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ABSTRACT

Effective strategy of hemostasis and promoting angiogenesis are becoming increasingly urgent in modern
medicine due to millions of deaths caused by tissue damage and inflammation. The tissue adhesive has been
favored as an optimistic and efficient path to stop bleeding, while, current adhesive presents limitations on
wound care or potential degradation safety in clinical practice. Therefore, it is of great clinical significance to
construct multifunctional wound adhesive to address the issues. Based on pro-angiogenic property of 1-Arginine
(L-Arg), in this study, the novel tissue adhesive (G-DLPUs) constructed by L-Arg-based degradable polyurethane
(DLPU) and GelMA were prepared for wound care. After systematic characterization, we found that the G-DLPUs
were endowed with excellent capability in shape-adaptive adhesion. Moreover, the L-Arg released and the
generation of NO during degradation were verified which would enhance wound healing. Following the in vivo
biocompatibility was verified, the hemostatic effect of the damaged organ was tested using a rat liver hemor-
rhage model, from which reveals that the G-DLPUs can reduce liver bleeding by nearly 75% and no obvious
inflammatory cells observed around the tissue. Moreover, the wound care effect was confirmed in a mouse full-
thickness skin defect model, showing that the hydrogel adhesive significantly improves the thickness of newly
formed dermis and enhance vascularization (CD31 staining). In summary, the G-DLPUs are promising candidate
to act as multifunctional wound care adhesive for both damaged organ and trauma.

1. Introduction

the difficulty of hemostasis and tissue repair. Blood vessels (BVs) present
all over human tissue and act as an indispensable role in the body,

Hemostasis and enhancing wound healing are important issues in
tissue repair, and have become an urgent issue and have attracted
increased attention in recent years [1,2]. It is reported that uncontrol-
lable bleeding and wound infection lead to a high mortality rate in the
world and cause more than millions of deaths each year [3]. Studies
demonstrate that rapid wound closure and enhancing wound healing
can effectively reduce mortality [4]. Inevitably, when the tissue
damaged, the blood vessel tissue will be destroyed, which will increase

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.

** Corresponding author.

*** Corresponding author.

vascularization of the wound tissue is one of the important symbols of
wound healing.

Previous reports on tissue wound adhesive tend to focus on adhesion,
and degradability of the material [5], while the enhancement of skin
healing process and the regeneration of BVs are less investigated, and
few wound adhesives with multifunction of adhesion to hemostasis, BVs
growth promotion and degradation safety are reported [6-8]. Hence, it
is of clinical significance to construct versatile wound adhesive for
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addressing these problems [9-11].

L-arginine (L-Arg), a pivotal mediator during the wound healing
process [12], could be catalyzed into nitric oxygen (NO) and ornithine
by nitric oxide synthase (NOS) and arginase at the wound site, respec-
tively. Additionally, the NO derived from L-Arg acts as an important role
to antibacterial and anti-inflammatory and promote angiogenesis. Be-
sides, as a precursor for proline synthesis, the ornithine accelerates
wound healing by contributing itself as a substrate for the synthesis of
collagen [13]. Therefore, L-Arg has become a popular supplement for
promoting wound healing [14]. However, it is inefficient for patients to
take it orally, because it fails to concentrate locally on the wound tissue
[15]. Therefore, more and more composites were developed to deliver
L-Arg locally and directly in damaged tissue. Nevertheless, the previous
studies cannot be blind at the sharp and random release of L-Arg on the
wound. There are many side effects that has been confirmed that the
excessive L-Arg would have a disadvantage to the activity of
ornithine-decarboxylase [16] and prompt the formation of scar and
fibrosis [17]. It is of particular importance to construct a slow release
strategy of L-Arg for wound healing to avoid adverse reactions.

In view of the molecular structure of L-Arg, we construct a water-
borne polyurethane (WPU) with adjustable structure as a starting point
to design and prepare would adhesive, due to that the PU has excellent
biocompatibility and controllable biodegradability which is widely used
in the biomedical field [18-20]. Based on the structural adjustability of
the PU, the multifunction of tissue adhesion and biodegradation safety
were endowed with PU via introducing the active functional groups and
segments in the molecular chain [21], such L-Arg, drug-load chain
extender p-CD and soft segment PEG.

The degradable polyurethane selected could address the problem
attributing to that it possesses excellent biodegradability and biocom-
patibility, which would release L-Arg during the degradation process.
Moreover, constructing a suitable degradable polyurethane structure
can endow the material with good biocompatibility and biodegradation
safety [11,22], which is a thorny problem that most research on tissue
adhesives ignores. The safety of biodegradation enables the material to
have excellent degradation properties while avoiding the accumulation
of tissue acid and thus inflammation. Furthermore, related studies have
shown that it exerts the adhesion through strong hydrogen bonding
among molecular, instead of current tissue adhesives, which function-
alized using isocyanate (NCO) [23], aldehyde (CHO) [24] or
NHS-activated ester [10,25,26], achieving adhesion through chemical
bonding, more inclined to release low-molecular compounds, bring
about unpredictable harm to the body.

