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Transparent and degradable polyurethane elastomers with high strength and toughness are in demand
for various applications, such as tissue engineering and flexible electronics. However, designing specific
chemical structures is challenging, and thus fabricating novel elastomers is sometimes unattainable. An
effective approach to develop elastomers is through the introduction of sacrificial bonds, e.g. hydrogen
bonds, to enhance their mechanical properties and toughness, which provide hidden lengths and
hierarchical structures for energy dissipation. This study introduced a facile and efficient strategy by
employing imidazolidinyl urea (IU) as a multiple hydrogen-bonding motif to fabricate transparent and
degradable polyurethane elastomers (PHI) with superior breaking strength and excellent toughness. The
resultant breaking strength and toughness reached up to 24.9 MPa and 168.2 MJ m™3, respectively.
Additionally, the breaking strength increased to 49.9 MPa after the sample was pre-stretched to 600%
strain due to strain-induced crystallization (SIC). Moreover, the PHI film with degradability and good
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Introduction

Materials with excellent mechanical properties have broad
application prospects in many fields, such as tissue engineering,
flexible electronics and displays, etc.'*> However, it is difficult to
combine high mechanical strength, superior toughness, and
excellent elasticity in one synthetic polymer because of the
complexity and difficulties in molecular design. One of the
effective approaches to enhance the strength of elastomers is
through physical modification with composite nanofillers; how-
ever, compatibility problems and interfacial regulation cannot
be avoided.>” On the other hand, biogenic composites including
bone,® nacre,”” proteins,>® and spider silks'® reveal excellent
strength and high toughness attributed to the presence of
sacrificial bonds introducing hidden lengths and complex hier-
archical structures,"” " including metal-ligand interactions,"®"”
ionic bonds,"®'® hydrogen bonds,>*>* etc. The breakage of
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biocompatibility showed potential application in post-operative anti-adhesion.

sacrificial bonds prior to the covalent bonds releases hidden
lengths and dissipates energy during stretching.?® After relaxation,
the sacrificial bonds can reform to recover their initial mechanical
strength and toughness.""””*° Based on this concept, various
investigations on sacrificial bonds have been reported in recent
years, which established their promising future in polymer
materials science.

Inspired by nature, multiple hydrogen bonding motifs were
introduced into polymer networks to play the role of sacrificial
bonds and provide hierarchical structure.***%*' Li et al
proposed a biomimetic strategy for strong and tough elastomers
constructed by hydrogen bonding interactions with 2-ureido-
4[1H]-pyrimidione (UPy).>* However, the introduction of UPy
usually required chemical modification of molecules, resulting
in cumbersome experimental steps. In our previous work,
imidazolidinyl urea (IU) was used as a sacrificial bond agent
to endow hydrogels with outstanding mechanical properties.***
In the present study, a facile and effective strategy was proposed
to develop transparent and degradable polyurethane elastomers
with superior mechanical strength and toughness by incorporating
IU as a hydrogen bond agent. Specifically, polycaprolactone (PCL),
hexamethylene diisocyanate (HDI), and imidazolidinyl urea
(IU) were polymerized to form a linear polymer denoted as
PHI, while the multiple hydrogen bonds of IU acted as physical
cross-linking agents (Fig. 1a and Fig. S1, ESIt). The resultant
transparent and degradable elastomers showed excellent
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Fig. 1 The schematic preparation procedure of PHI elastomers and characteristics of phase separation. (a) Structure of PHI. (b) Schematic description of
the proposed mechanisms for the elastic response under stretching and relaxation. (c) The TEM image of PHI microphase separation. (d) 1D small-angle

X-ray scattering (SAXS) profiles of PHI25. Inset: The 2D SAXS image.

mechanical properties, toughness, and acceptable biocompatibility.
To explore its potential application, we employed PHI as a physical
barrier to investigate the anti-adhesion effect on a mouse abdom-
inal wall injury model.

