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Abstract

Plastic pollution is an ever-escalating issue with detrimental effects on both the environment and human health.
Plastic breaks down into smaller pieces, and depending on the size they are called macroplastics, microplastics
(MPs), and nanoplastics (NPs). Some of these particles can easily enter the food chain causing toxicity to many plants
and animals. The extensive use of synthetic polymers such as polyethylene (PE), polyvinyl chloride (PVC), polystyrene
(PS), and polyethylene terephthalate (PET) poses substantial environmental concerns due to their degradation-
resistant characteristics. One of the ways microorganisms address this issue is by producing enzymes. This review
examines the recent advancements in enzymatic degradation of both commercial-grade and pure polymers, includ-
ing the effectiveness of enzymes such as laccases, proteases, cutinases, PETase, and MHETase, and the governing
mechanisms of degradation across various plastic categories. Bioinformatic tools such as multi-omics, molecular
docking, and enzyme mining are particularly useful in identifying unconventional biocatalysts and plastic-degrading
microbes in a culture-independent manner. Furthermore, techniques to enhance the catalytic efficiency of plastic
degrading enzymes (PDEs) using modern approaches such as protein engineering, mutations, chimeric fusion, etc.
have also been reviewed. This review accentuates the pivotal role of enzymatic and microbial degradation in miti-
gating plastic pollution, the associated challenges, and suitable prospects to achieve closed-loop plastic recycling

in the future.
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Plastic-degrading enzyme studies
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Introduction

Over the years, plastic has become an integral part of
everyday human life. From packaging to transportation
to healthcare, plastic has proven to be an indispensable
component, which has pros and cons. Plastic waste accu-
mulation is one of the biggest challenges in the 21 cen-
tury. Although consumers are becoming more aware of
this issue, the production of single-use plastics continues
to increase, leading to environmental and economic prob-
lems caused by plastic waste accumulation [1]. Accord-
ing to a statistical report by Plastics Europe, the global
yield of fossil-based plastics escalated to an astounding
400.3 million tonnes in 2022 [2]. India, the third larg-
est consumer of plastics, used approximately 21 million
tonnes of plastic in 2021 [3]. If unorganized plastic waste
disposal and inadequate recycling techniques continue,
it is estimated that annual emissions may increase by up
to 53 million tons per year by 2030 [4]. Countries world-
wide accumulate waste indiscriminately due to the steep
cost of waste disposal. The most common techniques for
discarding plastic waste are landfilling, and incineration.
Landfilling in India requires 120 ha of land per year and
only 21% of the landfills are properly managed, leading
to greenhouse gas emissions, obnoxious gas production,
and fire hazards [5]. In contrast, developed countries
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including Japan, France, Germany, and the United States
use thermal waste-to-energy plants to recover energy
from plastic wastes. However, developing countries are
lagging due to the colossal investment required, and fear
of mishandling toxic byproducts (including dioxins and
furans) [6]. A report stated that the combustion of plastic
packaging resulted in the discharge of approximately 16
million metric tons of CO, emissions [7].

Plastic materials steadily break down to generate tiny
particles due to environmental factors such as weather-
ing, solar radiation, mechanical forces, and microorgan-
isms. This leads to the formation of microplastics (MPs)
(ranging from 5 mm to 0.1 pm) and nanoplastics (NPs)
(ranging from 0.1 pm to 100 nm) [8]. These emerg-
ing pollutants are a nuisance to the environment and
humans. MPs and NPs are now distributed in freshwater
sources, oceans, drinking water [9], soil [10], atmosphere,
food, as well as in the human body [11]. Due to their
small sizes, both are easily mistaken for food and are
devoured by or attached to aquatic organisms (rotifers,
fish, shrimp, algae, zooplankton, etc.) causing them to
potentially travel into humans through the food chain
[12, 13]. When ingested, MPs cause severe health compli-
cations in the human body such as tissue damage, abnor-
mal lipid metabolism, inflammation, and even cancer



Dhali et al. Biotechnology for Sustainable Materials (2024) 1:11

[14] Thus, the removal of plastic particles of all sizes from
the environment is the need of the hour. Conventional
plastic upcycling strategies such as using waste plastic
in road construction is a viable option but the release of
MPs due to physical abrasions and environmental weath-
ering could cause secondary pollution. Industrial-scale
thermochemical degradation methods such as solvolysis,
chemolysis, and pyrolysis have been reported for mitigat-
ing plastic pollution. However, the generation of toxic
byproducts and the energy-intensive nature of these
strategies make them unsuitable [15, 16], leading to the
search for more sustainable alternatives. Biological deg-
radation involving microbes such as Ideonella sakiensis,
capable of thriving on and assimilating PET using two
enzymes: MHETase and PETase in 2016 was a milestone
in the study of enzymatic plastic degradation [17]. Since
then, numerous bacteria, algae, and yeasts have been
reported to produce plastic-degrading enzymes (PDE)
including protease [18], esterase, hydrolase [19], oxidase
[20], cutinase [21, 22] and lipase [17, 23-27].

If the sustainable development goals set forth by the
United Nations are to be reached, a circular economy
framework for plastics has to be addressed. A circular
economy focuses on all phases of the value chain and
considers the best possible outcome to reduce the impact
of producing virgin petrochemical-based plastic poly-
mers [28]. In this regard, enzymatic closed-loop recycling
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technologies provide a promising solution to managing
plastic waste [29]. In this review, the types of plastics,
their environmental impacts on various environmen-
tal settings, and the sources of these types of plastics at
the industrial level. The details of the enzymes reported
to degrade multiple plastics, including their interactions,
mechanism of action, and related factors have been thor-
oughly reviewed. Additionally, the recent advancements,
challenges, and future prospects of enzymatic plastic
degradation have also been discussed.

Types of plastics
Industrial-level plastic production is focused on manu-
facturing various thermoplastic materials due to their
requirements for many commodities. Among them, the
major 6 types of plastics are low-density polyethylene
(LDPE), high-density polyethylene (HDPE), polystyrene
(PS), polypropylene (PP), polyethylene terephthalate
(PET), and polyvinyl chloride (PVC)- some of the com-
monly used plastic polymers, as discussed (Fig. 1).
Polyethylene, present in two forms—LDPE and
HDPE—is one of the most widely produced plastics.
HDPE is hard and brittle, making it useful for con-
struction purposes (e.g., pipes and window frames) and
household items (e.g., toys and utensils). On the other
hand, LDPE is used the most for plastic bag manufac-
turing, packing materials, containers, etc. [30, 31]. PP is

Identification A A A A A A A
- Ll LZ L3 u Ls L6 U
Polymer Name | Polyethylene High-density Polyvinyl Low-density | Polypropylene Polystyrene Other plastics
terephthalate polyethylene Chloride polyethylene (eg.- PLA,
polycarbonate)
Structure -
((, 0 NH ‘F' clz% H | | CHs I‘T‘;
X A C—C | i
4 _@_‘\,_(ﬁ" H T H - )
; . il . HcH-cH, . O
Melting 245-265°C 130-140°C 100-260°C 85-125°C 165-175°C 240°C -
temperature
Density 1.3-1.4 g/cm3 0.94-0.97 1.3-1.7 g/cm3 0.917-0.940 | 0.9-0.91 g/cm3 1.04-1.05 PLA-1.23-1.25
g/cm3 g/cm3 g/cm3 g/cm3
Recyclability Commonly Commonly Sometimes Occasionally Occasionally Commonly Difficult to
recycled recycled recycled recycled recycled recycled recycle
(but difficult)

Fig. 1 Types and classifications of the major types of plastics available commercially
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another type of plastic used in the preparation of dispos-
able straws and bottle caps. Among all the plastics, it is
inexpensive, fire resistant, and has the lowest density. In
addition, it covers approximately 16% of the total plastic
industry [32]. The production of approximately 7 million
metric tonnes of PET in 2022 is largely due to its frequent
use in single-use plastic bottles [33]. On the contrary,
PVC consists of the greatest proportion of plasticizers,
which can reach 50%. Its mechanical strength makes it
the base material for the production of household items
such as window frames, shower curtains, pipes, and
floor coverings [31, 34]. Overall, the classification of
plastic polymers is vital for understanding their diverse
properties and recyclability. The categorization into dif-
ferent resin codes helps in effective waste management
and recycling efforts. As we move forward, a balanced
approach should be introduced where the polymers
belonging to the 7 plastic category i.e., other plastics
should be further classified as recyclable, biodegradable
or non-biodegradable for efficient waste management.

