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Design and Functional Exploration of Tough and Biodegradable Polymers with Movable Crosslinks for

Enzymatic Degradation and Sustainable Use
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Abstract of Thesis
[Introduction] Plastics are everywhere and play Wovable Crossiinking | -
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a vital role in social development. However,

because commercial plastics are hard to break

down and are easily discarded as waste, plastic
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waste pollution has also become ubiquitous. In S AL T oo Hegbdhinds

this context, developing tough and biodegradable !
next-generation polymers as substitutes for e

commercial persistent ones offers a sustainable
solution. In this thesis (Figure 1), I introduced a
small amount of cyclodextrin (CD)-based

. Enzymatic Degradation
movable crosslinks to strengthen the polymers and Recycling

towards better performance. In addition, enzymes

were employed as eco-friendly and efficient Figure 1. The conceptual figure of this thesis.

catalysts for polymer degradation and recycling. () NP PN PSS

Finally, by tuning the chemical structures, versatile applications of ‘k N S WSS SN SV
polymers were developed. ) ot ! “loax
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Recycling and Upcycling of Poly(ester)-Poly(urethane) with
Movable Crosslinks][!! Poly(e-caprolactone)-poly(urethane)s (PCL- J[%Dj",\,ﬁn‘»-g,k}ﬁagmjgnn,vu\,«ﬂ{fg%oz i)

PUs) with different polymer structures were prepared. Triacetylated © ey "
THEED

y-cyclodextrin (TAcyCD) diol was cooperated with PCL-diol (Mn = Figure 2. Chemical structures of (a) /PCL-PU, (b) PCL-
3500) to form the host-guest complexes, which were then reacted YCD(x)-PU and (¢) PCL-C(y)-PU.

with 1,6-diisocyanatohexane (HDI) catalyzed by dibutyltin diacetate

(DBTDA) dissolved in dry N, N-dimethylformamide (DMF). The (a) 2 g‘s' | PCL-
solution was stirred at 60 °C under N2 for 24 h to achieve PCL- © & .E;;m clE-Pu
yCD(x)-PU (x = mol% of TAcyCD in PCL-PUs). For comparation, % 2097 :
linear PCL-PU (IPCL-PU) and PCL-C(»)-PU with covalent @15] o T
crosslinks were prepared in the similar procedure (y = mol% of g 1QI-~

. . n PCL-yCD(2)-PU
THEED in PCL-PUs; THEED: N, N, N', N'-tetrakis(2-hydroxyethyl) 5' S el PCLyCD(5)-PU
ethylenediamine) (Figure 2). Tensile testing was applied to measure dl ELZ) -PU PCL~vCD(9)-PUI | I
the mechanical properties of PCL-PUs. The stress-strain curves Ny 500 1000 1500 2000
(Figure 3a) showed that PCL-yCD(x)-PU, including both stiffness Strain / %
and stretchability, were significantly improved compared with /PCL- (b) 120 & /PCL-PU --PCL-yCD(2)-PU
PU and PCL-C(y)-PU, which was attributed to the sliding-ring effect 1004 :ggtgg:sg :ggt:gg{g;ig
as efficient energy dissipation. After that, PCL-PUs were catalyzed o 801
by Novozym 435 (immobilized lipase B from Candida g &6
antarctica) as the enzymes in organic solvent to measure the E‘ “
degradation efficiency (Figure 3b). /PCL-PU and PCL-C(y)-PU . <
remained existed after 120 h, showing low degradation efficiency. On 1 \ \\

the contrary, the degradation efficiency of PCL-yCD(x)-PU was 04 y y y T T
0 20 40 60 80 100 120
optimized for increases in TAcyCD content, indicting the positive Reaction time / h

Figure 3. (a) Stress-strain curves and (b) Enzymatic

role of TAcyCD in the enzymatic degradation. A
degradation of PCL-PUs.




[Chapter 3: Tough, Multifunctional, and Biodegradable
Poly(ester)-Poly(urethane) Enabled by Structure-Property
Tuning for Versatile Applications] To broaden the applicability and
practicability of the PUs, I further construct PUs with tailored
property by tuning the chemical and polymer structures. At first,
several polyols with different chemical structures were prepared as
building blocks. After that, PUs with two kinds of polymer structures
were prepared through convenient polyaddition between diols and
HDI: yCD-PUs with TAcyCD-based movable crosslinks (5 mol%, 2.5
wt% TAcyCD-diol) and L-PUs with linear structures (Figure 4).
Although PUs with different chemical structures performed different
mechanical performances, yCD-PUs with movable crosslinks
exhibited better performance than L-PUs(Figure 5a). This
enhancement can be attributed to the incorporation of a low contents
of movable TAcyCD-based crosslinks, which effectively dissipate
energy and disperse stress from external forces. In addition, to
evaluate the enzymatic degradation efficiency of the PUs, lipase PS
(lipase PS Amano SD from Burkholderia cepacia LP-7) was used in
phosphate buffer solution (0.1 mol/L, pH 7.0) at 37 °C (Figure Sb).
By changing the chemical structures, PUs performed different
enzymatic degradability. PCL-PUs and P(DMS-CL)-PUs showed the
best and worst degradability due to the distinguished surface
hydrophobicity. For P(CL-LLA)-PUs and P(TME-CL)-PUs, the
introduction of bulky TAcyCD-based crosslinks reduced the chain
interactions and thus facilitated the enzymatic degradation. Besides
mechanical properties and enzymatic degradability, the functionality
of polymers were also tuned for versatile applications, including
biodegradable hydrophobic materials, thermosensitive shape-memory
materials, adhesives, and strain sensor.

[Chapter 4: Ultratough and Biodegradable Fluorescent
Poly(ester)-Poly(urethane) Enabled by Cyclodextrin Dimer-
Based Movable Crosslinks and Terminal Bulky Fluorophore] To
broaden the movable crosslinking structures of PUs, biodegradable
PCL-PUs were also cooperated with TAcBCD dimer (difCD)
conveniently to prepare the highly movable crosslinking structures
(PCL-PU/diBCD) (Figure 6). The introduction of difCD highly
improved the mechanical property of PCL-PU (Figure 7), because the
CD-based sliding-ring effect can efficiently reduce the stress
localization. Furthermore, the polymer chain-end was modified with
pyrene (Py) as the terminal bulky group. As shown in Figures 6 and
7, the terminal Py group not only can serve as fluorophore to endow
the polymers with fluorescence, but also can improve the mechanical
performances due to its role as bulky stopper for movable diCD
(Figure 7). Moreover, the introduction of difCD and terminal Py
group can tune the enzymatic degradability of PCL segments, to
achieve the ultratough and fluorescent biodegradable PU.
[Reference]

[1] Liu, J.; Takashima, Y. et al. Chem 2025,11,102327.
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Figure 4. Polymer structures of (a) L-PUs and (b) yCD-
PUs.(¢) Chemical structures of PUs.
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Figure 5. (a) Stress-strain curves and (b) Enzymatic
degradation in buffer of PUs
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Figure 6. Chemical structure of PCL-PU-Py/diBCD(5).
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Figure 7. Stress-strain curves of PCL-PU (black), PCL-
PU/diBCD(5) (red), and PCL-PU-Py/diBCD(5) (blue).
Inset: PCL-PU-Py/dipCD(5) film under 354 nm UV
light.
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