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Embedding an esterase mimic inside polyesters to
realize rapid and complete degradation without
compromising their utility¥
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Biodegradable plastics are considered as an alternative to commodity non-biodegradable plastics, but
they still degrade slowly in the environment. Current strategies to promote their degradation rates often
compromise their utility. Here, we enhance the degradation properties of poly(butylene terephthalate/
adipate) (PBAT) by embedding an esterase mimic inside the polyester without compromising its proces-
sing and mechanical properties. This esterase mimic contains a binuclear zinc site and catalyzes the
depolymerization of PBAT with a turnover frequency (TOF) an order of magnitude higher than that of con-
ventional additives (ZnO). With 1 wt% of this enzyme mimic embedded, PBAT exhibits a 3.7-fold enhance-
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ment of the degradation rate under composting conditions. Mechanistic investigation indicates that the
binuclear zinc binding center polarizes the ester carbonyl group and increases hydroxide uptake, thus
leading to faster degradation. This work provides a possible approach to designing polymers that meet
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Introduction

The escalating global crisis of plastic pollution is a direct con-
sequence of the substantial generation and inadequate man-
agement of plastic waste, resulting in the rapid and extensive
accumulation of plastic debris in the biosphere."™® In the face
of this challenge, considerable efforts have been devoted
to the development of biodegradable plastics over the past
decades, aiming to substitute persistent commodity
plastics.”*® The design and synthesis of new biodegradable
plastics offer promising prospects, but also pose notable com-
plexities, as they must address various life cycle requirements
through precise modulation of the molecular structure.'’'?
Currently, the prevailing types of biodegradable plastics are
mainly polyester-based materials, including polylactide (PLA),
PBAT and polycaprolactone (PCL), which are progressively
being endorsed and utilized in food packaging, agriculture,
pharmaceuticals and other applications."®> Among these, PBAT
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requirements of stability during use and fast degradation after use.

stands out as a notable example—a widely produced aliphatic-
aromatic copolymer composed of terephthalic acid (TPA), buty-
lene glycol (BDO), and adipic acid (AA).>'"'*'> PBAT is widely
considered as a promising alternative to low-density polyethyl-
ene (LDPE) due to its remarkable mechanical properties and
favorable biodegradability.'®

However, it is worth noting that the degradation rate of bio-
degradable plastics depends on the physicochemical character-
istics of the plastics and the scenarios at the end of their life,
and rapid decomposition can only be observed under specific
and favorable conditions.""”""® The most favorable treatment
is composting, where an abundance of microorganisms, and
suitable temperature and humidity levels facilitate the degra-
dation of biodegradable plastics.>® Nevertheless, current
industrial composting treatment cycles are generally shorter
than the complete decomposition cycle of biodegradable
plastics."®*' This mismatch can lead to tricky microplastics
issues and actual landfill disposal.>> Meanwhile, the misinter-
pretation of the term “biodegradable” by the general public
has resulted in a large proportion of plastic wastes being
directly discarded into the environment. Numerous studies
have demonstrated the remarkably slow degradation rate of
biodegradable plastics in the environment. For instance, little
visible decomposition is observed after one year in seawater,
highlighting the persisting issue of environmental accumu-
lation of these wastes.”® Furthermore, for the aliphatic-aro-
matic copolyester PBAT, most PBAT-degrading microorganisms
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cannot directly utilize its monomers and require microbial
consortia for complete metabolism to CO,.>*** Therefore, the
development of biodegradable plastics with accelerated degra-
dation under both composting and ambient conditions is
important for the mass use of such materials. However, a sig-
nificant challenge lies in achieving enhanced degradability
while ensuring shelf-life requirements.

