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The integration of high strength, super toughness, damage resistance, body-temperature shape memory, and bio-
safety into a single skin-mimic material system has been a notable challenge in the realm of material science and
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biomedical applications. In this study, “Lego-like” polyurethane (PU) was selected to amalgamate multiple proper-
ties through the design of multilevel structures. By comprehensively designing the chemical and sequence struc-
tures of blocks, coordinating weak/strong hydrogen bonds, and achieving rational microphase separation and
crystallization, an elastomer was obtained with an exceptional true tensile strength of 1.42 gigapascal, a high frac-
ture energy of 384.7 + 18.9 kJ/m?, and a skin-like nonlinear mechanoresponse. The coordination of crystallization
and physical cross-linking also guaranteed excellent body-temperature shape memory properties, which are ap-
plicable in 4D printing. Moreover, the obtained elastomer is biosafe and has the potential to promote cell prolifera-
tion and DNA repair, which will find wide applications in the biomedical field including minimally invasive surgery.

INTRODUCTION

As a family of candidate materials, elastomers have played a notable
role in biomedical applications due to their mechanical properties
similar to those of biological soft tissues (1-4), including flexibility,
elasticity, and toughness. However, during evolution for hundreds
of millions of years, creatures in nature have attained a high degree
of rationality in numerous aspects, which has led to the current situ-
ation that the performance of synthetic elastomers is unsatisfactory
compared with soft tissues. Minimally invasive surgery has devel-
oped rapidly in recent years, and its inevitable demand for shape
memory polymers has also imposed new requirements on biomedi-
cal elastomers (5-7). Therefore, there is an urgent need for a novel
molecular design of materials that combines shape memory prop-
erty and mechanical properties similar to or even surpassing those
of biological soft tissues into one synthetic elastomer.

Biological soft tissues, such as skin, exhibit strain-stiffening me-
chanical behavior (8). Specifically, the initially soft and compliant
skin has the capacity to rapidly stiffen upon substantial deforma-
tion. This leads to an increase in elastic modulus by several orders of
magnitude, thereby effectively preventing injury. In addition, the
skin is highly strong and exhibits remarkable resistance to tear and
puncture. These properties endow it with the ability to provide pro-
tection and endure in harsh environments. The special mechanical
property originates from the intertwined structure of elastin and
collagen (Fig. 1A), in which the flexible elastin unfolds under the
applied force at a small strain, while the rigid collagen backbones are
stretched at a higher strain. Inspired by the structure of the skin, dis-
tinct networks with different rigidities have been integrated to mimic
strain-stiffening properties by the progressive response to strain, such
as bottle-brush elastomers (9) and hybrid crosslinked networks (10-12).
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Despite substantial progress, most of the reported skin-like elas-
tomers usually have limitations that significantly hamper their further
applications. These elastomers usually involved weak crosslinks to
ensure their intrinsic softness, nevertheless leading to poor strength
and tear resistance. Besides, shape memory properties are often difficult
to coexist with excellent mechanical properties. The shape memory
response of medical materials should ideally occur at body temperature,
which needs precisely controlling the glass transition temperature or
the crystal melting point (13, 14). Biocompatibility and biodegradabil-
ity are also essential for medical materials. Therefore, resolving the
aforementioned issues requires the balance of numerous contradic-
tions, such as strong/weak, rigid/flexible, and crystalline/amorphous
structures, which undoubtedly represents a notably challenge.

Recently, the “Lego”-like modular designability of polyurethane
(PU) has attracted extensive attention. The hierarchical structures
can be regulated via adopting soft and hard segments to achieve the
target performance (15-25). Through block design, it is expected
that the strain-induced crystallization required for strain-stiffening,
the coupling of strong and weak hydrogen bonds necessary for dam-
age resistance, the crystallization control needed for shape memory;,
and the hydrolyzable groups essential for biodegradation can be inte-
grated into one elastomer, thereby bridging the abovementioned gaps.

