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ABSTRACT

Enzymatic depolymerization of postconsumer polyurethanes (PURs) offers a promising route for sustainable plastic waste man-

agement. However, the complex chemistry of PURs containing carbamate, ether, and ester bonds poses a challenge for such a
biotechnological process. Here, we explored the deconstruction of a commercial polyether-polyester-PUR through a cascade depo-
lymerization approach, in which a low-temperature thermal pretreatment (180°C, 4 h) was combined with tandem enzymatic

hydrolysis. Heat treatment modified the polymer’s physicochemical properties, enabling the cutinase HiC from Humicola insolens
to cause more than 8% weight loss of the treated PUR films, versus less than 2% of the untreated control after 48 h incubation.
Furthermore, the addition of the metagenomic urethanase SP2 completed the one-pot enzymatic cascade, achieving not only

depolymerization to the constituent monomer, 4,4’-methylenedianiline (MDA), but also a nearly 3-fold increase in MDA yield
compared to using SP2 alone. Docking studies highlighted HiC’s specificity toward ester bonds in the PUR polymeric units, and
two HiC variants further enhanced degradation within 24 h. Altogether, this work lays the foundation for future investigation and
process design for the depolymerization of polyether-polyester-PURs and related materials by cascade enzymatic reactions.

1 | Introduction

Polyurethanes (PURs) serve as important synthetic polymers,
featuring urethane bonds derived typically from diisocyanates
and polyols [1]. The global market volume of PUR amounted
to nearly 25.8 million metric tons in 2022 and is forecasted to
grow to >31 million tons by 2030 [2]. PURSs can be processed into
either thermoplastics or thermosets with superior material prop-
erties due to interchain cross-linking. Such structural program-
mability and facile processability make PURs an attractive choice
for various applications, such as binders, adhesives, and sealants
(10%), coatings (14%), elastomers (8%), flexible foams (36%), and
rigid foams (32%) [3]. While high durability and resistance are

considered advantageous properties, the reluctance of PURs
to decompose contributes to environmental issues [4, 5]. The
disposal and accumulation of PURs can irreversibly damage ter-
restrial and aquatic ecosystems. To tackle the escalating environ-
mental pollution and avoid plastic waste mismanagement, highly
efficient recycling approaches are immensely needed for the recy-
cling of postconsumer PUR [3].

Recently, enzymatic depolymerization of plastics has emerged as
a promising method by selectively cleaving the covalent bonds in
polymers to release their constituent monomers. Monomeric
building blocks can then be used to produce new plastics
(closed-loop recycling) or other value-added products (open-loop
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recycling), realizing a circular plastic economy [6]. A number of
hydrolases, including cutinases, esterases, lipases, and proteases,
have been reported to catalyze the hydrolysis of the ester bonds
present in PURs, for example [7]. However, the enzymatic deg-
radation performance is often low and constrained by the com-
plex composition and formulations of PURs [1, 8], especially their
highly stable urethane unit with bond dissociation energies of ca
80 kcal/mol for N-C and 90 kcal/mol for C-0O) [9], and the
presence of additional ether segments. Polyols are an essential
component of many PURs, which expand their versatility further
by generating either polyester or polyether-type materials.
Polyester-based PURs usually show higher strength, solvent
resistance, and abrasion resistance, whereas polyether-based
PURs often offer hydrolytic stability and better durability [10].
Integrating both ester and ether segments can create high-
performance materials, offering a wide range of applications
[11], such as the waterborne PUR films and coatings [12, 13].
Still, depolymerization of polyether-polyester-based PURs
remains essentially unexplored.

In previous studies, polyester-based materials such as the commer-
cial Impranil DLN have received significant attention as model
substrates for enzymatic hydrolysis of PUR (Figure 1, top left)
[18-21]. Impranil DLN is a polyester PUR dispersion, lacking
the aromatic amines characteristic of many PURs [22]. Other
polyester-based PUR materials analyzed in enzymatic hydrolysis
studies have included poly (butylene adipate) (PBA)-based PUR
and thermoplastic polyester-PUR (TPU) foams, exhibiting good
flexibility and high elasticity (Figure 1). While these polyester
PURs are generally more susceptible to degradation through
the cleavage of confined ester bonds [23-26], the hydrolysis of pol-
yether-based PUR to produce the constituent monomers has not
been achieved until recently, with the discovery of three
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FIGURE 1 | PUR substrates for enzymatic hydrolysis used in previous works and this study. Impranil DLN is an anionic aliphatic polyester-PUR

This study:

urethanases SP1, SP2, and SP3 from a metagenomic library [16].
Notably, SP2 was able to break down the urethane bonds in low-
molecular-weight carbamates within a toluene diisocyanate (TDI)-
based polyether-PUR to release the monomeric aromatic diamines
(toluene-2,4-diamine and toluene-2,6-diamine). Following glycoly-
sis at 200°C, using an excess of diethylene glycol (DEG) containing
tin (I)-2-ethylhexanoate as a catalyst, SP2 could also produce
monomeric 4,4'-methylenedianiline (MDA) from pretreated meth-
ylene diphenyl diisocyanate (MDI)-based polyether-PUR [17].
A QM/MM-based mechanistic study has recently provided a deep
insight into the urethanase SP2 catalyzing the degradation of the
urethane bond in a model compound [27]. However, challenges
remain with regard to the selection of a suitable catalyst and alcohol
reagent to implement the glycolysis, which not only may affect the
hydrolysis efficiency but could also inactivate enzymes during the
coupled process [28]. A mild, simple, efficient, green, and sustain-
able method for PUR depolymerization is still highly desirable.