To address this issue, two categories of strategies have been
developed for PBAT, as illustrated in Fig. 1. The first strategy is
based on molecular design, including increasing the pro-
portion of aliphatic segments, introducing more hydrolysable
monomers (Fig. 1a),>® and designing ionic aggregates of poly-
ester (Fig. 1b).”” However, these approaches often require a
longer reaction time and involve higher energy consumption
due to the elevated reaction temperatures and vacuum con-
ditions involved.”® Another way to manage the degradation of
PBAT is blending other polymers or introducing additives. For
instance, the addition of Zn0,**?° FeCl;,*" clays,**?* surfac-
tants®* and organic acids®® to PBAT has been reported to accel-
erate its degradation (Fig. 1c). Considering the widespread use
of additives in plastics, the strategy of accelerating PBAT degra-
dation through additives may be more practical and easier to
implement. Nevertheless, the accelerated degradability often
accompanies reduced tensile properties and poor processibil-
ity, which can be attributed to weak interaction of the additives
with the polymer and catalytic thermal degradation during
processing, respectively.”>*® To ensure practicality and degrad-
ability, effective interaction between additives and PBAT
chains is essential, which requires additives with enhanced
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Fig. 1 Schematic illustration of the strategies proposed to enhance the
degradability of PBAT. (a) Incorporating additional aliphatic co-mono-
mers into PBAT.2 (b) Designing an ionic aggregate of polyester through
polycondensation catalyzed by HzPO,.%” (c) Introducing inorganic addi-
tives into PBAT, which often compromises the mechanical properties of
PBAT.2°~3! (d) Embedding a biomimetic Zn,L additive into PBAT to offer
both utility and degradability.
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interfacial affinity and structural similarity to PBAT. Recently,
several studies have attempted to embed active enzymes
directly into polymers to enhance their degradability,’’*® but
incorporating natural enzymes through co-blending poses
challenges due to enzymes’ poor thermal stability.

Herein, we embedded a molecular mimic of esterase (a
binuclear Zn,L complex) into PBAT, resulting in both rapid
and complete degradation of the polymer while preserving its
utility (Fig. 1d). Upon embedding Zn,L, enhanced mechanical
properties of PBAT were observed and the aforementioned
thermal  degradation  problems circumvented.
Furthermore, the PBAT composites exhibited significantly
enhanced hydrolysis kinetics at near-neutral pH and acceler-
ated degradation under composting conditions. Mechanistic
studies have shown that the embedded Zn,L functions as a
chelating agent and very likely favors intramolecular hydrolysis
in the polymer matrix. Under composting conditions, the
embedding of Zn,L led to enhanced water uptake, facilitating
the initial hydrolytic stage of composting and thus accelerating
the degradation of PBAT. Taking practical implications into
account, cytotoxicity assays were performed and the results
revealed that PBAT/Zn,L maintains an equivalent level of bio-
compatibility to pure PBAT.

were

Results and discussion

The mismanagement of plastic waste has resulted in the wide-
spread dispersion of post-consumer plastics in the environ-
ment, making them difficult to collect, sort, and centralize pro-
cessing. This problem can be largely circumvented by develop-
ing advanced additives that can accelerate their degradation
without affecting their use. In our previous studies,>*™*' we
have demonstrated that a molecular mimic of OpdA esterase
(binuclear Zn,L complex) can depolymerize polyethylene tere-
phthalate (PET) and other polyesters under mild conditions in
solution. However, whether this esterase mimic is equally
effective in a solid polymer matrix remains unknown. Here, we
employed tert-butyl substituted Zn,L as the additive to modify
PBAT degradability (Fig. 1d) due to its high catalytic activity*’
and suitable hydrophilicity in combination with PBAT
(Fig. S11). The compound was synthesized through a Schiff
base reaction, involving the condensation of a primary amine
with an aldehyde. Its structure was confirmed by proton
nuclear magnetic resonance spectroscopy (‘"H NMR), elemental
analysis, infrared spectroscopy, and mass spectrometry (see
the ESIT).