In this work, we coordinated the interplay of hydrogen bonds,
microphase separation, and crystallization through block design,
thereby enabling the obtained PU elastomer with J-shaped mechan-
ical behavior, ultra-high strength, and toughness. The elastomer ex-
hibits remarkable tensile strength (~82.5 + 3.9 MPa) and toughness
(~470 + 29 MJ/m?), notably strain-stiffening behavior, and ultra-
high fracture resistance (384.7 + 18.9 k] m™?). Polycaprolactone
(PCL) segment is used to endow biodegradability and shape memory.
With appropriate microphase separation, the PCL segments can
crystallize at low temperatures with the end temperature of melting
around 37°C, realizing shape memory at body temperature. The ob-
tained elastomer is 4D printable and verified to be biocompatible at
the cellular, blood, and animal levels. Transcriptome results indicate
that the elastomer up-regulates genes related to cell proliferation
and has great potential in the field of tissue repair.
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Fig. 1. Design and structure of skin-like elastomer PCL-AD-4. (A) Interwoven structure of elastin and collagen in skin tissue. (B) Schematic diagram of the structural
evolution of PCL-AD-4 in small deformation, large deformation, and shape memory cycles. (C) Chemical structure of PCL-AD-4 and PCL-AD-1.

RESULTS

Elastomer synthesis

The target elastomer is prepared by a one-pot prepolymerization-chain
extension (two step) method (fig. S1). PCL diol with number-average
molecular weight (M,,) = 2000 is selected as the soft segment, isopho-
rone diisocyanate (IPDI) and adipic dihydrazide (AD) are used as the
linking agent and chain extender to form the hard segment. To control
the sequence length of the segments, PCL diol first reacts with IPDI in
different proportions for prepolymerization to obtain prepolymers
with an average of one to four PCL segments with two terminal iso-
cyanates. Then, the remaining IPDI and AD are added to ensure a total
molar ratio of PCL:IPDI:AD = 1:2:1. The obtained four PUs are named
as PCL-AD-X, where X can be 1, 2, 3 and 4, representing the average
number of PCL segments in the prepolymer. H'-nuclear magnetic
resonance (NMR) spectra and molecular weights of the synthesized
materials are listed in the Supplementary Materials. Among them,
PCL-AD-1 and PCL-AD-4 show the most notable difference, and the
following discussion will mainly focus on the two samples.

In PCL-AD, PCL soft segments provide crystallinity and degrad-
ability, while IPDI-AD hard segments form hydrogen bond arrays to
provide mechanical strength. Just as in the above skin-inspired mo-
lecular design strategy, low hard segment content [23.63 weight % (wt %)]
and the strong aggregation tendency of hydrogen bond arrays ensure
a low modulus. A longer block sequence (such as PCL-AD-4) not
only enhances the stability of the hard domain by promoting micro-
phase separation but also improves the crystallization ability of PCL
to achieve an improvement in strain-stiffening through strain-induced
crystallization (Fig. 1, B and C).

Figure 1B shows the mechanism of realizing body-temperature
shape memory with long sequences. According to Flory-Huggins
theory, longer segment sequences are more conducive to generate
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microphase separation (26). For example, in PCL-AD-1, the micro-
phase separation is weak since most of the hard segments are mixed
with the PCL soft segment, which limits PCL crystallization. In
PCL-AD-4, the long sequence of soft and hard segments results in
strong microphase separation, making the hard segments aggregate
into nanometer-sized hard domains, which act as strong physical
crosslinking points. On the other hand, the long sequence of PCL soft
segments leads to strong tendency of crystallization. The hard do-
mains not only serve as the fixed phase to improve the shape recovery
rate during the shape memory process but also limit the excessive
crystallization of PCL, reduce the lamellar size, and depress the melt-
ing temperature below 37°C. Therefore, the arrangement of soft/hard
segments is the key to achieve body-temperature shape memory.

Mechanical performance and mechanism
The typical stress-strain curves of the samples are shown in
Fig. 2A. Compared with PCL-AD-1, PCL-AD-4 has a similar initial
modulus (~3.0 MPa versus ~3.7 MPa), but a significant increase of
tensile strength (~82.5 MPa versus ~50.2 MPa), exhibiting a clear J-
shaped stress-strain curve with a relatively low initial modulus and
intense strain-stiffening characteristics. The soft-while-strong PCL-
AD-4 still maintained a high elongation at break of ~1627%, leading
to a toughness of ~470 MJ/m’, which was a 1.6-fold increase as com-
pared to PCL-AD-1. Considering the markedly decreased cross-
sectional area of elastomers at break, the true stress-strain curve was
used to more accurately describe the mechanical behaviors of the
highly extensible elastomers. This high strength and elongation of
PCL-AD-4 correspond to a true stress at break as high as 1.42 GPa,
which is greater than that of spider silks (fig. S9) (27-29).