Experimental
Materials

Hexamethylene diisocyanate (HDI, 97%, Macklin), poly-
(caprolactone) diol (PCL, M;, = 2000 g mol ™", Acros), imidazolidinyl
urea (IU, 98%, Macklin), and dibutyltin dilaurate (DBTDL, 95%,
Aladdin) were used as received. N,N-Dimethylformamide (DMF,
99.5%, Sinorama Technology Co. Ltd) was supplied by Guangdong
Sinorama Technology Co. Ltd and used without purification.
Experimental animals were purchased from Laboratory Animal
Centre, Xi’an Jiaotong University.

Preparation of the PHI film

The synthesis of the thermoplastic polyurethane film was
performed using a two-step polymerization process. The synthesis
of PHI25 was taken as an example. The prepolymers were
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prepared in the first step using PCL diol (7.34 mmol), catalyst
DBTDL (0.04 g), and HDI (14.68 mmol) in a round bottom flask
with 30 g DMF at 85 °C. After 1 h of pre-polymerization, 170 g
DMF was added to dilute the system. Afterward, imidazolidinyl
urea (7.34 mmol) acting as a chain extender was added to
complete the polymerization with rapid stirring at 85 °C for 4 h.
The polymer solution was ultrasonically treated and poured into a
glass Petri dish (10 x 10 cm). Finally, the samples were dried
(60 °C) in a dry air oven for 5 days.

General characterization

'H-NMR (400 MHz) spectra were recorded on a Bruker AVANCE
III spectrometer at room temperature using d-DMSO as a
solvent. Fourier transform infrared spectroscopy (FTIR) was
performed using a Thermo Scientific Nicolet 6700 FTIR spectro-
meter which was equipped with a diamond ATR crystal at room
temperature in the range between 4000 and 400 cm™* with the
sampling number of 32. Tandem gel permeation chromatography
(GPC) was performed in DMF with 0.1 M LiBr at 40 °C and a flow
rate of 1.0 mL min~" on a system equipped with an isocratic
pump (Waters 2414). Detection consisted of a DAWN HELEOS
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18-angle laser light scattering detector at 658 nm (Wyatt
Technology, Santa Barbara, CA) and an Optilab rEX refractive
index detector (Wyatt Technology, Santa Barbara, CA). Separations
were achieved using size-exclusion columns connected in series
(400, 103 and 104 A phenogel columns, 5 pm, 300 x 7.8 mm,
Phenomenex, Torrance, CA). Differential scanning calorimetry
(DSC) of the samples was performed on NETZSCH DSC 200PC
(NETZSCH Corporation, Germany) apparatus. All the samples
were heated from 30 to 100 °C at 20 °C min~ " and cooled
at 20 °C min' from 100 to —100 °C under liquid nitrogen
(20 mL min™'). To eliminate the thermal history, all data
were collected during a second heating run at a scan rate of
10 °C min~' from —100 to 100 °C under a liquid nitrogen
atmosphere. Thermogravimetric analysis (TGA) was performed
on a NETZSCH TG 209C (NETZSCH Corporation, Germany) using
2-5 mg of sample. Samples were heated under a nitrogen atmo-
sphere at a rate of 20 °C min~" from 30 to 800 °C using an
alumina crucible. Transparency tests were performed on a UV-vis
spectrophotometer (PE Lambda950, Instrument Analysis Center
of Xi’an Jiaotong University). The thickness of all samples ranged
from 0.95 to 1.05 nm. The test wavelength was set to 800 to
400 nm, and the reference was air. The mechanical tests were
performed on an electronic tensile machine (CMT6503, MTS) with
a 5000 N load cell. The samples were cut into dog-bone
shapes (sample size 16.0 x 4.0 x 1.0 mm?®) for tests at a rate of
10 mm min~". In order to quantify the toughness, the value was
calculated by eqn (1).

