition, oxidation of substrates creates radicals
that can cause nonenzymatic reactions without substrate
specificity.
Laccases are involved in the degradation of natural polymers

such as lignin or humic acids. Due to steric clashes, laccases do
not act directly in contact with polymers. The reaction
mechanism involves the oxidation of small organic compounds
or metals (manganese, polyoxometalates), which then act as
mediators of the oxidation reaction. The natural mediators of
laccases are 3-hydroxy-anthranilic acid (3-HAA), 4-hydrox-
ybenzoic acid, 4-hydroxybenzylic alcohol, “phenol red”, and
phenolic compounds close to the structure of lignin
(acetosyringone, syringaldehyde, vanillin, acetovanillone,
methyl vanillate, sinapic acid, ferulic acid, p-coumaric acid,
etc.). Mediators have different redox potentials and generate
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more or less stable radicals. Artificial mediators (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 1-hydroxy-
benzotriazole (HBT), N-hydroxyphthalimide (HPI), violuric
acid (VLA), N-hydroxyacetanilide (NHA), TEMPO, nitro-
sated compounds, triphenylamine or phenothiazine derivatives,
phenylpyrazolones) may also be used in biotechnological
processes to increase the oxidation potential of laccases.634

Only two publications report the use of laccases to oxidize
PE, and they are quite old, with lack of details on PE substrate
used. First, the Trametes versicolor laccase caused a 88%
decrease in Mw in 3 days at 30 °C on a PE membrane in the
presence of the mediator 1-hydroxybenzotriazole (HBT).523

Second, the laccase of Rhodococcus ruber C208 (DSM45332)
causes a 20% drop inMw in 15 days at 37 °C on a preirradiated
UV film for 60 h.635 The supernatant was simply dialyzed
against phosphate buffer and then freeze-dried. It was
resuspended in phosphate buffer before use. The optimal
conditions of the enzyme are 70 °C and pH 7. The dispersity
does not vary, which would indicate that the enzyme acts at the
extremities of polymer chains rather than inside the chains.
The same PE film degradation test was performed with T.
versicolor laccase, and no change in the FTIR-ATR spectrum
was observed. This could be due to the absence of mediators,
which, on the contrary, are present in the raw extract of R.
ruber. A better specific activity of the laccase is obtained by
daily addition of 20 μM of copper for 6 days. Copper plays a
role in induction of enzyme production as shown by measuring
the amount of mRNA encoding the laccase. The addition of
copper in strain cultures with PE as the only source of carbon
allowed an increase in the mass loss of PE films (2.5% instead
of 1.5% in 30 days).
Zymergen has filed a patent636 to protect compositions and

methods for degrading PE, containing microbes from the
genus Pseudomonas (P. nitroreducens or P. citronellolis) and/or
various enzymes (laccase from Trametes versicolor), which
when brought into contact with PE lead to a reduction in the
molecular weight of the material. Different protein sequences
of laccases are provided. One example shows a 2% weight loss
of UV-treated PE after 30 days with Pseudomonas sp., with a
25% reduction ofMw and 33% ofMn. Laccase from T. versicolor
from Sigma was also tested with HBT, and a 44% reduction of
Mw (50 kg·mol−1 instead of 89 kg·mol−1) and 56% of Mn (6.6
kg·mol−1 instead of 15 kg·mol−1) was observed after 30 days.
Oxidation of PE is shown in another example with 1 mg of
laccase applied 5 times over 14 days on 250 mg of PE powder
and 0.5 mM HBT and 0.05% Triton X100 in 100 mM citrate
buffer: apparition of carbonyle at 1715 cm−1. Laccase
treatment is reported to have the same oxidation effect than
34 days UV irradiation. Growth of Pseudomonas on laccase
pretreated PE is also shown.
Krueger et al. listed bond dissociation energies (BDE) for