The normalized elastic modulus defined as Ey~'doe/dA is ad-
opted to evaluate the strain-stiffening characteristic, where A is the
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Fig. 2. Tensile properties, microphase separation, and hydrogen bonds. (A) Engineering and true stress-strain curves of PCL-AD-1 and PCL-AD-4. (B) Normalized
modulus-strain curves of PCL-AD-1 and PCL-AD-4. (C) 1D SAXS curves and 2D SAXS images of the samples. (D and E) Synchronous and (F and G) asynchronous 2D correla-
tion FTIR spectra of PCL-AD-1 and PCL-AD-4. (H) In situ stretched WAXD 2D images of PCL-AD-4. (I) In situ tensile WAXD 1D curves of PCL-AD-4. (J) Comprehensive com-
parison of the Young’s modulus, strength, and toughness of PCL-AD-4 with other high-performance elastomers (16, 22, 34-42).

deformation ratio, 6 is the true stress, and Ej is the initial modu-
lus. PCL-AD-4 exhibits a J-shaped curve in Fig. 2B, demonstrating a
remarkable 86-fold increase in the differential modulus within the
elongation at break, which is similar to that of biological tissues (9).
PCL-AD-4 exhibits a two-stage process during tensile deformation.
When A is lower than 3, the mechanical behavior of PCL-AD-4 is
almost identical to that of PCL-AD-1. However, at a larger A, the
structural differences caused by the long sequence led to stronger
strain-stiffening in PCL-AD-4.

The mechanical behavior of PCL-AD-4 originates from multiple
aspects. Small-angle x-ray scattering (SAXS) results prove that seg-
ment arrangement can significantly affect the microphase separa-
tion structure (Fig. 2C). PCL-AD-1 has only a weak scattering peak
with the long period size of approximately 5.7 nm, while PCL-AD-4
exhibits a strong scattering peak with the long period size of ap-
proximately 16.1 nm. Strengthened microphase separation can great-
ly improve the mechanical properties of elastomers, mainly due to
the enhanced physical crosslinking. The Fourier transform infrared
(FTIR) spectroscopy analysis of the carbonyl region shows the con-
tent of hydrogen bonds in PCL-AD-4 is not significantly increased
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compared to PCL-AD-1 (fig. S11 and table S4), but the sequential
breakage and reorganization of the hierarchical weak to strong hy-
drogen bonds under external disturbances of the two samples is
quite different. As a dynamic interaction, hydrogen bonds can dissi-
pate stress concentration through dissociation-recombination dur-
ing stretching, improving strength and toughness. Figure 2 (D to G)
shows the carbonyl-amino interaction in PCL-AD-1 and PCL-AD-4.
In the synchronous spectrum, PCL-AD-4 shows correlation peaks
related to hydrogen-bonded urethane and urea carbonyl, while PCL-
AD-1 only has correlation peaks related to hydrogen-bonded urea
carbonyl. The asynchronous spectrum shows that the change of
hydrogen-bonded amino groups in PCL-AD-4 mainly arises from
the urethane amino, while that in PCL-AD-1 is from the urea ami-

no. In summary, PCL-AD-4 exhibits multilevel hydrogen bonding
response, with weak hydrogen bonds preferentially breaking during

stretching while strong hydrogen bonds maintaining the stability of
intermolecular physical cross-linking. On the contrary, PCL-AD-1
lacks multilevel hydrogen bonding response, and most of the hydro-
gen bonds are broken during stretching, leading to molecular chain
slip and material failure. Figure 2 (H and I) presents the wide-angle
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x-ray scattering (WAXS) results of PCL-AD-4 during the stretching,
proving the existence of strain-induced crystallization. As the strain
increases, two peaks located at ¢ = 14.7 and 16.8 nm™" appear, cor-
responding to the (110) and (200) crystal planes of PCL, respectively.
Strain-induced crystallization can form new physical crosslinks un-
der large deformations and promote strain hardening (30-32). It
should be noted that before stretching, PCL-AD-4 has no crystalli-
zation signal, meaning that it is in an amorphous elastomeric state at
room temperature. Different from those elastomers strengthened
based on initial microcrystals (33), the mechanical behavior of PCL-
AD-4 come from structural evolution during the tensile process,
such as dissociation/recombination of hydrogen bonds and strain-
induced crystallization.