Recently, we have introduced the concept of chemoenzymatic
cascade depolymerization of plastics, in which chemical pretreat-
ment under mild conditions precedes biocatalytic depolymeriza-
tion of generated shorter-chain fragments to induce selectivity in
the upcycling process [29]. In this study, we investigated the fea-
sibility of cascade depolymerization of a commercially available
polyether-polyester-based PUR by thermal pretreatment in the
absence of any solvent, followed by a two-enzyme cascade com-
prising the cutinase HiC and the urethanase SP2. Material char-
acterization of PUR before and after the heat treatment, using a
panel of spectroscopy methods, the determination of weight loss
of PUR upon enzymatic depolymerization, and the identification
of degradation products were performed. Furthermore, an in sil-
ico docking study was used to understand the key amino acid
residues responsible for interactions with models of the PUR
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dispersion, which is produced by Covestro AG (Leverkusen, Germany). PBA-PUR was chemically synthesized by Liu et al [14]. TPU was obtained from

Soprema (Strasbourg, France) based on a custom synthesis using a fatty acid-derived polyester polyol [15]. TDI-based PUR was provided by a local

manufacturer [16], and MDI-based PUR was obtained from Dongguan Jintian Plastic Materials Co., Ltd., Guangdong, China [17]. Polyether-polyester-

PUR (Poly[4,4’-methylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propylene glycol)/polycaprolactone]), used in this study, was bought from
Sigma-Aldrich (St. Louis, USA). The urethane units are colored in blue in all PUR materials.
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substrate employed. Finally, two HiC variants with enhanced
enzyme activity were used to hydrolyze the heat-treated PUR.
Together, this study provides a simple, sustainable, and highly
effective strategy for PUR deconstruction by cascade depolymer-
ization [29] based on a combination of thermal pretreatment and
enzymatic hydrolysis.

2 | Experimental Section
2.1 | Materials and Reagents

The polyether-polyester-PUR (pellets, product No. 430 218, CAS
No. 68084-39-9, 1.18 g/mL density at 25°C) was bought from
Sigma-Aldrich (St. Louis, USA). Organic solvents, including
dimethylformamide (DMF), tetrahydrofuran (THF), and acetoni-
trile (ACN), were bought from Sigma-Aldrich (St. Louis, USA).
4,4’-Methylenedianiline (MDA) (white powder, product No.
32950, purity >97.0%) was purchased from Sigma-Aldrich (St.
Louis, USA), as well as kanamycin, imidazole, and isopropyl
B-D-1-thiogalactopyranoside (IPTG). Tryptone, yeast extract,
and NaCl for preparing cell culture medium were bought from
VWR International (Pennsylvania, USA).

2.2 | Thermal Treatment of PUR

Approximately 380mg PUR pellets (~3Xx2X2mm) were
weighed and filled in a glass vial (2.5 X 6.5 cm), which was then
placed in an oil bath for temperature control. Thermal treatment
of PUR was conducted in a fume hood at 180°C for 4 h with air
circulation [30]. After heat treatment, PUR samples were allowed
to cool down to room temperature, then collected and shredded
into small granules (~0.5 X 0.5 X 0.5 mm).

2.3 | Characterization of PUR Materials

Thermogravimetric analysis (TGA) was conducted using a
Mettler Toledo TGA 1 (Greifensee, Switzerland). Around
7.65mg of PUR pellets were placed into TGA crucibles and
heated at a temperature of 180°C for 4h with a heating rate
of 10°C/min at an air flow rate of 50 mL/min. TGA crucibles
without samples were used as a blank control.

Ultraviolet-visible (UV-Vis) spectroscopy scanning was per-
formed using a microreader (SpectraMax iD3, California,
USA) at room temperature. PUR samples (2 mg) before and after
heat treatment were dissolved in 1 mL DMF overnight. Around
150 L of this PUR solution was added to the 96-well plate
(Greiner, Merck), and then the UV absorbance was monitored
at a wavelength of 230-400 nm.

Size exclusion chromatography (SEC) was performed on a
TOSOH EcoSEC HLC-8320 GPC system (Tokyo, Japan) equipped
with an EcoSEC RI detector and three columns (PSS PFG 5 pm;
Microguard, 100, and 300 A) from PSS GmbH with M, resolving
range: 100-300,000 g/mol. DMF as solvent with 0.01 M LiBr was
used as the mobile phase at 50°C with a flow rate of 1 mL/min.
Poly (methyl methacrylate) (PMMA) standards between 700 and
2,000,000 g/mol were used for the calibration. The injection vol-
ume of PUR samples (3 mg/mL) was set to 20 pL.

Differential scanning calorimetry (DSC) measurements were per-
formed using a Mettler Toledo DSC 1 instrument (Greifensee,
Switzerland). Approximately 5 mg of PUR samples were placed
in 40 pL aluminum cups. The samples were then heated from 25
to 300°C with a heating rate of 10°C/min at a nitrogen (N,) flow
rate of 50 mL/min.

Fourier transform infrared spectroscopy (FTIR) was carried out
with a PerkinElmer 100 spectrometer (Massachusetts, USA)
equipped with an attenuated total reflection (ATR) setup. For
all the PUR samples, 16 successive scans over the range of
400-4,000 cm™' were performed. The background scan was
acquired without a sample present.

Scanning electron microscope (SEM) images were taken using a
FEI Quanta 200 FEG ESEM instrument (Oregon, USA). The PUR
film samples were coated with gold before the SEM analysis to
increase image quality. Images of the sample with different mag-
nifications were recorded at 10.0 kV using an Everhart-Thornley
detector (ETD) as a secondary electron (SE) detector.