Plastic disposal, recycling, and degradation methods
Landfilling and incineration are the most sought-after
established methods for plastic disposal. Landfilling not
only comes with a massive land commitment but plas-
tics due to their non-biodegradable nature cause further
problems [35, 36]. This can lead to a land shortage in
densely populated countries and the plastics in landfills
can act as a source of secondary environmental pollut-
ants such as complex hydrocarbons, endocrine disrupt-
ing compounds, and hydrogen sulfides released in the
form of leachates and gases leading to air, water and soil
pollution [35, 36].

To overcome the limitation of space, incineration is
promoted, which has the added advantage of simulta-
neous energy generation [37]. However, incineration
can lead to the generation of harmful compounds such
as greenhouse gases and carbon-oxygen free radicals
along with polycyclic aromatic hydrocarbon (PAHs) and
polychlorinated biphenyls (PCBs). There is a significant
trade-off since the incineration of plastics leads to the
formation of numerous harmful compounds, most of
which are released into the atmosphere [38, 39]. A study
by Vlasopoulos et al.,, compared two techniques: land-
filling with energy recovery and incineration for energy
recovery, and it was concluded that landfilling is the
worst choice due to its environmental impacts. Besides,
incineration does not completely eradicate plastic waste,
as MPs persist in the bottom ash [40]. Nonetheless, the
energy content of plastic is comparable to that of heat-
ing oil but exploiting it as a secondary fuel needs to be
monitored stringently under the Hazardous Waste Incin-
eration Directive [15, 41].
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Plastic waste presents a great opportunity if its eco-
nomic value can be maintained after recycling. This can
ideally be created by breaking down plastic polymers into
their monomers or oligomers for further upcycling [42].
Several modern plastic recycling techniques have been
able to utilize this concept to some extent on a commer-
cial scale. Modern plastic recycling techniques can be
divided into two categories based on physical and chemi-
cal technology. Physical or mechanical plastic recycling
methods rely on physical segregation, sorting, washing,
and grinding of plastic waste. In the construction indus-
try, recycled plastic is used as a replacement for the vir-
gin construction materials required in concrete and
mortar [15]. For example, a study on the life cycle analy-
sis of road pavement systems using recycled polyethylene
terephthalate (PET) plastic bottles and carbonated mate-
rials revealed critical insights. This demonstrated that
asphalt mixtures derived from these two components can
be produced at significantly lower temperatures. Further-
more, the results of Monte Carlo simulations revealed
that this method could result in a substantial reduction
in environmental impacts, with climate change emis-
sions reduced by 40-60% compared to those of traditional
road pavement systems [43]. The drawback of mechanical
plastic recycling is that it is mostly associated with down-
cycling combined with degraded plastic properties due to
the mixing of various plastic polymers [15].

On the other hand, the industrial chemical methods of
plastic recycling are promising due to energy recovery
and the production of economically important products
such as monomers and feedstocks. Chemical methods
include solvolysis, chemolysis, and pyrolysis for amalga-
mated plastics. However, the variability of plastic waste
makes it an inconsistent process yet to be economically
viable. In addition, from an environmental point of view,
these techniques are energy intensive and require toxic
and nonbiodegradable solvents (e.g., in solvolysis) and
produce lethal gaseous products (e.g., carbon monox-
ide, hydrogen cyanide, and hydrogen chloride) [15, 16].
Therefore, scientists have turned to the biodegradation
of plastic waste as a green solution. Although mechanical
and chemical methods of plastic degradation have been
adopted in industrial settings, enzymatic degradation is a
relatively newer concept.

Bacteria such as Escherichia coli, Micrococcus
spp., Pseudomonas spp., Staphylococcus spp., and
Corynebacterium spp., could degrade plastics between
45-56% weight reduction [44] and some species of fungi
(Geotrichum candidum, Fusarium oxysporum, Alter-
naria alternata, and Trichoderma sp.) could degrade
between 17-95% of the molecular weight of PE [45, 46].
Pseudomonas aeruginosa DSM 50071 [47] and Bacil-
lus paralicheniformis G1 [48] played a crucial role in
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polystyrene degradation. Thermophilic microbes Aneu-
rinibacillus aneurinilyticus btDSCEO1, Brevibacillus
agri btDSCEO02, Brevibacillus sp. btDSCE03 and Brevi-
bacillus brevis btDSCE04 are capable of degrading pol-
yethylene (HDPE, LDPE) and polypropylene (PP) [49].
Similarly, Pseudomonas aeruginosa LICME WZH-4
and Pseudomonas aeruginosa WGH-6 reported weight
reduction of polypropylene up to 17% but bacterial
biomass increased suggesting the potential of the bac-
terium to utilize the PP as substrate [50]. These are a
few among thousands of other microorganisms with
the potential to produce enzymes for enzymatic plas-
tic degradation. Table 1 summarizes a list of microbes
capable of producing a wide variety of enzymes that can
play a crucial role in plastic degradation. These com-
pounds are mainly classified into two types based on
production: intracellular enzymes (such as polyethylene
glycol dehydrogenase and alkane hydrolase [51]) and
extracellular enzymes (ex. depolymerase and hydro-
lase [52]). Tao et. al. discovered an extracellular enzyme
producer, Rhodococcus strain A34, derived from natu-
rally weathered plastic waste (Table 1). Proteomic stud-
ies revealed that strain secretes multiple extracellular
enzymes including multicopper oxidase, lipase, and six
esterases capable of breaking down PE up to 1% after
1 month of incubation [53]. These two enzymes also
have different mechanisms of action. Intracellular enzy-
matic degradation, for example, induces the breakdown
of stored endogenous carbon for polymer hydrolysis by
accumulating various microorganisms. While extracel-
lular enzymes use an external carbon source for the
energy to break down plastic polymers [54]. Overall,
studies about extracellular enzymes are extensive due
to their wide applicability [55].

Microbial and enzymatic plastic biodegradation
Under natural conditions, microorganisms colonize the
surface of plastics and form a biofilm. The colonizing
species are found to differ from the surrounding envi-
ronment significantly. Plastic particles act as a sturdy
matrix on which various microorganisms colonize and
this phenomenon gradually impacts the integrity of
the polymer (Fig. 2). The complex interaction between
the plastic and the microbes colonizing it is called the
plastisphere; its role in facilitating petro-derived plas-
tic degradation is of critical interest. Although colo-
nization does not necessarily equate to the sinking of
plastic particles or their degradation, microbial colo-
nization facilitates the enzymatic breakdown of plastic
[67-69]. Enzymatic catalysis of plastic waste is an inno-
vative and sustainable way of reaching environmental
goals [29].
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Insights into the enzymatic degradation of commercial
plastic products

Mechanical and enzymatic recycling and dissolution
of plastics is currently a topic of immense interest [70].
Recently, a group of Austrian scientists achieved closed-
loop recycling of post-consumer a variety of yoghurt
cups composed of PP and PS. They mechanically sorted
and shredded yoghurt cups before thermos-forming
them into new cups. Surprisingly, the characterization
parameters of the recycled cups indicated their likeness
to the virgin grade value of that plastic [71]. Moreover,
the future of closed-loop plastic waste recycling can ben-
efit by introducing enzymatic catalysis. Already many
publications have made immense contributions to enzy-
matic PET closed-loop recycling or simply PET enzy-
matic hydrolysis at a large scale [72-74], however the
same cannot be said for other recalcitrant plastics. For
example, a study discussed the enzymatic recycling of a
commercial textile (wool/polyester blend) using protease.
Results showed a massive 73% weight reduction for the
45/55% wool/polyester textile [75]. However, it was a
lab-scale experiment, and further studies need to be per-
formed to standardize the enzymatic recycling of com-
mercial plastic products.