A:Amu:(
Toughness = J adl 1)
i=0

Cyclic tensile deformation processing was carried out
using an electronic tensile machine (CMT6503, MTS) at room
temperature. Each sample of film was cut into a dog-bone
shape (testing measure of 16.0 x 4.0 x 1.0 mm?®). The cyclic
tensile deformation was programmed. The specimen was firstly
stretched to the required strain at a rate of 10 mm min ™", and
then unloaded to reduce the strain until the stress was zero.
Once the stress was completely released, the deformation
immediately increased again until the target strain was
reached. This was cycled until the final number of cycles
finished. In addition to the different strain cycles, the PHI
samples were cyclically stretched to a strain of 200% for 5 cycles
at a rate of 10 mm min !, and a new tensile deformation was
run after relaxation for 2 h. The experiment on a pre-stretched
reinforced elastomer was performed on an electronic tensile
machine. The samples were pre-stretched to two, four and six
times their original length. After deformation, the mechanical
tests of the above samples were performed on an electronic
tensile machine with a 5000 N load cell at a rate of 10 mm min~".
2D small angle Xray scattering (SAXS) measurements
were carried out at room temperature on a SAXS instrument
(Anton Paar SAXSpoint 2.0) equipped with a Cu/Mo dual
microfocal X-ray source and a two-dimensional hybrid photon
counting detector (EIGER R 1M) at the Instrumental Analysis
Center of Xi’an Jiaotong University. Active area: 77.2 x 79.9 mm,
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pixel size: 75 x 75 um. The periodic length L is inversely propor-
tional to the wave vector at the scattering peak (eqn (2)):

_27:
q

L (2)
in which q is the g value of the peak in the intensity curves (f(q) ~ g).
Transmission electron microscopy (TEM). Thin slices
(~50 nm) of the elastomers were prepared by cryotomy. The X-ray
diffraction (XRD) measurement was carried out by using an XRD-
6100 (Shimadzu XRD-6100, Japan) with Cu K radiation. The data

were collected between 10 and 80° with a scan speed of 10° min~".

Puncture resistance test

The film (5 x 5 x 0.88 mm) was clamped between two
rectangular sheets of metal. The film can deform freely during
the puncture test. A metal needle (the tip diameter was 350 pm)
was positioned vertically and moved down to the center of the
film in a compression machine with a 50 N sensor and a speed
of 50 mm min~". The puncture energy (E) was calculated by the
force-displacement curve integral from eqn (3)

E— JFdl 3)

where F is the puncture force at a displacement .

Solvent resistance at room temperature

The PHI samples were immersed in various solvents of different
polarity (5 mL) in glass vials at room temperature. After two days,
the samples were dumped, and the residual solvent on the
surface was gently wiped with filter paper. The swelling ratio
was calculated by eqn (4)

— My

Swelling ratio = - x 100% (4)

my
where m is the mass of the sample after swelling and m, is the
mass of the dry sample before swelling.

Degradation experiment

All the samples were cut into long strips (1 x 0.5 cm) using
scissors and placed in glass bottle. 5 mL 0.01 M PBS buffer
solution and 5 mg lipase were added to the glass bottle, and
shaken in a constant temperature shaker at 37 °C. Every 7 days,
the sample was washed twice with water, and then washed
twice with methanol, dried in a vacuum drying oven at 37 °C,
and finally weighed. The weight was calculated by eqn (5)

m

Weight = — x 100% (5)

mgy
where m is the mass of the sample after degradation, and m, is
the mass of the initial sample.