2.4 | Enzyme Production and Purification

Chemically competent Escherichia coli C43 (DE3) were trans-
formed with plasmids containing the genes encoding HiC,
HiC mutants, and SP2 by established heat-shock protocols (for
GenBank IDs, see Supporting Information). Fresh lysogeny broth
(LB) medium (5mL; 10g/L tryptone, 5g/L yeast extract, and
10 g/L NacCl) containing 50 pg/mL kanamycin was inoculated
with the desired E. coli C43 (DE3) transformant and then incu-
bated at 37°C with 180 rpm shaking overnight. After incubation,
1 mL bacterial solution was added to a fresh 100 mL LB culture
medium supplemented with the same concentration of
antibiotic. The cell cultures were incubated at 37°C for 2-3h
until the optical density measured at 600 nm (ODggo) reached
0.6-0.8. Subsequently, 1 mM IPTG was added to the medium
to induce protein production. After incubation at 18°C for
24h, the cell pellets were harvested by centrifugation at
4,000g and 4°C for 10 min. They were then resuspended in
20 mL Tris-HCI buffer (25 mM, pH 7.5) and lysed by sonication
(45% power, 2 s pulse and 4 s off). The crude cell lysates contain-
ing enzymes were obtained after centrifugation at 4,000g for
20min. The AKTA pure protein purification system (GE
Healthcare, Illinois, USA) equipped with 1 mL HisTrap HP pre-
packed columns (Cytiva, Amersham, UK) was used to purify
enzymes of interest. Tris-HCl buffers (25 mM, pH 7.5) containing
20 and 250 mM imidazole were used to wash HisTrap columns
and elute the target enzymes, respectively. PD-10 columns
(Cytiva, Amersham, UK) were used to desalt the protein samples
against Tris-HCI buffer (25 mM, pH 7.5) as instructed by the
manufacturer. Concentration of protein samples was measured
using a NanoDrop Spectrophotometer (VWR, Pennsylvania,
USA), and purity was examined by SDS-PAGE (Figure S1).
Purified enzyme solutions were stored at 4°C.

2.5 | Enzymatic Hydrolysis of PUR Films

For the enzymatic hydrolysis assay, different weights of PUR
granules before and after heat treatment were dissolved in
20 mL THF to prepare 2.5, 5, 7.5, 10, and 15 mg/mL PUR films.
The polymer solution was cast in a 9 cm glass petri dish and was
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then left in the fume hood for the organic solvent to evaporate
overnight. The films were cut into pieces of ~1 x 1 cm? Both
untreated and heat-treated PUR films were then incubated in
500 pL Tris-HCl buffer (25 mM, pH 7.5) containing 20 pg purified
enzymes at 50°C and 180 rpm for 24 h. After reaction, these films
were washed three times with MilliQ water and dried at 50°C
until the weight did not change. The weight loss before and after
incubation was recorded to determine the extent of enzymatic
degradation. The representative films were photographed to
compare the enzymatic degradation of untreated and heat-
treated PUR. Furthermore, the weight loss of 15mg/mL PUR
films was measured with an increase in time up to 48 h. For
the enzymatic cascade degradation, PUR films (particle loading
of 15 mg/mL) were incubated with 20 pg HiC in 500 pL Tris-HCI
buffer solution (25 mM, pH 7.5) at 50°C for 24 h, followed by add-
ing 20 pg purified SP2 into the reaction solution, which was incu-
bated at 30°C and 180 rpm for another 24 h. The films incubated
with 20 pg single HiC or SP2 at 50°C or 30°C for 48 h were used as
control groups. Samples without any addition of enzymes were
set up as a blank control group.

2.6 | Analysis of the Degradation Product by
High-Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS)

After the enzymatic degradation, 500 pL reaction solution was
pipetted into a new 1.5mL Eppendorf tube. An equal volume
of cold acetonitrile (500 pL) was added to stop the reaction
and increase the solubility of the products. Samples of untreated
and heat-treated PUR films were filtered through a 0.22-micron
pore size syringe filter before being submitted to HPLC-MS
(Agilent 1260 Infinity II, USA). An X-bridge C18 column
(50 x 3.0 mm, 3.5 pm) was used to separate the products in the
reaction mixture. Mobile phases including acetonitrile (A) and
10 mM NH,HCO5/H,0 (B) were used under the 20%-97% gradi-
ent elution within 10 min. The injection volume was 2 pL. The
flow rate was set to 1 mL/min. The UV absorbance of products
was monitored using a diode array detector. The MS data was
collected under the default setup of the instrument. The quanti-
fication of MDA was performed based on the standard curve
(peak area vs. concentration ranging from 0.0005 to 5mM,
Figure S2).

2.7 | Molecular Docking

Autodock Vina (v1.1.2) [31] was used to analyze the interaction
between three building blocks of PUR and the cutinase HiC. The
protein structure (PDB ID: 40YY) was downloaded from the pro-
tein data bank (https://www.rcsb.org/), while three ligand struc-
tures were prepared using ChemDraw (v23.1.1), which were
structurally optimized using Avogadro (v1.1.0) [32] and exported
in PDB format. Before running final docking, ligands were pre-
pared by adding polar hydrogens and assigning Gasteiger
charges. Rotatable bonds were defined to allow full ligand flexi-
bility, and AutoDock-specific atom types were assigned; ligand
files were converted to the required PDBQT format. Autodock
Tools (v1.5.6) [33] were then employed for docking substrates
into the active pocket of the enzyme. The grid box with a size
of 40 x40 x 40 A was centered in the catalytic residues of the

S105-D160-H173 motif. The Lamarckian Genetic Algorithm
(LGA) was employed to search for the best conformers. All other
parameters were set to default values. The ligand conformations
with the lowest binding energy calculated by AutoDock’s scoring
function were selected as the best-docked pose (Table S1). The
generated complex of receptor and ligand was exported for fur-
ther analysis by visual inspection.

3 | Results and Discussion
3.1 | Characterization of the PUR Materials

Thermal depolymerization, such as pyrolysis, has been widely
used for plastic recycling. These processes are carried out under
elevated temperatures (450°C-800°C) and are amenable for
unspecific scission of polymer chains into fuels and other chemi-
cal products, instead of the original monomers [34]. Solvolysis,
such as hydrolysis, glycolysis, and alcoholysis, is suited for recy-
cling a wide range of condensation plastics. A closed-loop recy-
cling process for polyurethane was also demonstrated, where the
recovered polyols and isocyanates could be reused to produce
new PUR products [35]. Yet, challenges remain regarding the
economic cost of processing and technical complexity, as well
as the generation of by-products and residual wastes. In contrast,
thermal/heat treatment under relatively low-temperature expo-
sure has been demonstrated as a viable route of plastic decom-
position, which can also change the physicochemical properties
of polymer materials and enhance enzyme accessibility, facilitat-
ing further depolymerization [36]. Here, we hypothesized that
heating the PUR would result in altered material secondary
structure and reduced molecular weight to enhance accessibility
for the biocatalyst.

