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A B S T R A C T   

Elastomeric scaffolds, individually customized to mimic the structural and mechanical properties of natural 
tissues have been used for tissue regeneration. In this regard, polyester elastic scaffolds with tunable mechanical 
properties and exceptional biological properties have been reported to provide mechanical support and structural 
integrity for tissue repair. Herein, poly(4-methyl-ε-caprolactone) (PMCL) was first double-terminated by alky
nylation (PMCL-DY) as a liquid precursor at room temperature. Subsequently, three-dimensional porous scaffolds 
with custom shapes were fabricated from PMCL-DY via thiol-yne photocrosslinking using a practical salt tem
plate method. By manipulating the Mn of the precursor, the modulus of compression of the scaffold was easily 
adjusted. As evidenced by the complete recovery from 90% compression, the rapid recovery rate of >500 mm 
min− 1, the extremely low energy loss coefficient of <0.1, and the superior fatigue resistance, the PMCL20-DY 
porous scaffold was confirmed to harbor excellent elastic properties. In addition, the high resilience of the 
scaffold was confirmed to endow it with a minimally invasive application potential. In vitro testing revealed that 
the 3D porous scaffold was biocompatible with rat bone marrow stromal cells (BMSCs), inducing BMSCs to 
differentiate into chondrogenic cells. In addition, the elastic porous scaffold demonstrated good regenerative 
efficiency in a 12-week rabbit cartilage defect model. Thus, the novel polyester scaffold with adaptable me
chanical properties may have extensive applications in soft tissue regeneration.   

1. Introduction 

Tissue engineering scaffolds have been custom-made for the repair 
and reconstruction of damaged tissues and organs by providing a suit
able growth environment for cells and a mechanical support for regen
eration with minimal immune response [1–4]. Due to the mechanically 
dynamic loading environment of the human body, the implanted scaf
fold could follow the changes in tissue deformation without 

mechanically irritating the surrounding tissues and recover from various 
deformations over time to provide stable support [5]. In an ideal situ
ation, tissue-engineered scaffolds composed of soft, elastic biodegrad
able polymers facilitate the replacement of elastin networks in injured 
tissues, providing mechanical support and structural integrity [6]. 
Although many elastic scaffolds with biocompatible and biodegradable 
properties have been reported [7–13], the development of biodegrad
able elastomers that can readily recover from large deformations over 
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long-term cycling and provide stable mechanical support remains a 
significant challenge. 

Polyester elastomers have been extensively studied in soft tissue 
regeneration due to their tunable mechanical properties and 
outstanding biological properties [14]. For instance, elastomeric poly 
(lactide-co-caprolactone) (PLCL) and poly(glycolide-co-caprolactone) 
(PGCL) were developed by copolymerizing the soft segment of PCL with 
the hard segments of PLA and PGA, respectively [15–17]. These copo
lyesters with the appropriate ratio of soft to hard components were 
primarily manufactured for use as tendon, muscle, bone, and cartilage 
tissue engineering scaffolds [18–21]. However, the limited elasticity of 
these scaffolds makes them susceptible to permanent deformation and 
partial loss of support function when subjected to dynamic loading over 
extended time periods. Other chemically cross-linked materials, such as 
poly(glycerol sebacate) (PGS) and poly(diol citrate) (PDC), have been 
used for cardiac patches, tracheal substitutes, vascular and cartilage 
scaffolds [22–29]. In this regard, Wang et al., synthesized palmitic 
acid-modified PGS (PPGS) to slow the degradation of PGS to coincide 
with tissue regeneration. In a rat carotid artery model, PPGS with 
greater elasticity demonstrated greater patency, less inflammation, and 
regenerated tissue with a protein distribution similar to that of natural 
arteries [30]. In addition, Zhao et al., created 3D-pritned PGS-PCL 
scaffolds comprising a stacked structure of regular crossover filaments 
and interconnected micropores by co-blending PGS with PCL, which 
effectively protected and improved cardiac function in a rat myocardial 
infarction model, thereby offering a promising strategy for myocardial 
remodeling [31]. However, network formation by polycondensation 
frequently necessitates harsh conditions, such as high temperature or 
extended reaction time, even though the components of PGS-based 
elastomer are versatile. 

Given the ease of radical polymerization, the use of poly(glycerol 
sebacate) acrylate (PGSA) has aided in overcoming a major bottleneck in 
PGS production and streamlined the reaction process [32,33]. Other 
acrylated (co)polyesters have also been extensively studied for photo
initiated scaffold processing with spatiotemporal control and environ
mental friendliness [34,35]. However, the oxygen-blocking properties of 
acrylic radical polymerization result in a low conversion rate (60–90%) 
and uncured groups may be potentially cytotoxic [36]. Meanwhile, the 
non-uniform network topology that results from the radical polymeri
zation mechanism of acrylates produces inhomogeneous networks that 
are susceptible to structural damage under prolonged dynamic loading 
of the human body [37]. Ideally, we expect the cross-linking process of 
scaffolds to be simple and efficient, with homogeneous networks 
capable of withstanding dynamic loading. Due to its orthogonal 
step-growth polymerization mechanism, thiol-ene/yne metal-free click 
chemistry enables the easy construction of homogeneous networks with 
minimal spatial and topological defects [38–41]. Thus, using thiol-ene 
click chemistry, Burdick et al., synthesized norbornene-functionalized 
PGS that were crosslinked with a tetra-thiol cross-linker to finally 
yield elastomers [42]. The elastomer could be cross-linked in less than a 
minute and 3D-printed to create complex scaffolds for biomedical ap
plications [42]. In addition, Vlierberghe et al., reported the conversion 
from a chain-growth mechanism of acrylate crosslinking to a 
step-growth polymerization mechanism of thiol-ene/yne crosslinking by 
altering the end group functionality of poly(ε-caprolactone) (PCL) to 
construct a homogeneous network, which significantly increased the 
strength and elongation at break [43]. However, the semi-crystalline 
precursors of PGS/PCL generated elastomers with brittle fracture and 
poor dynamic loading resistance. In previous research, “liquid” poly 
(4-methyl-ε-caprolactone) diacrylates (PMCLDA) were cured by UV 
light to produce polyester elastomers without the use of solvents or 
heating. Moreover, the crosslinked PMCL elastomers exhibited rela
tively high elastic moduli, strength, and elongation at break due to the 
amorphous nature of PMCL precursors [44]. 

Herein, we aimed to construct porous scaffolds that can withstand 
dynamic loading as an implant for soft tissue regeneration. Briefly, 

amorphous polyesters were prepared using controlled ring-opening 
polymerization of biomass-derived 4-methyl-ε-caprolactone (MeCL), 
followed by alkynylation. Correspondingly, porous scaffolds were 
fabricated by thiol-yne photo-crosslinking via the salt template method. 
The modulus of the scaffolds could be adjusted by changing the Mn of the 
precursor. In addition, the mechanical property studies were used to 
assess the elasticity of the scaffold, and minimally invasive injection was 
attempted. Furthermore, in vitro cellular assays were conducted to 
evaluate the cytocompatibility and chondrogenic potential of the scaf
folds. Finally, using a rabbit articular cartilage defect model, the 
regenerative effect of the scaffold for soft tissue was determined. 

