u

) <

The University of Osaka
Institutional Knowledge Archive

Exploring enzymatic degradation, reinforcement,
Title recycling, and upcycling of poly(ester)-
poly(urethane) with movable crosslinks

b () ;lu, Jiaxiong; Ikura, Ryohei; Yamaoka, Kenji et

Citation |[Chem. 2025, 11(2), p. 102327

Version Type|VoR

URL https://hdl.handle.net/11094/100602

This article is licensed under a Creative

rights Commons Attribution 4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Chem

Exploring enzymatic degradation, reinforcement,
recycling, and upcycling of poly(ester)-
poly(urethane) with movable crosslinks

Graphical abstract

polymer structure and reaction condition

Enzymatically Sustainable Polyurethane Resources

Showing dependence on

nzymatic

Reinforcement
[ Toughening Polyurethane [EESSESssSRsSssss o "

........

[ Efficient Degradation

9 Enzymatic ~
* Closed-loop Recycling '/

M Novel Reinforcement

[ Versatile Resources

Enzymatic 1

Upcycling
[ Selective Upcycling

Highlights

Introducing cyclodextrin-based movable crosslinks
toughens polyurethane

Enzymatic degradation of polyurethane is optimized due to
the bulky cyclodextrin

Novel enzymatic reinforcement strategy to enhance
polyurethane mechanical properties

Enzymatic closed-loop recycling and selective upcycling

9 ot [l 12 G
ANDPRODUCTION

Authors

Jiaxiong Liu, Ryohei Ikura,
Kenji Yamaoka, ..., Junsu Park,
Hiroshi Uyama, Yoshinori Takashima

Correspondence

uyama@chem.eng.osaka-u.ac.jp (H.U.),
takasima@chem.sci.osaka-u.ac.jp (Y.T.)

In brief

A facile polymer structure design
combined with enzymatic reaction was
developed to achieve tough and
sustainable polyurethane (PU) resources.
Introducing cyclodextrin-based movable
crosslinks toughened the poly(e-
caprolactone)-poly(urethane) (PCL-PUs)
and optimized the enzymatic degradation
efficiency. Under reaction time control,
molecular weight and mechanical
properties of PCL-PUs with movable
crosslinks were enhanced by a novel
enzymatic reinforcement strategy. The
prepared polymers can be enzymatically
closed-loop recycled by switching the
reaction concentration or upcycled into
value-added polymers with selective
substrates.
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THE BIGGER PICTURE Developing tough and sustainable polymer resources, such as polyurethane (PU), is
an effective method to address the issue of polymeric materials waste. Enzymes are highly efficient and sus-
tainable biocatalysts, emerging as an ecological technology to advance the circular plastics economy. How-
ever, enzymatic degradation is restricted by crystallization in solids or aggregation in the solution of poly-
meric materials.

Herein, we introduced bulky cyclodextrin-based movable crosslinks to toughen PU and facilitate the enzy-
matic degradation toward more sustainable PU resources. Under selective reaction conditions, enzymatic
degradation, reinforcement, recycling, and upcycling of PU with movable crosslinks were successfully per-
formed, highlighting the significance of polymer structure and reaction condition design. The innovative com-
bination of polymer structure design and enzymatic reaction has the potential to be applied to diverse poly-
mer resources, thereby contributing to a sustainable world.

SUMMARY

Enzymes are highly efficient, chemoselective, and sustainable biocatalysts, standing out as eco-friendly
tools to advance the circular plastics economy. Herein, we explored enzymatic reactions of poly(e-caprolac-
tone)-poly(urethane) (PCL-PUs) in organic solvent under different reaction conditions using Novozym 435
(immobilized lipase) as the enzyme. PCL-PUs with triacetylated y-cyclodextrin (TAcyCD)-based movable
crosslinks (PCL-yCD-PU) not only exhibited excellent mechanical properties due to effective energy dissipa-
tion, but also efficient enzymatic degradation that was optimized for increases in TAcyCD content. Under re-
action time control, molecular weight and mechanical properties of PCL-yCD-PU were enhanced by a novel
enzymatic reinforcement strategy. Without sorting, the degraded products are versatile resources that can
be enzymatically closed-loop recycled by switching reaction concentration or enzymatically upcycled into
value-added polymers by mixing with selective substrates. The facile polymer structure design combined
with enzymatic reactions is expected to provide a broad approach for toughening various polymeric mate-
rials and advancing their development as sustainable resources.

INTRODUCTION ing the polymeric materials waste disposal problem, advancing

polymeric materials, such as polyurethane (PU), to function as
Tough polymeric materials play a significant role in modern  sustainable resources would be more effective and eco-
development, while their end-of-life waste has become an ur-  friendly.*® Owing to the easy and tunable polyaddition of a
gent environmental issue.’ Instead of focusing solely on solv-  diol (or polyol) onto a diisocyanate to form stable urethane

'._} Chem 11, 102327, February 13, 2025 © 2024 The Author(s). Published by Elsevier Inc. 1
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linkages, PU has remarkable chemical diversity and durability,
which make it applicable in many areas, such as foams, adhe-
sives, coats, and elastomers.”® However, these beneficial prop-
erties of PU also limit the opportunity for energy-efficient degra-
dation and recycling.®'® As a result, most end-of-life PU is still
landfilled or incinerated, leading to waste disposal problem.
The developed method that focuses on urethane linkages is
promising, while the low reactivity under mild conditions hinders
development.®~'" Alternatively, the introduction of polyols (e.g.,
polycaprolactone and polylactide) with readily cleavable bonds,
through which PU can be easily broken down and recomposited
as circular polymer resources, is broad, sustainable, and energy-
saving.10’12’19