lignin subunits of 160 and 300 kJ mol−1 in the case of C−O
ether bonds and 240−425 kJ mol−1 for C−C bonds.637 In
contrast, for plastics such as PE, PP, PS, and PVC, the BDEs
are 330−370 kJ mol−1 in the C−C bonds of their backbones
and 350−470 kJ mol−1 for C−H bonds. This presents a
challenge for oxidases, with the highest redox potential falling
short of what is required for plastic degradation. Some
approaches have used the creation of mutant libraries in
various directed evolution strategies, including classical
adaptive evolution, consensus design, and chimera genesis,
coupled with screening assays to identify thermostable high
redox potential laccases (HRPL) at 70−80 °C.638,639 These

optimized enzymes have not yet been investigated for PO
biodegradation but represent promising candidates considering
the high redox potential of the C−C bonds found in the
backbone polymer chain. In complement, the selectivity and
stability of high redox mediators should be studied.

3.3.1.3.2. Peroxidases. Peroxidases are universal enzymes of
the living world that catalyze redox reactions involving the
reduction of a peroxide and the oxidation of a substrate,
varying from one class of peroxidase to another. Nonanimal
peroxidases are subdivided into three classes: class I containing
catalase-peroxidases (CP), ascorbates peroxidases (APx), and
cytochrome c peroxidases (CcP), classes II or lignin
peroxidases only detected in fungi, which are capable of
degrading lignin, and classes III present only in plants.
LiP and MnP appear to be of interest for the biodegradation

of polyolefins. Pometto et al. concentrated culture supernatants
of Streptomyces viridosporus T7A, S. badius 252, and S. setonii
75Vi2 with LiP activities.640 They pretreated films of PE-6%
starch-prooxidant 10 days at 70 °C and then treated them with
enzyme for 3 weeks at 37 °C. The Mw decreases even with
inactivated enzymes but more significantly with the active
enzymes. High MM PE is also degraded by lignin-degrading
fungi under nitrogen and carbon deficiency conditions and by
partially purified manganese peroxidase (MnP) of a strain of
Phanerochaete chrysosporium.641 Such a manganese peroxidase
(MnP) preparation degraded PE, as measured by decreases in
elongation and tensile strength.642

The patent of Nishida et al.526 protects the use of a MnP
(from basidiomycete of white rot such as Phanerochaete
chrysosporium) for the biodegradation of polyolefins and
polyamides, in the presence of manganese and an additive
selected from the group consisting of phosphoric, succinic, and
acetic acids and salts of said acids. In the example, the reaction
is carried out with 1.5 units of enzyme at pH 4−4.5 at 40 °C
for 48 h with 0.1% w/w of Tween 80 on a PE membrane ofMw
125 kg·mol−1 and Mn 29 kg·mol−1 (2 g/L). The best enzyme
reduces Mw to 46 kg·mol−1 and Mn to 13 kg·mol−1. Hydrogen
peroxide does not improve results, and β-hydroxy acids are
inhibitors. Another patent from Mellizyme Biotechnology
(WO2021205160A1)643 concerns polyalkene polymers degra-
dation such as PE by an “unspecific peroxygenases” (UPO),
named KatG/EC 1.11.1.21 polyalkenase. This enzyme can be
used together with a peroxide generating enzyme (such as
formate oxidase, formate dehydrogenase, formaldehyde dis-
mutase, methanol oxidase) and a plasticase enzyme (such as
laccase, MnP and LiP) and a cofactor. KatG is used to produce
biofuel or carboxylic acids or to obtain biodegradable plastic.
The patent’s examples describe the use of Ralstonia picketti
ATCC 27511, achieving a significant weight loss of PE and PP
powders (>20% in one month) or films. Supernatant allows
fragmentation of films. The variant KatGY221F/R410N used at 100
mg·L−1 enables release of degradation products with 5 g·L−1

polymer (ultra high molecular weight PE, PP, PS, PVC,
PTFE).
Zhao et al. modified the film surface of HDPE (70 μm

thickness) by enzymatic catalysis, with soybean peroxidase
(SBP) and hydrogen peroxide as an oxidizing agent in a
phosphate buffer in the presence of benzenediol.644 The O/C
ratio increases, and new functions such as −CO− appear. The
surface becomes rougher. Hydrophilicity is improved. Un-
fortunately, no control to determine the effect of hydrogen
peroxide alone is presented. Horseradish peroxidase (HRP) is
another commercial plant enzyme. It is widely studied in
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biotechnological applications and could therefore be tested for
the biodegradation of polyolefins.