2. Experimental section 

2.1. Materials 

The reagents used in the study included 4-Methylcyclohexanone 
(Aladdin, 98%), m-Chloroperoxybenzoic acid (m-CPBA) (Meryer, 
85%), 1,4-Benzenedimethanol (BDM) (TCI, 98%), Tin(II) 2-ethylhexa
noate [Sn(Oct)2] (sigma, 92.5–100.0%), Potassium hydroxide (KOH) 
(Aladdin, 99%), 1,1-Carbonyldiimidazole (CDI) (Adamas, 98%), 3- 
Butyne-1-ol (Aladdin, 97%), 3,6-Dioxa-1,8-octanedithiol (EDT) 
(Aladdin, 97%), Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate 
(TPO-L) (Aladdin, 98%), poly(ε-caprolactone) (PCL), (Aladdin, average 
Mn = 80,000), and lipase (Aladdin, from aspergillus niger, 200 U mg− 1). 
All chemicals, unless mentioned otherwise, were used without further 
purification. 

2.2. Synthesis of 4-methyl-ε-caprolactone (MeCL) 

The monomer was synthesized via Baeyer-Villiger oxidation of 4- 
methylcyclohexanone [45]. A constant pressure titration funnel was 
filled with 120.000 g (1.071 mol, 1 eq) of 4-methylcyclohexanone, 
which was then diluted with 200 mL of dichloromethane. An addi
tional 239.224 g (1.178 mol, 1.1 eq) of m-CPBA was added to a 
round-bottom flask and dissolved in 1000 mL of dichloromethane. It was 
then added dropwise at a rate of 2 drops/s under an ice water bath. The 
ice water bath was then removed, and the reaction was conducted at 
20 ◦C for 24 h. After the reaction was completed, the solids were 
extracted by suction filtration and washed three times with saturated 
sodium thiosulfate, sodium bicarbonate, and sodium chloride aqueous 
solutions, respectively, to obtain a dichloromethane solution of the 
crude product. The solution was dried overnight, and 10 g anhydrous 
magnesium sulfate was added to the as-obtained dry solution. By 
removing anhydrous magnesium sulfate solids via suction filtration and 
dichloromethane via rotary evaporation, a crude product was obtained. 
Subsequently, 1 g of GaH2 was added to the crude product, which was 
then sealed and stirred for 10 h. Finally, MeCL was obtained by vacuum 
distillation (Yield: 90%). 

2.3. Synthesis of poly(4-methyl-ε-caprolactone) diol (PMCL-DO) 

PMCL-DO was synthesized via ring-opening polymerization, in 
accordance with reports published previously [44]. As an example of a 
polymer with a degree of polymerization of 10, 50.000 g (391 mmol, 1 
eq) MeCL and 5.391 g (39.1 mmol, 0.1 eq) BDM were added to a flask 
and vacuum-dried at 55 ◦C for 3 h. Subsequently, 0.250 g Sn(Oct)2 
(0.5% w/w of MeCL) was added via a syringe to the flask as a catalyst 
under an argon atmosphere. The reaction was conducted at 120 ◦C 
under argon for 24 h. The reaction was terminated by dilution with 10 
mL dichloromethane, after which PMCL-DO was precipitated in cold 
petroleum ether and dried under vacuum (Yield: 90%). 
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2.4. Synthesis of poly(4-methyl-ε-caprolactone) dicarbonylimidazole 
(PMCL-DC) 

The synthesis process of PMCL-DC was referenced from previous 
literature [36]. Accordingly, 40.000 g PMCL-DO (28.2 mmol, 1 eq) was 
dissolved in dry toluene (400 mL) before the addition of 13.718 g CDI 
(84.6 mmol, 3 eq) and 0.200 g KOH (0.5% w/w of polymer) and 24 h of 
stirring at 60 ◦C. The mixture was diluted with dichloromethane (600 
mL) and washed with deionized water so that the two phases could be 
distinguished. The solvent was then extracted via rotary evaporation, 
and PMCL-DC was obtained via precipitation with cold petroleum ether 
and vacuum drying (Yield: 85%). 

2.5. Synthesis of poly(4-methyl-ε-caprolactone) dialkynylate (PMCL-DY) 

30.000 g PMCL-DC (18.8 mmol, 1eq) was dissolved in dry toluene 
(300 mL) before the addition of 3.948 g 3-Butyne-1-ol (56.4 mmol, 3eq) 
and 0.150 g KOH (0.5% w/w of polymer) and 24 h of stirring at 60 ◦C. 
The mixture was diluted with dichloromethane (450 mL) and washed 
with deionized water in order to separate the two phases. The solvent 
was removed by rotary evaporation and PMCL-DY was obtained by 
precipitation with cold petroleum ether and vacuum drying (Yield: 
90%). 

2.6. Preparation of photocuring mixture 

A photocurable mixture comprising the precursor (PMCL-DY), the 
crosslinker (EDT, with a thiol-to-yne molar ratio of 2:1), and the pho
toinitiator TPO-L (0.5% w/w). PMCL10-DY photocuring mixture is a 
typical example. The photocuring mixture comprised 10.000 g PMCL10- 
DY (6.25 mmol, 1 eq), 2.279 g EDT (12.5 mmol, 2 eq), and 0.061 g TPO- 
L (0.5% w/w), which were thoroughly mixed by ultrasonic and shaking, 
stored in a brown bottle at room temperature, and protected from light. 

2.7. Preparation of porous scaffold 

Porous scaffolds were created using the salt template method [25]. In 
brief, the salt particles were ground in a mortar and sieved to obtain salt 
particles with particle sizes of 75–150 μm, 150–300 μm, and 300–450 
μm. The salt particles were then added to a cylindrical Teflon mold with 
an inner diameter of 10 mm and a depth of 10 mm. The salt template was 
then obtained by removing the mold after 1 h of wetting in the humidity 
chamber and 3 h of drying at 100 ◦C in an oven. Subsequently, the salt 
template was dripped with 1 mL of a photocurable mixture. The mixture 
template was then exposed to light with a wavelength of 405 nm and a 
power density of 10 mW⋅cm− 2 at a distance of 5 cm for 1 min to com
plete curing (the sample depth was less than or equal to 10 mm). Soaking 
the cured template in deionized water for 24 h to remove the salt, 
replacing the water every 8 h, and then freeze-drying finally yielded the 
porous polymer scaffold. 

2.8. General characterization of polymers 

The structure of the polymers was determined using 1H NMR spectra 
on a Bruker Avance 400 MHz spectrometer using deuterated chloroform 
(CDCl3) as the solvent and Fourier transformed infrared (FT-IR) spectra 
on a Nicolet 6700 spectrometer using the KBr method. The molecular 
weight (Mn) and molecular-weight dispersity (Đ) of the polymers were 
determined using a Waters 1515 gel permeation chromatography (GPC) 
equipped with a Tosoh TSK gel Alpha-2500 and Alpha-3000 column in 
conjunction with polymethyl methacrylate (PMMA) as the standard, 
with DMF containing 0.01 M lithium bromide as the eluent at a flow rate 
of 1 mL⋅min− 1. The column and detector temperature were 50 ◦C and 
35 ◦C, respectively, and all samples were at the concentration of 2 
mg⋅min− 1. 

2.9. General characterization of porous scaffolds 

The morphology of the scaffold was determined using scanning 
electron microscope (FE-SEM S-3400, Hitachi, Tokyo, Japan) at 15 kV. 
All samples were brittle-broken with liquid nitrogen and sputtered with 
gold using a putter coater (Ion Sputter E− 1045, Hitachi, Tokyo, Japan) 
for 80 s. The porosity and pore size distribution were tested by mercury 
intrusion porosimetry (MIP, AutoPore IV 9500). The sample size 
comprised a cylinder measuring Φ 10 mm × 10 mm (n = 2). In addition, 
the thermal properties of scaffolds were determined using differential 
scanning calorimetry (DSC, modulated 2910) from − 75 ◦C to 100 ◦C at a 
rate of 10 ◦C⋅min− 1 and thermogravimetric analysis (TGA, TG209F1) 
from room temperature to 600 ◦C at a rate of 10 ◦C⋅min− 1. The crys
tallization properties of the scaffolds were also evaluated using an X-Ray 
diffractometer (XRD, D/MAX2550VB/PC) operating at 50 kV and 1000 
mA with a scattering angle (2θ) of 5◦–70◦. 