The intrinsic catalytic activity of this esterase mimic in
PBAT hydrolysis (Fig. 2a) was first examined in an aqueous
solution. The turnover frequency (TOF) values for Zn,L were 9
and 15 times higher than those of conventional Lewis acid cat-
alysts such as zinc acetate (Zn(OAc),) and zinc oxide (ZnO),
respectively (Fig. 2b). This enhancement can be attributed to
the unique structure of Zn,L, which evidently induces a proxi-
mity effect, increasing the local effective concentration of the
reactants.>*™! In addition, the conversion rate of PBAT with

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Reaction kinetics of PBAT hydrolysis in solution. (a) PBAT hydro-
lysis over Zn,L via an intramolecular pathway.y'38 (b) Turnover fre-
quency (TOF) of Zn,L, Zn(OAc), and ZnO toward hydrolysis of PBAT at
pH 8 (NaOH aqueous solution) and 60 °C. The inset shows the conver-
sion rate of PBAT with and without Zn,L (0.2 g L™). (c) Time course ana-
lysis of M,, and polydispersity (D) of PBAT hydrolysis. (d) DRIFT spectra
of butyl hexanoate (BH) and butyl benzoate (BB) in the presence and
absence of Zn,L. (e) The hydrolysis kinetics of PBAT and the proportion
of adipate (A) to the sum of adipate and terephthalate (T) in solution
over Zn,L at pH 8 (NaOH aqueous solution) and 60 °C.

Zn,L reached 37 times that of the blank control (Fig. 2b,
inset). Moreover, Zn,L remained stable under the hydrolysis
conditions, as supported by "H NMR and diffuse reflection
infrared Fourier transform (DRIFTS) spectra (Fig. S27).

We then investigated the depolymerization pathway to
understand the high catalytic performance of Zn,L. As
depicted in Fig. 2¢, the weight-average molecular weight (M)
of PBAT rapidly decreased from 120 kg mol™" to approximately
35 kg mol ™" and the polydispersity (P) also decreased from 3.3
to about 2.0 after 2 days of the reaction. These observations
suggest a random chain scission depolymerization: the long
chains of PBAT were first fragmented, followed by the catalytic
hydrolysis of the resulting short-chain polymers, leading to a
further decrease in molecular weight. Further, the interaction
between esters and zinc centers was characterized by DRIFTS.
Butyl hexanoate (BH) and butyl benzoate (BB) were used as
model molecules for the aliphatic and aromatic segments of
PBAT, respectively. As shown in Fig. 2d, the peak of 1(C=0) in
BB exhibited a red shift from 1731 cm™ to 1720 cm™" in the
presence of Zn,L. Similarly, the peak of (C=O0) in BH was red-
shifted by 13 cm™". The red shifts of 1(C=0) suggest that the
carbonyl groups in the aliphatic and aromatic segments were
both weakened by the formation of C=O0O---Zn between the
esters and the catalyst, resulting in an enhanced reactivity.
Fig. 31 illustrates the '"H NMR spectrum of the reaction solu-
tion, which exhibited the presence of three monomeric pro-
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ducts: terephthalate (T), butanediol (BDO), and adipate (A).
The proportion of adipate in relation to the sum of adipate
and terephthalate was calculated by integrating the area of the
corresponding peaks. This proportion ranged from 0.64 to 0.7
throughout the reaction (Fig. 2e), slightly higher than the pro-
portion of the feedstock PBAT (0.55). This result indicates that
the aliphatic segment was preferentially targeted, although
Zn,L facilitated the hydrolysis of both aliphatic and aromatic
segments.