Hemolysis assay in vitro

Hemolysis assay in vitro was carried out to evaluate the bio-
compatibility of PHI25 films. Kunming mice were sacrificed to
acquire pericardial blood. The blood was collected and firstly
gently blended in 10 mL EDTA containing vacutainers.
Then the blood was centrifuged at 1500 rpm for 5 min at
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4 °C. The total volume of blood was marked and then the serum
was removed. After that, the red blood cells (RBC) were re-
suspended to the initial volume with freshly prepared 150 mM
saline solution. The operation on the blood cells was then
repeated more than 2 times to remove remnant serum. After
removing the saline solution at the last washing step, red blood
cells (400 pL) were suspended with 0.01 M sodium phosphate
buffer solution (PBS) to 10 mL to form a 1.11 x 10* mL ™" RBC
suspension. The PHI25 films (20, 40, and 60 mg mL™") were
added into the RBC suspension as the experiment groups.
Saline solution and Triton X-100 (1%) were used as the
negative and positive control, respectively. All groups of RBC
suspensions were incubated at 37 °C for 1 h. The suspension
was collected and centrifuged for 5 minutes at 1500 rpm.
100 pL of supernatant was transferred from each group into a
96 well plate. Finally, the absorbance of the solution was
measured with a Multiskan FC microplate reader (Thermo,
US) at 541 nm to determine the hemolytic ratio. The hemolysis
was calculated by eqn (6)

A. — A

H(100%) = % x 100% (6)
t

where H is the hemolysis, and A, A., and A, are the absorbance

at 541 nm for the experiment group, saline solution group, and

Triton X-10 group, respectively.

Cytotoxicity assay

The cytotoxicity of the PHI25 film was evaluated through MTT
assay. Human normal liver cells (LO2) were seeded in 96-well
plates with a density of 1 x 10* per well, and cultured with
DMEM media with 10% FBS and a 5% CO, atmosphere at 37 °C
for 24 hours. The sterilized films were immersed in DMEM
culture media without FBS at 37 °C for 24 hours. The super-
natant was collected. LO2 cells were incubated with the
extraction culture media with 10% FBS for another 1, 2 and 3
days. Subsequently, 20 pL of MTT (5 mg mL ') was added to
each well and incubated at 37 °C for 4 h. After the medium was
discarded, 200 pL of DMSO was added to each well to dissolve
formazan. Later, 100 pL of the supernatant solution was
transferred to a 96-well plate. The absorbance of the solution
was measured using a Multiskan FC microplate reader
(Thermo, US) at 570 nm. The cell viability was calculated by
eqn (7)
Cell viability(100%) = Ac = Ay x 100% (7)
Ac - Ab

where 4., Ap and A. represent the absorbance of the experiment
groups, background groups and blank groups, respectively.

Live/Dead staining

The in vitro cytocompatibility of the PHI25 film was further
investigated by Live/Dead staining. Live/Dead staining was
conducted with human normal liver cells (LO2) seeded
into 24-well plates with a density of 2 x 10 per well and cultured
in DMEM medium containing 10% FBS under standard
cell culture conditions (37 °C and 5% CO,) for 24 hours.

5374 | Mater. Chem. Front., 2021, 5, 5371-5381
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The medium was replaced with fresh medium containing
6.25 mg mL~" PHI25 film. The sample was further cultured at
37 °C, 5% CO,, for 1, 2 and 3 days. The cell viability was
determined by the Live/Dead cytotoxicity tool kit for mammalian
cells (Invitrogen™). The green (492 nm) and red (545 nm)
fluorescence were observed under a fluorescence microscope
(DMi8, Leica, Germany).

In vivo anti-adhesion evaluation of the PHI25 film

All of the animal experiments were approved by the Institutional
Animal Care and Use Committee of Xi’an Jiaotong University
and in compliance with all regulatory guidelines. The adhesion
prevention efficacy of the PHI25 film was evaluated using a
model of sidewall defects in mice. Ten Kunming mice (~20 g)
were divided into two groups treated with PHI25 film and saline
solution, respectively. After anesthesia, the abdominal skin of
the mice was depilated and sterilized, and a 1.5 cm incision was
made along the midline of the abdomen. Afterward, a 3 x 3 mm
abdominal wall defect was created by surgically removing a layer
of muscle on the abdominal wall. For the experimental group, a
PHI25 film (2 x 2 cm?) was sutured on the anterior abdominal
wall. For comparison, saline solution was also applied to the
defect area. Subsequently, the muscle incision was sutured
with 6-0 silk thread, and the midline skin incision was closed
with 4-0 sutures. At specified time points (1, 2, and 3 weeks), the
abdominal cavities were surgically opened to observe and assess
the degree of adhesion and the related tissues were collected for
further evaluation.