The reported elastomers with extremely high strength and tough-
ness usually cannot achieve a low modulus. Therefore, comprehen-
sively considering the three indicators of initial modulus, strength,
and toughness, PCL-AD-4 has an advantage over the previously re-
ported high-performance elastomers (Fig. 2]) (16, 22, 34-42).

The puncture resistance of PCL-AD-4 is prominent. A film with
a thickness of only 0.15 mm can withstand puncture stroke of a tip
as high as 35.5 mm (Fig. 3A), meaning that it can prevent damage
from sharp objects such as needles in medical applications. Because
of the presence of hydrogen bond arrays and strain-induced crystal-
lization in PCL-AD-4, the crack tolerance is also excellent. The crack
tolerance is determined by the Green-Smith method (17, 43, 44). A
1-mm-wide notch is prefabricated on a rectangular sample of 5 mm
by 10 mm by 1 mm, and the sample can still be stretched to a strain
as high as 1200% and a stress of 47 MPa before fracture occurs
(Fig. 3B). During the loading process, the crack does not expand
rapidly but blunted (fig. S13), which can be attributed to hydrogen

bonds dissipating the stress concentration at the tip and strain-
induced crystallization hindering crack propagation at the same time
(45). The fracture energy of PCL-AD-4 is calculated to be 384.7 +
18.9 kJ/m?, which exceeds that of skin (3.6 kJ/m?) by ~107-fold and
surpasses the highest tear energy (103.7 k] m™?) reported for skin-
like materials (42). Up to our knowledge, even compared to all the
reported high-strength and tough elastomers, the fracture energy of
PCL-AD-4 is still in the first echelon (Fig. 3C) (22, 34, 40, 46-50).

In practical applications, skin-like elastomers usually face vari-
ous complex working conditions, especially different strain rates.
Under the different tested strain rates, the tensile curves of PCL-
AD-4 almost coincide, meaning that the flexibility does not change
significantly (fig. S14). The cyclic tensile curves of PCL-AD-4 under
gradually increasing strains (fig. S15) reflect a significant Mullins’
effect (51, 52). This means that damage to the physical cross-linking
network will occur during strain, but the degree of damage depends
on the maximum strain. In the actual working conditions of elasto-
mers, such as artificial heart valves, eardrums, and patches, repeated
small deformations are very common. Therefore, a dynamic me-
chanical analysis (DMA) instrument was used to test the material at
10% deformation for 100,000 cycles at 37°C (Fig. 3D). The results
show that except for a small proportion of stress attenuation in the
initial stage due to the adaptive reorganization of hydrogen bonds,
the stress remains stable in the later stage. This means that PCL-
AD-4 has satisfying fatigue resistance. Stress relaxation (Fig. 3E)
results show that the relaxation activation energy (E,) of PCL-AD-4
reaches as high as 104 kJ/mol, which is at the same level as many
dynamically covalent networks (53). Such a high E, is attributed to
the strong microphase separation formed by long hydrogen bond
arrays in the hard domains (49, 54).
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Fig. 3. The damage tolerance and biodegradable of PCL-AD-4. (A) Photograph and force-displacement curve of the PCL-AD-4 film in the puncture test. (B) Tensile test
of single-notched PCL-AD-4 specimen. (C) Comparison of the strength and fracture energy of PCL-AD-4 with those of elastomers reported in the literature (22, 34, 40, 46-
50). (D) Stress and tand variation of PCL-AD-4 during 100,000 cycles of 10% sinusoidal oscillation testing. (E) Stress relaxation curves and relaxation time-temperature Ar-
rhenius fit of PCL-AD-4. (F) Mass loss curve of PCL and PCL-AD-4 in the presence of keratinase.
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As we all know, PCL can degrade under natural and biological
conditions and has extensive applications in the medical field. Here,
we use keratinase to degrade PCL and PCL-AD-4 in phosphate-
buffered saline buffer. As shown in Fig. 3F, because of the presence
of hard segments and physical cross-linking, the degradation rate of
PCL-AD-4 is lower than that of pure PCL, but it can still achieve
sufficient degradation. Generally, pure PCL takes over half a year to
degrade in the human body. Therefore, we expect that PCL-AD-4
can achieve a service life that spans several years in the human body.
This characteristic of slow degradation is particularly suitable for
implant materials that need to maintain performance for a long time
in vivo. It is worth mentioning that although the PCL segments in
PCL-AD-4 were degraded, the mechanical properties could still be
maintained at a relatively high level. For example, after 11 days of
keratinase degradation, its mass residue was less than 40%, while the
tensile strength could still exceed 10 MPa (fig. S16).