The accelerated PBAT hydrolysis in solution encouraged us
to incorporate the esterase mimic (Zn,L) into PBAT and investi-
gate its activity in the solid state. Thanks to its high thermal
stability (Fig. S41), Zn,L was embedded into PBAT (PBAT/Zn,L)
using a sequential process involving melt compounding, pelle-
tization and blown film techniques. Fig. S5af presents visual
representations of the resulting composites. PBAT/Zn,L films
were evaluated for various properties related to their utilization
and processing. The surface morphology and elemental distri-
bution of the films were characterized using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS),
as depicted in Fig. 3a. The prepared PBAT/Zn,L film exhibited
a flat surface, and the homogeneous distribution of Zn
elements indicated well-dispersed Zn,L within the polymer
matrix. Torque monitoring during the compounding process
of PBAT and Zn,L shows that it achieved the same stable
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Fig. 3 Characterization of the PBAT/Zn,L composite. (a) Scanning elec-
tron microscopy (SEM) image and the corresponding energy-dispersive
spectroscopy (EDS) elemental mappings of the PBAT/Zn,L composite;
scale bar: 50 pm. (b) Torque curves during the processing of PBAT and
PBAT/Zn,L. (c) Typical stress—strain curves of PBAT/Zn,L and PBAT. The
inset shows the elastic deformation phase at the beginning of the tensile
test. (d and e) Differential scanning calorimetry (DSC) curves of PBAT
and PBAT/Zn,L during cooling (d) and secondary heating (e).
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torque values as neat PBAT (Fig. 3b). This phenomenon
suggests that Zn,L does not cause a reduction in the molecular
weight or thermal degradation of PBAT under the processing
conditions. A decrease in molecular weight would typically
manifest as a decrease in polymer viscosity and, consequently,
a decrease in torque.*”** Furthermore, the tensile tests
demonstrated that PBAT/Zn,L still retains high tensile
strength, akin to those inherent to PBAT (Fig. 3c and
Table S1t). Additionally, after Zn,L embedding, the elongation
at break, yield strength and elastic modulus all increased by
11-20% (Fig. 3c inset and Table S1t), indicating that this
modification enhanced the mechanical properties of PBAT.
Specifically, the augmentation in tensile strength serves as
further corroboration of the uniform dispersion of Zn,L
throughout the polymer substrate.’>*’ Meanwhile, the elonga-
tion at break of PBAT reached 609%, representing a 17%
enhancement after Zn,L incorporation (Fig. 3c). Since the
mechanical properties of the material are closely related to the
crystallization behavior, differential scanning calorimetry
(DSC) was first performed to find out the reason. Fig. 3d shows
that the crystallization temperature (7.) of PBAT/Zn,L shifted
to approximately 80 °C, which is 10 °C higher than that of
pure PBAT. This shift indicates that the heterogeneous nuclea-
tion of Zn,L increased the crystallization rate of PBAT.**** The
melting curves of PBAT/Zn,L demonstrate that the melting
temperature (T,) of PBAT remained unchanged at around
124 °C even after the addition of Zn,L (Fig. 3e). The calculated
crystallinity (X.) of PBAT and PBAT/Zn,L is approximately 19%
(Table S2t). These findings indicate that the addition of Zn,L
does not affect crystallinity, but only influences the spherulite
dimensions during crystallization. The change in the spheru-
lite dimensions of PBAT after the addition of Zn,L was
observed using polarized optical microscopy for further confir-
mation. With the introduction of Zn,L, the PBAT spherulite
size decreases, and the nucleation density increases signifi-
cantly (Fig. S5bf). Therefore, the increase in elongation at
break of PBAT/Zn,L is attributed to the increased toughness of
the polymer owing to the reduced spherulite dimension of
PBAT/Zn,L. Moreover, the small-angle X-ray scattering (SAXS)
results revealed a slight increase in the long period (shift to
lower q) upon incorporating Zn,L into the PBAT matrix
(Fig. S5¢ and Table S37t). This observation, along with the neg-
ligible difference in crystallinity (X.), confirms the thickening
of the crystalline lamellae in the PBAT/Zn,L composite.
Additionally, Fig. S5dt demonstrates that the thermal stability
of PBAT/Zn,L is comparable with that of pristine PBAT. This
result is consistent with the torque monitoring and indicates
that Zn,L. does not induce thermal degradation of the
polyester, unlike traditional Lewis acid additives.?*?"*3
Comparison of Fourier transform infrared spectra also indi-
cates that the chemical structure of PBAT did not undergo
appreciable changes after embedding Zn,L (Fig. S5et).

