#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

PERSPECTIVE

Opportunities and challenges for plastic

{") Check for updates‘
depolymerization by biomimetic catalysis

Cite this: Chem. Sci., 2024, 15, 6200

@ All publication charges for thisarticle  Yanfen Wu,t Qikun Hu,t Yizhen Chet and Zhigiang Niu (2*

have been paid for by the Royal Society
of Chemistry Plastic waste has imposed significant burdens on the environment. Chemical recycling allows for repeated
regeneration of plastics without deterioration in quality, but often requires harsh reaction conditions, thus
being environmentally unfriendly. Enzymatic catalysis offers a promising solution for recycling under mild
conditions, but it faces inherent limitations such as poor stability, high cost, and narrow substrate
applicability. Biomimetic catalysis may provide a new avenue by combining high enzyme-like activity
with the stability of inorganic materials. Biomimetic catalysis has demonstrated great potential in biomass
conversion and has recently shown promising progress in plastic degradation. This perspective discusses
biomimetic catalysis for plastic degradation from two perspectives: the imitation of the active centers
and the imitation of the substrate-binding clefts. Given the chemical similarity between biomass and

plastics, relevant work is also included in the discussion to draw inspiration. We conclude this
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1. Introduction

The exponential growth of plastic production and mismanage-
ment of plastic waste over the past few decades have caused
escalating concerns across the globe.' To mitigate the envi-
ronmental impact of plastic waste, it is imperative to develop
plastic recycling approaches beyond landfill and incineration.
While mechanical recycling has been used for recovery of
thermoplastics, the regenerated raw materials often suffer from
deterioration.*® Chemical recycling has attracted increasing
research interest in recent years.**® Breaking the C-C, C-O, or
C-N bonds in polymer backbones enables the transformation of
post-consumer plastics into building blocks for new materials.
For example, hydrogenolysis of polyolefins produces valuable
products such as liquid fuels, waxes, and lubricants;*"
solvolysis of polyesters yields corresponding monomers or
value-added derivatives;***™*® and polyamides can be catalyti-
cally converted to either e-caprolactam by a chain-end back-
biting process or alcohols and amines by hydrogenolysis.'”*®
Despite the progress, the depolymerization of waste plastics
often requires harsh conditions to achieve bond cleavage,
undermining the economic viability of these processes. There-
fore, developing cost-effective and energy-efficient chemical
recycling processes plays a significant role in achieving a more
sustainable future.
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While chemical recycling is energy intensive, enzymatic
depolymerization is performed under environmentally benign
conditions. Several enzymes, such as hydrolase, peroxidase, and
oxidase, have been demonstrated to have the ability to degrade
polymers in the ambient environment. Enzymatic depolymer-
ization of polyesters has been intensively investigated. Various
types of hydrolases have been identified to degrade polyethylene
terephthalate (PET), such as lipases,*?® cutinases,*>* and
PETases.”® Meanwhile, the protein engineering strategy has
been employed to improve catalytic activity and thermostability
of these PET-degrading enzymes. For instance, a disulfide
bridge was introduced into leaf-branch compost cutinase (LCC)
to improve its thermostability, and site-specific saturation
mutagenesis was conducted to improve its specific activity.*
Very recently, the highly labile PETase was engineered through
a machine learning algorithm, resulting in a robust and active
variant termed FAST-PETase.>® FAST-PETase completely depo-
lymerized many kinds of commercial post-consumer PET at 50 ©
C within one week. Polyolefins and polyamides are more chal-
lenging to depolymerize by enzymes compared with polyesters.
Manganese peroxidase (MnP), lignin peroxidase, and laccase
have been shown to cleave sp* C-C bonds in polyethylene (PE) at
37 °C,”* although oxidation pretreatment or redox mediators
are required in these processes.>*** In the case of low molecular
weight PE, alkane hydroxylases from Pseudomonas putida can
directly catalyze the depolymerization through the terminal
oxidation mechanism.**** Furthermore, a purified hydroqui-
none peroxidase has been demonstrated to accelerate the
cleavage of C-C bonds in polystyrene (PS) in a dichloro-
methane-water system.* For polyamides, although various
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hydrolases (proteases, cutinases, and amidases) can facilitate
their surface modification,***° obvious mass loss and molecular
weight decrease of polyamide can only be observed using MnP
or a laccase-mediated system at 30 °C.** While these laboratory
results suggest the feasibility of enzymatic plastic recycling,
challenges related to the enzyme's activity, stability, and cost
need to be further addressed. The main problem using enzymes
is their poor stability upon temperature changes, pH fluctua-
tions, and the presence of contaminants and additives in the
plastic wastes. Furthermore, most enzymes can only catalyze
the degradation of amorphous polymers.

The high efficiency of enzymatic plastic degradation inspires
the development of biomimetic catalysts to reduce the energy
consumption of plastic recycling. The field of synthetic enzymes
is rapidly growing. Cyclodextrins,>*' crown ethers,*”” metal-
loporphyrins,** molecularly imprinted polymers**** and other
materials***® have shown enzyme-like activities. These catalysts
are generally more stable than natural enzymes and capable of
functioning under a wide range of conditions. Designing
enzyme-mimicking catalysts for plastic depolymerization has
the potential to circumvent the need for harsh reaction condi-
tions. So far, there are limited research studies on the mimicry
of plastic-degrading enzymes. However, biomimetic catalysis
applied to cellulose upgrading and deoxyribonucleic acid (DNA)
hydrolysis is expected to promote the advancement of biomi-
metic plastic recycling due to the structural similarities.

In this perspective, we examine the current landscape of
biomimetic catalysis for bond cleavage in plastics and related
macromolecular substrates with specific focus on simulating
both the active sites and the substrate-binding clefts of relevant
enzymes. For the active sites, we discuss the mimicry of
hydrolases for polyester hydrolysis, glycosidase for cellulose
upgrading, peroxidase for plastic depolymerization and purple
acid phosphatase mimetics for DNA hydrolysis. The role of the
second coordination sphere is also discussed. In terms of
substrate-binding clefts, emphasis is placed on molecular
imprinting and diffusion control in porous materials to
enhance the efficiency and selectivity toward polymer degra-
dation. Through this discussion, we hope to elucidate the
underlying principles and strategies for developing more effi-
cient plastic-degrading catalysts.