Plastic wastes in the environment are majorly com-
mercially produced and contain a mixture of plasticizers,
heat stabilizers antioxidants, and pigments, apart from
the basic polymer backbone. Therefore, attention must
be drawn towards polymer and additive degradation/
recyclability [52]. A recent study showed the influence of
additives in enzymatic degradation by comparing pristine
and commercial HDPE. It was observed that a laccase
enzyme from Trametes versicolor could reduce only 3%
of the weight of the commercial HDPE (containing addi-
tives). In contrast, the pure HDPE substrate was seen to
have a 33% weight reduction under the same conditions.
This highlights the need for pretreatments in the removal
of additives from post-consumer plastic waste [76].

Studies related to PET-recycling enzymes have matured
in the past decade to such an extent that a French com-
pany named Carbios has announced the opening of an
industry that can recycle tons of plastic per year based
on enzymatic PET degradation [29]. However, since PET
represents a minor portion of the total unrecycled plastic
(approx. 7%), research should focus more on other recal-
citrant wastes, such as PU, PE, and PS [77].

Mechanism of microbial and enzymatic plastic
degradation

The mechanism of microbial degradation can be clas-
sified into four steps: attachment/colonization, bio-
fragmentation, assimilation, and mineralization (Fig. 2)
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Fig. 2 Overview of enzymatic plastic degradation where EPS represents an extracellular polymeric substance

[78]. Ongoing research on the colonization of microbes
indicates that biofilm formation significantly alters the
hydrodynamics of plastic particles. Extracellular poly-
meric substances secreted by microbes to form biofilms
cause the surface of the plastic to become sticky. This
adhesive property promotes hetero-aggregation and fur-
ther growth of microbial populations.

Microbes, in turn, produce (intracellular/extracel-
lular) enzymes that stimulate the chemical breakdown
of polymeric chains into smaller elements. Enzymatic
decomposition occurs in two stages: Firstly, enzyme
adsorption onto the polymer and then bond hydro-
lyzation/ peroxidation [67, 79]. The biological degrada-
tion of plastics generally involves breaking down long
polymers into short oligomers, dimers, and monomers.
These bacteria are broken down to facilitate microbial
uptake by passing through their membranes, ultimately
leading to their mineralization in cells. Finally, the
monomers are converted to CO, and H,O under aero-
bic conditions and to CO, H,0O, and CH, under anaero-
bic conditions [27]. The two types of microbial enzymes
capable of polymer breakdown have different mecha-
nisms. Extracellular enzymes, for example, depolymer-
ase and hydrolase enzymes, induce hydrolytic cleavage
in polymers. In addition, free radical formation can also
cause a change in the number of bonds between mono-
mers. The action of hydrolytic enzymes such as depoly-
merase, oxidase, and peroxidase causes an increase in
the hydrophilicity of the polymer, thus increasing its
rate of biodeterioration [79]. The adherence of enzymes
to polymeric materials is a crucial step that is mediated
by anchoring peptides on the surface of these enzymes

(Fig. 3). These anchor peptides are believed to link the
active site of the enzymes to the polymeric surface [80].
In a proof-of-concept experiment, immobilized cuti-
nases along with specific anchor peptides were incu-
bated with polyester-polyurethane to observe up to a
6.62-fold increase in degradation kinetics [81].

There are 24 known PET hydrolytic enzymes to date.
Among them, only 4 are mesophilic, while the rest are
thermophilic [82]. The widely studied PDEs, MHETase
and PETase, are secreted by Ideonella sakaiensis 201-
F6 and degrade PET and some hydrolyzable plas-
tics. These enzymes are notable not only due to their
polymer degradation capabilities but also due to their
metabolic capabilities at relatively low temperatures
(30 °C — 37°C). These two enzymes act synergistically
to increase PET breakdown by as much as six times.
PETase activity produces the dimer BHET and mono-
mer MHET. MHETase then acts on MHET to convert
it to TPA and EG. Therefore, identifying synergistic
enzymes from multiple microbes with a two-enzyme
system is important for developing efficient enzymatic
biodegradation techniques [52]. Along with enzyme
discovery, a better understanding of the reaction course
is necessary. While looking for the key steps in PET
breakdown, it has been suggested that hydrolyzation
of internal bonds by endolytic enzymes plays a signifi-
cant role in the total degradation rate. This is because
endolytic enzymes promote the formation of soluble
PET fragments with two or three aromatic rings. In
contrast, enzymes with low endolytic activity have been
shown to have a distinctive lag phase as well as moder-
ate efficacy, probably due to the formation of low solu-
ble aromatic fragments [83].
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Factors affecting microbial and enzymatic plastic
degradation

Plastics are highly resistant to degradation under natu-
ral environmental conditions. This is due to a variety of
factors, including their hydrophobicity, the presence of
functional groups that are not easily broken down by
enzymes, and their chemically inert covalent backbones.
Consequently, the chemical structure of plastic is a criti-
cal determinant of its biodegradability. For instance, plas-
tics can be classified as hydrolysable or non-hydrolysable.
Hydrolysable plastics such as PET, PUR, and polyamide
contain ester or amide groups that can be easily broken
down by enzymes. On the other hand, non-hydrolysable
polymers such as PE, PVC, and PP are difficult to degrade
by enzymes. It has been observed that non-hydrolys-
able polymers have a backbone similar to that of lignin.
Hence, enzymes that are efficient at degrading lignin can
also degrade non-hydrolysable polymers [84, 85]. Addi-
tionally, similar major factors influencing plastic decom-
position are discussed below.

Abiotic factors

The environmental conditions surrounding plastics
play a crucial role in the process of plastic breakdown,
and biodegradation is influenced by the interaction of
abiotic and biological factors. Since a major portion of

the plastic litter end up in water bodies, several stud-
ies focus on the degradation of plastics in natural and
stimulated aquatic (marine water and freshwater) envi-
ronments [86—88]. Plastic particles floating in these
environments (photic zone) are subjected to shear
stress due to wave action, solar UV radiation, heat-
ing, and microbial colonization [89], while microbial
enzymatic action is the primary influential factor in
the aphotic zone [67, 84]. A study on the effects of UV
light on MP degradation showed that the wavelength
of the light, the additives, as well as the composition
of the particle, impact surface oxidation levels due to
UV exposure [90]. In an experiment by Wu et. al., they
studied the effect of long-term photoaging on floating
PP plastics. It was observed that after 68 days of UV
irradiation, the size of the particles decreased as much
as 99%, giving rise to MP and NP generation. They
identified the cause to be due to sustained photoaging
which leads to the generation of reactive oxygen species
[91]. This study highlights the critical role of UV radia-
tion duration and intensity in the fragmentation of PP
within environmental contexts. The rate of photooxi-
dation of plastics varies significantly with the environ-
mental location, leading to differential fragmentation
rates. This variation is influenced by the specific UV
exposure conditions prevalent in distinct geographic
areas. Based on this idea UV pretreatment of plastic
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before enzymatic degradation has been suggested for
enhanced degradation of plastics [92].