After applying relatively low-temperature heat pretreatment
(180°C for 4 h) in the absence of organic solvents and additional
catalysts, changes in the properties of polyether-polyester-based
PUR could be observed. Solubility tests showed that the heat-
treated PUR displayed a significant reduced solubility, with many
insoluble polymer fragments formed, whereas the untreated
material was dissolved well in the THF solution (~95% estimated
solubility, Figure S3). This might be attributed to the reaction of
residual functional groups (e.g. isocyanates), with urethane or
hydroxyl functionalities under heating conditions, leading to
the formation of allophanate-type crosslinks in the PUR [37].
Isothermal TGA analysis showed that the weight of PUR pellets
only slightly decreased from 7.65 to 7.63 mg (Figure 2a) during
this treatment, indicating that this PUR polymer has a high ther-
mal stability, and purely thermal degradation would require
harsher conditions. UV spectroscopy performed in DMF yielded
two peaks with increased absorbance around 260-290 nm and
310-320 nm after the heat-treatment process (Figure 2b), which
might correspond to the C=0 and N-H in the chromophores
formed by increased molecular movement, bond scission, and
oxidation in the PUR material [38]. SEC indicated that the
molecular weight decreased by nearly half (from 160,900 to
80,240 g/mol) (Figure 2c), while DSC analysis showed that the
melting temperature (Ty,) (from 215-205°C) and glass transition
temperature (T,) (from -40°C to -45°C) decreased post pretreat-
ment (Figure 2d,e). This can be explained by the reduced molec-
ular weight and increased mobility of the polymer chains [39].
FTIR showed the characteristic peaks of both N-H and C-H
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FIGURE 2 | Characterization of the commercial PUR material before and after heat treatment. (a) Isothermal TGA analysis. (b) UV spectroscopy.
(c) SEC analysis. (d) DSC measurement of Ty, values (endo up). (e) DSC measurement of T, values (endo up). Data collected during first heating cycle.

(f) FTIR determination of untreated and heat-treated PUR.

stretching at 3 302 and 2 918 cm ™, which indicated the presence
of urethane linkages within the polymer structure and aliphatic
chains in the soft segments of PUR, respectively. After heat
treatment, these two peaks became broadened and lost
sharpness (Figure 2f). This is a typical indicator of thermal
degradation involving chemical bond breaking and a decrease
in the abundance of the chemical groups. The split peak of the
C=0 group, typically around 1,720 and 1,705 cm™", indicates
the presence of both free and hydrogen-bonded urethane car-
bonyl groups in the PUR, respectively [40]. The stretching vibra-
tion peak at 1,636 cm™" could be attributed to the urea C=0
group that is connected to N-H via hydrogen bonding [41].
The disappearance of this peak suggested that bond or
network breaking and polymer chain scission occurred during
the heating process (Figure 2f). This is consistent with the
reduced molecular weight of PUR polymer observed before
(Figure 2c), which plays an important role in the degradation
of plastic polymers and copolymers by microorganisms and
corresponding enzymes [42-44].

Philipp et al. studied the changes in the molecular weight of
thermoplastic polyether- and polyester-based PURs under
thermal, hydrolytic, and UV degradation conditions for 14 days
[30]. They also found that a rapid decrease in the molecular
weight of both types of PURs occurred when exposed to ele-
vated temperatures (>175°C). Similarly, Gallorini et al. used
hydrothermal liquefaction (supercritical water at 250°C-
400°C) as a thermal pretreatment of a commercial polyester-
based PUR before enzymatic degradation [45]. By using
FTIR, they identified the N-H stretching band at 3,309 cm™?,
and the aromatic and aliphatic C-H stretching at around
3,000 cm™}, in line with our spectra.

3.2 | Enzymatic Degradation of PUR Films

Next, we performed the enzymatic degradation of PUR films, pre-
pared from the polyether-polyester-PUR, before and after heat
pretreatment. Cutinases (EC 3.1.1.74), belonging to the o/p-
hydrolase fold superfamily, and have been well-documented
regarding their ability to catalyze the hydrolysis of synthetic pol-
yesters [46]. For example, the cutinase HiC from Humicola inso-
lens (H. insolens) has been reported to hydrolyze poly(butylene
succinate) (PBS), poly(butylene succinate-co-adipate) (PBSA),
poly(e-caprolactone) (PCL), and poly(butylene adipate-co-
terephthalate) (PBAT) [47]. Notably, HiC is recognized as a
promising biocatalyst for the hydrolysis of (pretreated) PET
[48-50]. Targeting the ester moiety in a polyester-polyurethane
copolymer by HiC reduced its molecular weight by 42%-84% and
resulted in cracks on the surface of the corresponding polymer
films after incubation at 50°C for 168 h [51]. For these reasons,
we selected HiC as the model enzyme for ester bond hydrolysis in
this study.