In addition, the release of L-Arg and the realization of adhesion also
need to provide adhesion support to vascular endothelial cells. Obtained
by modifying gelatin, gelatin-methacryloyl (GelMA) can provide sites
for vascular endothelium attachment via RGD (Arg-Gly-Asp) motifs, and
create a suitable environment for cell proliferation, differentiation and
remodeling [27-29].

Dual-network-structure adhesive with adhering to the wound and
releasing L-Arg during the degradation process, which makes it possible
to promote healing of the wound. Herein, assuming that a waterborne
polyurethane combined with GelMA, the formed composite would
possess the function of shape-adaptive adhesive capability, and could be
adhere to the wound and achieve hemostasis, while the polyurethane
and GelMA can release the amino acid and RGD peptides during
degradation process. Under this consideration, we constructed a multi-
functional wound adhesive composed of L-Arg-based waterborne poly-
urethane compounded and gelatin methacryloyl (GelMA) (Fig. 1). This
hydrogel can provide a moist recovery environment for the wound and a
suitable environment for cells to adhere and grow. Meanwhile, the ad-
hesive has the function to enhance blood vessel regeneration and wound
healing through the release of 1-Arginine during the degradation process
(Fig. 8). The effectiveness of this wound adhesive (G-DLPU3) in biode-
gradability in vivo, organ damage hemostasis and wound care were
investigated successively by rat subcutaneous implantation experiment,
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rat liver hemorrhage model and mouse full-thickness skin defect model.
The synergistic activity of the materials in composite was verified and
revealed that the hydrogel adhesive significantly improves the new skin
tissue thickness and enhances vascularization, making it a promising
candidate to use as multifunctional wound adhesive for hemostasis and
promotion of wound healing.

2. Experimental section
2.1. Materials

Polyethylene glycol (PEG, Mn = 400), 1-Arginine (L-Arg), p-Cyclo-
dextrin (B-CD) were obtained from China Sinopharm Group Reagent Co,
Ltd. Isophorone diisocyanate (IPDI), Gelatin, Type A and Methacrylic
anhydride (MA) were obtained from Sigma-Aldrich (Shanghai, China).
Stannous caprylate, dimethylol propionic acid (DMPA) were bought
from Alfa Aesar Corporation (Shanghai, China). Other raw materials
such as acetone and triethyl amine (TEA) were obtained from Kelong
Chemical Corporation (Chengdu, China), and used without further pu-
rification. Hoechst33342 was purchased from Leagene Biotech Co., Ltd.
(Beijing, China). The Calcein AM was obtained from Shanghai yaji
biotechnology Co., Ltd. (Shanghai, China). The CCK-8 kit was obtained
from Dojindo (Japan).

2.2. Preparation of DLPU, GelMA and G-DLPUs

2.2.1. Preparation of DLPU

The preparation process of carboxyl-rich (DMPA) amino acid (L-Arg)
modified polyurethane is shown as follows: Equipping with nitrogen gas
inlet, thermometer and stirrer, the flask was fixed on the oil bath, and
the raw materials such as soft Polyethylene glycol and chain extender
B-Cyclodextrin (B-CD) were successively added at temperature of 90 °C
and stirred for 1 h to make them homogeneous. In the nitrogen atmo-
sphere, after adding catalyst, the total IPDI (-OH/-NCO = 0.5) was added
intermittently into stirred flask, then the reaction was performed at
80 °C for 3 h. Setting the temperature to 75 °C, the dissolved DMPA
solution was dropped into the flask and reacted for another 1.5 h. After
the prepolymerization, the obtained NCO-terminated prepolymer was
cooled to below 50 °C and appropriate amount of acetone was used to
adjust the viscosity of the prepolymer. Then, the TEA was used to
neutralize the carboxylic acids in the DMPA to improve the solubility of
polymer. The solution containing 0.5 g L-Arg was added dropwise to
neutralize the isocyanate group of prepolymer and maintained vigorous
mechanical stirring at 1000 rpm for 0.5 h to obtain solution. The pre-
pared tissue adhesive DMPA and L-Arg modified polyurethane named
DLPU.

2.2.2. Preparation of the GelMA

GelMA was synthesized using methods as depicted in Fig. 1b. Briefly,
under constant magnetic stirring, the type-A gelatin was dissolved in 50
ml Dulbecco’s phosphate buffered saline (DPBS) at 60 °C. All meth-
acrylic anhydride was continuously added to the solution within 10 min,
and excessive DPBS was poured in to cease the reaction after 3 h of
reaction. Subsequently, to remove impurities, the reacted solution was
dialyzed in distilled water for 7 days. Finally, the dialyzed solution was
subjected to freeze-drying for 48 h to obtain porous modified gelatin
(GelMA) which was stored at —20 °C for later use.