Numerous catalysts have been developed to solve the issue
mentioned above.?’*? Compared with chemical processes,
enzymes are highly efficient, chemoselective, and sustainable
biocatalysts that have been developed in academia and indus-
try, standing out as environmentally benign technology.?*2"
With a broad range of substrates and reaction types, enzymes
hold great potential for advancing the development of various
polymeric materials with complex chemical compositions and
structures into sustainable resources.’”’ In addition, en-
zymes exhibit a powerful ability to selectively attack specific
groups while leaving the others intact under mild conditions,
affording the opportunity to deconstruct complex PU into spe-
cific building blocks for recycling or upcycling.?’° Lipase-
catalyzed degradation of poly(urethane-ester) in organic
solvent produced ester-breakage products,®’ which can
potentially be recycled or further upcycled using the same
lipase.®*%*

However, crystallization in solid or chain aggregation in solu-
tion of polymeric materials hinders the access of polymer sub-
strates to enzymes, thus resulting in relatively low enzymatic ef-
ficiency.***° Paradoxically, to meet modern demands, strong
interactions or aggregation between polymer chains are needed
to maintain the mechanical properties of polymeric mate-
rials.*~** Without adequate mechanical properties, the practi-
cality and applications of polymeric materials would be severely
limited. To this end, a facile approach to polymer structure
design is needed to balance the contradiction. Previously, we
successfully weakened the chain interactions and improved
the mechanical properties of PU by introducing bulky cyclodex-
trin (CD)-based movable crosslinks,*> which may facilitate enzy-
matic reactions of polymeric materials. Moreover, CDs are
commercially available, nontoxic, and biodegradable and have
been widely developed, ranging from polymeric materials to
biomedicine.**>* Thus, CD-based movable crosslinks com-
bined with enzymatic reactions may contribute to designing
tough and sustainable PU resources to enhance their circular
economy.

Herein, we prepared poly(e-caprolactone)-poly(urethane)
(PCL-PUs) with different structures and studied their reactions
catalyzed by Novozym 435 as the enzyme in organic solvent.
PCL-PUs with triacetylated y-CD (TAcyCD)-based movable
crosslinks (PCL-yCD-PU) exhibited excellent mechanical prop-
erties and enzymatic degradation efficiency. Further investiga-
tion demonstrated that the enzymatic reaction behaviors of
PCL-yCD-PU can be regulated by reaction conditions, including

2 Chem 11, 102327, February 13, 2025
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enzyme contents, reaction time, concentration, and substrate
structures. Thus, under selective reaction conditions, enzymatic
degradation, reinforcement, recycling, and upcycling of PCL-
vCD-PU were successfully performed for more sustainable PU
resources (Figure 1). Impressively, different catalyzed reaction
behaviors of PCL-yCD-PU were achieved by one enzyme, high-
lighting the power of enzymes in addressing polymeric materials
and the significance of polymer structure and reaction condition
design.

RESULTS AND DISCUSSION

Polymer design and preparation

PCL-PUs with three kinds of polymer structures named PCL-
vyCD(x)-PU (movable crosslinks), /PCL-PU (linear structure),
and PCL-C(y)-PU (N, N, N', N'-tetrakis(2-hydroxyethyl)ethylene-
diamine) (THEED)-based covalent crosslinks) were prepared
through convenient one-step polymerization (x = mol % of
TAcyCD and y = mol % of THEED in PCL-PUs, respectively).
The synthetic procedure of PCL-yCD(x)-PU is shown in
Figure 2A. The mixture of TAcyCD-diol and PCL-diol
(M, = 3.5 kDa) was under sonication (power at 40 W and oscilla-
tion frequency at 42 kHz) at 60°C for 30 min to form the host-
guest complexes, which were then reacted with hexamethylene
diisocyanate (HDI) in dry N, N-dimethylformamide (DMF) cata-
lyzed by dibutyltin diacetate (DBTDA) at 60°C under N,. After
24 h, the reaction solution was directedly precipitated into a
cold solvent of dichloromethane (DCM)/MeOH to obtain the
PCL-yCD(x)-PU. Films were prepared via solvent casting in
Teflon mold and then cut into dumbbell shapes used for tensile
testing. For comparison, /IPCL-PU (Figures 2B and S11) and
PCL-C(y)-PU (Figures 2C and S14) were prepared through
same one-step polymerization. The prepared films of PCL-PUs
are similar in color and transmittance regardless of the polymer
structures, as outlined in Figures 2D-2F and S23. The gel perme-
ation chromatography (GPC) results of PCL-PUs were shown in
Figure S24 and Table S3.

Subsequently, the chemical structures of PCL-PUs were char-
acterized with nuclear magnetic resonance (NMR) spectroscopy
and Fourier transform infrared (FTIR) spectroscopy. Compared
with PCL-diol, the chemical shift of proton at 4.70-4.90 ppm
and carbon at 156.81 ppm belonging to the carbamate group
(-NHCOO-) in 'H NMR and '3C NMR, respectively (Fig-
ures S5-S10, S12, S13, and S15-520), corresponding to the
appearance of N-H stretching bands at 3,400-3,380 and
1,535-1,520 cm~ " belonging to carbamate group in FTIR (Fig-
ure S25), indicate that PCL-PUs successfully formed.*' Further-
more, the movable crosslinks in PCL-yCD(x)-PU were confirmed
with 2D "H-"H nuclear Overhauser effect spectroscopy (NOESY)
NMR measurements, which showed significant correlation sig-
nals between the interior protons of TAcyCD and the polymer
backbone (Figures S21 and S22). Notably, most ester stretching
bands were free (1,720 cm™" in FTIR) because of the small
carbamate bond proportion and flexible long PCL chain, which
resulted in low contents of hydrogen bonds in PCL-PUs.*®
Further characterizations by differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) showed that the
introduction of TAcyCD-based movable crosslinks has effects
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Figure 1. Conceptual figure showing the enzymatically sustainable resources of poly(c-caprolactone)-poly(urethane) with TAcyCD-based