Results and discussion

Different IU contents (25, 33, 38, and 40%) were incorporated
as hydrogen bond agents to prepare PHI polymers (Fig. 1a, and
Fig. S1 and Table S1, ESIt). IU was a physical crosslinking site
in the system to improve the Young’s modulus of the material.
The chemical structures of the prepared PHI film were
characterized by proton nuclear magnetic resonance (‘H NMR),
Fourier-transform infrared spectroscopy (FTIR), and tandem gel
permeation chromatography (GPC), as shown in Fig. S2, S3a, and
S4, and Table S1 (ESIt). The hydrogen bonds in the IU structure
would dissociate firstly for energy dissipation and the mechanical
properties of the bulk material could recover through the
re-association of the hydrogen bonds (Fig. 1b). Besides, the
microphase separation of the segmented polyurethane (PHI25)
was imaged by transmission electron microscopy (TEM) and small
angle X-ray scattering (SAXS). The TEM image illustrated the
boundary between soft (polycaprolactone; bright zones) and hard
domains (multiple H-bonded aggregates; dark spots), as shown
in Fig. 1c, which was attributed to the thermodynamic
incompatibility between hard and soft segments.”> The broad
peak from the SAXS profiles (g = 0.55 nm ™) corresponding to the
periodicity of the phase-separated domains was calculated to be
approximately 11.6 nm (Fig. 1d). The amorphous structure was
further verified by X-ray diffraction (Fig. S5, ESI).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 2 The characteristics of PHI. (a) UV-vis spectra of PHI films (with a thickness of 0.95 mm) in the visible region. Inset: The photograph of PHI40 films
(with a thickness of 0.95 mm) showing that they are transparent and colorless. (b) The FTIR spectrum of PHI25 fitted using Gaussian curves for 1850-
1600 cm™2. (c) The change of the FTIR peak intensity of ordered/disordered/total hydrogen bonded C=0 for PHI25-PHI40. (d) Stress—strain curves for

PHI films stretched at 10 mm min~*

Differential scanning calorimetry (DSC) was performed to
estimate the glass transition temperature of the PHI polymers.
All the polymers showed a T, of approximately —60 °C (Fig. S6,
ESIt). The thermal gravimetric analysis (TGA) data revealed the
absence of a decomposition process before 220 °C, which was
indicative of excellent thermal stability (Fig. S7, ESIT). A solvent
resistance analysis of PHI25 was performed (Fig. S8, ESIt), and
the results demonstrated that the PHI25 film had a low swelling
ratio in petroleum ether, ether, methanol, and water, while it
dramatically swelled in solvents including dichloromethane,
chloroform, DMF, and NMP instead of dissolving, suggesting its
excellent solvent resistance. Besides, the average transmittance
over the entire visible region was above 86% (Fig. 2a), while
the PHIO film was white and opaque (Fig. S9, ESIT). The transpar-
ency of the sample gradually increased with increasing IU
content, which was attributed to the fact that the hydrogen
bonds destroyed the crystallinity of PCL. FTIR spectra analysis
was performed to verify the existence of hydrogen bonds, and the
results are summarized in Fig. 2b, and Fig. S3b, S3c, and
S3d (ESIT). Specifically, the peaks near 1850-1600 cm ' corre-
sponded to the stretching of carbonyl groups, including
free carbonyl groups at 1785 cm ™, disordered hydrogen-bonded
carbonyl groups at 1725 cm™ ', and ordered hydrogen-bonded
carbonyl groups at 1680 cm . It could be observed from Fig. 2¢
that the content of hydrogen-bonded carbonyl groups increased
with increasing IU content, demonstrating that IU was favorable
for the formation of hydrogen bonds.