Crystallinity

Plastic polymers contain varying degrees of crystalline
and amorphous regions. The latter offers flexibility. An
increase in crystallinity reduces the movement of the
backbone, therefore limiting the availability of the poly-
mer chains for enzymatic attacks [79]. The degree of
crystallinity (X.) of a polymer refers to the proportion
of the polymer in a crystalline state as opposed to an
amorphous state. Crystalline regions are structured and
ordered with polymer chains aligned in a repeating pat-
tern. In contrast, the amorphous regions are disorganized
and lack a regular structure. X, influences a material’s
physical properties, including density, thermal stability,
and chemical and enzymatic degradation resistance. It
is measured using methods including X-ray diffraction
and differential scanning calorimetry [93-95]. There is
a strong correlation between the enzymatic degradation
process and the X, of the polymer; higher crystallinity
is associated with a slower rate of enzymatic reaction
[96]. For instance, a major difference between LDPE and
HPDE is their X.. HDPE is more crystalline than LDPE
and hence more resistant to enzymatic degradation [78].
Conversely, as a semicrystalline polymer, PET has bet-
ter biodegradability [96]. A recent study on enzymatic
PET hydrolysis showed how an industrially relevant
PET-degrading enzyme, LCC¢ performed with vary-
ing levels of X.. A pronounced lag phase was visible for
crystalline PET (X_> 20%) substrates which extended
up to several days. Nonetheless, soluble products were
detected after longer incubations with the enzyme. In
some cases, the reaction rate post-lag phase reached lev-
els (factor of 2-3) comparable to the initial reaction rates
of amorphous substrate decomposition [97].

Molecular weight
The resistance of plastics to degradation is attributed to
their long-chain structure. As the length of the polymer
increases, the number of bonds the enzyme must break
increases. Besides, it also impairs the ability of microor-
ganisms to uptake polymers since high molecular weight
polymers have low permeability across the cell mem-
brane. To utilize plastics as a carbon source, they must
first be processed and fragmented by enzymes, which
break down long-chain polymers into smaller mono-
mers and oligomers (Fig. 2). These smaller fragments can
then be taken up by the cell and assimilated into a carbon
source followed by metabolism. [78, 98, 99].
Furthermore, molecular weight is an important crite-
rion for monitoring enzymatic plastic breakdown. For
example, Nikolaivits et. al., monitored the degradation
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of multiple plastics by a polyesterase enzyme from the
Antarctic bacteria Moraxella sp. using molecular weight
loss. Other researchers have also noted changes in the
molecular weight using gel permeation chromatogra-
phy (Table 1). Apart from molecular weight studies have
shown that plastic size, surface area, surface texture,
buoyancy, etc., also influence the enzymatic degradation
rate of plastics [67].

Recent trends in the study of microbial

and enzymatic plastic degradation

The study of enzymatic plastic degradation has gar-
nered tremendous attention from the scientific commu-
nity, driven by the global imperative to address plastic
pollution. The recent trends in this field reflect a grow-
ing emphasis on innovative, sustainable solutions to the
global plastic pollution crisis. Researchers are exploring
the use of naturally occurring microbes and enzymes to
offer a promising alternative to traditional plastic waste
management methods.

Study of the plastisphere for analyzing inhabitant
microbial community on plastic debris
One of the recent and innovative approaches to discov-
ering potential microbial enzymes involved in plastic
degradation is studying the plastisphere. The term ‘plas-
tisphere’ was introduced more than a decade ago and has
since been the central topic of discussion. It comprises
the microbial inhabitants of plastic debris and the envi-
ronment containing the microbial community [100].
The study of the plastisphere is crucial because it selec-
tively attracts microbes capable of utilizing it as a sub-
strate or carbon source for growth [101-103]. Du et al.
divided plastisphere formation into three stages: pioneer
colonization, secondary colonization, and maturation.
Although many studies have focused on isolating strains
from polluted sites rich in various types of plastics, the
percentage of microorganisms that can be cultured
under laboratory conditions is less than 1% [104]. Hence,
metagenomic and in silico studies are valuable tools since
they are not dependent on culture techniques (Fig. 4).
Researchers have utilized various tools for the study of
the plastisphere. Various sets of molecular techniques,
bioinformatic tools, and in vitro techniques can all be
employed in combination for the analysis (Fig. 4). For
example, Frey et al. discovered a novel esterase enzyme
from the plastisphere in alpine soils by utilizing DNA
shotgun metagenomics, screening the metagenomes to
detect plastic-degrading genes, and identifying the gen-
era expressing these genes. Using heterologous expres-
sion followed by functional validation proved to be an
effective way of identifying a highly active enzyme for
plastic decomposition [105]. Another study by Wright
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et al. was performed using an existing marine plasti-
sphere, where it was found that the communities were
significantly different from those of the native aquatic
source. Using metagenomic approaches, the study of
microbial community succession on PET revealed a size-
able number of enzymes involved in its degradation. Fur-
ther metabolomic and proteogenomic studies performed
using strains isolated from the plastisphere indicated the
presence of two potent PET-degrading strains, one of
which might use a novel pathway for PET degradation
[106]. Further studies incorporating in-silico, molecular,
and/or laboratory techniques are required for advance-
ment in this field.

Pretreatments of plastic to overcome recalcitrance

and increase susceptibility to microbes or enzymes

Pretreatment of plastics has received the most attention
in the last 3 years. Pretreatment refers to any process
capable of modifying the physical, chemical, or thermo-
chemical nature of a polymer and increasing its suscep-
tibility to enzymatic degradation. Ciuffi et al. classified
plastic pretreatments broadly into 4 categories: oxida-
tive, chemical, mechanical, and thermal/thermochemical
[99]. Oxidative pretreatments can be induced by natural

means, including photooxidative degradation with UV
light, or by the use of oxidizing chemicals. Among these
methods, ultraviolet (UV) irradiation is a widely used
pretreatment method for enhancing plastic degradation.
This technique induces surface oxidation, which is quan-
tified by the carbonyl index and facilitates the formation
of cracks on the plastic surface [90]. It also initiates the
degradation of plastic polymers with a carbon-carbon
(C-C) backbone, leading to fragmentation and a reduc-
tion in the molecular weight of the polymer. These
modifications collectively contribute to the increased
susceptibility of plastic to enzymatic degradation. Other
oxidizing agents used in studies include y-irradiation and
peroxide [79]. Recently, enzymatic pretreatment for the
biocatalytic oxidation of plastics has also been explored.
It was observed that a laccase enzyme has the potential to
reduce the hydrophobicity of PE and polycarbonate plas-
tics. GPC has shown a promising reduction in the molec-
ular weights of test polymers subjected to enzymatic and
microbial biofilm treatment [107]. Furthermore, chemi-
cal pretreatments on plastics have also shown promising
results. In one study, the hydrolyzable bonds in PET were
made more accessible to the enzyme by treating it with
NaOH. Alkaline treatment at room temperature reduced
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the crystallinity from 33.70% to 27.68% after 24 h of incu-
bation, which in turn increased enzymatic degradation of
up to one order of magnitude [108].

Mechanical forces can also expedite enzymatic plastic
degradation by making the surface of the polymer more
bioavailable for enzymatic action. For example, a study
was performed using an ultrahigh-speed twin-screw
extruder to inflict physical damage to PET as a test plas-
tic. Pretreatment with a low mechanical shear of 200 rpm
caused more than 70% weight loss after 72 hr of incuba-
tion with a cutinase enzyme [109]. Finally, both thermal
and thermochemical processes involve the use of heat to
increase the biodegradation rate of recalcitrant plastics.
Thermal and thermochemical treatments aid in frag-
mentation, generating oligomers that are easily acces-
sible to the enzyme. For example, polyether PU foam
(PUR), a particularly recalcitrant polymer, showed better
enzymatic degradation by a lipase from Candida rugosa
after thermochemical pretreatment by hydrothermal
liquefaction. The results determined by FTIR, LC-MS,
and HPLC-UV-Vis analysis showed the possibility of the
recovery of precursors for a circular economy [110].