3.3.1.3.3. Latex Clearing Protein (Lcp). A recent publication
describes the use of Lcp from Streptomyces sp. K30 to degrade
UV-pretreated polyolefins.645 This enzyme has been first
identified for its activity on natural rubber and degradation
products were characterized as oligomers, ending with either
ketones or aldehydes. Here, the characteristics of the
introduced films of PE, PP, and PS are not given, and they
were additionnaly preoxidized by a UV treatment at 70 °C for
2−5 days. The reported dispersities are very high, leading to
the estimation of very low Mn. Lcp was added repeatedly to a
preoxidized PE film at 37 °C for 5 days, with an enormous final
concentration of 1.38 gLcp·gPE−1. The best result, using a 5 days
UV pretreated film, observed a decrease of Mw by 42%. The
same experiment has been performed on PP with less
significant results, and no modification has been observed on
PS.

3.3.2. Other Vinylic Polymers. 3.3.2.1. Polystyrene (PS).
Despite PS being the fifth most used polymer in the world after
PET, PP, PE, and PVC, and being one of the few amorphous
thermoplastics, limited work has been done so far on its
biodegradation646,647 and PS is considered as nonbiodegrad-
able. Landfills are 30% filled with PS.648 PS is also found in
aqueous media in the form of microplastics accumulation and
toxicity shown on fish.649

It was recently reported that the genome mining of PS
degrading microorganisms for the presence of enzymes
involved in alkane depolymerization or aromatic cleavage.650

Cytochrome P450s, alkane hydroxylases, and monooxygenases
ranked as the top potential enzyme classes that might degrade
PS because they could break C−C bonds. Ring-hydroxylating
dioxygenases could break the side chains of PS and oxidize the
aromatics generated from the decomposition of PS. However,
this genomic study was unable to predict if these enzymes were
able to degrade insoluble substrate such as PS outside the cell.
Only one study reports experience with a purified enzyme,

the hydroquinone peroxidase from Azotobacter beijerinckii
HM121, a lignin decolorizing bacterium. The enzyme
degraded PS (2 g/L, indicated molecular weight = 235 000
g/mol, 0.5 g enzyme/g PS, pH 7.0 at 30 °C), in a two-phase
system (dichloromethane−water), in the presence of 10 mM
hydrogen peroxide and 10 mM tetramethylhydroquinone.651

PS dissolved in dichloromethane was completely transferred to
the water phase in 10 min by the enzymatic reaction, leading to
degradation products (Mr 350). This result is very promising,
but it requires dissolution of PS in a solvent. Surprisingly, little
work has been pursued in this domain.
Recently, PS biodegradation by insects is a growing field of

research. Indeed, the larvae of Tenebrio molitor (mealworms)
was able to ingest Styrofoam (containing PS > 98% with Mn of
40 kg·mol−1 and Mw of 124 kg·mol−1) and to convert the
polymer into CO2 (48% of the carbon ingested after 16 days)
as well as to incorporate part of the carbon released into
lipids.652 A Chinese university has filed a patent653 protecting a
method of degradation of plastic foam by Tenebrio larvae. A
bacteria Pseudomonas sp. DSM 50071 was isolated form the gut
of superworm Zophobas atratus and was responsible for a 2.6%
weight reduction of PS beads (diameter of 1500 μm, Mw of
371 kg·mol−1, Mn of 154 kg·mol−1, 99.5% purity, from Myung-
IL FOAMTEC) after 15 days and apparition of carbonyles and
hydroxyls.654 Serine hydrolase (SH) and S-formylglutathione
hydrolase (SGT) were upregulated, respectively, 7-fold and 2-