2.10. Mechanical properties 

Dynamic mechanical analysis (DMA) was performed on a NETZSCH 
Instruments (DMA GABO) in compression mode on cylindrical scaffold 
with 10 mm diameter and 10 mm height. Heating was controlled under a 
nitrogen atmosphere, and the samples were equilibrated at the desig
nated temperature for 15 min before testing. The DMA experiments were 
performed in the temperature range of -80-100 ◦C under a nitrogen at
mosphere. The heating rate was 3 ◦C⋅min− 1 and the oscillation strain 
was 0.1% with a frequency of 1 Hz. In addition, compression testing was 
measured by using universal mechanical tester (Shanghai Kaiyan KY- 
250N) equipped with a 250 N load cell was used to conduct compres
sion testing. The samples with a size of Φ 10 mm × 10 mm (n = 3) were 
tested at various strains from 30% to 90% at a rate of 10 mm⋅min− 1 and 
at various compression rates from 5 mm⋅min− 1 to 500 mm⋅min− 1 at 70% 
strain. Subsequently, the cyclic compression test was conducted with a 
50% compression strain and a 50 mm⋅min− 1 compression rate. The 
Young’s modulus was derived from the slope of the linear stress-strain 
area (10% strain). The compression work Wc denotes the area of the 
stress-strain curve of loading, which represents the recovery work, 
where Wr is the area of the stress-strain curve of unloading. Finally, the 
energy loss coefficient was calculated as 1-Wr/Wc [46]. 

2.11. In vitro degradation 

The scaffolds were degraded in vitro in phosphate buffer saline (PBS, 
pH = 7.4) with and without enzyme (0.5 g⋅mL− 1). The sample scaffold 
was a cylinder with a diameter of 10 mm and a height of 2 mm (~0.1 g 
per piece). Each sample received 5 mL of PBS or an enzyme-containing 
PBS solution. The samples were then incubated at 37 ◦C with a shaking 
rate of 120 r⋅min− 1. In order to maintain the lipase concentration, the 
PBS was changed every week and the enzyme solution was replaced 
daily. After incubation, samples were collected at a predetermined time, 
washed with deionized water, freeze-dried, and then the change in dry 
weight was determined. Porous scaffold PCL prepared in the same 
manner and subjected to the same degradation conditions served as a 
control group. 

2.12. Cell extraction 

Two 3-month-old rats were euthanized by over-injection of anes
thetic in order to harvest bone marrow stromal cells (BMSCs). BMSCs 
were harvested from the middle femur of the as-described rats. After 
extraction and filtration, the bone marrow suspension was washed with 
α-MEM medium containing 10% FBS and 1% antibiotics (100 U⋅mL− 1 

penicillin G and 100 μg⋅mL− 1 streptomycin sulfate), transferred to 75 
cm2 polystyrene culture flasks, and cultured at 37 ◦C in a 5% CO2 
incubator with medium changes every two days. For the in vitro ex
periments described in this study, BMSCs from passages 3–5 was used. 
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The BMSC phenotype was ascertained by flow cytometry and tri-lineage 
differentiation staining. The results were shown in Fig. S1. In addition, 
the surface markers of the BMSCs were analyzed by flow cytometry. 
CD29 (99.6%), CD44 (98.3%), and CD90 (99.7%) were expressed on the 
surface of the cells, whereas CD34 (0.039%), CD44 (0.024%), and 
CD105 (0.18%) were not detectable. After 14 days of osteogenic dif
ferentiation and adipogenic differentiation, as well as 21 days of carti
lage differentiation, red calcium deposition (Alizarin Red), lipid droplets 
(Oil Red-O), and blue chondrocyte spheres (Alcian Blue) were observed, 
indicating that the cells meet the requirements for bone marrow 
mesenchymal stem cells. 

2.13. Cell proliferation 

To examine the cell viability of the scaffolds, the proliferation of 
BMSCs on the scaffolds was evaluated using a cell viability assay (CCK- 
8). The porous scaffolds prepared from salt sizes range of 75–150 μm 
were sliced (each slice had a 10.0 mm diameter and a 2 mm thickness 
with a mass of approximately 100 mg) and placed in 48-well plates with 
a density of 2 × 104 BMSCs per scaffold. PCL porous scaffolds seeded 
with the same cell density served as the control group. At 1, 3, and 7 
days, CCK-8 was added to each well plate according to reagent: medium 
= 1:9, and the plates were incubated at 37 ◦C for 2 h. Subsequently, 100 
μl of liquid from each well was added to a clean 96-well plate, and the 
absorbance at 450 nm on an enzyme marker (Thermo Scientific Mul
tiskan FC) was used to quantify the volume. 

2.14. Cell live/dead staining 

The activity of BMSCs on scaffolds was evaluated using live/dead 
fluorescence staining. The porous scaffolds were sliced (10.0 mm 
diameter, 2 mm thick discs of approximately 100 mg mass each) and 
placed at a density of 5 × 104 BMSCs per scaffold in 48-well plates (n =
3). The samples were washed 3 times with PBS at 1, 3, and 7 days, 
respectively. Then, 200 μL of PBS containing cell live/dead fluorescent 
dye was added to each well (1 mL PBS with 2 μL calcein AM and 3 μL PI), 
and the staining was incubated for 30 min at 37 ◦C. Finally, the samples 
were washed 3 times with PBS and observe using confocal laser- 
scanning microscopy (CLSM, LEICA TCS-SP8) and to capture images 
and record the cells. 

2.15. Cell morphology on scaffolds 

After seeding 2 × 104 cells/scaffold and culturing them for 7 days, 
the sample was incubated with 2.5% glutaraldehyde for 4 h, washed 
three times in PBS, and then dehydrated with a series of ethanol con
centration gradients (50, 70, 90, 95, 100%). Finally, after being sputter- 
coated with gold, the morphology of attached cells was observed using a 
scanning electron microscope (SEM). 

2.16. Chondrogenic gene expression 

To evaluate the chondrogenic differentiation ability of the scaffolds, 
PMCL20-DY scaffolds prepared from salt sizes ranging from 75 to 150 
μm were placed at the bottom of a 48-well plate (10 mm diameter, 2 mm 
thickness, 100 mg per piece), and each scaffold was seeded with (5 ×
104) BMSCs and cultured in a common medium (DMEM culture medium 
supplemented with 10% FBS and 1% antibiotics). PCL porous scaffolds 
seeded with the same cell density served as the control group. Utilizing 
the Trizol reagent (TIANGEN) and reverse transcriptase (Hifair), com
plementary DNA (cDNA) was synthesized from extracted RNA. Subse
quently, Chondrogenic gene expression of Aggrecan, COL II, and SOX9 
at 7 and 14 days was evaluated using real-time PCR, with GAPDH 
serving as an internal control gene. Finally, the relative expression of 
each gene relative to the control gene was determined. Each experiment 
was conducted three times. The primer sequences used are listed in 

Table S1 of the supporting information. 