2. Mimicking the active sites

The active site of an enzyme is a small part of the protein that
directly binds to a substrate and promotes bond cleavage and
formation. It is composed of several amino acid residues
located in a three-dimensional cleft of the protein, sometimes
including metal cations as co-factors.*” The active site interacts
with a substrate through non-covalent forces such as hydrogen
bonding, m-m stacking, hydrophobic effects, electrostatic
interactions, and van der Waals forces. These interactions are
crucial for biocatalytic processes in terms of substrate
confinement, organization and activation as well as transition
state stabilization.****

Recent advances in protein isolation, purification, and
characterization have uncovered the structure of the active sites

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in enzymes for macromolecule depolymerization.**>* This
provides helpful information for chemists to mimic the struc-
ture or the function of these enzymes.*® Organometallic
complexes are frequently employed to mimic the functions of
metalloenzymes.*”*" In comparison, imitating the active sites
composed solely of amino acids requires more efforts to accu-
rately position the related functional groups in three dimen-
sions. Previous studies have highlighted the catalyst design
principles based on model substrates.®>* In this section, we will
focus on the related work for plastic and cellulose
depolymerization.

2.1. Hydrolase mimics for polyester depolymerization

Chemical depolymerization of PET needs high temperature
(150-200 °C), increased pressure (20-40 atm), or concentrated
acids and bases. Recent research has revealed that some
microorganisms can break down PET under ambient condi-
tions by producing hydrolytic enzymes such as cutinases,*****
lipases,*>** and PETases.”* PETase has similar characteristics to
lipases and cutinases such as having an o/f-hydrolase fold, but
its active-site cleft is more open than those of cutinases. Fig. 1a
shows the proposed mechanism for PET binding in this shallow
cleft: when PET enters the groove, the ester carbonyl group is
polarized by an anion hole and ready to be attacked by
a nucleophilic hydroxyl group carried by a catalytic triad (serine,
histidine, and aspartic acid).>® The binding cleft confines the
PET and nucleophile in close proximity to accelerate the
hydrolysis rate.

Attempts have been made to directly replicate or modify the
active site of PETase. Li et al.** combined PETase's catalytic triad
with a self-assembling polypeptide (Fig. 1b). This enzyme mimic
achieved a 16% weight reduction of a commercial PET film after
a two-week incubation at pH 9 and 65 °C. However, the observed
activity is not comparable to the performance of PETase. This
implies that the amino acid residues can only exert optimal
hydrolytic activity in a specific spatial conformation. Moreover,
the application of this enzyme mimic is still constrained by
limited thermostability and a narrow pH range. Hence, devel-
oping stable and highly efficient enzyme mimics by imitating
the active site of PET hydrolase remains a challenge.

Instead of replicating the active site, imitating the mecha-
nism of enzymatic depolymerization is also explored. As
mentioned, an important reason why PET-degrading enzymes
can achieve ester bond cleavage under ambient conditions is
that the binding cleft can bring PET and nucleophile into
proximity, thus increasing the effective concentration of the
reactants. It is recognized that the proximity effect is also
involved in other hydrolysis processes catalyzed by metal-
lohydrolases, such as the organophosphate-degrading enzyme
from Agrobacterium radiobacter (OpdA).*” The active site of OpdA
comprises two metal ions, one of which binds to the hydroxyl
group while the other binds to the phosphate group (Fig. 1c),
enabling facile nucleophilic attack. Synthetic analogs of OpdA
are much easier to develop than those of PETase. Based on these
considerations, a binuclear zinc complex (Zn,L) was synthe-
sized and exhibited catalytic activity for PET hydrolysis under
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Fig. 1

(a) Schematic representation of the hydrolysis mechanism proposed for PETase.*® Adapted with permission from ref. 55. Copyright 2017

Springer Nature. (b) PET hydrolase mimic obtained by self-assembly of polypeptide MAX.** Adapted with permission from ref. 64. Copyright 2023
Elsevier Inc. (c) Schematic diagram of the hydrolysis mechanism of OpdA and a hypothesized binuclear catalyst.®® (d) Reaction kinetics of PET
hydrolysis catalyzed by Zn,L and commercial Humicola insolens cutinase (HiC) at pH 8 and 60 °C.** Adapted with permission from ref. 65.
Copyright 2023 Springer Nature. (e) The specific activities of Zn,L with different alkyl substituents for PET hydrolysis in a mixed solution of NaOH
aqueous solution (0.1 M) and methanol (v/v = 4:1) at 60 °C.°¢ Adapted with permission from ref. 66. Copyright 2023 The Royal Society of

Chemistry.

a wide range of reaction conditions.®® One advantage of Zn,L
was that its catalytic activity was not compromised too much for
high-crystallinity PET, whereas the enzyme was completely
inactive for the same substrate (Fig. 1d). Furthermore, Zn,L was
effective toward various post-consumer PET wastes and other
types of polyesters. The catalytic activity of Zn,L was further
optimized by tuning the substituents in the para position of the
macrocyclic ligand.®® The electronic effects of the para-substit-
uents can influence the binding strength of metal centers to the
substrates. Hammett studies revealed a volcano-shaped corre-
lation between the reaction rate and the Hammett constant.
Guided by this structure-activity relationship, a more efficient
catalyst (n-pentyl-substituted binuclear zinc complex) was
identified, with a specific activity four times higher than that of
the original methyl substitution (Fig. 1e). In addition to
substituent modulation, changing the metal species in the
metal complexes provides another way for enhancing activity,
which has been verified in the literature.*

2.2. Glycosidase mimics for cellulose upcycling

Cellulose is a linear polysaccharide with glucose mono-
saccharide units connected by C-O-C linkages. Since C-O-C
linkages are ubiquitous in many plastics (Fig. 2a), approaches
for cellulose conversion could be used for plastic recycling. The
upgrading of cellulose requires first depolymerizing it into
soluble monomer sugars and oligosaccharides by breaking the
stubborn glucoside bond, and then further transforming them
into biofuels.®® The enzymatic cleavage of glycosidic bonds in