fold. On the other hand, expression levels of the other four
selected enzymes: α/β fold hydrolase (AB), arylesterase (AE),
autotransport domain containing esterase (AT), and thioester-
ase (TE) were reduced by 90, 30, 80, and 80%, respectively.
This decrease may be necessary to improve the energy
efficiency during PS degradation. In the presence of 50 μM SH
inhibitor-7 (tert-butyl 4-[{2-fluorophenyl}carbamoyl]-
piperazine-1-carboxylate), the PS biodegradation was com-
pletely blocked.
Among mealworms, greater wax moth (Galleria mellonella),

and superworm, the superworm had the strongest PS
consumption capacity, the highest survival rate after 30 days
and the highest ability to degrade PS into low molecular weight
substances, while the yellow mealworm efficiently depoly-
merized PS by destroying the benzene ring.655 It has been
observed that there was a decrease of microbial diversity in
superworm and yellow mealworm after ingestion of PS but an
increase of microbial diversity in greater wax moth. A 34%
decrease ofMn and a 26% decrease ofMw of the PS in frass was
observed from the initial PS foam (styrofoam without additive
from SINOPEC, Mn of 64 kg·mol−1 and Mw 144 kg·mol−1).
This can be due to mastication action and does not give any
evidence of enzyme involvement. Similarly, Song et al. showed
a 31% mass loss of PS in feces of snail Achatina fulica, with a
decrease of molecular weight.656 A loss of microbial gut
diversity and the presence of opportunistic pathogens with PS
feeding of superworm (Zophobas morio) was also observed by
Sun et al.657

3.3.2.2. Poly(vinyl chloride) (PVC). PVC is formulated with
biocides to avoid its deterioration by microorganisms.658 Only
surface degradation of PVC is observed, and most of the
biodegradation reported concerns PVC plasticizers659−663 For
instance, Micrococcus luteus enabled only 9% mineralization of
PVC after 70 days.664 Beyond 5 g/L, PVC inhibits microbial
growth.665 The unique significant report stated that the use of
a microbial consortium led to a decrease in molecular weight of
PVC from 70 kg·mol−1 to 16 kg·mol−1 after 9 months.665

Alternatively, a study of biodegradation using an insect has also
been reported. The egested frass of Tenebrio molitor contained
about 35% of residual PVC with 33%Mn decrease and 33%Mw
decrease and chlorinated organic compounds.617

4. CONCLUSIONS AND FUTURE PERSPECTIVES
Since their discovery almost a century ago, plastics have
developed in a strictly linear economic mode, using fossil
resources for the vast majority of their production, with far too
little (<20%) truly being recycled. Almost 9 billion tons of
polymer materials have been produced for the past 70 years,
but, like for other materials, the management of their end-of-
life has been taken into account in recent years only. More
than 6 billion tons of plastic waste has accumulated in the
environment, namely in landfills and, for a large part, as
macro-, micro-, and nanoplastics polluting our subsoil, our
rivers, our seas, and our oceans and certainly animal and
human bodies. The awareness that end-of-life plastics are
causing a major ecological crisis and pose a threat to the
environment has sparked new initiatives to put plastics back at
the center of a circular economy. Rethinking the plastics
economy by developing more sustainable materials requires a
paradigm shift to consider plastic waste as a real source of
valuable and exploitable carbon in its own right. In this context,
tertiary recycling, that is, (bio)chemical recycling and
upcycling of polymers, is expected to provide superior
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economic value while drastically reducing environmental
impacts, in comparison to primary and secondary (mechanical)
recycling (see Figure 3). In this regard, the development of
highly selective and efficient biocatalytic systems that can be
implemented under much milder processes and conditions and
lesser energy-intensive, compared to more traditional chemical
recycling, is taking place and should help tackling the daunting
challenge of white pollution.
It is important to note that before recycling, it is crucial to