2.17. Immunofluorescence staining 

Immunofluorescence staining experiments were performed in order 
to observe the chondrogenic differentiation of cells on scaffolds. Scaf
folds, prepared from a salt size range of 75–150 μm, were placed at the 
bottom of 48-well plates (10 mm diameter, 2 mm thickness approxi
mately 100 mg per piece), and each scaffold was inoculated with (5 ×
104) BMSCs and cultured in normal medium (DMEM culture medium 
supplemented with 10% FBS and 1% antibiotics). After 14 days of cul
ture, the cells were washed three times with PBS and fixed at room 
temperature for 15 min with 4% paraformaldehyde. Subsequently, 
immunofluorescence staining was performed for the nucleus, cytoskel
eton, and COLII. Following an overnight incubation at 4 ◦C with anti- 
COL II primary antibody (1:200), cells were incubated with Alexa 
Fluor 488-labeled secondary antibody (1:200) for 1 h. Cells were stained 
with TRITC Phalloidin (1:200) for 40 min in a 37 ◦C incubator and DAPI 
(1:200) for 10 min at room temperature, and then washed three times 
with PBS before confocal laser-scanning microscopy (CLSM, LEICA TCS 
SP8) was used to observe and photograph the staining. 

2.18. Animal experiments 

Three-month-old New Zealand White rabbits (2.5–3 kg, Experi
mental Animal Center, Shanghai Jiao Tong University School of Medi
cine Affiliated Ninth People’s Hospital) were randomly divided into 
three groups (n = 4 joints): blank control, PCL, PMCL20-DY. The rabbits 
were placed supine under general anesthesia, and the knee was exposed 
by a parapatellar medial incision. The patella was dislocated to fully 
expose the distal articular surface of the femur. Susbequently, a cylin
drical drill was used to create an osteochondral defect (5 mm in diameter 
and 4 mm in depth) on the articular surface of the femoral patellofe
moral groove. After flushing the joint with sterile isotonic saline, the 
defect was implanted with a PCL scaffold, a PMCL20-DY scaffold. The 
defect was left unfilled as a blank control group. Layer by layer, the knee 
capsule was sutured to the skin, and the wound was closed. After sur
gery, the animals were allowed to move freely in their cage. Finally, at 
12 weeks, the animals were euthanized by over-anesthesia, and regen
erative histological samples were collected for further analysis. All 
experimental procedures were approved by the Experimental Animal 
Ethics Committee of Shanghai Jiao Tong University School of Medicine 
Affiliated Ninth People’s Hospital (SH9H-2022-AB17-SB) and strictly 
adhered to its rules and regulations. 

2.19. Histological staining 

The samples were first fixed with 4% paraformaldehyde for 3 days, 
followed by decalcification with 10% EDTA, dehydration with graded 
ethanol, cleaning with xylene, embedding in paraffin wax, and slicing 
into 4 μm thick slices. To visualize the cartilage matrix, the sample was 
stained with Safranin-O and fast green. Histomorphometric analysis was 
performed on areas of the defects that were positively stained with 
Safranin-O. Masson trichrome and hematoxylin/eosin (H&E) stains 
were also used as references for histological analysis. All stained samples 
were observed and analyzed under a fluorescent inverted microscope. 

2.20. Immunohistochemical staining 

In order to extract antigen for immunohistochemical staining, sam
ples were dewaxed and incubated for 1 h at 37 ◦C with 0.4% pepsin 
(Roche). The samples were blocked for 0.5 h in 10% blocking serum. 
Following an overnight incubation with murine primary antibodies COL 
I, COL II, and COLX (Abcam, Cambridge, UK), they were incubated for 1 
h with secondary antibodies. After incubation with 3,3′-dia
minobenzidine (DAB) for color development, the samples were 
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counterstained and fixed with hematoxylin. 

3. Results and discussion 

3.1. Synthesis, characterization and cross-linking of PMCL-DY precursor 

Fig. 1a depicts the precursor synthesis pathway for poly(4-methyl- 
ε-caprolactone) dialkynylate (PMCL-DY). Poly(4-methyl-ε-capro
lactone) diol (PMCL-DO) was produced via ring-opening polymerization 
(ROP) of the monomer 4-methyl-ε-caprolactone (MeCL) with 1,4-benze
nedimethanol (BDM) as the initiator and Sn(Oct)2 as the catalyst. The 
hydroxyl group at the end of PMCL-DO was then reacted with 1,1-car
bonyldiimidazole (CDI) to produce the active imidazole-capped poly 
(4-methyl-ε-caprolactone) dicarbonylimidazole (PMCL-DC). In the final 
step, PMCL-DC was reacted with 3-butyne-1-ol to produce dialkynylated 
PMCL-DY precursor. 1H NMR and FT-IR were utilized to characterize the 
molecular structure of PMCL-DY, the final product, as well as in
termediates PMCL-DO and PMCL-DC. Fig. S2 (Supporting Information) 
depicts the typical 1H NMR spectra of PMCL-DO, PMCL-DC, and PMCL- 
DY with a monomer-to-initiator feed ratio of 10:1. At 0.94 ppm, 2.33 
ppm, and 4.12 ppm, the corresponding signal peaks of PMCL-DO poly
mer were measured. CDI modification resulted in the appearance of 
three peaks of imidazole at 8.15 ppm, 7.44 ppm, and 7.09 ppm relative 
to the 1H NMR spectra of PMCL-DO and PMCL-DC. The complete 
disappearance of the methylene proton signal adjacent to the terminal 
hydroxyl group at 3.69 ppm indicates the complete conversion of all 
terminal hydroxyl groups to imidazole groups. In addition, the 

imidazole peaks disappeared completely and the new signal peaks of 
alkynyl groups at 4.23 ppm, 2.58 ppm, and 2.03 ppm appeared after 
alkynylation. It was determined that imidazole groups were entirely 
reacted and that alkynyl groups were successfully modified at the end of 
PMCL. In comparison to the FT-IR spectra of PMCL-DO, PMCL-DC, and 
PMCL-DY (Fig. S3, Supporting Information), the peak of the hydroxyl 
group at 3400-3600 cm− 1 disappeared with the modification of CDI and 
was followed by the appearance of the imidazole peak at 1000 cm− 1 and 
3000 cm− 1. It was suggested that the imidazole group reacted effec
tively. After alkynylation, the imidazole group’s peak disappeared and 
the alkynyl group’s peak appeared at 3300 cm− 1, demonstrating that the 
imidazole group was completely replaced by the alkynyl group. In 
addition, the GPC curves of PMCL-DO, PMCL-DC, and PMCL-DY 
exhibited unimodal peaks with low molecular-weight dispersities (Đ) 
of 1.22, 1.25, and 1.30, respectively (Fig. S4, Supporting Information). 
Thus, it was established that PMCL had been successfully end-capped 
with alkyne groups. 

Preparation of a series of PMCL-DYs with theoretical degrees of 
polymerization (DP) of 10, 20, 50, and 100 is summarized in Table S2 of 
the Supporting Information. The Mn of PMCL-DYs calculated by 1H NMR 
(Fig. S5, Supporting Information) were close to the theoretical values, 
indicating that the designed degree of polymerization was nearly iden
tical to the degree of polymerization observed in the final product. 
Meanwhile, the GPC curves exhibited unimodal peaks (Fig. S6, Sup
porting Information), and the relative Mn (PMMA standard) was close to 
its theoretical values with a Đ value below 1.5. It has been demonstrated 
that PMCL-DYs with a modifiable DP can be obtained through controlled 

Fig. 1. (a) Synthesis routes of the PMCL-DY precursors. (b) Composition of the photocuring mixture. (c) Photographs of the cross-linking photocuring mixture and 
(d) schematic illustration of the cross-linking network. Photographs of (e) light transmission and (f) flexibility of films. 
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ROP and end-group modification. Notably, the entire reaction was 
conducted under mild conditions. The intermediate and final production 
purification processes were simple and highly efficient. Therefore, it is 
advantageous to increase precursor production. 