movable crosslinks catalyzed by Novozym 435 as the enzyme

on the thermal properties. The glass transition temperature (T)
of PCL-C(y)-PU was similar to that of /IPCL-PU regardless of
the THEED content, indicating that the small THEED molecule
with low contents showed little effect on the thermal properties.
By contrast, the T, of PCL-yCD(x)-PU was obviously higher than
that of PCL-PUs without movable crosslinks and gradually
increased as the TAcyCD content increased, which can be
attributed to the bulky structure and intrinsically high T, of the
crosslinking TAcyCD components that can affect the polymer
structure and thermal properties (Figure S26; Table S4).°* Simi-
larly, the introduction of TAcyCD with high thermal stability has
positive effect on PCL-yCD(x)-PU. As a result, the decomposi-
tion temperature of PCL-yCD(x)-PU (decomposition tempera-
ture at 5 wt % loss, Tq59 > 290°C) was higher than that of the

other polymer structures, and the complete decomposition tem-
perature increased as the TAcyCD content increased (Fig-
ure S27; Table S5).

Mechanical properties of PCL-PUs

The introduction of TAcyCD-based movable crosslinks was ex-
pected to improve the mechanical properties of PCL-PUs, which
were evaluated by tensile testing at a deformation rate of 1 mm/s
(Figure S28). Despite the similar physical appearances in the
films, the mechanical properties were distinguished between
different polymer structures (Figure 3A). According to stress-
strain curves shown in Figures 3B and 3C, the mechanical prop-
erties of PCL-yCD(x)-PU, including stiffness and ductility, were
obviously better than those of /IPCL-PU and PCL-C(y)-PU. In
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(A) Preparation of PCL-yCD(x)-PU (movable crosslinks).
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(B and C) Chemical structures of (B) IPCL-PU (linear structure) and (C) PCL-C(y)-PU (covalent crosslinks).
(D-F) Film photographs of (D) PCL-yCD(9)-PU, (E) IPCL-PU, and (F) PCL-C(9)-PU.

particular, the fracture stress increased from 9.1 + 1.6 MPa for
IPCL-PUs to0 28.4 + 0.6 MPa for PCL-yCD(5)-PU, and the fracture
strain increased from 455 + 11% for IPCL-PUs to 1,703 + 21%
for PCL-yCD(5)-PU, with only the addition of 5 mol % (3.4 wt
%) TAcyCD. The high mechanical improvement can be attrib-
uted to the TAcyCD-based movable crosslinks that efficiently
dispersed the local stress in PCL-yCD(x)-PU."” However, PCL-
vCD(9)-PU with much higher TAcyCD contents (9 mol %, 6.2
wt %) performed poorly. The excessively high TAcyCD-based
crosslinking points limited the movable ranges, thus causing
stress localization and brittle network, which was similar to the
negative role played by covalent crosslinks in PCL-C(y)-PU as
the THEED content increased (Figure 3C).*"*°

Toughness and Young’s modulus (Figure 3D) were calculated
from stress-strain curves, which are important indices of me-
chanical properties. Although covalent crosslinks greatly
improved Young’s modulus as the THEED content increased,
the toughness of PCL-C(y)-PU reduced significantly, indicating
that PCL-C(y)-PU are too brittle for practical application. Simi-

4 Chem 11, 102327, February 13, 2025

larly, the Young’s modulus increased as the TAcyCD-based
crosslinks content increased. PCL-yCD(9)-PU exhibited the
highest Young’s modulus (131.4 + 13.2 MPa). The toughness
of PCL-yCD(x)-PU first increased and then decreased as the
TAcyCD content increased, and thus, PCL-yCD(5)-PU exhibited
the highest toughness (250.1 + 10.1 MJ m~3). Consequently, the
introduction of TAcyCD-based movable crosslinks in PCL-PUs
plays a significant role in achieving comprehensive mechanical
property improvements.

Exploring the effect of polymer structures on the
enzymatic reactions with 20 wt % Novozym 435

The enzymatic reaction of PCL-PUs was carried out in dry
toluene to investigate the potential effect of polymer structures.
Given the chemical stability and low reactivity of carbamate
group (urethane linkage) under mild conditions, the enzymatic
reaction was focused on the ester bond belonging to the PCL
segment. Among commercially available enzymes that are
reactive on ester bonds, Novozym 435 is a frequently used



Chem

¢? CellPress

OPEN ACCESS

A : . .
Movable Crosslinks Linear Structure Covalent Crosslinks
000,
o® %0, 99°
Peooee .
000 %00,
409°%%0 %000000°°°° %%, ©09900000°
Y ° oooago.:
N%“QQQO 90000000
PCL-yCD(x)-PU IPCL-PU PCL-C(y)-PU
(x =mol% of TAcyCD in PCL-PUs) (y = mol% of THEED in PCL-PUs)
B - Cc 15 D 500 Movable Crosslinks
PCL-yCD(5)-PU 1 PCLCD(5-PU |
. 25 . g 250 1 ® i
PCL-yCD(2)-PU ;
S 20 £ 104 IPCL-PU =200 A 4 i
g1 7 e gso| 1__PeLycooPy
<) 2 c :
& 10 PCL-yCD(2)-PU » S PCL-C(2)-PU 5,100 covalent Grosslinks
| 3 peLpy ! PCE :
5H Enlarged || PCL-C(5)-PU 2 504 ~a C(2-PU PCL- !
o | ) [El-===" —: g i * c(5)-Pu i
0 500 1000 1500 2000 0 100 200 300 400 500 075 100 125 150 175 200
Strain / % Strain / % Young's Modulus / MPa

Figure 3. The mechanical properties of PCL-PUs
(A) Schematic network of PCL-yCD(x)-PU, IPCL-PU, and PCL-C(y)-PU.