efficiently collect plastic, not only in developed countries but
everywhere on the planet. Regulations are becoming stricter,
especially in Europe. For instance, the Directive “Single-Use
Plastics” asked for an improvement in the collection of bottles,
with the objective to reach 90% collection in Europe by 2029,
whereas it was only 60% for bottles and 20% for food trays in
2018. Of the 1.8 Mt recycled, only 31% rebecome bottles. The
remaining 69% goes into other products with lower quality or
are nonrecyclable. A big proportion of PET bottles placed on
the market are quickly lost for recycling and end up in
incineration or lost to the environment. In addition, even for
PET, collection is far from being efficient, as the fibers,
representing two-thirds of its production, are marginally
collected. Efforts also have to be made on the sorting by
nature of plastics and on development of efficient technologies
for automatic sorting and for the removal of hard points in the
textiles. The EU directive also asked to extend circularity to the
textile market (EU directive March 30, 2022).
This review has discussed recent advances in biocatalysis and

in the design of related biocatalytic processes to recycle or
upcycle commodity plastics. The work presented highlighted
that this emerging field is interdisciplinary in essence, as being
at the crossroads of several disciplines, including polymer
chemistry and physical chemistry, synthetic processes and
chemical engineering, biotechnology and enzyme engineering
combined to structural and computational biology as well. This
literature review also shows that biotechnological recycling is
still in its infancy. It is obvious that, despite numerous research
efforts over the last 20 years, the efficient enzymatic
degradation of recalcitrant polymers such as PE, PP, PVC,
PS, and even some polyamides and ether-based polyurethanes
has met with very limited success. Although some polyolefin-
eating enzymes have been reported recently, most of these
studies indeed fall short for evidencing a true enzymatic
degradation, for instance, through the compelling formation of
polyolefin oligomers, so that it has not been clearly established
yet that these recalcitrant polymers, i.e., constituted of stable
C−C bonds in their backbone, can be biocatalytically
converted into oligomers and/or small molecules. Therefore,
an important issue, that enzymologists and polymer scientists
are still facing, is to find polymer-active enzymes targeting the
massively produced and fossil-fuel-based polymers, such as PE,
PP, PS, or PVC.
PET, which is one of the most important plastics of our

everyday life, is definitely an exception to the previous
observations since enzymatic recycling of PET has now
reached a high degree of maturity. Who would have imagined
10 years ago that an industrial plant could recycle thousands
ton of plastics per year using an enzyme to depolymerize this
plastic? This plant does not yet exist, but the French company
Carbios announced its construction and a beginning of
operation in 2025. Nevertheless, many efforts are needed to
better recycle plastic waste following biobased routes, either
using microorganisms or catalytic enzymes. There is plenty of

room, not only to discover in Nature novel efficient plastic-
degrading enzymes, but also to improve performances of task-
specific enzymes, with the objective of improving their
productivity to recycle plastic waste at large scale. Regarding
the recycling of the PET, the number of publications is
nowadays increasing very rapidly, more and more PETases are
being discovered and characterized, more and more variants
are proposed with improved thermostability and activities.
Given the flow of data, it is important to encourage the
scientific community to rationalize the presentation of the
results to facilitate their analysis and comparisons. Taking the
opportunity of this review, we propose that results should no
more be only reported in μM of products without giving the
conversion of the substrates. It is important to rather compare
initial rates, conversions at the end of the reaction, proportions
between the different products (TA, MHET, BHET, etc.) and
volume and specific productivities (gTA·L−1·h−1 and gTA·L−1·
h−1·mgenz−1, respectively). For polymers other than PET, the
way is even longer to reach this standard.
More efforts are also needed to better understand at

fundamental level the underlying depolymerization reaction
mechanisms operated by enzymes and to gain more insight
into relationship between sequence, structure, dynamics,
adsorption phenomena, activity, and stability of the enzymes.
This will provide essential information to further guide rational
engineering and improve the biocatalytic performances of
these enzymes in terms of selectivity, activity, stability, and
scalability. For this purpose, advanced characterization
techniques allowing monitoring of the evolution of the
reaction, the polymer being transformed and the reaction
products, combined with theoretical calculations, are extremely
valuable. In particular, more accurate multiscale modeling is
needed to better model the polymer structure, the enzyme
adsorption, and finally to model the activity of the enzyme on
its true substrate (e.g., a pellet of PET). Indeed, most often,
short oligomers are used in structural and molecular modeling
studies to investigate enzyme−substrate interactions, but they
are unable to fully represent the behavior of enzymes on
polymer chains. All of these approaches, combining both
experimental and computational methods, will provide a fine
and precise analysis of the enzymatic reaction of depolymeriza-
tion at different scales.
The engineering of performing enzymes will undoubtedly