Since biological treatments are slower than chemical
and mechanical plastic degradation, pretreatments can
be used in conjunction with other techniques to make the
process economically and industrially feasible. The prom-
ise of a circular economy of plastic and the opportunity
to develop closed-loop upcycling technologies is driving
increasing research into this domain.

Microbial consortia for synergistic action on plastic

for efficient degradation

Axenic microbial cultures are commonly used to test
their potential to degrade plastics. However, reports
prove the occurrence of various bacteria, fungi, and
actinomycetes in environments polluted with plastics.
The action of consortia is faster than that of monocul-
tures due to synergistic activity [111]. In a microcosm
experiment, plastic-degrading microbial consortia
were enriched by the gradual enrichment of LLDPE
plastic. After 105 days of incubation, the microbial
weight decreased by 2.2-5.5%, and the microbial diver-
sity decreased. Several potent strains were identified
molecularly and enzymatically characterized. The par-
ticipating species demonstrated a degree of enzymatic
complementarity, which can be further enhanced
for better biodeterioration of plastic materials [112].
Another study was performed to test the ability of
the rumen microbial community to degrade several
synthetic plastics (PET, polybutylene adipate-co-
terephthalate, polyethylene furanoate). HPLC results
indicated the presence of the hydrolysis products of
both plastics, and SEM provided visual confirmation
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of plastic degradation. Compared to data for enzymatic
degradation from single microorganisms, the polyes-
ter-hydrolyzing activity of the rumen consortia was
relatively high due to the synergistic activity of various
esterases, lipases, and cutinases [113].

Recent bioinformatic studies, specifically metabolic
engineering, has promoted the degradation of complex
plastic pollutants. On the contrary, microbial consortium
does not offer universally enhanced performance. Inhibi-
tory interactions within the consortium can impede their
efficacy. For example, a recent experiment on residual
mulch film degradation in soil screened and identi-
fied plastic-degrading microbes. It was observed that
the monocultures of the bacterial species (Burkholderia
cepacia, Burkholderia diffusa, Chrysebacterium nepa-
lense, and Burkholderia aenigmatica) showed greater
weight loss (1.58-2.44%) than the monocultures (1.34-
1.62%) after 90 days of incubation. Hence, they con-
cluded that inhibitory interactions among microbes in
the mixed culture [45]. To overcome this problem, Cao
et. al., suggest the division of metabolic pathways to min-
imize cross-reactions, ultimately reducing the metabolic
burden. Consequently, the creation of an artificial micro-
bial consortium is often simpler and can be tailored for
different target products [114]. Future studies may ben-
efit from employing metabolic engineering and proteom-
ics to map the detailed pathway of polymer degradation
by these consortia. This approach would provide a more
comprehensive understanding of the products, interme-
diates, and associated enzymes causing this observed
inhibition.

Challenges with microbial and enzymatic plastic
degradation

The commercialization of microbial and enzymatic
plastic recycling/upcycling is a very difficult path due
to several challenges associated with it. The challenges
associated with the same are as follows (a) detection
and isolation of synthetic polymer-degrading microbes
is a tedious, expensive, and time-consuming process (b)
enzymatic catalysis of synthetic polymers is generally a
slow process (b) enzymes cannot tolerate harsh reaction
conditions (d) the variety of plastics usable as substrates
are less since it is still limited to polymers containing car-
bonyl groups in their backbone (including PET, PLA, and
PA) (e) since most plastic polymers are not soluble, the
enzymatic reaction has to ensue via an interfacial mecha-
nism, requiring improvements in technology to increase
the substrate’s contact area with the biocatalyst (f) the
result may be inconsistent with changing intrinsic plastic
properties (degree of crystallinity, melting temperature,
and additives) [29].
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Future prospects for sustainable plastic
degradation using advanced tools

Despite the disadvantages, the enzymatic technique
can compete with the production of virgin petrochemi-
cal plastics because of the possibility of closed-loop or
open-loop recycling. Plastic waste recycling and valoriza-
tion involving microbes and enzymes to attain a circular
bioeconomy presents an innovative and green approach
[77]. Utilization of next-generation bioinformatics and
computational tools for mining PDM and PDE, protein
engineering for improving enzyme stability, efficacy, and
enzyme-substrate binding for better plastic degradation
efficacy is the key to reaching sustainable development
goals.

Bioinformatics and computational tools for the detection
of plastic-degrading microbes and enzymes

In silico studies have emerged as a comprehensive and
unconventional way of detecting novel microbes capable
of PDE secretion. Through the investigation of metagen-
omic sequences, enzyme folding patterns, and other
computational biology techniques, the detection of
potential polymer-degrading microbes and the molecu-
lar basis of plastic degradation through enzymes can be
determined. Bioinformatic tools such as transcriptom-
ics, metabolomics, metagenomics, and meta-proteomics
have shed light on the plausible interactions responsi-
ble for plastic breakdown. [67]. In recent developments,
machine learning-mediated algorithms have facilitated
the enhancement of PET hydrolase in the creation of
FAST-PETase. This modified enzyme exhibited notably
improved degradation rates toward untreated PET across
diverse pH and temperature ranges, demonstrating its
viability as a closed-loop PET recycling system within
an industrial framework [115]. Moreover, investigations
into the structural attributes of enzymes interacting
with plastic-specific ligands are crucial for understand-
ing substrate-binding mechanisms and factors contrib-
uting to enzyme stabilization. Techniques such as X-ray
crystallography and cryo-electron microscopy offer
valuable insights into the binding modalities of enzymes
with their corresponding plastic substrates [116]. Addi-
tionally, genome mining stands out as a robust approach
for identifying and synthesizing potent novel enzymes
capable of utilizing a wide range of plastics as substrate.
Genome mining involves screening for enzymes and nat-
ural products based on the comparison of genetic infor-
mation using tools such as BLAST and profile hidden
Markov models/HMMer [117]. In a pioneering experi-
ment, researchers selected eight potential novel polyes-
ter-degrading enzymes based on their genomic similarity
to known PET-degrading enzymes. The best-performing

Page 12 of 23

enzymes were expressed in recombinant cells to aug-
ment biofilm formation, thereby expediting the plastic
degradation process by a massive margin [77]. Culture-
dependent techniques can only determine the metabolic
capabilities of <1% of microbes. Metagenomics can help
overcome this challenge by elucidating the complete
metabolic capacity of microbes, including uncultur-
able species [118]. The synergy between bioinformatics
and biochemical investigations is imperative for the dis-
covery and improvement of PDE. Bioinformatic studies
can help narrow the search for such enzymes as well as
enhance the efficiency of known enzymes. Although the
discovery of novel PDE may not fully address the massive
problem of plastic accumulation, augmenting their activ-
ity using in-silico and biochemical techniques represents
a promising way forward. Table 2 provides a summary
of recent studies involving utilizing bioinformatics and
computational tools such as genomics, sequencing tools,
genome mining, Al, and Machine learning for identifying
plastic-degrading microbes (PDM) and plastic-degrading
enzymes (PDE) for efficient degradation of a wide variety
of plastics.

Microbial and enzymatic systems for plastic waste
valorization to high-value products

Several mechanical and chemical plastic recycling strate-
gies suggest that the recycled products are of substand-
ard qualities which limits their usage at a large scale
[130]. To overcome this challenge, microbial and enzy-
matic conversion of plastics for the generation of high-
value products can be employed. The probable approach
could be divided into three major strategies: (i) identi-
fication/isolation of PDM and PDE, (ii) breakdown or
fragmentation of polymers to monomeric form, and (iii)
utilization of monomers for generation of original plastic
material (closed loop) or their enzymatic conversion to
other high-value products [77, 131].