Accordingly, purified HiC caused visible damage to the polyether-
polyester-based PUR films after incubation at 50°C for 24h
(Figure 3a). We assessed the effect of different polymer particle
loadings (from 2.5 to 15 mg/mL) after shredding on the degrada-
tion efficiency of the investigated PUR films, as differences in par-
ticle loadings can significantly affect the efficacy of degradation
due to altered accessible surface area as well as film performance
[52]. At particle loadings >5mg/mL, no damage to PUR films
could be observed without heat pretreatment. In contrast, the cuti-
nase HiC caused obvious damage to the heat-treated PUR films,
which were broken down into small pieces even at the highest
particle concentration of 15mg/mL after 24h incubation
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Enzymatic degradation of PUR films using H. insolens cutinase (HiC). (a) A comparative study of the enzymatic degradation

of untreated and heat-treated PUR films with different particle loadings after 24 h reaction at 50°C. The reaction system comprises the same
weight (~10 mg) of PUR films with a similar shape and 20 pg of enzyme in 25mM Tris-HCI buffer (pH 7.5). (b) Weight loss of PUR films
after 24 h incubation. (c) Weight loss of PUR films (particle load: 15 mg/mL) with time. (d) SEM of untreated and heat-treated PUR films
with and without enzymatic treatment for 48 h. For the heat-treated PUR film, wrinkled bulges and small cracks (lower right corner) were
observed after incubation with the enzyme. (e) HPLC spectra of released products from PUR films (particle load: 15 mg/mL) at 50°C for 24 h
with and without pretreatment and enzyme, respectively. (f) Mass spectra of the two major peaks (® and ®) of the highest intensity with m/z of

532.20 (®) and 490.20 (®).

(Figure 3a). Moreover, significantly higher weight loss was
recorded for heat-treated PUR films compared to the untreated
films (Figure 3b). It was found that the lower the particle
loading, the greater the mass loss for both untreated and
heat-treated PUR films. Notably, HiC caused more than 8%
weight loss of heat-treated PUR film (15 mg/mL) while less than
2% of the untreated control was recorded after 48 h incubation
(Figure 3c). The lost portion may respond to the formation of
microplastics, nanoplastics, or new products (see below). The
improved enzymatic degradation efficiency can be explained
by the changes in the structural properties described above
after heat treatment. Beyond reduction of molecular weight,
thermal treatment can increase chain mobility in PUR
elastomers, promoting hard-soft segment reorganization and
postcuring reactions that lead to covalent crosslinking. In the
polyether-polyester-PUR system under study, heat-induced
ester linkage interchange together with increased phase
separation, reduced degree of polymerization, and altered
surface morphology can expose or generate more enzyme-
accessible ester groups; thereby enhance enzymatic degradation
despite increased crosslinking. We also found that a higher
particle loading correlated with the increasing thickness of
the plastic films (Figure S4). The thickness of untreated PUR

films was generally higher than that of heat-treated PUR
films, contributing to lower enzymatic degradation. This is in
agreement with the biodegradation of PET films reported
before [53]. SEM images demonstrated wrinkled bulges and
cracks on the surface of heat-treated PUR films subjected
to the enzyme, whereas no obvious changes were seen on
the untreated PUR films after 48 h incubation (Figure 3d).
Overall, these data suggest that HiC exhibits increased degrada-
tion activity against the investigated PUR material after heat
pretreatment.

To complement the weight-loss experiments, putative degrada-
tion products from enzymatic depolymerization of polyether-
polyester-PUR films were analyzed by HPLC-MS. Two major
peaks from heat-treated PUR film were found in the spectra
using UV-detection, but not in the corresponding spectra from
the untreated PUR films (Figure 3e). Based on the mass
spectrum, these two peaks showed m/z at 532.2 and 490.2
(Figure 3f). We reason that HiC breaks down the ester bonds
in the PUR, releasing compounds or oligomers ©® and ®, dem-
onstrating the activity of HiC on ester bonds in the investigated
polyether-polyester-PUR. Interestingly, a previous report demon-
strated that the cutinase HiC preferentially hydrolyzed ester
bonds in a polyester-based PUR, while release of the MDA
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monomer was deteced according to liquid chromatography time-
of-flight/mass spectrometry (LC-MS-TOF) [51]. In contrast, and
as expected for a cutinase acting only on ester bonds, we
only observed the possible hydrolysis of ester bonds in the poly-
ether-polyester-based PUR, releasing compounds ® and @ in
this study.

The absence of MDA formation after single HiC degradation is
likely because the enzyme is not active on urethane bonds
compared to ester bonds which the enzyme can readily hydrolyze
[51]. We also took this observation as a sign that the complex
structure of the PUR material used in this study might hinder
enzymatic depolymerization by limiting enzyme access to the
substrate. Indeed, this type of polyether-polyester-PUR has excel-
lent transparency, chemical resistance, flexibility, and toughness,
making it a durable and wear-resistant high-performance elasto-
mer with a wide range of applications. For example, it can be
used as a shape memory polymer and a reinforcing material
to enhance the mechanical and thermal properties. This specific
PUR has good biocompatibility and supports endothelial cell pro-
liferation. It incorporates PCL (see Figure 1), which contributes
to its biodegradability, as numerous enzymes, particularly ester-
ases and cutinases, are known to catalyze PCL degradation [54].
The built-in PCL can also improve the hydrophobicity of the

polymer matrix and can be used to prepare PUR membranes
for effective gas separation [55] and to synthesize biomedical
hydrogels with good thermodynamic properties [56]. Therefore,
more degradation studies are needed to address the potential
issues of such PUR plastic waste accumulation in both clinical
and natural environments. In fact, most cutinases only have ester
bond hydrolysis activity, while a small number of cutinase shows
the promiscuous capability of amide or urethane bond hydrolysis
(e.g., amide bonds in polyamide 6.6) [57]. To unleash the full
potential of cutinases, an enzyme engineering strategy could be
used for creating durable and effective biocatalysts.