6202 | Chem. Sci,, 2024, 15, 6200-6217

cellulose is typically facilitated by two carboxylate residues
within the active sites of glycosidases.®® The majority of glyco-
sidases hydrolyze cellulose via either a double or single
displacement mechanism, resulting in retention or inversion of
the anomeric configuration, respectively.””* The catalytic
process via the double displacement mechanism involves one
carboxylate amino acid residue serving as an acid/base and the
other serving as a nucleophile (Fig. 2b). The single displacement
mechanism entails typical acid-base catalysis, in which one
amino acid residue activates water and the other protonates the
glycosidic oxygen (Fig. 2¢).*7*

As a pair of carboxylate residues is highly conserved in the
active sites of most glycosidases,*”> the emulation of the active
site of glycosidases was attempted by simply introducing
carboxyl groups. For example, Shrotri et al. introduced carboxyl
functional groups into activated carbon by oxidation (Fig. 2d).”
They observed that increasing the oxidation temperature led to
an increased density of carboxyl groups and thus the yield of
hydrolysate (Fig. 2e). Similarly, acid-base pairs (e.g. COOH-
COO~, COOH-NH,, and COOH-imidazole) have also been
introduced into carbon materials or magnetic nanomaterials to
mimic the active sites of glycosidase, aiming to obtain recy-
clable and stable biomimetic catalysts.”*”® Although these
catalysts can catalyze the cleavage of glycosidic bonds, their
catalytic activity is far below that of the natural enzymes,
because the acid-base pairs are randomly distributed on the
material surface. The importance of spatial positioning of the
acid-base pairs has been validated in cellobiose hydrolysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) The structures of cellulose and plastics containing C—-O-C linkages. (b and c¢) Schematic illustrations of the double displacement

mechanism (b) and the single displacement mechanism (c) proposed for cellulose hydrolysis catalyzed by glycosidases.” Adapted with
permission from ref. 71. Copyright 2022 Springer Nature. (d) A glycosidase mimic made by introducing carboxyl groups through oxidation of
activated carbon.” (e) The effect of oxidation temperature on cellulose hydrolysis activity.”® Adapted with permission from ref. 73. Copyright 2016
Wiley-VCH. (f) The comparison of cellulose hydrolysis with 5-OH-SHAPO, H,SO,4, and without a catalyst.”® Adapted with permission from ref. 78.

Copyright 2016 The Royal Society of Chemistry.

catalyzed by organic acids.”” The comparison of turnover
frequency (TOF) values between ortho-, meta-, and para-
hydroxybenzoic acids suggests that a vicinal acid-base pair
significantly contributes to catalytic activity. High catalytic
performance of adjacent acid-base pairs was also observed in
the enzyme mimic designed by Yu et al., using a sulfonated,
hyperbranched poly(arylene oxindole).”® The hydroxyl group
and the neighboring sulfonic acid in the glycosidase mimic, 5-
OH-SHAPO, synergistically catalyzed the depolymerization of
cellulose. This enzyme mimic exhibited high catalytic activity
and glucose selectivity comparable to those of inorganic acids
(Fig. 2f). The above results suggest that developing enzyme
mimics capable of reproducing the accurate spatial conforma-
tion of the active site will improve catalytic activity. Further
discussion on this strategy will be presented in Section 3.

In addition to the precise positioning of acid-base pairs,
researchers have developed another strategy to enhance the
catalytic activity by introducing cellulose-binding domains in

© 2024 The Author(s). Published by the Royal Society of Chemistry

the catalyst design.” For example, a series of solid acid catalysts
containing -Cl groups have shown enhanced cellulose hydro-
lysis rates compared to the corresponding catalysts without —
CL.** Similarly, the rate enhancement can also be achieved by
introducing boronic acid groups (-B(OH),) into solid acid
catalysts.® The functional groups (-Cl or -B(OH),) designed in
these glycosidase mimics can bind cellulose by forming
hydrogen bonds®*-** or reversible covalent bonds** with the
hydroxyl groups of cellulose, and thus improve mass transfer
between the catalysts and cellulose and catalytic performance.

2.3. Peroxidase mimics for plastic depolymerization

As early as 1997, Deguchi and coworkers discovered that lignin-
degrading fungi had the capability to degrade nylon.** Subse-
quently, MnP was identified from the fungi to be the enzyme
that catalyzes nylon degradation.®® After two days of incubation
with MnP at 30 °C, a nylon film showed a 57% reduction in
average molecular weight, and oxidative degradation

Chem. Sci., 2024, 15, 6200-6217 | 6203
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introduced new functional groups (-CHs, -CHO, and -NHCHO).
Peroxidase has also been reported to degrade acrylate
polymers.?*** The hydroquinone peroxidase of the bacterium
Azotobacter beijerinckii HM121 can rapidly degrade poly-
acrylamide and polyacrylic acid into small molecules in the
presence of H,O, and tetramethylhydroquinone at 30 °C.*”
Horseradish peroxidase was demonstrated to catalyze the
radical degradation of partially hydrolyzed polyacrylamide.®®
Additionally, the crude peroxidase from Trametes versicolor
CBR-04 has been reported to break down poly(potassium acry-
late) at room temperature.®

Although research on mimicking peroxidase for plastic
degradation remains limited to date, progress has been made
for lignin depolymerization. Discussion in this field may
provide valuable guidance for designing peroxidase mimics for
plastic depolymerization or functionalization.

Peroxidases catalyze the oxidation of a substrate by peroxides
such as H,0,. Most peroxidases contain the heme protein, with
a central iron ion coordinated to a porphyrin ring.*® Therefore,
synthetic iron porphyrins are often used as models for heme
peroxidases. The structure of synthetic iron porphyrins can be
fine-tuned for enhanced activity and stability by adjusting axial
ligands and substituents on the porphyrin ring, or even
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replacing an iron center with other metals. For instance, Zhu
et al. synthesized a series of metallo-deuteroporphyrins as
biomimetic catalysts for the oxidative conversion of lignin to
aromatics (Fig. 3a-c).* By studying the catalytic activity on
model substrates (2-(2-methoxyphenoxy)-1-phenylethanol),
Co(DPDME) was identified as the best one in the M(DPDME)
series (Fig. 3a). Furthermore, six Co-deuteroporphyrins with
substituents of varying electron-donating capacities on the
propionate side chains were designed to investigate the impact
of these substituents on reaction activity and catalyst stability
(Fig. 3b,c). Co(DPCys) was ultimately chosen as the catalyst for
real lignin depolymerization owing to its capacity to catalyze the
cleavage of C-O and C-C bonds in diverse lignin model
compounds at room temperature (Fig. 3c). The liquid product
yield from the real lignin depolymerization catalyzed by
Co(DPCys) reached 31.2% after 10 hours at 150 °C, showcasing
a 5.5-fold increase compared to the blank control.