The mechanical properties of the PHI samples were analyzed
by monotonic tensile deformation (Fig. 2d and Table S2, ESIf).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

. () The toughness of the samples. (f) Typical puncture force—displacement curve of PHI25.

The introduction of a small amount of IU could reduce the
Young’s modulus of the material to a certain extent, which was
due to the addition of hydrogen bonds destroying the crystal-
linity of polycaprolactone. However, the physical crosslinking
density of hydrogen bonds increased with the IU content, which
eventually led to an increase in the Young’s modulus (Fig. S10,
ESIT). PHI25, PHI33, and PHI38 exhibited superior fracture
strength and ductility similar to rubber, while PHI40 exhibited
ayield point and Young’s modulus of 17.6 MPa and 293.0 MPa,
respectively. With the increase of the IU content, the toughness
of the material, which was calculated by the integration of the
engineering stress-strain curve, first increased and then
decreased (Fig. S11, ESIf). On the one hand, IU provided
hydrogen bonds as sacrificial bonds to increase the toughness
of the material; on the other hand, IU acted as a physical
crosslinking site of hydrogen bonds to improve the mechanical
strength. When the content of IU was low, the sacrificial bonds
were dominant, and the toughness increased significantly.
However, when the content of IU reached a certain value
(20%), the physical crosslinking density was too high, which
led to the decrease of the toughness. Moreover, the toughness of
PHI25 was as high as 168.2 MJ m > (Fig. 2e), which exceeded
most existing degradable materials®*** and synthetic fibers,**
including carbon fibers (25 MJ] m~?),**® Kevlar 49
(50 MJ m?),** and nylon 6,6 (80 MJ m °).">*® To further
verify the remarkable toughness of the PHI25 films, the samples
were subjected to a puncture test with a sharp metal needle
(Fig. 2f, and Fig. S12 and Video S1, ESIf). The results demon-
strated that PHI25 revealed outstanding puncture resistance

Mater. Chem. Front., 2021, 5, 5371-5381 | 5375


https://doi.org/10.1039/d1qm00476j

Published on 08 May 2021. Downloaded by Y unnan University on 8/25/2025 11:30:22 AM.

Research Article

with a maximal puncture force and displacement of 16.7 N and
11.1 mm, respectively. Importantly, the puncture energy of
PHI25 (72.2 m]) was larger than that of PHI33 (33.2 m)],
Fig. S13, ESIt) and a commercial tough film (3M-7605),
highlighting the higher puncture resistance of PHI25. These
results were in good agreement with the strain-stress results.
Rheology studies showed that the storage modulus and loss
modulus of the samples showed a one-step relaxation between
30 and 175 °C (Fig. S14, ESIt), and the increased modulus was
attributed to the presence of IU moieties and the resulting
physical crosslink density.

Furthermore, cyclic tensile tests were conducted to characterize
the mechanical properties of PHI during five successive
loading-unloading cycles (Fig. 3a and Fig. S15a-S15c, ESIT).
As shown in Fig. S15d (ESIY), the hysteresis area, which is
defined as the integration area of the stress-strain curve,
increased with deformation. It was hypothesized that the low
energy dissipation at low strain was due to the breakage of weak
hydrogen bonds in the urethane bonds, while the energy
dissipation at higher strain might result from the dissociation
of strong multiple hydrogen bonds in IU. In the five consecutive
loading-unloading cycles at a strain of 200% (Fig. 3b and
Fig. S16, ESIT), the hysteresis energy decreased (Fig. 3c) due
to the fact that the residual deformed hydrogen bonds could
not recover or re-associate in time. For each cycle, PHI40 had
the highest hysteresis area. This was because PHI40 had the
highest hydrogen bond content. These results indicated that