(B and C) Stress-strain curves of (B) PCL-yCD(x)-PU and (C) /IPCL-PU and PCL-C(y)-PU.
(D) Relationship between toughness and Young’s modulus of PCL-yCD(x)-PU, /IPCL-PU, and PCL-C(y)-PU. Error bars represent the standard deviations based

on three independent experiments.

and powerful immobilized lipase B from Candida antarctica
(Novozym 435 contains 20-30 wt % pure lipases in a micropo-
rous acryl resin),*® which can selectively catalyze a variety of
aliphatic and aromatic ester-based reactions, including esterifi-
cation, transesterification, polymerization, and degradation in
organic solvents.?®°"~%® Figure 4A shows the experimental pro-
cedure with Novozym 435. The enzyme contents were deter-
mined as 20 wt % compared with the weight of PCL-PUs.
The PCL-PU concentration was determined to be 10 mg/mL
in dry toluene. Small amounts of molecular sieves 3A were
added to remove trace water. PCL-PUs and degraded prod-
ucts are soluble in dry toluene during the reaction (Figure 4B).
At each reaction time, part of the solution was collected for
GPC measurement to evaluate the relationship between num-
ber-average molecular weight (M,) and reaction time in the
enzymatic reaction.

As the reaction proceeded, the peak at high retention time
(19.3-20.2 min) in the GPC diagram (Figures S30-S36) newly
appeared as the signal belonging to the generated monomers
(oligomers) due to the enzymatic breakage of ester bonds (Fig-
ure S29A). Although the peak intensity belonging to PCL-PUs
decreased, the M, first increased and then decreased as the
reaction time increased. For a short time at the beginning, since
there are few generated linear monomers (oligomers) in dry
toluene, the in situ transesterification between enzyme-PCL in-
termediates and other long PCL chains with terminal hydroxyl
groups dominates to form longer polymer chains and regen-
erate the free lipases (Figure S29B), thereby increasing the
M, (Figure 4F).5%° As enzymatic reaction proceeded in dry
toluene, the accumulated linear monomers (oligomers) with ter-
minal hydroxyl groups can backbite to form the cyclic struc-

tures (intramolecular transesterification) or cleave the polymers
to produce more linear monomers (oligomers), which shifted
the thermodynamic reaction equilibria toward overall degrada-
tion (Figure S29C). Notably, the reaction efficiency was different
depending on the polymer structures. In particular, M,, of PCL-
vyCD(9)-PU with 9 mol % TAcyCD decreased from 44.8 to
4.4 kDa after only 36 h (Figure 4C), demonstrating the efficient
enzymatic degradation. When the TAcyCD content decreased
to 5 and 2 mol %, a longer degradation time was observed,
as PCL-yCD(5)-PU needed 72 h (Figure 4D) and PCL-yCD(2)-
PU needed 120 h (Figure 4E), but the degradation was still
more efficient than that of PCL-PUs without TAcyCD-based
movable crosslinks. IPCL-PU and PCL-C(y)-PU remained pre-
sent in the enzymatic reaction even after 120 h (Figures 4G
and S33-536). Considering that the M,, of PCL-yCD(x)-PU did
not simply decrease during the enzymatic reaction (Figure 4F),
the degradation kinetics were studied after the polymers had
reached the highest M, (Mhighest) (Table S6; Figures S37 and
S38). As shown in Figure S37, the enzymatic degradation of
PCL-yCD(x)-PU tends to proceed through exponential degra-
dation by random chain scission.”* The above comparison
demonstrated that the enzymatic degradation efficiency of
PCL-PUs increased as the TAcyCD content increased
(Figures 4F, 4G, and S38), regardless of the pristine M,,. More-
over, the incomplete degradation was observed when higher
reaction temperature (90°C) was applied (Figures S39-S46),
suggesting that the enzymatic degradation activity is more suit-
able under mild temperature (60°C).>*%°

Since the enzymatic reactions were carried out under same
experimental conditions and procedure, different polymer
structures are considered as the key factor contributing to

Chem 11, 102327, February 13, 2025 5
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Figure 4. The enzymatic reactions of PCL-PUs with 20 wt % Novozym 435
(A) Experimental procedure of the enzymatic reaction.

(B) Photograph of the enzymatic reaction.

(C-E) GPC diagram of pristine and degraded (C) PCL-yCD(9)-PU
zym 435.

(F and G) The relationship between M, and reaction time of (F) PCL-yCD(x)-PU, (G) IPCL-PU, and PCL-C(y)-PU in the enzymatic reaction with 20 wt % Novozym
435 (see Figures S30-S36). Error bars were calculated as the standard deviations.

(H) Schematic illustration of TAcyCD with a large space volume in PCL-yCD(x)-PU.