In addition to regulating the central metal and the substit-
uents of metalloporphyrin complexes, optimizing the micro-
environment around the active site is another strategy to
improve the catalytic performance. In natural peroxidases, the
amino acid residues around the ferric center can help locate
H,0,, facilitate the cleavage of the O-O bond, and stabilize the

M(DPCys)

o

OH  Pep/hemin

Fe
OH

Npyr Ntrp Nhis

(a—c) The structures of metallo-deuteroporphyrins designed for the catalytic depolymerization of lignin.®* Adapted with permission from

ref. 91. Copyright 2015 Wiley-VCH. (d) The schematic representation of self-assembled peptoid/hemin nanotubes.®?> Adapted with permission

from ref. 92. Copyright 2022 Springer Nature.
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high oxidation state of iron.”” To imitate the function of the
surrounding residues, a self-assembled peptide/hemin (Pep/
hemin) nanomaterial was developed.”> As shown in Fig. 3d,
peptoid sequences with variations in the terminal binding site,
polar side-chain domain length, and side chain group were
synthesized, and then the peptoids were mixed and incubated
with equimolar hemin to prepare Pep/hemin nanotubes
(Fig. 3d). Among all the as-prepared nanotubes, Pep-1/hemin
with the active site located at an optimal distance from the
hydrophobic domain (n = 6), a carboxyl group on the side chain,
and Npyr as terminal binding sites, showed the highest catalytic
activity toward the oxidation of model compounds and sur-
passed all hemin-containing peroxidase mimics at the time.
The self-assembled Pep/hemin not only enhanced catalytic
activity but also demonstrated robustness at elevated tempera-
tures in a wide pH range. Pep-1/hemin caused a 65.7% mass
loss of lignin with a 61.7% yield of phenolic compounds after
incubation at 60 °C for 2 h in the presence of H,0,. In addition
to self-assembled peptides, the microenvironment has also
been regulated by combining hemin-containing peroxidase
mimics with metal-organic frameworks (MOFs),**** graphene,*
and supramolecular polymers.*®

Various Fe-based, V-based and MOF-based materials have
been reported to exhibit peroxidase-like activity,***”** providing
additional references for developing peroxidase mimics for plastic
depolymerization. Iron oxide nanoparticles are widely used in the
biomedical field and environmental remediation due to their
outstanding peroxidase-like activity.*®*** This activity is attributed
to the Fe**-induced Fenton and/or Haber-Weiss reactions.” In
2022, Liu and coworkers applied Fe;O, nanoparticles for the
removal and degradation of microplastics.'® Fe;O, nanoparticles
can adsorb polypropylene (PP), PE, polyvinyl chloride, PS and PET
microplastics from water through hydrogen bonding, and then
they can be removed by magnetic separation. When heated at the
melting temperatures of the respective plastics, almost 100%
degradation of PP, PE, and PS was achieved by Fe;O, in the
presence of H,O,. The Fe;O, nanoparticles can be easily recovered
from the reaction solution and retained their original perfor-
mance. Its stability and recyclability make it suitable for large-
scale applications.

2.4. The second coordination sphere: lessons from
phosphatase mimics

Metalloenzymes play crucial roles in essential life processes such
as oxygen reduction and DNA hydrolysis. Although the metal
ions and coordinating amino acids that make up metal-
lohydrolases are limited, the functions of metallohydrolases vary
greatly even with the same metal ions and ligands."*'* A typical
example is that heme B serves as the active centers in various
enzymes such as globulins, catalases, oxidases, oxygenases and
so on.”® What makes the difference is the second coordination
sphere, which involves noncovalent interactions between ligands
and substrates or ligands and ligands. Many reviews have
detailed the roles played by the second coordination sphere in
enzymatic reactions.®®'* In general, the interactions within the
second coordination sphere affect biocatalytic processes by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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orienting substrates, stabilizing transition states, changing the
redox properties, and aiding product release.®®'* Hence, many
research groups are interested in designing synthetic complexes
with a modified second coordination sphere to investigate their
functions in activity and selectivity.

Here we use purple acid phosphatases (PAPs, E.C. 3.1.3.2) as
an example to illustrate the importance of the second coordi-
nation sphere. PAPs are known for their ability to enzymatically
hydrolyze a diverse range of phosphorylated compounds,
a process heavily involving the participation of the second
coordination sphere.'” Mimicking PAPs has a theoretical basis
and can promote the understanding of the function of the
second shell in turn. PAPs are a kind of binuclear hydrolase
characterized by heterovalent dual metal sites containing Fe(ur)
and M(u), where M can be Fe, Mn, or Zn. Taking kidney bean
PAP for example, its active centers are composed of Fe(u) and
Zn(u) sites which are bonded with oxygen and nitrogen atoms
from tyrosine, aspartate, histidine residues and asparagine
(Fig. 4a)."” However, the majority of components within the
first coordination sphere do not actively participate in the
catalytic cycle as shown in Fig. 4. In contrast, the second coor-
dination sphere including two protonated histidine residues
assumes a pivotal role in accelerating the hydrolysis process.
During the reaction (Fig. 4c), His202 and His295 bind to two
oxygen atoms from phosphate ester by hydrogen bonding to
stabilize the transition state, while His296 functions as a proton
donor, facilitating the departure of the leaving group. Muta-
genesis studies have validated the importance of histidine
residues in the hydrolysis process.'® In the following part, we
will discuss the synthetic complexes as the mimics of PAPs and
their role in accelerating the hydrolysis of DNA. Although the
substrates are different, related work can provide a reference for
the design of plastic hydrolysis catalysts.