Body-temperature shape memory and 4D printing

After confirming that PCL-AD-4 has excellent mechanical behav-
iors, its body-temperature shape memory performance was evaluated.
First, as indicated by the DMA curves (Fig. 4A and fig. S17), PCL-
AD-1, PCL-AD-2, and PCL-AD-3 all exhibit typical thermome-
chanical behavior of amorphous thermoplastic elastomers. Although
PCL-AD-4 is amorphous at room temperature, after cooled in the
DMA furnace, the storage modulus slowly rises below 0°C, corre-
sponding to the crystallization of PCL. More encouragingly, the start-
ing temperature of the elastic plateau modulus of PCL-AD-4 is exactly
around 37°C, corresponding to the complete melting of PCL crystals.
This temperature responsiveness meets the requirement of body-
temperature shape memory. Further differential scanning calorimetry
(DSC) and x-ray diffraction (XRD) analysis reveal that PCL-AD-4
can completely crystallize in an hour at —20°C and completely melt
at 37°C (Fig. 4B and fig. S18). This crystallization behavior originates
from strong microphase separation and a moderate crystallization
ability of long sequences of PCL segments.

Extrapolating from the Arrhenius equation, the relaxation time of
PCL-AD-4 at body temperature reaches up to 47,500 s, indicating that
the physical cross-linking is stable. Meanwhile, the crystallization-
melting characteristics have also been clarified. Thus, the shape memory
performance of PCL-AD-4 is expected to be excellent. Fig. 4C shows
the temperature-stress-strain correlation curves of two consecutive
shape memory cycles. PCL-AD-4 has an extremely high shape fixa-
tion rate (~100%), and the shape recovery rate exceeds 94% (see Sup-
plementary Materials for details). Figure 4D demonstrates the shape
recovery process of PCL-AD-4 after being shaped by freezing crystal-
lization and placed on human palm. The U-shaped and twisted splines
can almost recover to the original straight shape within 30 s on the palm.

We used the designed materials to simulate a simple minimally
invasive surgery (MIS) process (fig. S20). PCL-AD-4 with a perma-
nent spring-like shape was shaped into a straight line by freezing
crystallization and loaded into an injection catheter and then slowly
injected into water at body temperature. The material quickly recov-
ered to the spring shape after injection. In practical medical applica-
tions, the fabrication and customization of materials with complex
structures are highly essential. For this purpose, we further investi-
gated the 4D printability of PCL-AD-4. Figure 4E shows that the
gel-sol transition temperature of PCL-AD-4 is ~180°C. When the
temperature exceeds 180°C, the melt viscosity continuously decreases
(Fig. 4F). Thus, PCL-AD-4 is capable of 4D printing under appropriate

Shietal., Sci. Adv. 11, eadv4646 (2025) 13 June 2025

conditions. Figure 4 (G to I) presents three typical applications, such
as vascular stents (55), myocardial patches (56), and intervertebral
disc scaffolds (57) with negative Poisson’s ratio. Each 4D printed
sample can achieve compression and expansion through the shape
memory process, and the excellent shape recovery ratio ensures that
the complex structures do not undergo deformation or failure. The
4D printability of PCL-AD-4 reveals its broader application prospects.

Biosafety evaluation

As a material targeted for biomedical applications, it is necessary to
conduct biosafety assessments of PCL-AD-4. In all the experiments,
medical PCL was selected as a control material to investigate the
biosafety of PCL-AD-4 in vitro and in vivo, including the cell prolif-
eration and viability assay, erythrocyte agglutination and hemolysis
assay, subcutaneous transplantation experiment in vivo, and so on.