, (D) PCL-yCD(5)-PU, and (E) PCL-yCD(2)-PU in the enzymatic reaction with 20 wt % Novo-

the observed differences. Compared with the polymer struc-
tures of /IPCL-PU and PCL-C(y)-PU, the significant difference
in PCL-yCD()-PU lies in the bulky TAcyCD as crosslinking
point. Therefore, we presumed that the crosslinking TAcyCD
with a large space volume in the polymer chains introduces
more free volume in the polymer network, continuously ex-
panding the polymer network with increased TAcyCD content
(Figure 4H).°"®® This also contributes to reducing the chain
entanglement and local accumulation of degraded products.
As a result, the access of the PU substrate (ester bond) t
the enzyme was facilitated, thereby optimizing the enzymatic
reaction efficiency as the TAcyCD content increased. By
contrast, with entangled and aggregated polymer networks,
the access of ester sites of /PCL-PU and PCL-C(y)-PU to
enzyme active site was restricted, resulting in much lower
degradation efficiency. These results highlighted the advan-
tages of CD-based topological network for designing tough
and sustainable polymer resources.
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Exploring the effect of different enzyme contents on the
enzymatic reactions and reinforcement strategy
Enzymatic reactions with different enzyme contents (10 and 50 wt
% Novozym 435) were carried out to examine the potential effect
on reaction efficiency (Figures S47-S61). Generally, all the peak
intensities for PCL-PUs decreased faster as the enzyme contents
increased, but the variety of M,, of PCL-PUs is distinguished in
different polymer structures within 48 h. Because of the low reac-
tivity of /IPCL-PU and PCL-C(y)-PU with the enzyme, the M,
changed little under all enzyme contents (Figure S53). However,
for PCL-yCD(x)-PU (Figures 5A-5C), the enzyme contents play
a significant role in affecting and regulating the reaction behavior.
First, little change in the M,, of PCL-yCD(x)-PU was observed
when 10 wt % enzyme was used, indicating low reaction effi-
ciency. When the enzyme content increased to 50 wt % enzyme,
the M, of PCL-yCD(x)-PU first increased and then decreased af-
ter a period. This result was consistent with the 20 wt % enzyme,
which also showed dependence on reaction time. Additionally,
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Figure 5. The enzymatic reinforcement strategy

(A-C) The relationship between M, and reaction time of (A) PCL-yCD(2)-PU, (B) PCL-yCD(5)-PU, and (C) PCL-yCD(9)-PU in the enzymatic reactions with different

contents of Novozym 435.

(D-F) GPC diagram of pristine (D) PCL-yCD(2)-PU, (E) PCL-yCD(5)-PU, (F) PCL-yCD(9)-PU, and after the prescribed reaction time.
(G) The stress-strain curves of commercial polycaprolactone (PCL), polyurethane (PU), low-density polyethylene (LDPE) and high-density polyethylene (HDPE),

pristine PCL-yCD(5)-PU, and after the prescribed reaction time.

(H) The toughness of pristine PCL-yCD(x)-PU and after the prescribed reaction time. Error bars represent the standard deviations based on three independent

experiments.

when high enzyme contents were used, the M, of all PCL-yCD(x)-
PU increased much more and began to decrease after a longer
time. Higher contents of enzyme (50 wt %) can create more active
enzyme-PCL intermediates and thereby enhance the reaction ef-
ficiency with long PCL chains with terminal hydroxyl groups to
form longer polymers through enzymatic in situ transesterifica-
tion, raising the M|, to a higher level. These polymers with higher
M., need longer time for overall degradation. Therefore, the high
enzyme contents (50 wt %) were conductive to increasing M,,,
while the moderate enzyme contents (20 wt %) were more suit-
able for degradation. The above results inspire us to design a
novel reinforcement strategy of PCL-yCD(x)-PU that leverages
the high enzyme contents (50 wt %) to highly increase the M,
for the reason that polymers with higher M,, may perform better
mechanical properties.®®"°

The key point in above reinforcement strategy is to accurately
control the reaction time and stop the reaction before M,, de-
creases. As outlined in Figures 5A-5C, 8 h were needed for
PCL-yCD(9)-PU to obtain the highest M,,, but 12 and 24 h were
needed for PCL-yCD(5)-PU and PCL-yCD(2)-PU, respectively.
This observation was consistent with previous result in
which the reaction efficiency was optimized as the TAcyCD con-
tent increased. Hence, the reaction was stopped when
PCL-yCD(x)-PU achieved the highest M,, through enzymatic
in situ transesterification. As the GPC results illustrated
in Figures 5D-5F, the M, of PCL-yCD(x)-PU successfully
increased, and the dispersity (P) of PCL-yCD(x)-PU decreased,
indicating that longer and more uniform polymers formed. Since
the monomers (oligomers) were inevitably generated throughout
the enzymatic reaction (retention time between 16.0 and
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20.2 min in the GPC diagram), PCL-yCD(x)-PU with higher M,
was obtained via precipitation and filtration according to
different solubility. The dissolved monomers (oligomers) were
also valuable and collected as degraded products for recycling
or upcycling. The M,, of all PCL-yCD(x)-PU increased by more
than 55% with yields of 60%-65%. After purification, the signals
of carbamate bonds and TAcyCD groups were still found in NMR
(Figures S63-S68) and FTIR (Figure S69), which are identical to
those of the pristine polymers, confirming the presence of the
movable crosslinks in PU after the enzymatic reaction.