View Article Online
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the dissociation of multiple hydrogen bonds acted as sacrificial
bonds, which effectively dissipated the energy during the
deformation process. To explore the association-dissociation
properties of the hydrogen bonds, PHI40 was first loaded with a
strain of 25% and then unloaded for six cycles. After standing
for 2 h, a seventh loading-unloading process was performed
(Fig. 3d), and it showed a reduced hysteresis loss (1.5 MJ m>)
compared to that of the first cycle (2.6 MJ m™>). The cyclic
tensile test curves of PHI25, PHI33, and PHI38 with similar
mechanical behaviors in continuous cycles after a delay of 2 h
are summarized in Fig. S17 (ESIt). Hydrogen bonds acting as
sacrificial bonds would break during the stretching process,
which led to great energy dissipation. In a relaxed state, the
hydrogen bonds in the polymer reconstituted to a certain
extent, and the hysteresis energy recovered.

Previous reports stated that a crystalline microstructure
dispersed in an amorphous polymer matrix can greatly enhance
its mechanical properties."”***° PHI25 was pre-stretched to
two, four, and six times its original length to induce the
arrangement of microstructure prior to mechanical testing.
After deformation, the mechanical properties of the above
samples were analyzed by a tensile test, and the results are
shown in Fig. 3e and summarized in Table S3 (ESIf).
In particular, the Young’s modulus and breaking strength
increased with the degree of deformation, whereas the breaking
strain and toughness decreased. Importantly, the breaking
strength of PHI25 was 49.9 MPa with a pre-stretched elongation
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Fig. 3 Step-cycle tensile deformation and stretching as a processing method to improve the mechanical properties. (a) Loading—unloading curves of
PHI40 under different strains. (b) Five successive loading—unloading cycles of PHI40 at a strain of 200%. (c) Dissipated energy during five successive
loading—unloading processes at a strain of 200% in every cycle. (d) Cyclic tensile test curves in successive cycles of PHI40. The loading—unloading cycle
7 was delayed for 2 h after cycle 6. (e) Stress—strain curves for PHI25 pre-stretched to different deformations varying from 200 to 600%. (f) XRD curves for

PHI25 films at different deformations.
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Fig. 4 The degradation performance of PHI. (a) Mass loss of PHI25 as a function of degradation time. (b and c¢) Optical microscope images of PHI25 at

different weight loss. b: 0% weight loss; c: 50% weight loss.

of 600%, which was twice that of the as-synthesized sample (24.9
MPa) and stemmed from the strain-induced crystallization of the
PCL chain. Besides, PHI33, PHI38, and PHI40 showed similar
mechanical behavior due to the crystallized PCL (Fig. S18 and
Table S4, ESIT). This hypothesis was verified by X-ray diffraction
(XRD) analysis under different pre-stretched deformation (Fig. 3f
and Fig. S19, ESIt), where the peak at 23.6 degrees increased
with deformation. On the other hand, the dissociation and re-
association of hydrogen bonds might change the topological
rearrangement of the polymer and limit the mobility of the PCL
chain, facilitating the formation of a new nanostructure.*®>"
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The enzymatic hydrolysis process of PCL-based polyurethane
mainly relies on the hydrolysis of carbamate bonds. Firstly,
lipase attacks the ester bonds and hydrolyzes the polyurethane.
At the same time, it hydrolyzes the amide bonds, destroys the
polyurethane polymer chain, and generates low molecular
weight compounds. Afterward, the polyurethane fragment is
further broken to complete the degradation process.”” Fig. 4a
and Fig S20 (ESIT) show the mass loss curve of the PHI films with
time at 37 °C under the action of 0.01 M PBS buffer and lipase.
The degradation rate of sample PHI25 in four samples was fast
due to the high content of the PCL segment in the networks.

Fig. 5 Invitro experiments of PHI25 films. (a) Hemolytic percentage of PHI25 films. (b) Photo from hemolytic activity experiments of PHI25 films. (c) Cell
viability treated with PHI25 films by assay. (d) Live/Dead assay of LO2 cells treated with PHI25 films. The TCP wad served as a control. Scale bar: 100 um.
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PHI film

Saline

Fig. 6 In vivo experiments of PHI25 films. (a) Illustration of the abdominal defect model in mice by using PHI25 as a physical barrier. (b) Gross
observation of the anti-adhesive efficacy treated with saline and PHI25 films. (c) Histological examination of the injured sites after surgery. AW: abdominal

wall; IM: intestinal mucosa.