Firstly, to investigate the effect on the proliferation of normal
cells, human immortalized keratinocyte cell (Hacat) and human
umbilical vein endothelial cell (Huvec) were selected as the model
cells. PCL-AD-4 and PCL materials were cut into thin slices and
cocultured with Hacat and Huvec cells. As shown in Fig. 5A, Hacat
and Huvec cells could adhere and grow on the surface of PCL-AD-4
[from (1) to (2)]. Compared with PCL, the slow degradation of PCL-
AD-4 also did not affect the adherent proliferation of cells [from (2)
to (3)] with a same growth rate without significant difference as the
control [(3)]. The apoptosis rates (early apoptosis and late apoptosis
rates of <5%) of PCL-AD-4 groups on Hacat and Huvec cells were
similar to those of the blank, demonstrating the nontoxic cell ability
of PCL-AD-4 (Fig. 5B and fig. S21). However, PCL-AD-4 had the
lower apoptosis rates than PCL, indicating better biosafety.

If the material causes red blood cell agglutination, then it would
lead to blood vessel blockage (58). To confirm the potential use as a
vascular implant material, the agglutination and hemolysis assay of
red blood cells were used to detect the blood compatibility of PCL-
AD-4. As shown in Fig. 5C and fig. S20, PCL-AD-4 neither induced
hemagglutination such as PEI,sx material nor hemolysis like Triton
X-100, indicating the same hemocytic safety as PCL and blank
group. Moreover, the components in the body’s circulation are more
complex, and the interference of serum protein and growth factor
poses a threat to the safety and stability of PCL-AD-4. Therefore,
serum was used as a simulated environment to examine the stability
of the materials by detecting the dissolution state of the materials in
the serum. The results of serum stability indicated that PCL-AD-4
exhibited no significant serum instability within 24 hours with PCL
and blank group (Fig. 5D). These results suggested that PCL-AD-4
had a high level of safety for both in vitro and in vivo potential ap-
plication.

To avoid side effects of PCL-AD-4 in vivo, such as causing in-
flammation or inhibiting wound healing, we investigated the in vivo
safety of PCL-AD-4 by inoculating the material into skin on the
backs of mice (Fig. 6A). The wound healing of mice in all groups was
satisfactory after 14 days of recovery with no significant difference.
However, it was found that PCL-AD-4 slices did not dissolve or de-
grade significantly in 14 days, proving its characteristic of slow deg-
radation. The hematoxylin and eosin staining of skin shown that
skin cells could grow around the PCL-AD-4 slices, indicating that
implantation do not affect wound healing. After hematoxylin and
eosin staining of mouse organs (Fig. 6B), it could be seen that PCL-
AD-4 did not cause organic changes in organs compared with PCL
and the control groups. Meanwhile, the blood routine and biochemical
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Fig. 4. Body-temperature shape memory and 4D printing of PCL-AD-4. (A) DMA curves of the samples. (B) XRD curves of PCL-AD-4 at different temperatures and
times. (C) Shape memory curves of PCL-AD-4. (D) Process of body-temperature shape memory on the palm. (E) Dynamic rheological curve of PCL-AD-4 at a frequency
of 1 Hz. (F) Viscosity-temperature curve of PCL-AD-4 at a shear rate of 1 s~". 4D printed PCL-AD-4 components: (G) vascular stent, (H) myocardial patch with negative

Poisson’s ratio, and (1) intervertebral disc scaffolds with negative Poisson’s ratio.

indexes of the mice were detected on the 7th and 14th day. All indi-
ces of mice in the experimental group and control group were with-
in the normal range (Fig. 6, C and D). The changes in body weight
of the mice (Fig. 6E) also reflected the in vivo safety of PCL-AD-4.
Above all, these results proved that the PCL-AD-4 had a good safety
in in vivo application.

To further investigate the potential biological functions, we exam-
ined the effect of PCL-AD-4 on gene expression of HUVEC cells using

Shietal, Sci. Adv. 11, eadv4646 (2025) 13 June 2025

bulk RNA sequencing analysis. The differential expression genes
(DEGs) number between PCL-AD-4 and PCL was low (n = 42)
(Fig. 7A), indicating that there was not a significant difference in the
impact of PCL-AD-4 and PCL on gene expression. It is known that
PCL promotes the proliferation of HUVECs and can induce endothe-
lialization when used as a vascular implant material (59, 60). There-
fore, we want to know whether PCL-AD-4 has similar functions. To
identify the changed gene expression pattern and enriched pathways,
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Fig. 5. Cell and blood compatibility. (A) Cell viability affection of PCL and PCL-AD-4 on Hacat and Huvec cells. (Scale bar: 25 pm). n = 3, mean + SD. (B) The apoptosis effect
of PCL and PCL-AD-4 on Hacat and Huvec cells. (C) Erythrocyte agglutination assay with PCL and PCL-AD-4. (D) Serum stabilization of PCL and PCL-AD-4.n = 6, means =+ SD.