The liquid precursor PMCL-DY, cross-linker 3,6-dioxa-1,8-octanedi
thiol (EDT), and photoinitiator ethyl (2,4,6-trimethylbenzoyl) phenyl
phosphinate (TPO-L) were forming a photocuring mixture for thiol-yne 
photo-crosslinking (Fig. 1b). In the mixture, the ratio of thiol to yne was 
2:1, which is the theoretical ratio of complete cross-linking between 
thiol and yne. Notably, polymers with a DP of 100 have too few cross- 
linking points to be cured; consequently, only polymers with DP of 10, 
20, and 50 were studied. As shown in Fig. 1c, the liquid mixture cured in 
30 s when irradiated at a visible wavelength of 405 nm in air. The 
conversion of polyester alkyne groups before and after cross-linking was 
measured by FT-IR, and the results are displayed in Fig. S7 of the Sup
porting Information. The disappearance of the alkyne group peak at 
3300 cm− 1 after 30 s of irradiation indicates that thiol-yne has been 
completely cross-linked. According to the step-growth polymerization 
mechanism of thiol-yne click chemistry, Fig. 1d depicts the ideal sche
matic diagram of the regular network formed after cross-linking [47, 
48]. Further, the mixture was molded into a rectangular piece with di
mensions of 5 cm × 4 cm × 2 mm; the resulting product was highly 
transparent (Fig. 1e) and flexible (Fig. 1f) with no uncrosslinked residue 
on the surface. Notably, the cross-linking procedure could be carried out 
in ambient air and at room temperature. The thiol-yne reaction is less 
susceptible to oxygen inhibition than other photoinitiated reactions 
[49]. Thus, thiol-yne reactions can polymerize rapidly at lower con
centrations of photoinitiators and in air environments, which may in
crease the number of available processing technologies. In particular, 
the oxygen tolerance of thiol-yne reactions renders them highly cyto
compatible, as they do not generate intracellular reactive oxygen species 
(ROS) as is commonly observed during free radical polymerization [50, 
51]. Meanwhile, the platform effect of click chemistry for the loading of 
active ingredients has been reported. Moroni et al. [35], loaded vascular 
endothelial growth factor mimetic peptides onto PCL diacrylate elec
trospun vascular scaffolds using a thiol-ene reaction, which effectively 
stimulated in vivo angiogenesis. These benefits of the thiol-yne reaction 
make the material more suitable for use in tissue engineering. 

3.2. The fabrication and thermal properties of porous scaffolds 

Fig. 2a depicts the preparation of porous scaffolds using the salt 
template method. The pre-formulated photocuring mixture was added 
drop by drop to the salt template, which was then exposed to 405 nm 
light and cured, followed by soaking in deionized water and freeze- 
drying. The liquid photocuring mixture at room temperature was 
cross-linked after penetrating the salt template in the absence of an 
organic solvent. As shown in Fig. 2b, various sized and geometrically 
shaped porous scaffolds were created. Such complex geometric scaffolds 
could be easily modified by altering the mold’s shape. During the pore- 
making procedure, sieves with pore size distributions of 75–150 μm, 
150–300 μm, and 300–450 μm were used to screen the salt particles. 
Fig. 2c–e depict SEM images of the cross-sectional morphologies of these 
scaffolds. It was discovered that the pores are interconnected and that 
the pore size increases significantly as the salt size rises. The pore sizes 
were counted in the histogram and showed a uniform and normal dis
tribution. The main pore sizes of the scaffolds were generally distributed 
between 75–150 μm, 100–300 μm and 150–400 μm, respectively. The 
statistical mean pore sizes of the scaffolds were 99.4 ± 64.5 μm, 173.2 
± 99.3 μm and 234.5 ± 143.6 μm, which corresponded to the salt size of 
the templates. It seemed that the prepared pore distribution by salt 
template was predictable and reproducible. Subsequently, the porosity 
and pore size distribution were tested by mercury intrusion porosimetry 
(MIP). The porosity of the three scaffolds with different pore sizes was 
69.6 ± 1.5%, 67.9 ± 2.1% and 63.8 ± 1.2%, respectively, indicating 
that the porosity decreased with increasing salt size. Thus, it was further 

confirmed that the pores were interconnected. The pore size distribution 
is shown in Fig. 2f–h. As evident from the graph, pores of the scaffolds 
were found to have a normal distribution, with median pore sizes of 
60.30 μm, 72.36 μm and 89.60 μm, respectively. Additionally, it was in 
agreement with the SEM images, indicating that the pore size increased 
with increasing salt size. However, MIP demonstrated that the porosity 
and pore size distribution of the scaffolds were slightly modifiable by 
slat size, which significantly contradicts the SEM image analysis results. 
This may be attributed to the various characterization principles and 
techniques. In the mercury intrusion test, Hg was forced into scaffolds by 
pressure, which may have led to the deformation of pores with elastic 
modules of a few kPa. Therefore, the liquid precursor greatly simplified 
the fabrication process with eco-friendly, avoiding the use of organic 
solvents and the possibility of cytotoxicity. The interconnected micron- 
scale pores facilitate nutrient transport and metabolite release during 
subsequent cell culture [52,53]. 

The precursors of PMCL-DY with DP of 10, 20, and 50 were fabri
cated into porous scaffolds using salt templating and were named 
PMCL10-DY, PMCL20-DY, and PMCL50-DY, respectively. As illustrated 
in Fig. 2i, the three scaffolds demonstrated a white porous sponge-like 
with similar appearance, indicating that variations in the Mn of pre
cursor did not significantly alter the porous properties of the scaffolds. 
The secondary heating DSC curves of the three scaffolds are shown in 
Fig. 2j. The scaffolds displayed a shallow glass transition slope from a 
glassy to a rubbery state at − 46.1 ◦C, − 54.0 ◦C, and − 58.1 ◦C, respec
tively. The Tg of uncrosslinked polymers with DP 10, 20, and 50 was 
− 58.5 ◦C, − 59.7 ◦C, and − 60.8 ◦C, respectively (Fig. S8, Supporting 
Information), which was significantly lower than the scaffolds. Thus, it 
was hinted that cross-linking impeded the movement of polymer chain 
segments, resulting in a rise in Tg. In addition, PMCL10-DY exhibited the 
greatest difference in Tg before and after cross-linking, caused by the 
greatest degree of cross-linking. Subsequently, TGA was used to inves
tigate the thermal decomposition properties of scaffolds. As shown in 
Fig. 2k, the onset decomposition temperature (Td) increased as the DP of 
the precursor increased, from 215.4 ◦C for PMCL10-DY to 246.8 ◦C for 
PMCL50-DY. The differentiation curves (Fig. S9) clearly demonstrated 
the weight loss rate variations of each component in the scaffolds. It was 
revealed that the crosslinker EDT decomposed at a lower temperature 
than PMCL. In general, the Td of all scaffolds was above 200 ◦C, indi
cating that scaffolds have good thermal stability. In addition, XRD was 
utilized to examine the crystallization properties of the scaffolds. As 
illustrated in Fig. S10, the XRD curves of three scaffolds exhibited broad- 
wrapped peaks, indicating that scaffolds with 10, 20, and 50 DP were 
completely amorphous after cross-linking. 