Purified enzymes or whole microbes can be employed
to catalyze the multistep transformation of plastic
waste to high-value compounds. Some examples of
such studies are (i) utilization of laccase, Mn-perox-
idases, peroxygenase, AlkB hydroxylase, and phenol
oxidase for the generation of organic acids, and organic
amines from polyamides, polyethylene, polypropylene,
polystyrene, and polyvinylchloride; (ii) utilization of
amidase, cutinases, protease, urease, and urethanase
for conversion of polyether and polyester based polyu-
rethanes for generation of adipic acid, 1,4-butanediol,
and toluene diamine; (iii) conversion of polyethylene
terephthalate to bis(2-hydroxyethyl) terephthalate and
2-hydroxyethyl terephthalate using cutinase, lipase and
PET hydrolase in a specially designed bioreactor or
one-pot system [77, 131, 132].
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Protein engineering for improving the enzymatic
properties of PDE

The enzymes are fundamentally proteins whose catalytic
performance for degrading plastics can be improved by
a protein engineering approach via rational design or
directed evolution [133].

Directed evolution

Directed evolution involves the engineering of natu-
ral evolution through repeated gene diversification and
library screening/selection for an improved novel func-
tion of protein [134]. Bell et al., [135] demonstrated the
use of high throughput protein engineering of the PET
degrading enzyme [sETase of Piscinibacter sakaiensis
using high activity at elevated temperatures as selec-
tion pressure. The resulting engineered enzyme to Hot-
PETase has T,,=82.5°C and can efficiently and more
rapidly break down semicrystalline PET as compared to
IsPETases. The HotPETase can deconstruct the PET com-
ponent selectively from a laminated multilateral as it can
operate at the glass transition temperature of PET. The
improved catalytic and thermotolerant nature of the Hot-
PETase is due to characteristic changes such as the pres-
ence of a well-defined conformation of Tryptophanl85
and the formation of new disulfide bridges that improved
the central-sheet region packing, respectively as com-
pared to native /sPETases [135]. Similarly, another study
exploited the directed evolution method to engineer the
enzyme PHB depolymerase from Ralstonia pickettii T1
using a cell surface display system. The mutations added
aid in a ten-fold increase in the p-nitrophenyl butyrate
degradation rate but failed miserably in improving PHB
degradation [136]. However, the lack of competent high-
throughput screening methods for gene diversification
and screening limits the utilization of directed evolution
for protein engineering of plastic-degrading enzymes
[133, 134]. Due to this, limited studies have been per-
formed utilizing directed evolution. Recently, Apitius
et al,, [137] developed an ultrahigh-throughput esterase
A-based Escherichia coli cell surface display screening
system for directed polymer binding peptide evolution.
This novel screening system selectively improved the
binding properties (12-fold) of displayed adhesion pro-
moters that targeted the binding of whole cellss to pol-
ymer surfaces such as PET. However, limited studies to
date focus on directed evolution for PDE mutations, and
further studies will greatly benefit the field.

Rational protein engineering

The rational protein engineering approach utilizes infor-
mation on the structure and mechanism of protein
through computational simulation and modeling. These
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structural and mechanistic characteristics of protein are
modified to enhance enzyme thermostability, reinforce
the binding of substrates to active sites of PDE, improve
enzyme-substrate interactions, and tune active sites for
refining enzyme functionalities [133].

Enhancing enzyme thermostability and catalytic effi-
ciency by mutation The enzyme activity and thermo-
stability of enzymes could be improved by structural
changes owing to mutations. The polyester hydrolases
jmPE13 isolated from Pseudomonas sp. ]JM16B3 was sub-
jected to mutation of R146S through rational designing
[138]. The resulting mutant has decreased flexibility of
the C-terminal loop and the loop adjacent to the cata-
lytic center resulting in rigidity of this site. This provided
an improved hydrolytic activity of 3-fold and 1.5-fold
towards PET and PBAT (Poly (butylene adipate-co-
terephthalate)), respectively accompanied by improved
enzyme stability [138]. The formation of disulfide bonds,
hydrogen bonds, salt bridges, etc. were found to be
responsible for the stability. Some of the mechanisms
of enhancing enzyme thermostability and catalytic effi-
ciency by mutation are discussed below.

(a) Formation of disulfide bonds and salt bridges by
mutation

The formation of disulfide bonds and salt bridges can
synergistically improve the enzyme thermostability and
catalytic efficiency of PDE. Then et al, suggested that
the mutation in esterase (TfCut2) of Thermobifida fusca
at their calcium binding sites resulted in the formation
of disulfide bonds between D204C and E253C [139].
This leads to an increase in protein melting point and
improves plastic hydrolysis activity. In addition, the for-
mation of salt bridges between the positively charged
Arg280 residues and negatively charged N246D resi-
due led to improved thermostability of the engineered
PETaseN246D [140]. This could be explained by the fact
that these disulphide bonds and salt bridges are critical
in protein folding which could be critical in providing
desired confirmation [133, 140, 141], for imparting ther-
mal stability and crucial to better enzyme-substrate bind-
ing for better catalytic efficiency [133]

Hydrogen bond formation by mutation: The introduc-
tion of hydrogen bonds at the highly flexible f6—7 con-
necting loop region of PETase between S121E and N172
residues enhanced the thermostability due to improve-
ment in the regional rigidity [142]. Further, the muta-
tions at multiple sites can also lead to the formation of
new hydrogen bonds that can result in an improvement
of melting point by 31°C for the redesigned variant
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DuraPETase as compared to wild-type PETase from
Ideonella sakaiensis [143]. The formation of hydro-
gen bonds can help in the generation of high-order
protein structures that are structurally stable and
temperature-resistant.

(b)Increase in proline by mutation

The mutations to increase proline residues in PDE for
example mutation of threonine to proline at the 235%
position of a cutinase enzyme of Thermobifida alba, can
result in improved thermostability and catalytic efficiency
[144-146]. This is achieved by several mechanisms such
as improved tertiary structure stability by hydrogen bond
formation and hydrophobic interaction between proline
and adjacent residues. Also, the cyclic structure of pro-
line results in a reduction in the conformational entropy
that opposes the folding of protein providing it with bet-
ter structural rigidity [144—146], and improving the melt-
ing temperature for better hydrolytic efficiency.

(c) Glycosylation

Glycosylation of PDE expressed in eukaryotic micro-
bial cells can result in enhanced stability against thermal
protein aggregation through protein thermodynamic
stabilization [147]. However, the positioning of the gly-
cosylation site is very critical. For example, if the glycan
moiety is placed too close to the enzyme active site it may
hamper the substrate accessibility due to steric hindrance
even though the mutation may result in high thermosta-
bility. The resulting enzyme will still fail to achieve high
activity at elevated temperatures. Therefore, the pre-
ferred glycosylation sites are positioned at loop regions
or hydrophobic patches relatively distant from the active
site to achieve high catalytic activity at high temperatures
[148-150].

Based on the above discussion it must be understood
that engineering PDE for enhanced thermostability may
even lead to impairment of catalytic efficiency due to
the negative impact of resulting mutation on active sites
[142]. Therefore, a better understanding of enzyme struc-
ture function is very critical to the application of protein
engineering on PDE [133]. In those cases, the synergistic
role of structural analysis tools such as x-ray crystallogra-
phy, for mutation analysis [151] and computational tools
for the accumulation of beneficial mutation from mutant
libraries [152] could be potential tools for achieving a
better selection of engineered mutants.

Improving substrate and enzyme interaction 'The
improvement of substrate and enzyme interaction could
be achieved by improved reinforcement and interaction
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between substrate and enzyme active site and enzyme
surface, respectively. The reinforcement of the binding
of the enzyme active site and substrate could be achieved
by modification of the size of the enzyme active site or
improving active site hydrophobicity [133].