Over the past few decades, considerable efforts have been
dedicated to synthesizing analogs of PAPs. One research focus is
to increase substrate affinity and direct the nucleophile to the
phosphodiester linkages by introducing functional groups in the
second coordination sphere. An et al. designed [Cu(L1),(-
Br)](ClO4)s-6H,O with quaternary ammonium-modified bipyr-
idines as ligands to promote DNA hydrolysis.'” The Br is easily
replaced by OH™ in aqueous solution to form the active Cu-OH
species (Fig. 5a). The distance between the hydroxyl and the
quaternary ammonium ion is around 5.5-5.7 A, similar to that of
adjacent phosphodiesters in DNA (ca. 6 A). Through electrostatic
interactions, the quaternary ammonium binds to the neigh-
boring phosphoryl oxygen atoms, allowing the DNA to be cleaved
by the spatially adjacent nucleophile (OH or H,0). Apart from
a quaternary ammonium ion, easily protonated guanidyl groups
can also electrostatically interact with phosphodiester groups.
Tjioe et al. introduced protonated guanidyl groups to copper(u)
complexes with 1,4,7-triazacyclononane ligands."*® Compared
with non-guanidinylated analogs, a 22-fold enhancement in the
hydrolysis rate has been achieved. This is because protonated
guanidyl attracts the phosphodiester linkage and orients the
nucleophilic Cu-OH to the phosphodiester group.

Another research endeavor is focused on stabilizing the
transition state by using the second coordination sphere. Since
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Fig. 4 Proposed mechanism for the hydrolysis of phosphomonoesters by kidney bean purple acid phosphatase.’” (a) The substance is oriented
for attackment of Fe''~OH by interactions with Zn", His202 and His296. (b) RO group in subtance attacks protonated His296 and O atom attacks
protonated His295. (c) P-O bond breaks with the release of ROH. (d) A hydroxide ion attacks Fe'' with the release of the phosphate group to start
another cycle of catalysis. The first coordination sphere, second coordination sphere and substrate are colored in blue, red and green. Adapted

with permission from ref. 107. Copyright 1996 Academic Press.

DNA is negatively charged in aqueous solution, positively
charged groups in the catalyst can electrostatically attract
substrates and accelerate the release of products. Aliphatic
amines are of particular interest due to their ability as hydrogen
donors and their electrostatic interactions with the phospho-
diester backbone of DNA. As shown in Fig. 5b, the first coor-
dination sphere of PAPs is extensively mimicked by an
asymmetric chelating ligand H,L", whereas the second coordi-
nation sphere can be reproduced by chemical modification with
aliphatic amines. Based on this ligand, de Souza et al. synthe-
sized a PAP analogue and covalently grafted it onto poly-
ethyleneimine (PEI) to mimic the histidine residues in the
polypeptide chain (Fig. 5c)."** The as-obtained catalyst was
termed FeCuL1-PEI. During DNA hydrolysis, the terminal
amino groups of FeCuL1-PEI were protonated, facilitating the
electrostatic interactions between the catalyst and DNA
substrate. Moreover, the activation energy for DNA hydrolysis
was lower on FeCuL1-PEI than on FeCuL1, which can be

6206 | Chem. Sci, 2024, 15, 6200-6217

attributed to the stabilization of the negatively charged transi-
tion state and the formation of hydrogen bonds. A k.../Ky value
of 2.7 x 10* h™' M~ for FeCuL1-PEI was record high among
PAP molecular models at the time. In another example, Silva
et al. introduced ethylene diamine and butene diamine to
a H,L? ligand and synthesized H,L*-et and H,L>-but (Fig. 5b),
respectively.'”> They employed these two modified ligands to
construct Fe'"Zn"-based PAP analogues and studied the influ-
ence of the length of diamine on their hydrolysis activity.
Compared with Fe™Zn"L* (without diamines), the diamine
group enhanced the k.,/Ky by 134% and 114% for Fe"Zn"L-et
and Fe™Zn"L>-but, respectively. According to the calculated
energy minima, the terminal amino group of FeZn"L*-et was
spatially closer to DNA than Fe™Zn"L>-but's, leading to more
stable interaction between DNA and the complex."*

Studies on PAP mimics can help develop antibiotics and
antitumor drugs for the cleavage of target DNA. Camargo et al.
synthesized Fe™Zn"LP1 and Fe"Zn"LP2 by introducing a pyrene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) The proposed intermediate of DNA cleavage by [Cu(L1),(Br](ClO4)s

-6H,0, where L1 is 5,5 -di(1-(triethylammonio)methyl)-2,2’-

dipyridyl.1?® Adapted with permission from ref. 109. Copyright 2006 The Royal Society of Chemistry. (b) The structures of H,L%, H,L?, H,L?-et and
H,L2-but.12 Adapted with permission from ref. 112. Copyright 2017 The Royal Society of Chemistry. (c) The proposed structure for the FeCuL1-
PEI system with a bound phosphate diester.** Adapted with permission from ref. 111. Copyright 2013 American Chemical Society. (d) The
structures of Fe'Zn"'LP1 and Fe""Zn"LP2.113 (e) Accumulation of Fe!'Zn'"LP1 in lysosomes, where Fe!'"Zn"""P1 is pseudocolored in green (1) and the
lysotracker in red (2).*** Adapted with permission from ref. 113. Copyright 2017 American Chemical Society. The substrate and first and second
coordination spheres are colored in green, blue and red, respectively, unless specified.

group to the H,L" ligand (Fig. 5d) to enhance the affinity between
DNA and the catalysts.'™ Due to the -7 stacking interaction in
the second coordination sphere, all of the supercoiled plasmid
DNA was converted to the open circular and linear forms at pH
7.0 in the presence of Fe"'Zn""LP2 after 16 hours. The apoptosis
ratio of K562 cells (from a human chronic myelogenous
leukemia cell line) treated with Fe™'Zn"LP1 was six times higher
than the apoptosis ratio of those treated with Fe™Zn"L1. The
colocalization of Fe"zZn"LP1 with lysosomes further indicated its
potential as a novel antitumor drug (Fig. 5e).
Asides from PAP mimics, tuning the second coordination
sphere of natural enzymes has also been demonstrated to
accelerate various reactions, such as CO, reduction, hydrogen
evolution, hydrolysis of glycosidic bonds and so on."**"
Although the second coordination sphere effects have hardly
been studied in the field of plastic depolymerization, many kinds
of groups in polymer substrates can be involved in non-covalent
interactions. For example, the aromatic groups in PS and PET
can potentially participate in -7 stacking. The ester groups in
polyesters and the amide groups in polyamides such as nylon-6
can be regarded as hydrogen bond acceptors and donors. We
envision that mimicking the second coordination sphere
through ligand design may be a new opportunity to achieve
catalytic depolymerization of plastics under mild conditions.