3.3. Mechanical properties of the scaffolds 

The scaffolds were subjected to dynamic mechanical analysis (DMA), 
and the storage (E′) and loss moduli (E′′) were monitored in a 
compression mode as a function of temperature from − 80 to 100 ◦C 
(Figs. S11–S13). It was demonstrated that the Tg of the scaffolds was 
− 32.5 ◦C, − 38.5 ◦C, and − 44.1 ◦C, which was consistent with the trend 
of DSC. Deviations in the values may be caused by variations in the 
testing machines and heating rates. Throughout the entire temperature 
range, with the exception of the glass transition, the E′ was greater than 
the E′′, providing additional evidence that the scaffolds were chemically 
cross-linked. In the rubbery region of the scaffolds, the modulus E′ was 
found to be 0.122 MPa, 0.052 MPa and 0.012 MPa, thus, decreasing with 
increasing DP of precursors (Fig. 3a). The increase of Mn could have 
resulted in a reduction in crosslink density and modulus of the scaffold. 
For all scaffolds, the rubbery plateau moduli were relatively constant 
throughout the temperature sweep, which indicated that the mechanical 
integrity of the network was maintained. 

The effect of different porosity on the modulus of scaffolds was 
examined. The scaffolds prepared by salt sizes ranging from 75–150 μm, 
150–300 μm and 300–450 μm with DP 10 of precursor were given the 
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Fig. 2. (a) Preparation route of porous scaffolds. (b) Macroscopic photographs of various 3D shaped porous scaffolds. (c–e) SEM images of cross-sectional mor
phologies and (f–h) pore size distribution and porosity of different pore size scaffolds. (i) Macroscopic photographs, (j) DSC secondary heating curve and (k) TGA 
curves of scaffolds PMCL10-DY, PMCL20-DY and PMCL50-DY. 
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designations PMCL10-DY (75–150), PMCL10-DY (150–300), and 
PMCL10-DY (300–450). The compressive stress-strain curves of the 
scaffolds at 70% strain are shown in Fig. S14. In addition, the modulus 
and porosity are summarized in Table S3. As observed, the modulus of 
the scaffolds did not differ significantly from one another. It could be 
attributed to similar porosity, resulting in similar cross-sectional filling 
densities of materials. Furthermore, cyclic compression of the scaffolds 
was characterized. The cyclic compression properties of dry and wet 
scaffolds (soaked for 24 h in PBS) were examined. Before and after 
soaking, the dimensions of the scaffolds did not change significantly 

(Fig. S15). Cyclic compression stress-strain curves (Fig. 3b) revealed that 
all scaffolds exhibited nonlinear characteristics accompanied by slight 
hysteresis during loading and recovery. In addition, Fig. 3c depicts the 
stress-time curves for the 10 cycles of scaffolds, revealing that the peak 
patterns were nearly identical for each cycle. Both dry and wet scaffolds 
were found to be elastic and capable of recovering well from dynamic 
cycling. Table S4 summarizes the quantitative calculations of the 
modulus, maximum stress (50% strain), and energy loss coefficients of 
scaffolds. The compressive modulus of the dry scaffolds PMCL10-DY, 
PMCL20-DY, and PMCL50-DY was determined to be 115.4 ± 10.3 

Fig. 3. (a) Overlay of the storage modulus curves of scaffolds PMCL10-DY, PMCL20-DY and PMCL50-DY. (b) 10 cycles compression stress-strain curve and (c) stress- 
time curve of scaffolds PMCL10-DY, PMCL20-DY and PMCL50-DY in dry and wet states. Stress-strain curves of (d) PMCL10-DY, (e) PMCL20-DY, and (f) PMCL50-DY 
scaffolds with compression rates in the range of 5–500 mm min− 1. Stress-strain curves of (g) PMCL10-DY, (h) PMCL20-DY, and (i) PMCL50-DY scaffolds with 
compression strains of 30–90%. (j) Energy loss coefficients for compression rates of 5–500 mm min− 1. (k) Energy loss coefficients for compression strain of 30–90%. 
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kPa, 54.5 ± 3.7 kPa, and 9.5 ± 0.6 kPa, respectively. All scaffolds had 
moduli in the range from 9.5 to 115.4 kPa, which was in good agreement 
with the results obtained via DMA. The modulus of the wet scaffolds 
PMCL10-DY, PMCL20-DY, and PMCL50-DY increased slightly when 
compared to the dry scaffolds: 122.8 ± 17.7 kPa, 57.4 ± 8.5 kPa and 
11.8 ± 1.5 kPa, respectively. In addition, there was a slight increase in 
the maximum stress and energy loss coefficient between the wet and dry 
scaffolds. It may be due to the buffering effect of water within the 
scaffold. Thus, it was demonstrated that scaffolds maintained consistent 
mechanical properties under both dry and physiological conditions, 
which is advantageous for tissue engineering. In subsequent tests, dry 
scaffolds were utilized to eliminate the influence of water within the 
scaffold. Notably, the energy loss coefficient of the scaffolds was lower 
than those of aerogel elastomers [54–56], hydrogels [57–59], and other 
elastomers [60–62]. Thus, a lower energy loss coefficient would enhance 
the fatigue resistance of the scaffold, which is necessary for the cyclic 
properties of soft tissue physiological loading [46]. 

To demonstrate the elasticity of the scaffold in greater detail, it was 
subjected to various compression rates and strains. The recovery per
formance of three scaffolds was evaluated by increasing the compression 
rate from 5 to 500 mm⋅min− 1 at 70% strain; the results are depicted in 
Fig. 3d–f. When the test rate exceeded 50 mm⋅min− 1, PMCL50-DY’s 
recovery rate became inconsistent with the preset rate as the test rate 
increased. While the PMCL10-DY and PMCL20-DY recovery rates could 
be consistent at all rates. In Table S5 and Fig. 3j, the energy loss co
efficients at each rate for the three scaffolds were quantified in greater 
detail. With increasing test rate, the energy loss coefficients of PMCL50- 
DY increased from 0.3 to 0.7. When the set rate exceeded 50 mm⋅min− 1, 
PMCL10-DY had lower energy loss coefficients than PMCL20-DY. In 
general, scaffolds with a higher Mn precursor exhibited a greater energy 

loss coefficient, probably because a looser network was not easy to be 
recovered. 

Furthermore, the compression strains (30–90%) of three scaffolds 
were evaluated in Fig. 3g–i. Below 70% compressive strain, the stress- 
strain curves of PMCL10-DY exhibited a slight hysteresis. When the 
compressive strain reached 90%, the stress-strain curve appeared a large 
hysteresis due to the damage of the scaffold. By increasing the 
compression strain, the hysteresis in the stress-strain curves of PMCL50- 
DY grew steadily larger. It was worth noting that the stress-strain curves 
of the PMCL20-DY scaffold maintained a slight hysteresis at 30%-90% 
compressive strain. In addition, the energy loss coefficient at 30%–90% 
compressive strain of the three scaffolds was quantified, and the result is 
summarized in Table S5 and depicted in Fig. 3k. As strain increased, the 
energy loss coefficient of PMCL10-DY scaffolds rose from 0.04 to 0.4, the 
energy loss coefficient of PMCL50-DY scaffolds rose from 0.06 to 0.36. In 
contrast, PMCL20-DY maintained an energy loss coefficient below 0.15. 
The PMCL20-DY, thus, exhibited excellent elastic performance under all 
conditions, which was expected to meet the frequency range of human 
walking (0.6–2 Hz) and the amplitude of strenuous exercise, based on 
testing at different rates (0.006–0.6 Hz) and strains (30–90%) [46]. 