In addition to HiC, a number of novel cutinases, such as
BaCutl [58], CpCutl [59], and P1Cut1 [60] have been identified
from various microorganisms, exhibiting ester bond-degrading
activity in PURs. However, either Impranil DLN or polyester-
based PUR (e.g., PBA-PUR) was commonly used as a substrate
in these studies, which are generally more susceptible to enzy-
matic depolymerization [61, 62] due to scission of their ester
bonds. A direct degradation of polyether- or two-component-
based PUR materials remains challenging due to the inertness
of the ether bonds and the urethane unit, as well as the struc-
tural complexity of these substrates. Viable strategies targeting
plastic to chemical recycling of polyether-polyester-PURs could
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FIGURE 4 |

T UNH,

MDA

HPLC-MS analysis of degradation products of PUR films. (a) Two-enzyme cascade degradation of heat-treated PUR films to produce
monomer MDA. After incubation with HiC for 24 h, 20 pg purified SP2 was added and incubated at 30°C for another 24 h. Simultaneously, a single SP2 of

20 pg was added to the reaction in the absence of HiC at 30°C for 48 h. The MDA is confirmed by the commercial standard (Figure S2). (b) Quantification
of MDA concentration after enzymatic degradation. N.D: product not detected. (c) Proposed cascade depolymerization pathway of PUR. Two com-
pounds (© and @) with m/z of 532.20 and 490.20 were obtained by hydrolyzing the ester bonds in PUR (dotted box), followed by hydrolysis of urethane

bonds to yield monomer MDA. R and R’ indicate different side chains attached to the diamine-based backbone. The bold line indicates the higher

conversion efficiency observed for tandem biocatalysis using cutinase concomitant with urethanase.
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include cascade depolymerization in conjunction with enzyme
engineering.

3.3 | Enzymatic Cascade Depolymerization of
PUR to MDA

Scaled-up reactions were performed, attempting to isolate the
above-mentioned compounds (® and ®@). Unfortunately, suffi-
cient amounts for nuclear magnetic resonance (NMR) analysis
could not be obtained. We noted that the m/z peak of compound
@ at 532.20 could correspond to an oligomer with R equal to
6-hydroxyhexanoic acid (Figure S5), whereas the structure of
compound @ with an m/z value of 490.20, is difficult to infer.
Accordingly, we then explored whether there are urethane bonds
present in compounds @ and @ that could be further hydrolyzed
by a recently reported urethanase [16]. The urethanase SP2 was
recombinantly produced in E. coli, purified, and then added to
the reaction system to explore if the monomer 4,4’-methylene-
dianiline (MDA) could be produced through the hydrolysis of
urethane bonds. As expected, we found that the proposed inter-
mediates ® and ® could be transformed into MDA in the pres-
ence of HiC and SP2 enzymes (Figure 4a). Moreover, 4.6 pM

MDA was released when heat-treated PUR films (particle load:
15 mg/mL) were incubated solely using SP2, while 11.7 pM MDA
was obtained upon successive incubation with HiC and SP2
(Figure 4b). No detectable amounts of MDA were released from
control PUR films or films aged with HiC. A possible degradation
pathway based on HPLC analysis and accounting for detected
UV-active peaks is proposed in Figure 4c, where the PUR mate-
rial can be degraded into its monomer MDA at a high concen-
tration through a two-enzyme cascade depolymerization. A
similar enzymatic cascade depolymerization by the amidase
GatA250 and the leaf-branch compost cutinase (LCC) resulted
in a 1.8 time increase in the production of MDA from a polyester-
based PUR [63]. In comparison, around 3 pM MDA monomer
was produced when a model TPU (particle load: 0.2 mg/mL)
was incubated with single urethanase SP1 (1 mg/mL) [15].

When it comes to dual enzyme catalysis, this technique has
already been widely applied for PET depolymerization. For
example, Knott et al. reported a dual enzyme system (PETase
and MHETase from Ideonella sakaiensis) for deconstructing
PET by utilizing one enzyme to first convert the polymer into
more soluble intermediates and another enzyme to produce
monomers, indicating that nature has developed similar
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Docking study of HiC against three building blocks. Three different types of repeating units, named building block 1 (a), building block

2 (b), and building block 3 (c), were docked into the active pocket of HiC. The best poses were selected for protein-ligand interaction analysis.

Note: residues labeled with “G” are L-type amino acids.
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deconstruction strategies for synthetic plastics [64]. Sun et al.
engineered a two-enzyme system containing a robust cutinase
(HRC) for the first-step PET depolymerization and an esterase
PCEST (Pyrobaculum calidifontis VA1) for decomposing the
PET intermediate product [65]. The synergistic activity of the
HRC-PCEST significantly enhanced the breakdown of PET,
releasing more monomer TPA. In addition, Li et al. identified
two BHETases (ChryBHETase and BsEst), which were combined
as a two-enzyme system to yield up to 7.0-fold improved TPA
production compared to seven state-of-the-art PET hydrolases
[66]. Even for mixed or blended polymers containing PET,
PBAT, and TPU, a dual-enzyme system consisting of the engi-
neered polyester hydrolase PES-H1 FY and the urethanase
SP2 could be used for depolymerization in a one-pot manner
[67]. Complementary, our dual enzyme system addressed the
depolymerization of polyether-polyester-based PUR for the first
time. Combining cutinase HiC and urethanase SP2 achieved
nearly 3-fold improved MDA monomer yield, which will
certainly inform future efforts in the biological recycling and
upcycling of PUR plastic wastes.

3.4 | Substrate Specificity of HiC Toward Three
Building Blocks

In light of the structural complexity of the polyether-polyester-
PUR, we intended to explore the substrate specificity of HiC
toward the three repeating units (Figure 1). Molecular docking
was used to understand the ligand-protein interactions of three
representative building blocks (Figure 5) comprising the different
repeating units of the PUR investigated (Figure 1). Key amino
acid residues responsible for the enzyme-substrate interactions
are shown in Figure 5.