To investigate the catalytic activity of Zn,L in the solid
matrix, PBAT/Zn,L composite was subjected to hydrolysis at
near-neutral pH in an aqueous solution. The hydrolysis rate of
PBAT/Zn,L (5 wt%) was significantly accelerated compared to
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that of pure PBAT, resulting in a 20% BDO yield after 14 days
of reaction. In contrast, the BDO yield for the pure PBAT was
less than 1%. The leaching of the embedded Zn,L during the
progression of the reaction was monitored by quantifying the
Zn content in the solution using inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Fig. 4a). The concen-
tration of Zn,L in the solution ranged from approximately 30%
to 50% of the theoretically expected value, assuming pro-
portional release of Zn,L into the solution (Fig. S61). Perhaps
this is due to the re-adsorption of the released Zn,L onto the
PBAT surface. Then, the catalytic degradation of PBAT can be
deconvoluted into two contributions: Zn,L dissolved in the
solution and Zn,L not in the solution. We estimated the con-
tribution from the dissolved Zn,L by extrapolating the linear
relationship between the catalyst concentration and the con-
version rate (Fig. S71). In this way, we could see that the pro-
duction of BDO mainly came from the contribution from Zn,L
in the solid, as illustrated by the shaded area in Fig. 4b.

In previous studies, we have demonstrated that the di-zinc
centers will bind to ester carbonyl and hydroxide, respectively,
and thus facilitate intramolecular hydrolysis.>**° However, the
role of Zn,L in the solid state is yet to be considered. We com-
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Fig. 4 Mechanistic understanding of PBAT/Zn,L hydrolysis. (a) The con-
centration of Zn,L released in solution during the hydrolysis reaction. (b)
BDO yield from the contribution of Zn,L in the solid matrix at pH 8 and
60 °C. (c) XPS of the Zn 2p spectra for Zn,L and embedded Zn,L. (d)
Fourier transform of the k*>-weighted EXAFS spectra of the Zn K-edge of
Zn,L and embedded Zn,L. (e) Schematic illustration of PBAT hydrolysis
catalyzed by the embedded Zn,L in the solid phase. Nu denotes a
nucleophile.
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pared the structural differences between free Zn,L and Zn,L
embedded in PBAT using X-ray photoelectron spectroscopy
(XPS) and X-ray absorption fine structure (XAFS). After blend-
ing with the polymer, there is a shift in the Zn 2p;/, binding
energy from 1021.95 eV (Zn,L) to 1021.7 eV (embedded Zn,L)
(Fig. 4c), indicating an increased electron density of Zn. This
phenomenon may be due to the interaction between the zinc
sites and the backbones of PBAT. Additionally, the coordi-
nation number (CN) of Zn increased from 4.9 for free Zn,L to
6.1 for embedded Zn,L (Fig. 4d and Fig. S8, and Table S47),
further suggesting the formation of a new Zn-O bond. The
coordination of the carbonyl group to zinc in solid PBAT could
activate the ester bond and thus would promote hydrolysis. We
then investigated hydroxide uptake in the solid phase. The pH
variations in the solution reflected the enhanced hydroxide
uptake capacity of PBAT upon the introduction of Zn,L
(Fig. S97). Specifically, the immersion of PBAT/Zn,L (5 wt%)
films resulted in a decrease of the solution’s pH from 8.1 to
7.1 after 48 hours, which contrasts starkly with the minimal
pH variation observed upon immersing pure PBAT films. The
binding of hydroxide ions to the embedded Zn,L may involve
the infiltration of the host solution into the internal micro-
pores of the film, followed by the displacement of molecules/
ions that are axially coordinated on Zn,L (at the solid-liquid
interface) by hydroxide. The above evidence suggests that the
embedded Zn,L plays two roles, namely to activate the ester
bond and to take up free nucleophiles (e.g., hydroxide) into the
polymer matrix via coordination to the zinc sites (Fig. 4e).
Therefore, it is probable that the accelerated depolymerization
of PBAT occurs through an intramolecular hydrolysis process
similar to that in the solution phase.***°