PCL-yCD(x)-PU with higher M,, was measured by tensile
testing at a deformation rate of 1 mm/s. The obtained stress-
strain curves (Figures 5G and S72) demonstrated that all the
PCL-yCD(x)-PU with higher M, exhibited better mechanical
properties. The fracture stress for all the PCL-yCD(x)-PU
increased by more than 50%. The toughness comparison (Fig-
ure 5H) further confirmed that mechanical improvements were
achieved as M,, increased. The toughness increased by 63%
for PCL-yCD(2)-PU, 32% for PCL-yCD(5)-PU, and 55% for
PCL-yCD(9)-PU. Especially, PCL-yCD(5)-PU after enzymatic
reinforcement performed better fracture stress (42.9 + 2.9
MPa), fracture strain (1,724 + 37 %) and toughness (330.4 +
16.9 MJ m~3) compared with the commercial PCL, PU, low-den-
sity polyethylene (LDPE), and high-density polyethylene (HDPE),
promising to be practical as commercial plastics (Figures 5G and
S73). The above enzymatic in situ transesterification was effi-
cient in enhancing both M, and mechanical properties of the
polymers, thus providing a novel reinforcement approach for
polymeric materials.

Exploring the enzymatic closed-loop recycling
The degraded products after enzymatic degradation can serve
as building blocks for recycling or further upcycling. Prior to
the recycling experiment, the products obtained from PCL-
vCD(9)-PU degradation catalyzed by 20 wt % Novozym 435
were chosen, considering the degradation efficiency and
enzyme consumption. The degraded products were then care-
fully characterized by NMR and electrospray ionization mass
spectrometry (ESI-MS) to study the chemical structure. The sig-
nals of methylene groups adjacent to the ester oxygen at 4.06
ppm and carbonyl at 2.31 ppm mostly shifted to 4.16 and 2.37
ppm, respectively (Figures 6E and S74), consistent with the pre-
vious reports that were a mixture of cyclic and linear monomers
(oligomers),®”°" and the cyclic structures accounted for a large
proportion. This means that under the dry reaction condition,
the polymers were degraded through enzymatic transesterifica-
tion, primarily forming cyclic degraded products through intra-
molecular transesterification. The result obtained from ESI-MS
illustrated that the polymers were almost degraded into m/z
lower than 1,000, containing mainly 3-5 repeating units for cyclic
and linear products (Figure S76; Tables S7-S13). Notably, sig-
nals of the carbamate groups and N-H stretching bands re-
mained present in NMR (Figures S74 and S75) and FTIR (Fig-
ure S81), demonstrating the ability of lipases to selectively
attack the ester bonds.

Afterward, the degraded products at bulk and high concen-
tration (1,000 mg/mL) were catalyzed by 20 wt % Novozym
435 at different temperatures (60°C-120°C), as lipases show
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catalytic reactivity even above 100°C in organic solvent.®*""

Consequently, the enzymes were powerful enough to repoly-
merize the degraded products into polymers, while the effi-
ciency was distinguished (Figure 6C). The bulk polymerization,
which is considered as a green approach under solvent-free
conditions, was not efficient due to the increased viscosity
as polymerization proceeded, thus resulting in low M, and
broad P (Figures 6C and S78). Impressively, a small addition
of solvent (dry toluene) significantly optimized the reaction ef-
ficiency (Figures 6B and 6C). In addition, the efficiency
(M, increment) improved as the temperature increased, espe-
cially for the reaction at high concentration. Therefore, the
optimal condition was determined to be 1,000 mg/mL at
120°C, and the M, of the recycled polymers was 22.1 kDa.
To further evaluate the enzyme renewability and reusability,
the obtained polymers with M, = 22.1 kDa were degraded
and repolymerized again using the same enzymes without
sorting, which was achieved by simply changing the reaction
concentration and temperature. As outlined in Figure 6D, the
reused enzymes remain thermally stable and active, success-
fully catalyzing the closed-loop recycling of polymers. After
purification, the signals of carbamate bonds and TAcyCD
groups of the obtained polymers were clearly found in 'H
NMR (Figures 6E and S79), '3C NMR (Figure S80), and FTIR
(Figure S81), proving that PCL-yCD-PU can be conveniently
closed-loop recycled despite its complex chemical structure.
The biocatalyzed closed-loop recycling is powerful and has
the potential to be implemented in other classes of polymer re-
sources with diverse structures.

Exploring the enzymatic upcycling

In addition to recycling, upcycling provides another approach
to convert end-of-life polymeric materials into value-
added products, which has attracted much attention these
years.”'"??8:7277%4 |n our design, the degraded products are valu-
able and versatile chemical resources that contain different reac-
tive groups and pathways, thus providing an opportunity to be
upcycled into value-added polymers via the convenient enzy-
matic reaction. To this end, commercially available monomers,
L-lactide (L-LA) and d-valerolactone (VL), were mixed with
degraded products, respectively. The enzymatic upcycling was
carried out using the same conditions and procedure as in the re-
polymerized experiment. As outlined in Figures 7A-7C, the
degraded products were almost transformed into polymers to
obtain the P(CL-LLA)-yCD-PU and P(CL-VL)-yCD-PU, respec-
tively, which were difficult to be synthesized in one step via
normal chemical polymerization. After purification, the chemical
structures of the upcycled copolymers were confirmed by 'H
NMR (Figures S83 and S84), especially the successful random
copolymerization of the degraded products and L-LA into
P(CL-LLA)-yCD-PU (Figures 7F and S83).

To further explore the different reaction pathway using same
enzymatic reaction conditions and procedure, polyols with
different chemical elements, the poly(L-lactide)-diol (PLLA-diol
with M,, = 8.0 kDa) and poly(dimethylsiloxane)-diol (PDMS-
diol with M, = 4.7 kDa), were mixed with the degraded prod-
ucts (Figures 7D and 7E), respectively. In contrast to the upcy-
cling strategy with L-LA cyclic monomers to achieve the
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Figure 6. The enzymatic closed-loop recycling
(A) Schematic illustration of the enzymatic closed-loop recycling.