we investigated the differentially DEGs analysis between PCL-AD-4
and control group, which revealed a total of 1218 (1194 up, 24 down)
DEGs (|fold change| > 2, P < 0.05) (Fig. 7B). Gene Ontology (GO)
enrichment of these up-regulated genes in PCL-AD-4 group evidenced
the activated pathways that were associated with cell proliferation, such
as DNA replication, cell cycle checkpoint signaling, and regulation of
cell morphogenesis (Fig. 7C). Furthermore, the gene set enrichment
analysis (GSEA) based on DEGs of PCL-AD-4 group versus control
group indicated that the cell cycle signaling pathway in PCL-AD-4
group was increased (P value = 0.000167) (Fig. 7D). Also, the expression
of cell cycle regulated gene sets was up-regulated in the PCL-AD-4

Shietal., Sci. Adv. 11, eadv4646 (2025) 13 June 2025

group compared with the control group (Fig. 7E). These findings im-
plied that PCL-AD-4 could promote Huvec cells proliferation and de-
velopment, suggesting its potential ability in vascular implantation and
other disease treatments. Meanwhile, these changes were also observed
in the effects of PCL-AD-4 in Hacat cells. Meaningfully, it was found
that regulation of response to DNA damage stimulus and regulation of
DNA repair were up-regulated in PCL-AD-4 group compared with
PCL group (fig. S23), indicating that PCL-AD-4 might have a better
bioactivity in cell or tissue repair treatment.

In summary, PCL-AD-4 exhibits functions that promote prolifera-
tion, development, and repair in different cells. Although the specific
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Fig. 6. The in vivo safety. (A) Effect of PCL or PCL-AD-4 slice implantation on wound healing. (B) Hematoxylin and eosin (H&E) staining of heart, liver, spleen, lung, and
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(UA), and creatinine (CREA)] in mice after 7 and 14 days of wound healing. (E) Body weight changes in mice within 14 days after embedding the material. n = 3, means + SD.

mechanism needs further exploration, it strongly demonstrates the
good potential of PCL-AD-4 in the biomedical engineering field.

DISCUSSION
An elastomer PCL-AD-4 that combines damage resistance, body tem-
perature shape memory, biodegradability, and biosafety was obtained

Shietal, Sci. Adv. 11, eadv4646 (2025) 13 June 2025

via block design. To the best of our knowledge, PCL-AD-4 represents
a pioneering example in emulating both mechanical and structural
properties of skins, encompassing nonlinear mechanical behavior,
exceptional strength, and damage tolerance. The skin-like mechani-
cal properties were readily achieved by rational combination of hy-
drogen bonds, microphase separation, and crystallization. As a result,
PCL-AD-4 exhibits an exceptional true stress at break of 1.42 GPa,
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Fig. 7. Bulk RNA sequencing analysis. (A) Bar plots depicting the differentially expressed genes (DEGs) number of down-regulated genes and up-regulated genes be-
tween PCL-AD-4 versus PCL in Huvec cells. (B) Volcano plots show the DEGs between PCL-AD-4 versus control in Huvec cells. The x axis illustrates the log 2 fold change
(FC), and the y axis indicates as —log (P value). The color of scatter point indicates the changed type of differentially expressed genes or proteins (red, up; gray, not signifi-
cance; blue, down). (C) GSEA plot demonstrates that PCL-AD-4 group up-regulated cell cycle signaling pathway compared with control group in Huvec cells. (D) Bubble
plot shows the GO enrichment biological process items of PCL-AD-4 group versus control group up-regulated DEGs in Huvec cells. (E) Heatmap shows the gene relative
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and super damage tolerance with a high fracture energy of 384.7 kJ/
m” and high puncture force. The regulation of crystallization of soft
blocks endows PCL-AD-4 with excellent body-temperature shape
memory properties and supports 4D printing for customizing the
required biomedical products. The biosafety of PCL-AD-4 has been
demonstrated through three aspects of evaluations: cells, blood, and
subcutaneous implantation in mice. Transcriptome experiments re-
veal that PCL-AD-4 has an unexpected function of promoting cell
proliferation and DNA repair. These excellent properties and poten-
tial biological functions make PCL-AD-4 have great application po-
tential in the biomedical engineering field.