3.4. Fatigue resistance and minimally invasive injection of PMCL20-DY 
scaffolds 

In order to further examine the elasticity of the PMCL20-DY scaffold, 
its fatigue resistance was evaluated. As shown in Fig. 4a, after 10,000 
cycles of compression with a compression strain of 70%, the stress-strain 
curve of the scaffold had no significant decay. The modulus, maximum 
stress, and the energy loss coefficient are summarized in Table S6. 
Quantitative analysis revealed that the scaffolds maintained low energy 

Fig. 4. (a) Stress-strain curve of PMCL20-DY scaffold under 10,000 cycles of compression at strain of 70%. (b) Energy storage modulus, energy loss coefficient and 
maximum stress change of PMCL20-DY scaffold under 10,000 cycles of compression. (c) Macroscopic and microstructural changes during compression (strain = 90%) 
and shape recovery of PMCL20-DY scaffold. (d) Schematic of the scaffold’s superior performance mechanism. (e) Images of porous scaffolds reloaded as syringes and 
injected from syringes. 
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loss coefficients (<0.1) throughout the test, and that there was no sig
nificant decrease in maximum stress (>90%) or modulus (>80%) 
(Fig. 4b). The compression recovery process of the PMCL20-DY scaffold 
at 90% strain was monitored, and the results are depicted in Movie S1 in 
the Supporting Information. Fig. 4c displays the images of the beginning 
of compression at 90% strain and the end of compression. It was 
observed that after 90% compression, the scaffold could be returned to 
its original height with almost no change in shape. The pore morphology 
of the scaffold during compression was also characterized using SEM. 
During the compression process, the pores changed from an open state to 
a completely squeezed state. Upon releasing the pressure, the pores were 
able to return to an open state without structural damage, demon
strating the excellent elasticity and dynamic flexibility of the scaffold. 
The possible mechanism for the high resilience and excellent fatigue 
resistance of the scaffold is proposed in Fig. 4d. Macroscopically, the 
scaffold is composed of an elastic solid matrix and interconnected pores. 
When compressed, the matrix undergoes elastic deformation preferen
tially and squeezes the surrounding pores. The presence of approxi
mately 70% porosity may have contributed to the majority of volume 
change during deformation. From a microscopic perspective of the solid 
matrix formed by the crosslinking of thiol-yne, the scaffold matrix is 
flexible due to the synergistic effect of amorphous precursors and “Y" 
crosslinking points. For comparison, free radical polymerization pro
duces a non-uniform network, which led to inconsistency between the 
overall and local mechanical properties [37]. A regular network was 
formed during thiol-yne crosslinking by orthogonal step-growth poly
merization. Thus, it is possible that fewer spatial and topological defects 
resulted in a more uniform distribution of stresses during deformation, 
thereby reducing fatigue sensitivity. 

Moreover, both clinical treatments and tissue-engineered scaffold 
implantation are invasive, thereby increasing surgical risk and post
operative recovery time for patients. Minimally invasive treatments are 
increasingly utilized in clinical procedures to reduce the risk of infec
tion, the size of the incision, and the patient’s recovery time [63]. Due to 
the scaffold’s pliability and high resiliency (90% compression strain 
with full recovery), minimally invasive injections were attempted, and 
the scaffold was placed in a syringe for injection. As depicted in Fig. 4e, 
the PMCL20-DY porous scaffold (Ø 2 cm × 2 mm) could be curled and 
inserted into a 1 mL syringe before being released. After injection, the 
scaffold could instantly revert to its original form and remain stable. The 
injection process is depicted in Movie S2 in the Supporting Information. 
Currently, minimally invasive therapeutic polymer materials are domi
nated by hydrogels and shape memory materials [64,65]. However, 
hydrogels and shape-memory materials have a difficult time with
standing dynamic cycling and providing dynamic support for defects 
[66]. Therefore, the PMCL20-DY scaffold was compressible for mini
mally invasive treatment and provided dynamic support to the tissue 
after implantation, demonstrating great potential as a soft tissue 
replacement graft scaffold for minimally invasive surgery. 

3.5. In vitro degradation, cell proliferation and differentiation assay of 
PMCL20-DY scaffolds 

To investigate scaffold degradation, PMCL20-DY porous scaffolds 
were subjected to degradation experiments in PBS solution, either with 
or without an enzyme. The porous PCL scaffold prepared using a salt 
template was used as a comparison. After 12 weeks of PMCL20-DY and 
PCL scaffold degradation in PBS, the residual mass ratio was found to be 
80.3 ± 3.9% and 95.8 ± 1.6%, respectively (Fig. S16, Supporting In
formation). The degradation profiles of PMCL20-DY and PCL scaffold in 
enzyme solution are shown in Fig. S17. As observed, after 14 days of 
degradation in enzyme solution, the residual mass ratio of the PMCL20- 
DY scaffold was 14.4 ± 9.0%, while the residual mass ratio of the PCL 
scaffold was 71.0 ± 9.7%. The PMCL20-DY scaffold degraded signifi
cantly faster than the PCL scaffold, particularly in enzyme-containing 
PBS solutions. It has been reported that the amorphous region of 

polymers is more susceptible to chain hydrolysis than the crystalline 
region [67]. Therefore, completely amorphous PMCL20-DY scaffolds 
were more susceptible to hydrolysis than semicrystalline PCL scaffolds. 
In addition, the ether bonds of the cross-linker in the PMCL20-DY 
scaffold had a higher affinity for water, thereby facilitating hydrolysis. 
Thus, it is reasonable to ascertain that PMCL20-DY scaffolds degraded 
significantly faster than the PCL scaffolds. Due to the presence of cells, 
lipases, and other natural pathways, the enzymatic degradation results 
of scaffolds could be better used as a reference for in vivo experiments. 

The cytocompatibility of the scaffold was evaluated by proliferation 
experiments of BMSCs on PMCL20-DY scaffolds. Accordingly, we seeded 
BMSCs on a 3D porous PMCL20-DY scaffold (Fig. 5a). As depicted in 
Fig. 5b, the cell live/dead staining results demonstrated significant cell 
growth with a healthy spindle shape within 7 days on the scaffold and a 
high cell viability of >95%. CCK-8 was used to quantify cell proliferation 
(Fig. 5c), and the results demonstrated that the PMCL20-DY scaffold 
exhibited comparable growth to the PCL scaffold, indicating the good 
cytocompatibility of the PMCL20-DY scaffold. The PCL-like molecular 
structure of the PMCL20-DY scaffold may be responsible for its high 
cytocompatibility. 7 days after being seeded on the porous scaffolds, the 
SEM image (Fig. 5d) revealed that the cells’ spreading morphology was 
optimal. The laser confocal image revealed a 3D cell distribution on the 
porous scaffolds (Fig. 5e), which may be the result of cell migration, 
infiltration, and growth within the interconnected pores of the scaffold. 