20 1.5

(B) GPC diagram of repolymerized PCL-yCD-PU at 1,000 mg/mL under different reaction temperatures.
(C) Relationship between M,, and reaction temperature of recycled PCL-yCD-PU at bulk (black) and 1,000 mg/mL (red). Error bars represent the standard de-

viations based on three independent experiments.
(D) Schematic illustration and GPC diagram of the repeated experiments of the

enzymatic closed-loop recycling.

(E) "H NMR of pristine (black), degraded (red), and recycled (green) PCL-yCD-PU.

random copolymers, the L-LA units in PLLA-diol showed no
reactivity with Novozym 435 (Figure S87), and thereby the
PLLA-diol with double terminal hydroxyl groups was served
as a fragment to be embedded through enzymatic reaction to
obtain the PCL-PLLA()-yCD-PU (@ = mol % of L-LA units in
PLLA-diol compared with e-CL units in degraded products)
(Figure S91), as determined by '"H NMR (Figures 7F, S83, and
S88-590). The PCL-PLLA(10)-yCD-PU performed improved
Young’s modulus compared with pristine polymer
(PCL-yCD(9)-PU) (Figure 7G), which could be attributed to the
additional strongly crystalline PLLA fragments (Figure S92).
Furthermore, the organic-inorganic hybrid polymers, PCL-
PDMS(b)-yCD-PU (b = mol % of DMS units in PDMS-diol
compared with e-CL units in degraded products), were suc-
cessfully obtained through enzymatic upcycling of the
degraded products with different ratios of PDMS-diol

(Figures S93-5S96; Table S14). The hybrid feature of
PCL-PDMS(b)-yCD-PU may show potential to be applied as
polymer matrix in various areas.”’® The above results proved
that the degraded products are valuable and versatile chemical
resources that can react with different kinds of substrates, and
the reaction pathway shows dependence on substrate struc-
tures. Based on the lipase-based enzymatic reactions with the
ability to catalyze various ester-based reactions, the biocatalytic
upcycling strategy is expected to be extended to diverse poly-
mer resources, thereby producing value-added materials.

Conclusions

We prepared topological PCL-PU with TAcyCD-based
movable crosslinks, PCL-yCD-PU, that exhibited excellent me-
chanical properties due to effective energy dissipation. In the
enzymatic reaction with Novozym 435 as the enzyme, the
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Figure 7. The enzymatic upcycling

(A-E) Schematic illustration and GPC diagram of (A) versatile resources (degraded products), upcycled (B) P(CL-VL)-yCD-PU, (C) P(CL-LLA)-yCD-PU, (D) PCL-
PLLA(10)-yCD-PU, and (E) PCL-PDMS(50)-yCD-PU.

(F) "TH NMR of pristine PCL-yCD-PU (black), upcycled P(CL-LLA)-yCD-PU (red), and PCL-PLLA(10)-yCD-PU (green).

(G) Young’s modulus of pristine PCL-yCD-PU and upcycled PCL-PLLA(a)-yCD-PU. Error bars represent the standard deviations based on three independent
experiments.

obtained data demonstrated that the reaction behaviors were  degradation, while 50 wt % enzyme was conductive to
dependent on the polymer structures, enzyme contents, reac- increasing the M,, of PCL-yCD-PU. Under reaction time control,
tion time, concentration, temperature, and substrate structures  a novel enzymatic reinforcement strategy for enhancing the M,
in the reaction system. First, the enzymatic reaction efficiency = and mechanical properties of the polymers was developed.
of PCL-yCD-PU was better than that of the linear structure  Moreover, without sorting, PCL-yCD-PU with complex chemi-
and covalent crosslinks, which was optimized as the TAcyCD cal structure can be closed-loop recycled by switching the re-
content increased due to the large space volume of TAcyCD  action concentration and temperature using the same enzyme,
introducing more free volume in polymer network. Further which is convenient and energy-saving. In addition to recycling,
investigation found that 20 wt % enzyme was suitable for the versatile resources (degraded products) mixed with
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selective substrates can be upcycled into value-added poly-
mers via one-step enzymatic upcycling. Overall, this systematic
study demonstrated the effectiveness of CD-based movable
crosslinks and enzymatic reactions in enhancing the toughness
of PUs and advancing their development as sustainable re-
sources, thereby promoting their circular economy. These find-
ings are expected to be extended to other classes of polymers,
thereby contributing to a sustainable world.

EXPERIMENTAL PROCEDURES

Preparation of PCL-PUs

Preparation of PCL-yCD(x)-PU

Before reaction, all regents (TAcyCD-diol and PCL-diol were mixed) were
heated at 80°C under vacuum overnight to remove moisture. The mixture of
TAcyCD-diol (x mol %) and PCL-diol (100 — x) mol %) was under sonication
at 60°C for 30 min and then dissolved in dry DMF. HDI ([INCOJ/[OH] = 1.05/1)
and DBTDA (0.25 wt %) dissolved in dry DMF were added to the above
mixture. The reaction mixture was stirred at 60°C under N, (Figures 2A
and S4). After 24 h, the reaction mixture was precipitated into cold solvent
of DCM/MeOH (v/v = 1/4) to obtain the PCL-yCD(x)-PU. The feeding ratio is
shown in Table S1.