Elastomers have been widely used throughout society, ranging
from household goods and car tires to tissue engineering. Although
there have been advancements in the synthesis and applications of
elastomers in modern age, the molecular design strategies that meet
the requirements of complex properties have remained almost un-
changed. Here, we report the next-generation biomedical elastomers
with body-temperature shape memory that can achieve skin-like
properties through a multiscale mechanism, which are far superior
to other common materials. Because of the complex coupling of its
structure-property relationships, PCL-AD-4 also requires further fun-
damental research. Generally, the modular block design approach ad-
opted here provides a promising platform in the field of elastomers.
Through the comprehensive design of the chemical and sequence
structures of blocks, the elastomers fabricated in this manner exhibit
the capacity to outperform conventional counterparts. This class of

Shietal., Sci. Adv. 11, eadv4646 (2025) 13 June 2025

new elastomers can play a key role in the future of aerospace struc-
tures, medical devices, and soft robots.

MATERIALS AND METHODS

Materials

Polycaprolactone diol [PCL 220N, Daicel (China) Investment Co.,
Ltd., M,, = 2000 g mol™!] was dried under vacuum at 110°C before
use. IPDI (99%), AD (98%), dibutyltindilaurate (DBTDL; 98%), and
dimethylacetamide (DMAg; ultra dry, 99%) were purchased from
Admas-Beta. All reagents were used as received except PCL.

Prepolymerization of PCL and IPDI

Four types of prepolymers were prepared using a one-pot process,
and the feeding ratios for each sample are presented in table S1. In a
representative procedure, 10.00 g (5 mmol) of PCL 220N, 2.22 g
(10 mmol) of IPDI, 0.01 g of DBTDL (0.1 wt % of PCL), and 5 ml of
DMACc were mixed. The mixture was then heated to 80°C and stirred
for 3 hours. The gel permeation chromatography (GPC) results for
the prepolymer can be found in table S1.

Preparation of PCL-AD by chain extension of prepolymers

After synthesizing the prepolymer, a solution of IPDI and AD in 60 ml
of DM Ac was added to the prepolymer at 40°C and stirred for 24 hours.
The resulting mixture was then degassed under vacuum to remove
any bubbles. Subsequently, the mixture was poured onto a Teflon
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plate and preliminary volatile solvent for 12 hours at 80°C. To obtain
a polymer sheet, the polymer was further dried under vacuum at
60°C for ~72 hours. The feeding ratios and GPC results for different
samples can be found in table S2.

General characterization

FTIR spectra were collected on a Nicolet 6700 FTIR spectrophotom-
eter equipped with a deuterated triglycine sulfate detector. Each sam-
ple was cast onto a KBr plate to obtain a thin film. The transmission
spectra were collected with an average of 16 scans for each run at a
resolution of 4 cm™" in the range of 4000 to 500 cm™". GPC test was
carried out on Agilent 1260 with Plgel 5-pm MIXED-C column under
tetrahydrofuran mobile phase. DSC measurement was conducted on
a DSC 250 (TA Instrument) under nitrogen atmosphere. DMA was
carried out on a DMA Q850 apparatus (TA Instrument) in a tension
film mode with a heating rate of 3°C min~". The maximum strain was
0.05%, and the frequency was 1 Hz. The stress relaxation test was also
carried out on a DMA Q850 in a tension film mode. After a 5-min
equilibration at the preset temperature, the samples underwent a ten-
sile relaxation test with a strain of 5%. Dumbbell-shaped specimens
for tensile tests were cut from cast sheets using a standard bench-top
die according to GB/T-528 [~1 mm(thickness) X 2 mm(width) X
35 mm(length) and a gauge length of 10 mm]. Tensile tests were con-
ducted on a JinJian UTM-1432 tensile tester equipped with a 500 N
load cell. SAXS measurement was conducted on a Xenocs Xeuss 1.0.
In situ WAXS test was carried on Xenocs Xeuss 3.0. Rheological test-
ing was conducted on Anton Paar MCR301 in parallel plate mode.

4D printing of PCL-AD-4

PCL-AD-4 was made into a wire with a diameter of ~1.75 mm and
printed using Bambu X1 at a nozzle temperature of 230°C. The vol-
ume filling rate is 100%, and the layer height is 0.1 mm. Other mate-
rials and methods are shown in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Methods

Tables S1 to S6

Figs.S1to0 S23
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