To further confirm BMSCs differentiation on PMCL20-DY scaffolds, 
chondrogenic-related genes were analyzed using quantitative real-time 
reverse transcription-polymerase chain reaction (qRT-PCR). After 14 
days of co-culture of PMCL20-DY scaffold with BMSCs, the expression of 
chondrogenic-related genes including aggrecan, COL II, and SOX9 was 
significantly upregulated (Fig. 5f–h). To directly observe the expression 
of COLII protein in the co-cultured cells, COL II, Nucleus and F-actin 
were fluorescently marked using immunofluorescence assay. In the 
fluorescence images (Fig. 5i), the expression of the COLII protein was 
significantly higher on the PMCL20-DY scaffold than it was on the 
control. These results indicated that PMCL20-DY scaffolds were capable 
of promoting the differentiation of BMSCs into cartilage. The ability of 
aggrecan to bind to hyaluronic acid and chondrocytes stabilizes the 
fixation of aggrecan on the ECM, which is essential to maintain the 
unique biomechanical properties of cartilage [25]. COLII represents 
90–95% of the collagen in the cartilage matrix and forms fibrils inter
twined with aggrecan. SOX9 is a member of the Sry-related high 
mobility group box (SOX) family of transcription factors and a key 
transcription factor in cartilage formation, capable of directly regulating 
the expression of COL II and aggrecans [68]. Therefore, high expression 
of aggrecan, COLII, and SOX9 mRNA may facilitate cartilage regenera
tion. The pro-chondrogenic differentiation of PMCL20-DY may be 
attributable to the scaffolds’ pores, which were appropriately distrib
uted within the range of 75–150 μm. It has been demonstrated in pre
vious studies that the pore size of the scaffold affected cell proliferation 
and differentiation. The scaffold with pores ranging from 60 to 125 μm 
was reported to promote stem cell differentiation into cartilage, prevent 
vascular invasion and endochondral ossification, and preserve the 
cartilage phenotype [69]. Due to the hydrophobicity and reduced 
crystallinity of the lateral methyl groups, PMCL films demonstrated 
superior GAG deposition compared to PCL films in our previous 
research. Moreover, a softer matrix and a weaker adhesion on the matrix 
are thought to be more conducive to the formation of cell aggregates, 
thereby promoting optimal cartilage differentiation [70]. Overall, the 
appropriate pore size and relatively soft matrix of the scaffold could 
better mimic the internal environment of cartilage tissues, thereby 
promoting the upregulation of cartilage-related genes and the expres
sion of COLII protein, indicating that the PMCL20-DY scaffold has a 
promising potential for pro-chondrogenic differentiation. 
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Fig. 5. (a) Schematic of experimental design of the in vitro cell inoculation of the 3D porous scaffold; (b) Live/dead fluorescence staining images of BMSCs cultured 
on PMCL20-DY porous scaffold for 1, 3, 7 days; (c) Cell viability assay of BMSCs cultured on PMCL20-DY porous scaffold for 1, 3, 7 days; (d) SEM image of cell 
morphology of BMSCs after 7 days of culture on PMCL20-DY; (e) 3D fluorescence staining images of BMSCs cultured on PMCL20-DY for 7 days; Expression of 
chondrogenic genes including (f) Aggrecan, (g) Col II and (h) Sox9; (i) Immunofluorescence staining of cell differentiation (multiple cross-sectional stacked views). 
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3.6. In vivo cartilage regeneration assay of PMCL20-DY scaffold 

To demonstrate elastomeric tissue repair under in vivo cyclic loading 
of PMCL20-DY scaffold, a mature New Zealand white rabbit cartilage 
repair model was used. The defect created in the center of the talocrural 
groove was implanted with a porous PMCL20-DY scaffold devoid of cell 
and growth factor loading. A blank group and a non-elastic porous PCL 
scaffold group were used as controls. During the experiments, no sig
nificant surgical complications were observed in the experimental ani
mals. Fig. 6a depicts the appearance of cartilage tissue after 12 weeks of 
implantation, as observed in photographs of cartilage tissue samples 
from the control group. The cartilage tissue samples from the control 
group were observed to be slightly filled, but with obvious unrepaired 
defects. The PCL group samples displayed a white interior (Fig. 6b). In 
contrast, defects repaired by PMCL20-DY samples were completely filled 
with tissue resembling cartilage (Fig. 6c). 

Histological staining was also used to evaluate cartilage regenera
tion. In the staining of the blank group with Safranin-O (Fig. 6d), the 
filling of the defect was negative, indicating that no GAG had been 
deposited. The regenerated filling was fibrous-like rather than cartilage- 
like tissue. The H&E and Masson trichrome stains illustrated a similar 
trend (Fig. 6e and f). It was also demonstrated that the blank group was 
incapable of regenerating cartilage tissue through self-healing. The PCL 
group appeared negative when stained with Safranin-O (Fig. 6g–i), with 
fibrous tissue on the surface of the defect and a large number of void 
areas inside the defect. For defect repair, it was determined that normal 
cartilage tissue-related proteins were lacking. As with the PMCL20-DY 
group, the defect filling was positively stained by Safranin-O (Fig. 6j), 
indicating that the regenerated tissue was composed of hyaline cartilage 
matrix GAG with a blurred interface and good fusion with the native 
tissue (Fig. 6k and l). The pro-chondrogenic differentiation capacity of 
the PMCL20-DY scaffold may have, therefore, contributed to the fact 
that the regenerated cartilage was thicker than the normal cartilage 

layer. 
As shown in Fig. 7, immunohistochemical staining of the tissue for 

types I, II, and X collagen was performed to investigate the regenerated 
tissue further. The defect filler in the control group was negative for 
COLII with mild COLI and COLX staining (Fig. 7a–c), indicating that 
COLII was not deposited on the regenerated tissue and there was no 
cartilage formation. The PCL group defect filling was marginally positive 
for COLII and predominantly positive for COLI and COLX (Fig. 7d–f), 
suggesting possible manifestations of osteoarthritis [71]. The 
PMCL20-DY group samples were predominantly stained with COLII, 
with no COLI or COLX staining observed (Fig. 7g–i), indicating adequate 
COLII production and outstanding cartilage regeneration. Implants for 
cartilage repair must be able to withstand the mechanically demanding 
joint environment [72]. Increasing evidence suggests that poor contact 
with the host tissue leads to resorption and poor integration [73]. It was 
demonstrated in this study that plastic PCL inhibited tissue penetration 
in a mechanically demanding joint environment, leading to the failure of 
cartilage repair. The expression of COLI and COLX suggested the pres
ence of osteoarthritis, most likely because the PCL scaffold failed to act 
as a mechanical cushion. In contrast, the PMCL20-DY scaffold with 
fatigue-resistant elastic was able to adapt to the intensely stimulating 
mechanical environment of the defect with excellent biomechanical 
integration. It is, therefore, believed that a softer matrix and weaker 
adhesion on the matrix are more conducive to the formation of cell 
aggregates, thereby promoting optimal cartilage differentiation. The 
scaffold’s specific pore size prevents vascular invasion and endochon
dral ossification, thereby preserving the cartilage phenotype. Accord
ingly, the PMCL20-DY scaffold successfully repaired the cartilage defect. 

4. Conclusion 

Herein, a new highly elastic porous scaffold with tunable mechanical 
properties was successfully prepared through double-terminated 

Fig. 6. Macroscopic view of the cartilage joints from Blank (a), PCL (b), and PMCL20-DY groups (c) at 12 weeks after surgery. Histological analyses: Safranin-O 
histological staining, H&E staining, and Masson’s trichrome staining. 
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alkynylation of amorphous liquid PMCL followed by thiol-yne photo- 
crosslinking using a salt template method. Due to the polyester’s liquid 
state at room temperature, toxic organic solvents could be avoided and 
the molding process was streamlined. Importantly, the modulus of the 
scaffold could be modified by three orders of magnitude, from 9.5 kPa to 
115 kPa, by adjusting the cross-link density. The extremely low Tg 
(<-45 ◦C) and amorphous properties of the scaffold conferred excellent 
elasticity in its rubbery state at room temperature. Specifically, the 
PMCL20-DY porous scaffold was able to recover its original shape at 
90% compressive strain with a rapid recovery rate of >500 mm min− 1. A 
very low energy loss coefficient of <0.1 resulted in superior fatigue 
resistance after 10,000 cycles at 70% compressive strain. Such high 
resilience of the scaffold allowed for minimally invasive loading and 
injection from a syringe. Moreover, the PMCL20-DY scaffolds with su
perior cytocompatibility and biodegradability stimulated chondrogenic 
differentiation of BMSCs in vitro. Furthermore, an in vivo articular 
cartilage defect model demonstrated its excellent cartilage regeneration 
capacity. Therefore, porous scaffolds with high elasticity and excellent 
fatigue resistance for withstanding dynamic loading may serve as po
tential implants for soft tissue regeneration. 
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