Molecular docking is a well-established computational approach
that has been extensively used for simulating and analyzing the
interactions between small molecules and proteins. It offers sig-
nificant advantages (e.g., rapid and cost-effective) over experi-
mental methods such as X-ray diffraction, solution NMR, and
electron microscopy [68]. Here, we used molecular docking to
understand the different interactions between three monomeric
units and the enzyme HiC. Several important amino acid
residues responsible for the formation of hydrogen bonds,
Pi-Alkyl, Pi-Sigma, and van der Waals interactions were uncov-
ered. Two hydrogen bonds were found between building block 3
that contains the ester bond and HiC, while only one hydrogen
bond was formed between the building blocks 1 and 2, compris-
ing urethane units and the enzyme. Hydrogen bonds are highly
pertinent to enzymatic catalysis, which contribute to the reaction
by facilitating the formation of productive enzyme-substrate (ES)
complexes and further stabilizing the transition state (TS) [69].
The single hydrogen bond formed between building block 1,
2, and the enzyme involved Tyr104 and His173 and the urethane
NH (Figure 5a,b), while the two hydrogen bonds between
enzyme and building block 3 involved the side chain NH, group
of Asn69 and the side chain OH group of Ser105 (Figure 5c).
Given that Ser105 is one of the catalytic residues of HiC
(S105-D160-H173), forming the hydrogen bonds may assist it
as a nucleophile attacking the carbonyl carbon in building block
3 to form a covalent bond, initiating a catalytic hydrolysis of ester
bonds, and eventually releasing the compounds ® and @ intro-
duced above. An energy minimization of this docked structure

using YASARA [70] and the AMBER14 force-field [71] demon-
strated a nucleophilic attack distance of 3.7 A between the react-
ing Ser Oy and the carbonyl carbon of the building block 3
(Figure S6).

More interestingly, both Asn69 and Ser105 form the hydrogen
bonds through connection to the oxygen atoms in the ester bond,
whereas Tyr104 and His173 form one hydrogen bond via the
hydrogen atoms in the N-H part of MDA. The oxyanion hole
is formed by the side chain of Ser28 and the backbone of
GIn106, which stabilizes the negative charge of the tetrahedral
TS during catalysis. Following nucleophilic attack on the Si face
of the carbonyl carbon of building block 3, the oxyanion hole is
formed. More stabilizing interactions facilitating the binding of
building block 3 to the enzyme include Pi-alkyl formed by res-
idues Tyr104 and Leu66, Pi-sigma by residues Ile169 and Leul74,
as well as van der Waals interactions by residues Ser28, Thr29,
Phe70, Thr135, Vall162, Leul67, Ile168, and His173. This might
explain the high preference of the enzyme toward the ester-bond
hydrolysis. Still, it should be noted that a limitation of the dock-
ing approach used in this study is that the protein was treated as a
rigid structure during the simulations, with only the catalytic
triad (S105-D160-H173) set as flexible residues. Consequently,
overall conformational flexibility of enzymes and potential
induced-fit effects upon ligand binding were not explicitly con-
sidered, which may influence the accuracy of the predicted bind-
ing modes and affinities (Table S1).

3.5 | PUR Degradation by HiC and Its Two
Mutants

Two HiC variants - the single-mutant (SM) 1169Q and the
double-mutant (DM) L66H/1169Q with enhanced promiscuous
amidase activity and previously generated by us [72] - were
employed to further improve the degradation efficiency. They
were designed based on the hypothesis that introducing a hydro-
gen-bond acceptor to the scissile NH group of the substrate in the
TS of HiC would increase the specificity toward amide groups.
Specifically, L66 and 1169 were identified as hotspot residues
in HiC based on structural comparison of a corresponding TS
model of prolyl oligopeptidase that share the same «,p-hydrolase
fold and that displays a hydrogen bond to the reacting amide of
its canonical substrate. Molecular modeling of the HiC mutants
1169Q and I169Q/L66H indeed showed altered H-bonding
interactions to the reactive bond in the substrate [72]. For this
reason, we were interested to explore the impact of these muta-
tions on performance of substrates that contain both C—O and
C—N scissile bonds. The results in this study indicated that both
HiC_SM and HiC_DM exhibited enhanced degradation activity
against PUR films, with increased weight loss after 24 h incuba-
tion (Figure 6a). Docking studies demonstrated that Q169 of
HiC_SM was able to form a hydrogen bond to one of the carbonyl
oxygens in the ester part of the substrate, while both H66 and
Q169 residues in HiC_DM contributed to the van der Waals
interactions with building block 3 (Figure S7). When incubation
time increased to 48 and 72 h, these two mutants showed a slight
decrease in activity since the weight loss did not continuously
increase with time (Figure 6b). This might be related to the
reduced stability of the variants, which is also suggested by
the detection of compounds @ and @ over time by HPLC analysis
(Figure 6c).
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FIGURE6 | Degradation of polyether-polyester-PUR films by HiC and two variants. (a) Weight loss of PUR films (particle loading of 15 mg/mL) after
enzymatic reaction at 50°C for 24 h. The reaction system includes the same weight (~10 mg) of PUR films with a similar shape and 10 pg pure enzyme in
Tris-HCl buffer (25 mM, pH 7.5). (b) Weight loss of PUR films with increasing time up to 72 h. (c) Calculation of the peak area of the two intermediates ©

and @ (shown in Figure 4c) in HPLC spectra with time up to 72 h.

Our previous study showed that cutinase HiC hydrolyzed
both ester and amide bonds in the substrates investigated.
However, the hydrolysis of amide bonds was significantly slower
than the cleavage of ester bonds. Satisfyingly, the two improved
mutants (featuring an amidase-like hydrogen bond into the
TS of cutinase HiC) showed a nearly 50-fold increase in hydro-
lysis of the amide over ester bond in p-nitrobutyranilide and
p-nitrophenyl butyrate substrates, respectively, compared to
the wild type enzyme [72]. Similar results were obtained in
the study aiming at switching the substrate specificity of cuti-
nases from Thermobifida cellulosilytica and H. insolens toward
amide bond hydrolysis [73]. Through enzyme engineering, it
was reported that a reallocated water network for hydrogen bond
formation was generated to enhance the stabilization of the tran-
sition state during the enzymatic catalysis. When applied to poly-
amide hydrolysis, the HiC variants afforded increased catalytic
efficiency.