114

3. Mimicking the substrate-binding
cleft

Substrate-binding clefts significantly influence substrate speci-
ficity and reaction selectivity in enzyme catalysis. For instance,

© 2024 The Author(s). Published by the Royal Society of Chemistry

adenosine triphosphate (ATP)-dependent proteases feature
protease domains with a unique six-fold symmetry (Fig. 6a)."*®
This symmetry is altered by ATP to switch between “open” and
“closed” interdomain contacts. These ATP-regulated orienta-
tions effectively restrict the access of a substrate to catalytic sites
in a specialized tunnel. Cellobiohydrolase follows a similar
mechanism for cellulose degradation.'***** It possesses a long
tunnel where cellobioside binding occurs. As the cellulose chain
threads further into this tunnel, it undergoes catalytic trans-
formation. Interactions between the substrate and enzymes'
cleft have also been identified in the enzymatic degradation of
plastics. Mechanistic studies of PETase demonstrated that PET
chains are guided to the vicinity of the catalytic triad through
a m-T stacking between the PET benzene ring and the trypto-
phan residues in the shallow cleft (Fig. 6b).*** This action allows
for the selective, processive depolymerization of the polymer.
These insights into substrate-binding clefts offer catalyst design
principles for the degradation of targeted substrates ranging
from biological macromolecules to plastic wastes.

3.1. Creating clefts via molecular imprinting

Molecularly imprinted polymers (MIPs) have been developed to
emulate substrate-binding clefts. The imprinting strategy
allows for a desired cavity that has multiple interactions with
a specific template molecule in the polymer matrix."** Zhao and
coworkers synthesized a variety of glycosidase mimics with
cellulose hydrolysis activity using molecularly imprinted poly-
mers.””*** As shown in Fig. 6¢c, a mixed micelle containing
template molecules, free radical cross-linkers, and photo initi-

ators was initially formed. Subsequently, the template

Chem. Sci., 2024, 15, 6200-6217 | 6207
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molecules were removed, resulting in a cleft, which was then MIPs using microgels,’ integrating porous materials to
post-modified to attain the desired geometrically and chemi- produce highly cross-linked MIPs,"***** incorporating highly
cally fitting structure. Designing enzyme mimics via this active nanozymes™® and so on. These advances hold great
strategy not only introduces the active site, but also tailors the promise for the application of the molecular imprinting
size and depth of the cleft in the matrix by changing the approach in plastic degradation.

template molecules. Nevertheless, molecularly imprinted

enzyme mimics were less active than natural enzymes.'* This

gap could be attributed to several limitations of imprinted 3-2- Mimicking clefts using porous materials

polymers, such as structural rigidity, inhomogeneity in binding  In the context of polyolefin depolymerization, the emulation of
sites, and limited mass transfer within the system.““’m These a substrate-binding cleft has been focused on tuning the
limitations particularly affect the catalytic activity when the interactions between polymer chains and porous materials. The
substrates are macromolecules like plastics. Promising strate-  interfacial interactions are initially investigated between porous
gies have emerged to address these issues, such as downsizing filters and polymers in early research.'®”'?® Duan et al. offered

F229
(closed) w

D273 x 3
\ Q (closed)

Protease site 1

‘\ (closed) -

Protease

ot

foeat geoor, (=

micelle

Fig. 6 (a) A diagram showing a cross-section of triple-symmetric FtsH, including the three-fold axis (depicted by a black line) and two protease
active sites (indicated by Aegean blue arrowheads). AAA+ means ATPases associated with various cellular activities.**® Adapted with permission
from ref. 118. Copyright 2006 Elsevier Inc. (b) The structure of subsite Il of . sakaiensis PETase (IsPETase).*® The structure of IsPETase is presented
as surface models in gray color. The 2-hydroxyethyl-(monohydroxyethyl terephthalate), docking model is shown in orange color. The residues
S$328 and W159, as well as the extended loop of IsPETase, are specifically labeled, which are crucial for forming the shallow and continuous clefts
in subsite Il and high hydrolytic activity of IsSPETase. Adapted with permission from ref. 121. Copyright 2018 Springer Nature. (c) The preparation
route of exocellulase mimics (NP;,—(COOH),) through the molecular imprinting approach.”? Adapted with permission from ref. 72. Copyright
2022 American Chemical Society.
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insights into this behavior by comparing the infiltrations of
poly(vinylidene fluoride) (PVDF) and poly(ethylene oxide) (PEO)
into porous UiO-66."*° As shown in Fig. 7a, PEO fully infiltrated
into the pores of UiO-66 due to stronger site-to-site interaction
with O-(PEO) and the terminal OH groups on the Zr nodes of

View Article Online

Chemical Science

UiO-66. In contrast, PVDF exhibited limited infiltration into
UiO-66 because of the weaker interaction between F-(PVDF) and
the terminal OH groups.