The degradation of PBAT with and without the Zn,L addi-
tive was then investigated under composting conditions using
different compost soils. PBAT containing 1 wt% Zn,L exhibited
a significantly accelerated degradation rate, resulting in a
remaining mass of only 15% after a simulated 40-day compost-
ing period using industrial compost soil I, compared to 47%
for the blank PBAT (Fig. 5a). When subjected to the same
experiment using compost soil II, the composite demonstrated
a degradation rate 3.7 times higher than the blank (Fig. 5b).
The variation in degradation rates observed across compost
soils underscores the strong influence of scenarios on the bio-
degradation of biodegradable plastics. Water absorption
experiments indicate an increase in PBAT’s water absorption
upon the introduction of Zn,L (Fig. S101). We further moni-
tored the changes in molecular weight (M,,) and dispersity (D)
during the composting of PBAT (low M,,) with embedded Zn,L.
As shown in Fig. 5c, despite the low mass loss in the initial
stages of PBAT composite degradation, D significantly
increased along with the decrease of M,,, which corresponds to
the initial hydrolysis process and long-chain scission. Previous
studies have demonstrated that soil microbes can only take up
and utilize small PBAT molecules,”® thus the rapid chain-
breaking process facilitates subsequent microbial mineraliz-
ation. Moreover, the surface of PBAT had transformed from
smooth to rough after composting, and the PBAT/Zn,L compo-
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the molecular weight (M,,) and dispersity (D) of PBAT/Zn,L at the initial
stage of simulated composting. (d) SEM images of PBAT/Zn,L (1 wt%)
and PBAT before and after 40 days of composting; scale bar: 20 pm.

site exhibited more pronounced surface cracks and roughness
compared to pure PBAT (Fig. 5d).

The results presented above demonstrate that embedding
Zn,L significantly expedites the degradation of PBAT upon dis-
posal without compromising its processibility and mechanical
properties. However, PBAT serves as a primary material for
food packaging and agricultural mulch, necessitating its bio-
compatibility and non-cytotoxicity. In this regard, the cyto-
toxicity of PBAT/Zn,L was meticulously examined. Three cell
lines commonly employed in plastic cytotoxicity studies (fibro-
blast L929, alveolar epithelial cell A549, and macrophage RAW
254.7) were selected for the investigation.*”>° Cell prolifer-
ation was quantified using the highly sensitive cell counting
kit-8 assay. After a 24-hour incubation period, the three cell
types both maintained their original morphologies (Fig. S117)
and growth on both pure PBAT and PBAT/Zn,L surfaces.
Quantitative assessment of cell viability revealed negligible

[ PBAT
1004 ] PBAT/Zn.L (1%)
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8 751
oy
3 501
o
>
3 251
0
A549 L929 RAW254.7
Fig. 6 In vitro cytotoxicity assay. Cell viability of A549 cells, L929 cells

and RAW 254.7 cells grown for 24 h in the presence of pure PBAT and
PBAT/Zn,L (1 and 5 wt%).
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differences in cell growth between PBAT and PBAT/Zn,L for all
three types of cells (Fig. 6). Consequently, it can be inferred
that Zn,L embedding does not induce cytotoxic effects, indi-
cating that PBAT/Zn,L possesses the same level of biocompat-
ibility as pure PBAT.

Conclusions

In summary, we employed an esterase mimic (binuclear Zn
compound) as an alternative additive in PBAT to optimize its
utility and degradability. This esterase mimic exhibits a high
TOF for PBAT hydrolysis and effectively targets both aliphatic
and aromatic segments. The molecular-scale dispersion of
Zn,L within the polymer matrix enhances the elongation at
break, tensile strength, yield strength and elastic modulus of
PBAT. Mechanistic studies showed that Zn,L in the solid state
plays a major role in accelerating PBAT depolymerization. The
PBAT/Zn,L. composite exhibits an enhanced degradation
rate compared to PBAT under composting conditions. This
enhancement can be attributed to the short hydrolysis induc-
tion period as facilitated by Zn,L. Moreover, cytotoxicity
studies confirmed that the PBAT/Zn,L composite maintains an
equivalent level of biocompatibility to pure PBAT. This work
underscores the feasibility of utilizing this esterase mimic as
an additive that offers both utility and degradability for bio-
degradable plastics, which could increase the composting
capacity and efficiency in a limited space.
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