Preparation of IPCL-PU

Before reaction, all regents were heated at 80°C under vacuum overnight to
remove moisture. PCL-diol (3.5 g, 1.0 mol) was dissolved in dry DMF (20 mL).
Then HDI (177 mg, [NCOJ/[OH] = 1.05/1) and DBTDA (9.2 mg, 0.25 wt %) dis-
solved in dry DMF (4.0 mL) were added. The reaction mixture was stirred at
60°C under N, (Figure S11). After 24 h, the reaction mixture was precipitated
into cold solvent of DCM/MeOH (v/v = 1/4) to achieve the /PCL-PU.
Preparation of PCL-C(y)-PU

Before reaction, all regents were heated at 80°C under vacuum overnight to
remove moisture. THEED (y mol %) and PCL-diol (100 — y) mol %) were
mixed under sonication at 60°C for 30 min and then dissolved in dry DMF.
HDI (INCOJ/[OH] = 1.05/1) and DBTDA (0.25 wt %) dissolved in dry DMF
were added to the above mixture. The reaction mixture was stirred at
60°C under N, (Figure S14). After 24 h, the reaction mixture was precipitated
into cold solvent of DCM/MeOH (v/v = 1/4) to achieve the PCL-C(y)-PU. The
feeding ratio is shown in Table S2.

General procedure of enzymatic reaction

PCL-PUs (100 mg) were put into Schlenk flask with dry toluene (10 mL, water
content < 20 ppm as determined by Karl Fischer titration). Novozym 435
(enzyme) with different contents (10, 20, and 50 wt % compared with the
weight of PCL-PUs) and small amounts of molecular sieves 3A were added
to the above solution, respectively. The reaction mixture was slightly stirred
at 60°C under N,. At each reaction time, part of the solution was collected
for GPC measurement.

General procedure of enzymatic reinforcement strategy
PCL-yCD(x)-PU (800 mg) were put into Schlenk flask with dry toluene (80 mL).
Novozym 435 (400 mg, 50 wt % compared with the weight of PCL-yCD(x)-PU)
and molecular sieves 3A were added to the above solution. The reaction
mixture was slightly stirred at 60°C under N,. The reaction was stopped at
24 h for PCL-yCD(2)-PU, 12 h for PCL-yCD(5)-PU, and 8 h for PCL-yCD(9)-
PU, respectively. The Novozym 435 and molecular sieves 3A were removed
by filtration. The reaction solution was concentrated under rotary evaporation
and then precipitated into cold solvent of DCM/MeOH (v/v = 1/4) to obtain the
PCL-yCD(x)-PU with higher M,,. After drying, the polymers were dissolved in
DCM and then poured in Teflon mold. The films were obtained by standing still
at room temperature for 24 h and then at 35°C under vacuum overnight
(Figures S62 and S71).

General procedure of enzymatic degradation
PCL-yCD(9)-PU (1.0 g) was put into Schlenk flask with dry toluene (100 mL).
Novozym 435 (200 mg, 20 wt % compared with the weight of PCL-yCD(9)-PU)
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and molecular sieves 3A were added to the above solution. The reaction
mixture was slightly stirred at 60°C under N,. After 48 h, the Novozym 435
and molecular sieves 3A were removed by filtration, and then the solvent
was removed under rotary evaporation. After drying, the degraded products
were characterized by NMR and ESI-MS.

General procedure of enzymatic closed-loop recycling

First repolymerization at 1,000 mg/mL

The products (200 mg) degraded from PCL-yCD(9)-PU were put into Schlenk
flask with dry toluene (0.2 mL). Novozym 435 (40 mg, 20 wt % compared with
the weight of degraded products) and molecular sieves 3A were added to the
above solution. The reaction mixture was slightly stirred at 60°C, 80°C, 100°C,
and 120°C under Ny, respectively. After 48 h, part of the solution was collected
for GPC measurement.

Second degradation at 10 mg/mL

Dry toluene (20 mL) was added to the above solution (repolymerization at
120°C), and the reaction mixture was slightly stirred at 60°C under N, to carry
out the degraded experiments. After 48 h, part of the solution was collected for
GPC measurement.

Second repolymerization at 1,000 mg/mL

The solvent was removed under vacuum. After that, dry toluene was added to
keep the mixture concentration at 1,000 mg/mL. The reaction mixture was
slightly stirred at 120°C under N,. After 48 h, part of the solution was collected
for GPC measurement.

General procedure of enzymatic upcycling

Enzymatic random copolymerization

The products (200 mg) degraded from PCL-yCD(9)-PU and L-LA or VL
(1:1 mol % to e-CL) were put into Schlenk flask, respectively. Then dry toluene
was added to keep the mixture concentration at 1,000 mg/mL. Novozym 435
(20 wt % to the total weight of reactants) and molecular sieves 3A were added
to the above solution. The reaction mixture was slightly stirred at 120°C under
N,. After 48 h, part of the solution was collected for GPC measurement.
Enzymatic fragment embedding

The products (400 mg) degraded from PCL-yCD(9)-PU and a mol % PLLA-diol
(@ = mol % of L-LA units in PLLA-diol compared with e-CL units in degraded
products) or b mol % PDMS-diol (b = mol % of DMS units in PDMS-diol
compared with e-CL units in degraded products) with different ratios were
put into Schlenk flask, respectively. Then dry toluene was added to keep the
mixture concentration at 1,000 mg/mL. Novozym 435 (20 wt % to the total
weight of reactants) and molecular sieves 3A were added to the above solu-
tion. The reaction mixture was slightly stirred at 120°C under N,. After 48 h,
part of the solution was collected for GPC measurement.
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