In the present study, we also observed the increased degradation
activity of HiC mutants toward the commercial PUR, with an
increase in the weight loss of films. Compared to the HiC wild
type, we assumed that the specific hydrogen bonds (HiC_SM:
from sidechain of Q169 to the carbonyl oxygen of ester
group and backbone C163 to the oxygen of urethane group;
HiC_DM: side chain carbonyl of N69 accepting a hydrogen bond
from the urethane group and S105 to the oxygen of ester bond)
formed between the polymer substrate and HiC variants might
help to stabilize the TS, and in turn lower the activation energy
and increase the enzyme’s activity. Effects on substrate associa-
tion are also possible, and apart from altered hydrogen bonding
patterns, additional interactions such as sulfur-X and z-lone pair
formed by C163 and S28 with the building block 3 in HiC_SM,
alkyl and z-lone pair formed by L174 and S28 with the substrate
in HiC_DM might enhance the affinity toward the polymer.
However, according to HPLC analysis, we did not observe the
formation of the monomer MDA from PUR films. Even though
these mutants displayed an enhanced hydrolysis activity toward
amide bonds, it might still be difficult to hydrolyze the highly
stable N-aryl carbamate bonds in PURs or the intermediate deg-
radation products (e.g., ® and ®@). Further analysis of the sites of
the HiC_SM and HiC_DM demonstrated that 1169 was located at
the top loop structure of the protein (Figure S8). Since mutations

in loop regions can increase flexibility and entropy, affecting the
folding of enzymes, replacing the amino acid residues (from I
to Q) might contribute to the decreased thermal stability [74].
Moreover, unlike rigid secondary structures such as a-helices
and p-sheets, loops rely on a delicate balance of weak interactions
(e.g., hydrogen bonds, hydrophobic contacts) to maintain their
architecture. Mutations can easily disrupt these interactions,
increase local flexibility, or cause misfolding, which in turn
affects enzyme activity. Additionally, loops frequently partic-
ipate in substrate binding or help position catalytic residues.
Consequently, altering their amino acid composition can com-
promise both structural stability and proper active-site geometry,
leading to reduced enzyme stability/activity. In the future, more
efforts are needed to explore the residues responsible for the ure-
thane bond hydrolysis and protein stability by using structure-
based rational design. The resulting bifunctional enzyme would
be expected to achieve enhanced- or even complete- depolymeri-
zation of PUR in an innovative and eco-friendly process.

4 | Conclusions

In the present study, we investigated the depolymerization of a
commercial polyether-polyester-PUR through the combination
of low-temperature thermal treatment and enzymatic cascade
hydrolysis. The thermal pretreatment altered the structural prop-
erties of PUR, which were determined using UV-Vis, DSC, SEC,
and FTIR techniques. Compared to other established methods
like pyrolysis, solvolysis, and glycolysis, for example, low-
temperature thermal pretreatment offers advantages, such as
being solvent-free, reduced energy consumption and costs, sim-
ple operation independent of additional (metal) catalysts, and
being environmentally friendly. Moreover, it might be applicable
prior to the large-scale depolymerization of postconsumer plastic
wastes and will be further investigated in the future, together
with an optimization of heat pretreatment conditions.

The enzymatic hydrolysis enabled increased weight loss with
time, which could be confirmed by surface modifications of
PUR films. Two degradation products were identified using
HPLC-MS after incubation with cutinase HiC for 24h.
Furthermore, the addition of the urethanase SP2 achieved the
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depolymerization of PUR into its constituent monomer MDA.
A 3-fold increase in the MDA monomer yield was obtained when
compared to using the urethanase SP2 alone. Molecular docking
indicated the high substrate specificity of HiC toward ester
bond-containing building block 3 inside the polymeric units,
with two hydrogen bonds formed. In addition, two previously
established HiC variants exhibited increased degradation activity
against PUR films within 24 h. Overall, this study provides an
advanced concept for the depolymerization of polyether-polyes-
ter-PUR, with great potential for industrial applications in the
recycling of PUR plastic waste and beyond.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: SDS-PAGE of purified
enzymes. (a) WT: wild-type HiC, SM: single mutation =1169Q, and
DM: double mutation = L66H/1169Q. (b) Purified urethanase SP2 from
different wells in the fraction collector of AKTA. Supporting Fig. S2:
Standard curve of MDA. (a) HPLC spectra of different concentrations
of MDA (0.0005-5mM). Retention time of MDA is at 1.983 min. (b)
Linear standard curve of MDA (concentration vs. peak area).
Supporting Fig. S3: Solubility test of PUR before and after heat treat-
ment. (a) Representative images of PUR samples with different particle
loads (from 2.5 to 15 mg/mL) in THF. “Un” stands for the untreated PUR
samples, and “T” indicates the heat-treated samples. (b) Solubility of
untreated PUR and heat-treated PUR in THF. All samples were dissolved
in 20mL THF at room temperature overnight. The insoluble residues
were subsequently collected using centrifugation at 5,000g and 20°C
for 15 min, dried in the fume hood for 24 h, and weighed for calculating
the solubility (g per 100 g THF). Supporting Fig. S4: Measurement of the
thickness of PUR film before and after heat pretreatment. Supporting
Fig. S5: Possible structure of compound @ with m/z of 532.20 in its
ammonium-complexed form ([M+NH,]*; m =18.04 g/mol). Molecular
weight of compound © is 514.20. Supporting Fig. S6: Analysis of a

docked energy-minimized structure by YASARA. It shows a nucleophilic
attack distance of 3.7 A between the reacting Ser Oy of the cutinase HiC
and the carbonyl carbon of the building block 3. Supporting Fig. S7:
Docking results of HIC_SM (a) and HIC_DM (b) with building block
3. Interactions between the substrate (building block 3) and the two
mutants’ residues were identified in different colors. Supporting Fig.
S8: Positions of residues L66 and 1169 in the structure of HiC (PDB
ID: 40YY). Supporting Table S1: Selected poses of three PUR building
blocks after docking.
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