Moreover, PHI25 showed a linear degradation trend. After
degradation for 49 days, the mass loss of PHI25 reached 50%.
Optical micrographs of PHI25 at different weight losses before
and after degradation are shown in Fig. 4b and c. The surface of
PHI25 became rougher and cracks were formed on the surface
with increasing mass loss.

To explore the potential application of PHI in biomedical
applications, we first evaluated the in vitro blood and cell
compatibility. As shown in Fig. 5a, PHI25 showed negligible
hemolysis with a concentration of 20, 40, and 60 mg mL .
Compared with the positive control group (Triton X-100), the
supernatant of the experimental groups and the normal saline
groups was light yellow, indicating that the PHI25 films showed
good blood compatibility (Fig. 5b). Moreover, the cytocompatibility
of the PHI25 films was evaluated by MTT assay and Live/Dead
staining. Human normal liver cells (LO2) in the experimental
groups had a similar proliferation trend to a tissue culture plate
(TCP), and the cells proliferated 2.3 and 3.7 times after 2 and 3
days, respectively (Fig. 5c). As displayed in Fig. 5d, little red

5378 | Mater. Chem. Front., 2021, 5, 5371-5381

fluorescence (dead cells) was found in the PHI25 film treatment
groups during the whole cultivation process, indicating good
cytocompatibility of PHI25.

Peritoneal adhesion is proliferative fibrin bands formed
between the damaged abdominal wall and adjacent normal
organs after an operation.>® It is a common complication after a
peritoneal operation.>® The physical barrier strategy is one of
the effective methods to inhibit postoperative adhesion.?*%>¢
In view of the excellent mechanical properties, toughness,
degradability and good biocompatibility of PHI25, it was
expected to have potential application in post-operative anti-
adhesion. A mouse model of abdominal injury was established
to evaluate the anti-adhesion behavior of PHI25 films (Fig. 6a).
Mice only treated with saline were used as a control. PHI25
films were implanted between the damaged abdominal wall
and cecum. In the saline treatment groups, adhesion appeared
one week later, and, with the extension of time, the adhesion
became more and more serious (Fig. 6b). Compared with the
saline treatment groups, the PHI25 films did not cause any
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adhesion within three weeks, indicating a satisfactory anti-
adhesion effect. In particular, no abdominal wall defect was
observed in the PHI25 film treatment groups, indicating that
PHI25 films would not affect the normal recovery of the wound.
The inflammatory response in the surgical site was detected by
H&E staining. As depicted in Fig. 6¢c, two weeks later, neutrophil
infiltration and a large amount of fibrous tissue were observed in
the saline treatment groups, indicating the existence of serious
abdominal adhesion. On the contrary, no adhesion or obvious
inflammation were found in the PHI25 film treatment groups
during the whole treatment process, indicating that PHI25 films
could effectively prevent the occurrence of adhesion.

Conclusions

In summary, a simple and efficient molecular design was
proposed to prepare a transparent polyurethane with excellent
properties by incorporating IU motifs in the skeleton of the
polymer. The hydrogen bonds served as physical crosslinking
points and sacrificial bonds, which endowed the elastomer
with high mechanical properties and remarkable toughness
(168.2 MJ m™®). The dynamic association-dissociation mecha-
nism of hydrogen bonds contributed to the recovery of the
mechanical properties. Moreover, the strain-induced crystallization
behavior of the soft PCL segment during stretching was verified by
XRD and was determined to have a positive effect on improving the
mechanical properties. In addition, PHI showed good blood and cell
biocompatibility, and could act as physical barriers to prevent
adhesion in a mouse model of abdominal injury. Therefore, PHI
may show vast potential in biomedical fields.
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