The studies of the interfacial interactions between the inor-
ganic porous phase and continuous polymeric phase have

a b
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Fig. 7 (a) Schematic illustration of the infiltration of PVDF and PEO into UiO-66.1° Adapted with permission from ref. 129. Copyright 2019
American Chemical Society. (b) The processive mechanism through which many enzymes deconstruct large macromolecules and an analogous
mechanism proposed for the mSiO,/Pt/SiO, catalyst.** Adapted with permission from ref. 11. Copyright 2020 Springer Nature. (c) Carbon number
distributions of wax products from polyethylene hydrogenolysis using mSiO,/Pt-x/SiO, (x: the mean Pt nanoparticle diameter). Top: mSiO,/Pt-
1.7/Si0O5; center: mSiO,/Pt-2.9/Si05,; bottom: mSiO,/Pt-5.0/Si0,.13° Adapted with permission from ref. 130. Copyright 2022 American Chemical
Society. (d) Schematic illustration of the cascade cracking steps on the external zeolite surface and within zeolite micropores on n-ZSM-5 13
Adapted with permission from ref. 131. Copyright 2022 American Chemical Society. (e) The proposed transition state models for exposed Pd
surfaces (such as in Pd/Al,O3z and Pd/POF), non-interacting POF-covered Pd surfaces (such as in ph-POF/Pd/POF) and strongly interacting POF
layers (such as in POF/Pd/POF and di-POF/Pd/POF), respectively.** Adapted with permission from ref. 132. Copyright 2019 Springer Nature.
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inspired researchers to introduce the concept of a substrate-
binding cleft into the catalyst design for plastic depolymeriza-
tion. Perras and coworkers designed a core-shell material for
the degradation of waste polyolefins."* This core-shell catalyst
consists of Pt nanoparticles supported on SiO, as the core and
porous SiO, as the shell. Through solid-state nuclear magnetic
resonance analysis, they confirmed that polyethylene chains
diffused into the pores of the SiO, shell and interacted with the
active sites in the core. Importantly, the diffusion rate of the
polymer chains could be controlled by tuning the pore size,
thereby influencing the product distribution. They likened this
to an enzyme-like progressive depolymerization mechanism
and correlated the selectivity with a “headfirst” adsorption of
the polymer chains (Fig. 7b). In specific, the polymer chains
adopt a straightened conformation navigating the narrow pores
of the shell to reach the active sites situated at the core. The
cleavage of the C-C bonds occurs at regular intervals, a process
regulated by the diffusion rate of the polymer chains. Further
research on the core-shell structure was conducted by Wu
et al.,*** focusing on how changes in the activity affect this
progressive mechanism. It was found that the rate of C-C bond
cleavage can be modulated by changing the size of Pt nano-
particles, while the product distribution remained nearly
constant (Fig. 7c). This phenomenon suggests that the
progressive mechanism is independent of the activity of the
core-shell catalysts. Another research study on an “open-open”

View Article Online
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pore structure was recently reported by Tennakoon et al.*** This
structure facilitated a faster diffusion rate of the products from
the active sites compared with the traditional “open-end” core—
shell structure. This diffusion behavior can avoid over-
hydrogenolysis and thus achieves a very low yield of volatile
products. These results highlight that the structure designed
substrate-binding clefts tuned the selectivity via controlling the
polymer chains' diffusion rate in its designed structure.
Designing porous materials to mimic substrate-binding
clefts can also alter selectivity by influencing reaction mecha-
nisms. Zhao et al. found that the product distribution of PP
pyrolysis narrowed from the C;-C;5 range in the blank group to
C4—Co in the presence of HY zeolites.”® Meanwhile, cyclic
hydrocarbons were detected in the presence of HY, whereas they
were absent in the blank group. This suggests that PP pyrolysis
follows not only the free radical mechanism but also the ionic
mechanism. The effect of pore size on the product distribution
was also observed in the catalytic pyrolysis of mixed PP and
PE."* ZSM-5 showed higher selectivity for olefins than USY,
while USY generated more paraffins and coke than ZSM-5. This
difference may result from hindrance of bimolecular reactions
in the 10-membered-ring channels of ZSM-5, whereas the 12-
membered-ring pores of USY allowed for these reactions to
occur. This implies that the diffusion limitation of intermediate
products in zeolites can change the product distribution by
influencing reaction types. Catalytic pyrolysis of model

Table 1 Summary of biomimetic catalysts for the depolymerization of macromolecules

Enzyme mimics Conversion (%) Conditions Ref.

PET hydrolysis Self-assembled peptide 16 PH 9, 65 °C, 2 weeks 64
Binuclear zinc complex 100 PH 8, 40 °C, 10 weeks 65
n-Pentyl-substituted 100 80% 0.1 M NaOH solution + 66
binuclear zinc complex 20% CH30H, 60 °C, 10 h

Cellulose hydrolysis COOH-functionalized 96 180 °C, 20 min 73
carbon
5-OH-SHAPO 62 150 °C, 5 h 78
Solid acid containing -Cl 46” 180 °C, 12 h 80
and -SO;H
Porous polymers bearing 94.6° 120 °C, 48 h 83
boronic and sulfonic acids
Molecularly imprinted 15.87 pH5,90°C,12 h 123
synthetic glucosidase
A blend of cellulase- 40.44 pH 6.5,90 °C, 12 h 72
mimicking polymeric
nanoparticles

Lignin oxidation Co(DPCys) 31.2 150 °C, 10 h, oxone 91
Pep-1/hemin 61.7° 60 °C, 3 h, H,0, 92

Microplastic degradation Fe;0, nanoaggregates 100 for PE and PS, 95 for PP, 12 h, H,0,, 150 °C for PE, 102

64 for PET” 200 °C for PS, 140 °C for PP,
240 °C for PET

DNA hydrolysis [Cu(L1),(Br)](ClOy)s 100 pH 7.2,37°C,1h 109
FeCuL1-PEI a5’ pH 7.0, 37 °C, 24 h 111
FeZnL2-et 63" pH 7.0,50°C, 4 h 112
FeZnLP1 95 pH 7.0, 37 °C, 16 h 113
FeZnLP2 100

PE hydrogenolysis mSiO,/Pt/SiO, 6.7% 1.38 MPa H,, 250 °C, 6 h 11
mSiO,/Pt/MCM-48 35.4% 2.06 MPa H,, 300 °C, 6 h 133

@ Weight loss. ? Yield of levulinic acid. ¢ Yield of glucose. ¢ Yield of reducing sugar. ¢ Yield of phenolic compounds.” Product: open circular DNA.
¢ High density PE as the reactant.
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compounds clearly demonstrated this effect.’** Small pore size
(<6.1 A) zeolites mainly promoted the cleavage of long-chain
hydrocarbons with little benzene, toluene, and xylene (BTX)
produced, because the pore size is insufficient for these
aromatic products to diffuse. Large pore size (=6.1 A) zeolites
can further catalyze aromatization and hydrogen transfer reac-
tions to produce BTX and paraffins. By mimicking the substrate-
binding cleft using porous materials, the diffusion and reaction
of polymers and intermediates can be tuned, thereby altering
the product distribution.