(a) Modification of active site

The modification of the active site involves both, the
widening or narrowing of the active site for better sub-
strate binding. Widening of the opening of the active site
of Fusarium solani cutinase, Pseudomonas aestusnigri
hydrolase, PETase, and MHETase through mutation may
increase their hydrolytic efficiency towards PET, polyam-
ide fibres, and PBSA plastics [151, 153—155]. However, a
larger opening of active sites doesn’t guarantee improved
catalytic efficiency due to weaker substrate affinity
towards the enzyme active site owing to poor binding
between the substrate and enzyme required for efficient
hydrolysis [156]. Therefore, Austin et. al., reported that
the narrowing of the enzyme’s active sites results in effi-
cient plastic degradation [157]. This narrowing of the
active site is the result of a double mutation of S238F and
W159H of PETase from Ideonella sakaiensis 201-F6. The
double mutation leads to the m-stacking interaction and
deep placement of the substrate in the active site cleft
enabled by S238F and W159H mutations, respectively,
resulting in strong enzyme-substrate binding improving
the PET degradation [157]. Similarly, Sevilla et al. [158]
demonstrated that mutation of IsPETase from Ideonella
sakaiensis showed variation in the PETase activity due to
structural changes through rational design. The mutant
$238Y mutation has tyrosine as compared to the WT
serine residue. The aromatic side chain of tyrosine sup-
ports better m-m stacking interaction with the PET sub-
strate leading to a better affinity of the mutated enzyme
for PET. This study also reported the narrowing of the
PET binding site due to N212 mutation to alanine, moved
a-helix closer to the rest of the protein which is other-
wise located at a farther distance, and pointed towards
the solvent in wild type. Although N212 is not part of the
enzymatic site its mutation caused the displacement of
the loop 204-201 positioning the catalytic residue D206
for improved efficiency [158]. Thus, the choice of widen-
ing and narrowing of the active site depends on the type
of enzyme and substrates.

Further, a change in the hydrophobicity of the active
site can potentially improve the substrate binding affin-
ity which can further lead to improved PETase effi-
ciency. Furthermore, the active site modification can
also lead to tuning of the hydrophobicity of the active
site [159]. Thus, the synergistic action of widening/
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narrowing of enzyme activity and tuning of hydropho-
bicity can lead to enhanced degradation efficiency. One
such example mutation of T. fusca cutinase at Q132A/
T101A resulted in enhanced PETase efficiency, because
of widening with improved hydrophobicity of the active
sites [159, 160].

However, narrowing, widening, or hydrophobicity of
the enzyme active site may impact catalytic efficiency and
stability, the substrate’s properties, reaction condition,
and product accumulation greatly affect the performance
of PDE.

Enzyme surface engineering and substrate dynam-
ics The interaction between enzymes and specific
plastic substrates regulates the effectiveness of enzyme-
based plastic degradation because of heterogeneous
catalysis behavior with insoluble plastic and the solu-
ble PETase enzyme in an aqueous system [131, 161].
The Sabatier principle suggests that when the interac-
tion between substrate and catalyst is of intermedi-
ate strength, the optimal catalytic efficiency [162]. This
concept applies to heterogenous PDE catalysis where
the variation in solubility of PET and PDEs leads to sub-
stantial adsorption of enzyme on the PET surface which
negatively impacts catalytic efficiency. PET substrate
and PDE interaction is controlled by hydrophobic and
electrostatic interaction among amino acids of enzyme
surface and substrate molecules [97, 163, 164]. There-
fore, tailoring the surface hydrophobic and/or electro-
static interaction through surface engineering boosts the
binding affinity of enzyme-substrate leading to improved
PET degradation [47, 165, 166]. This can be achieved by
several approaches such as tailoring surface electrostat-
ics and tuning surface hydrophobicity [133].

(a) Tailoring surface electrostatics

Herrero Acero et. al., [165] demonstrated that surface
engineering of cutinase from Thermobifida cellulosi-
lytica by replacement of positively charged Arg29 and
Argl9 with electrically neutral asparagine and serine
can lead to improved hydrolysis of PET whereas when
glutamine (Glu65) is exchanged with negatively charged
glutamic acid resulted in complete loss of hydrolysis effi-
ciency. The tuning of the enzyme surface to electrically
neutral can lead to a reduction in enzyme-plastic repul-
sion, thus enhancing degradation efficiency, Similarly,
the mutation of R228S of the cutinase (CUT190) from
Saccharomonospora viridis AHK190 resulted in provid-
ing electrostatic neutrality to the enzyme surface thus
improving the enzyme-PET binding leading to improved
PET hydrolysis [167].
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(b) Tuning enzyme surface hydrophobicity

As opposed to making the enzyme surface electro-
statically neutral, tailoring the surface with increased
hydrophobicity can enhance binding and improve regu-
lation of enzyme-mediated PET degradation [151, 168].
The mutation of PHB depolymerase (PhaZp,r;) from
Ralstonia pickettii T1 by replacing serine and tyrosine
with more hydrophobic cysteine and phenylalanine led
to improved adsorption of the mutant onto PHB surface
and hence in efficient plastic hydrolysis [169, 170]. The
truncation of the N-terminal domain of esterase from
Clostridium botulinum resulted in improved accessibil-
ity of hydrophobic surface area for PET adsorption which
was otherwise covered in the wild-type variant lead-
ing to improved enzymatic hydrolysis [171]. Although
improving hydrophobicity of the enzyme surface helps in
enhancing catalytic activity but introduction of too many
hydrophobic residues can lead to intermolecular hydro-
phobic interactions. These concomitant interactions can
cause instability resulting in protein structure disruption
or aggregation and impairing catalytic activity [168].

Accessory module and chimeric fusion for improved
enzymatic functionalities Several polymer degrading
enzymes are characterized by the presence of an auxiliary
binding domain such as carbohydrate-binding modules
(CBM) in cellulase [163, 172] and PBMs in polyhydroxy-
alkanoate (PHA) granule-associated proteins Phasins
[173]. This specialized domain plays a critical role in
polymer substrate adhesion and increase the proximity
of substrates to their enzymes. Plastic degrading enzymes
such as PETase lack such accessory modules and, thus,
do not inherently facilitate substrate binding [174]. Thus,
it has led to the search for accessory binding domains
that mimic naturally occurring auxiliary modules special-
ized in substrate polymer adhesions [175] such as carbo-
hydrate-binding modules (CBMs), polyhydroxyalkanoate
binding modules (PBMs), hydrophobins, bioactive and
amphiphilic anchor peptides [133, 163]. The integration
of these auxiliary modules with PDE leads to improved
interaction between enzyme and substrate which further
leads to improved degradation efficiency [163].

Carbohydrate-binding modules (CBMs) are acces-
sory modules of cellulases and are compatible with a
wide range of natural polymers or synthetic plastics. This
can bring these polymers in proximity to the associated
enzyme leading to improved hydrolysis [172, 176, 177].
Fusion of cellulose-binding domain of cellobiohydrolase
I from Trichoderma reesei onto the C-terminus of engi-
neered IsPETase®™ from Ideonella sakaiensis showed
enhanced enzymatic hydrolysis of PET [178]. A 44.5%
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and 71.5 % higher hydrolytic activity of IsPETase™ " _
CBM was observed at 30 °C and 40 °C, respectively com-
pared to the parent IsSPETase®' enzyme [178]. Fusion of
CBM from cellobiohydrolase I from Hypocrea jecorina
with The_Cutl from T. cellulosilytica. Enhanced adsorp-
tion of fusion enzymes was observed onto PET film
showing higher binding affinity to PET which was com-
plemented with enhanced activity toward PET [179].

Zhang et al.,, [180] demonstrated the fusion of Ther-
mobifida fusca cutinase with carbohydrate-binding mod-
ule (CBM) of cellulase CenA from Cellulomonas fimi.
This fusion product resulted in improved hydrolysis of
cotton fibres hydrolysis but does not bind to PET. There-
fore, Zhang et al., [181] subjected the CMB site of cuti-
nase—CBM_,,, fusion protein to site-directed mutagen-
esis to enhance its activity toward PET. The mutation
involved the replacement of tryptophan (Trp14, Trp50,
and Trp 68) on the binding module CBM,,, with leu-
cine or tyrosine. The mutant W68L and W68Y exhibited
enhanced binding, catalytic activity (1.4-1.5-fold), tem-
perature, and pH stability as compared to native enzyme
fusion toward PET fiber. The probable mechanism for
improved binding and catalytic activity may be the for-
mation of new hydrogen bonds or hydrophobic interac-
tions toward the PET fibre [181].