benefit from the tools and the methodologies developed in the
domain of enzyme engineering and screening. In particular, the
development of efficient and (ultra)high throughput screening
strategies, such as droplets microfluidics, could be promising to
isolate from large collections efficient enzymes able to degrade
polymers. The amount of data anticipated from these
approaches combined to statistical analyses and machine- or
deep-learning algorithms should also open the way to the
establishment of new rules relating enzyme structure and
sequence to activity and accelerate the development of efficient
enzymes.
For most industries, one material does not fit all the

requirements in terms of properties and as Europe with other
nations are developing policy decisions based on science and
developing a hierarchy for both material circularity and carbon
footprint, the EU ensures that we always use the simplest and
most recyclable solutions and materials with the smallest
carbon footprint at production and then being fully recycled.
Exciting advances can be anticipated soon in this highly active
field, which requires, more than ever, integrative multi-
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disciplinary and multiscale approaches to address the various
bottlenecks encountered to develop efficient enzymes perform-
ing in industrial process conditions and opening the road to a
viable circular economy.
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Franken, P. C.; Müller, M.; De Wildeman, S. M. A.; Raamsdonk, L.
M.; Van Der Pol, R.; Wu, L.; Temudo, M. F.; Van Der Hoeven, R. A.
M.; Akeroyd, M.; Van Der Stoel, R. E.; Noorman, H. J.; Bovenberg, R.

A. L.; Trefzer, A. C. Metabolic Engineering toward Sustainable
Production of Nylon-6. ACS Synth. Biol. 2016, 5, 65−73.
(485) Yamano, N.; Kawasaki, N.; Ida, S.; Nakayama, A.
Biodegradation of Polyamide 4 in Seawater. Polym. Degrad. Stab.
2019, 166, 230−236.
(486) Aquafil; Aquafil SpA, 2022; www.aquafil.com.
(487) Robello, R.; Calenti, F.; Jahic, D.; Mikuz, M. Method of
Polyamide Fiber Recycling from Elastomeric Fabrics. WO
2013032408A1, 2013.
(488) Karasiak, W.; Karasiak, D. Method and Device for Treating
Polymers. WO 2014072483A1, 2012.
(489) Kumar, A.; Von Wolff, N.; Rauch, M.; Zou, Y. Q.; Shmul, G.;
Ben-David, Y.; Leitus, G.; Avram, L.; Milstein, D. Hydrogenative
Depolymerization of Nylons. J. Am. Chem. Soc. 2020, 142, 14267−
14275.
(490) Bonaldi, R. R.; Gorescu, G.; Pak, P. H.; Macret, R.
Biodegradable Polyamide Fiber, Process for Obtaining Such Fiber
and Polyamide Article Made Therefrom. WO 2016079724A2, 2016.
(491) Ragupathy, L.; Ziener, U.; Dyllick-Brenzinger, R.; Von
Vacano, B.; Landfester, K. Enzyme-Catalyzed Polymerizations at
Higher Temperatures: Synthetic Methods to Produce Polyamides and
New Poly(Amide-Co-Ester)S. J. Mol. Catal. B Enzym. 2012, 76, 94−
105.
(492) Negoro, S.; Kato, D.-i.; Ohki, T.; Yasuhira, K.; Kawashima, Y.;
Nagai, K.; Takeo, M.; Shibata, N.; Kamiya, K.; Shigeta, Y. Structural
and Functional Characterization of Nylon Hydrolases, 1st ed.; Elsevier,
2021; Vol 648.
(493) Negoro, S. Biodegradation of Nylon Oligomers. Appl.
Microbiol. Biotechnol. 2000, 54, 461−466.
(494) Heumann, S.; Eberl, A.; Pobeheim, H.; Liebminger, S.;
Fischer-Colbrie, G.; Almansa, E.; Cavaco-Paulo, A.; Gübitz, G. M.
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