3.3. The challenge in selectivity control

The role of substrate-binding clefts in affecting reaction activity
and selectivity is crucial. However, the efficiency of this strategy
lies in the precise positioning of the active sites. Often times,
a polymer chain can navigate and react within a pore, but the
desired selectivity cannot be achieved in the absence of accurate
positioning. Polyethylene hydrocracking catalyzed by zeolites
evidences this point (Fig. 7d). The Bronsted acid sites in zeolites
act as the primary active centers for cracking. When Brensted
acid sites are uniformly distributed across the zeolite structure,
the product distribution for polyethylene cracking appears
similar among different zeolites, predominantly falling within
the C, to Co range.®"**”'¥ Future studies need to give more
considerations to the appropriate positions of the active sites in
the porous matrix to regulate the product distribution.

While it has been shown that the diffusion of polymers in
porous materials is pore-size-dependent, the chemical feature
of the functional groups on the inner surface of the pores can be
another important factor."*>'** Riscoe et al. offered an approach
into this dimension (Fig. 7e). They crafted a polymer-nano-
crystal hybrid to tailor CO, diffusion by modulating the func-
tional groups inside the pores including the phenyl and the
amino groups." It turned out that the amino group has lower
adsorption enthalpy toward the CO, product, because N atoms
interact with the CO, product and reduce its diffusion rate in
the pores. The strategy of surface functionalization could be
more widely used in catalyst design in the future. For instance,
adding hydrophilic functional groups into the SiO, pores might
reduce the PE diffusion rate thus altering the selectivity. In
addition, tuning the density and chemical feature of the func-
tional groups is more precise than controlling the pore size. It is
expected that more efforts will be dedicated to this area.

4. Conclusions and perspectives

The urgency of plastic pollution has stimulated extensive
research into chemical recycling processes and plastic-
degrading enzymes. Biomimetic catalysis has been demon-
strated to be effective in degrading macromolecules under mild
conditions (Table 1). This perspective has underscored two
main approaches to mimic the plastic-degrading enzymes:
imitating the active sites and the substrate-binding cleft. The
active sites play a key role in activating and transforming
substrates. Directly replicating the active site of plastic-
degrading enzymes is highly challenging because their active

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites are composed of a network of amino acid residues with
intricate positioning. Alternatively, the structural emulation of
binuclear esterases has been well-developed by following
similar catalytic mechanisms. These esterases contain two
metal centers and utilize the proximity effect to enhance the
effective concentration of substrates locally during hydrolysis.
The mimicry of the active centers of binuclear esterase has
shown excellent polyester hydrolysis activity even under weakly
alkaline or near-neutral conditions.™® In addition to metallic
centers, the second coordination sphere often plays subtle yet
crucial roles in stabilizing key intermediates through non-
covalent interactions. Therefore, it is anticipated that the
regulation of the functional groups in the second coordination
sphere, for instance by introducing auxiliary ligands in metal
complexes, would further improve the catalytic activity of
enzyme mimics thus facilitating plastic depolymerization under
mild conditions.

On the other hand, enzymes typically feature a substrate-
binding cleft ensuring the specificity for the substrate and the
selectivity of the product. This structure facilitates enzymes to
degrade polymers in a processive manner in some cases. The
molecular imprinting approach has been employed to emulate
the enzyme's cleft, proving effective in cellulose hydrolysis.
Nevertheless, this technique encounters limitations when
applied to plastics. Porous materials have been introduced to
mimic the interaction between the substrate and clefts in the
enzyme, as demonstrated in core-shell materials, molecular
sieves, and metal organic frameworks. These porous materials
exhibit good stability, ease of synthesis, and mouldability of
sites compared to molecule enzyme mimics. It has been verified
that the product distribution of PE depolymerization is signif-
icantly affected by the pore size of the catalyst. It should be
noted that the substrate-binding cleft in these biomimetic
catalysts lacks the flexibility observed in natural enzymes, which
is crucial for adjusting the active site and accommodating
substrates.

From the above discussion, we can distill all these studies
down to the following design principles:

(1) Active site: The essence of mimicking active sites is not
just in replicating their exact structural nuances but also in
emulating their reaction pathways. A profound understanding
of the enzymatic reaction mechanism is paramount and should
be the cornerstone of the catalyst design.

(2) Cleft: Porous materials are often employed to mimic the
function of enzyme clefts. Adjusting pore sizes has proven
effective in modulating polymer chain diffusion rates and
enhancing selectivity to some extent. Altering the functional
groups within the pores could be promising to achieve
improved diffusion control of polymeric substrates.

(3) Synergy: The collaboration between the active site and the
substrate-binding cleft is more important than imitating the
function of the two alone. However, this synergy relies on the
precise positioning of both the active site and the cleft. Their
orchestrated alignment might unlock unprecedented catalytic
efficiencies. Although the molecular imprinting strategy has
shown great potential in simulating synergistic interactions
during catalytic conversion of cellulose and small molecules,
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polymer depolymerization may require the integration of other
approaches to address constrained mass transfer and poor
stability issues. Developing biomimetic catalysts with a flexible
cleft near active sites may potentially contribute to addressing
constrained mass transfer issues. This may be achieved by
incorporating materials such as peptides and peptoids into
biomimetic catalysts.

Applying the aforementioned design principles, scientists
have demonstrated the significance of biomimetic catalysis in
recycling polyester and polyolefin plastics. A persistent chal-
lenge still lies in tailoring enzyme mimics to achieve substrate
specificity, product selectivity, and high activity for plastic
depolymerization, which are crucial for addressing complex
real-world solid wastes. The application of biomimetic catalysis
in plastic recycling is steadily gaining momentum, and we hope
that this perspective will help bridge the gap between chemical
recycling of plastics and enzyme-catalyzed macromolecular
depolymerization.
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