Similar to CBMs, the fusion of PBMs of polyhydroxy-
alkanoate depolymerase from Alcaligenes faecalis with
the cutinase from Thermomyces cellullosylitica (Thc_
Cutl) resulted in improved adsorption by PET sheet and
improved catalytic efficiency [179]. Further, the Thc-
Cutl_PBM was subjected to site-directed mutagenesis
replacing serine 131 with alanine. The fusion resulted in
improved adsorption on a thin film of synthetic polyester
Poly (1,4-butylene adipate) and caused its complete deg-
radation within 40 min which otherwise requires approx.
80 min with native Thc_Cutl [182].

Hydrophobins are polymer-binding biological macromol-
ecules obtained from fungi that are capable of degrading the
petroleum-based polymer and can be engineered with the
PDE for its improved catalytic efficiency [183]. The fusion of
The_Cutl covalently with Trichoderma hydrophobins can
lead to a change in active site conformation supporting bet-
ter substrate enzyme binding leading to a 16-fold increase
in PET hydrolysis rate when compared with the native
enzyme [184]. The variation in concentration of hydrophob-
ins (HFB4 and HFB7 of Trichoderma), regulated the PET
hydrolysis efficiency of cutinase from Humicola insolens.
The Thc_Cut showed PETase activity at a very low con-
centration of HFB4 but has the inhibitory impact of cuti-
nase activity at a high concentration. The HFB7 displayed
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adsorption isotherm-like behavior [185]. Therefore, the
choice of hydrophobins for the generation of plastic-degrad-
ing fusion products must be decided rationally.

Bioactive polypeptides such as antimicrobial/anchor
peptides having amphipathic properties can be used as
binding fusion proteins with PDE. These anchor peptides
can strongly bind to the surface of different synthetic
polymers thus, are considered as one of the components
of chimeric fusion [133, 186, 187]. The fusion of anchor
peptide Tachystatin A2 (TA2) with Thermomonospora
curvata cutinase (Tcur1278) resulted in the formation of
Tcur1278_TA2 chimeric fusion that caused improvement
of polyester-PU nanoparticle by 6.6-fold as compared to
stand alone Tcur127_W'T treatment [81].

To obtain optimized PDE functionalities, important
factors that need attention are regulating the impact of
product inhibition, creating multifunction PDEs, and
enabling the PDE catalytic promiscuity which are some-
times interrelated and intra-dependent. Furthermore,
the degradation products/intermediates can regulate
the activity of PDE by feedback inhibition. This inhibi-
tion can be overcome by initiating structural changes in
the substrate binding site or generating multifunctional
enzymes [188, 189]. For instance, the modification of the
active site of TfCut2 by mutation of G62A resulted in a
5.5-fold decrement of mono(2-hydroxyethyl) tereph-
thalate (MHET) binding constant associated inhibitory
products, thus having a positive impact on the PET deg-
radation [190]. Further removal of intermediate prod-
ucts or their degradation can also minimize inhibition.
Therefore, a chimeric fusion of ancillary enzyme such
as MHETase with the native enzyme PETase can result
in simultaneous degradation of MHET which otherwise
causes intermediate product inhibition [191, 192].

Further, the fusion of PDE with auxiliary enzymes can
be used to develop bifunctional plastic-degrading bioca-
talysis for efficient depolymerization [22]. The develop-
ment of fusion protein lipase-cutinase improved PCL
hydrolysis which involves the two-step degradation of
PCL where lipase cleaves the backbone of PCL and the
generated low molecular weight oligomers are further
hydrolyzed by cutinase into soluble monomers [22]. Sev-
eral already-known enzymes can be modified to expand
their catalytic horizons known as catalytic promiscu-
ity. This approach can be used to expand the degrad-
ing capacity of PDE for a wide range of plastics such as
PAs, PEs, and PUs [133]. Biundo et. al,, [193] demon-
strated an enzyme engineering approach for developing
switched reaction specificity in polyesterases (Cutinase,
Thc_Cutl). This enzyme engineering approach resulted
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in promiscuous amidase activity in Thc_Cutl, making it
capable of breaking down amide bonds for polymeriz-
ing synthetic PAs. The developed promiscuous amidase
enzyme was further subjected to mutation of residues
that obstruct the interaction of transition state com-
pounds with water molecules. This improved interaction
led to improved hydrolytic activity by 6-15 folds [193].

Although protein engineering deals with structural
changes through directed evolution and rational designs,
understanding the individual chemical kinetics and the
optimization of reaction variables can modulate enzyme
efficiency and is critical to driving the process cost. Erick-
son et. al., [194] demonstrated the efficiency of wild type
IsPETase from Ideonella sakaiensis with a double mutant
DM (W159H/S238F) variant. This suggested that both
the wild-type and DM were strongly influenced by reac-
tion temperature and are most efficient toward hydroly-
sis of moderate crystallinity of substrates. The study by
Erickson et. al, [194] also demonstrated that product
inhibition or degradation product accumulation impacts
enzymatic efficiency at different temperatures. At 30 °C,
WT kept hydrolyzing amorphous PET for 168 h, but the
catalytic efficiency is low at this temperature for DM.
Whereas at 40 °C, the WT product accumulation pla-
teaus at 48 h whereas DM accumulates the highest total
product accumulation from 72 h onwards and remains
active till 168h. Therefore, regulating multiple structural
and process parameters is required for enhanced enzy-
matic degradation.

Conclusion

Plastic waste management systems in developing coun-
tries are significantly underdeveloped, resulting in the
emission of high concentrations of greenhouse gases that
drive climate change. Beyond traditional mechanical and
chemical techniques, it is imperative to consider biologi-
cal approaches for sustainable solutions. The microbial
degradation of recalcitrant plastics has garnered global
interest due to the potential of microbial enzymes in
combating plastic pollution. Recent advancements, par-
ticularly in the enzymatic recycling of PET, have made
closed-loop PET recycling a feasible reality. However,
more systematic studies need to be developed to deduce
efficient technologies for the mitigation of other variants
of plastics such as PE, PVC, PUR, and PS. Several con-
ventional strategies such as the discovery of new potent
microbes from extreme environments, and microbial
diversity analysis associated with waste plastics from
different sources can give promising results if combined
with computational techniques. Bioinformatic tools,
including metagenomics, transcriptomics, and proteom-
ics along with advanced sequencing tools, have expedited
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the discovery of PDEs. Additionally, modern techniques
such as molecular dynamic simulations and machine
learning have facilitated enzyme remodeling, enhancing
the efficiency of plastic breakdown. In-silico studies con-
tribute not only to enzyme mining but also to improving
the efficiency of plastic degradation. Protein engineering
approaches (directed evolution and rational design) have
resulted in groundbreaking studies in the mitigation of
other classes of plastics such as PEs, PAs, and PUs. Nev-
ertheless, future research must focus on enhancing the
scalability and efficacy of enzymatic and microbial deg-
radation techniques for practical, real-world applications.
The development of multifunctional enzymes, enzyme
promiscuity, role of product inhibition, optimizing pro-
cess parameters, understanding enzyme kinetics, and
process dynamics can be used in synergy with identify-
ing novel microbes, enzymes, and enzymatic pathways
followed by its systematic regulation for filling research
gaps and developing potential strategies to overcome the
global plastic pollution catastrophe. However, the vast
problem of plastic waste accumulation cannot be miti-
gated solely through biological techniques. Effective plas-
tic waste management necessitates stringent recycling
and waste sorting policies as well.
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