The degree of methacryloyl modification was assessed quantifiedly
via the 'H NMR spectroscopy (Bruker AV II-400 MHz spectrometer)
using the method described by Shirahama et al. [30]. In brief, the proton
signal (d = 7.0-7.5 ppm), attributed to aromatic amino acids, was used
as a reference in each spectrum. The NMR spectra were integrated over
the 2.7-2.9 ppm range, near lysine amino acid, using proton signal from
the methylene groups. The degree of substitution (DS) was calculated as
following equation:
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of G-DLPUs.

DS% = (17@) x 100% 6

gelatin

where Pgeva and Pgelatin Were the peak area of lysine methylene protons
in GelMA and gelatin at around 3.0 ppm, respectively.

2.2.3. Preparation of the G-DLPUs

The DLPU solution was obtained by dialysis and concentration pre-
pared above, and the G-DLPUs samples were prepared via the combi-
nation of the DLPU and GelMA as shown in Fig. 1c. The GelMA was
dissolved in the DLPU concentrated solution (15% w/v) and fully mixed
by continuous intense mechanical stirring for 30 min. And after the
addition of 12959 photoinitiator (0.5% w/v), the covalent crosslinking
structure was formed in GelMA under the 5-min irradiation of ultravi-
olet light (led light-curing system UPS81, 365 nm, 10 W power). The
target composites are coded “G-DLPU#”, where “#” is the number
representing the mass ratio of DLPU and GelMA. The DSP was prepared
as the previous literature [26] using acrylic acid and gelatin with a small
amount of crosslinking agent.

2.3. Structural characterization

Rheological tests were conducted to detect the mechanical properties
and rheological properties of adhesives using a rheometer (MCR92
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Anton Paar, Austria). Amplitude sweeps were performed at a constant
frequency of 1 Hz starting from the strain of 1%. The sharply rising
storage modulus (G') was recorded to signify the sol-gel transition of the
hydrogel under the interval UV light irradiation, during which the Uv
light radiation is every 1 min for 1min.

The chemical structures of hydrogels were tested spectroscopically
via Fourier Transform Infrared spectrometer (TENSOR II spectrometer
Bruker, Germany) with a resolution of 4 cm ™! and frequency range from
4000 cm '-800 ¢cm~!. With tetramethylsilane (TMS) as an internal
standard, the spectrometer (Bruker AV II-400 MHz spectrometer,
Switzerland) was used to obtain the 'H NMR spectra of DLPU and
GelMA.

The Scanning Electron Microscopy (AURIGA Cross Beam FIB/SEM
Station. Carl Zeiss, Germany) was applied to observe the morphology
and microstructure of the composites with the accelerating voltage of
15 kV. To increase the resolution, all the dried samples were gold-
sputtered prior to imaging.

The Static Contact angle (CA) test was conducted by the contact
angle goniometer (OCA20, Dataphysics Inc. Germany) using deionized
water at room temperature of 20 °C. In detail, the 2 pL drops of deion-
ized water droplets were dropped on the surface of samples from 10 mm
high. After 3 s, the droplets on the sample were photographed, and the
contact angle was calculated. Each measurement was performed under
the identical experimental conditions. To obtain accurate results, all
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samples were tested for three times.

The Coulter LS230 system (USA. Beckman Coulter Inc.) was used to
measure the zeta potential of DLPU, GelMA and G-DLPUs solutions at
20 °C. Diluting with water, a few milliliters of dilute solution were
prepared to test without further processing. The mean values of zeta
potential were calculated after each test was repeated.

2.4. Water absorption and water retention ability

The liquid-absorption rate of the samples in SBF (Simulated Body
Fluid) was tested as the following steps: sample was cut into a weight of
about 100 mg (W) and immersed in SBF (37 °C). The samples were
taken out and weighed at different time intervals (1 h,2h,3h,6h,12h,
24 h and 48 h). After the extra water on surface was sucked off using
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filter paper, the swollen samples were reweighted (Ws). The equation
[31] below was used to calculate the liquid-absorption of samples:
W, — W,

TOO x 100%

Water absorption = (2)

The liquid-retention abilities of samples were evaluated subse-
quently. After three samples of each group were immersed in SBF for 24
h, the samples of GelMA, DLPU and G-DLPUs were weighed and recor-
ded (Wd) respectively. After the extra water on surface was sucked off
using filter paper, the sample was placed in centrifuge tubes and
centrifuged at 800 rmin~! for 3 min. Finally, samples were taken out and
reweighted (W,,). Each sample was tested in triplicate. The defined
equation following was used to calculate the liquid-retention ratio (Wg)
[31]:
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2.5. Mechanical behavior

The mechanical behaviors including tensile and compression were
performed on Texture Analyzer (TA-XT plus, Stable Micro Systems, UK)
at a normal temperature of about 25 °C with the speed of 50 mm min !
in stretching and compressing. The original G-DLPUs hydrogels with the
size of 40.0 x 10.0 x 1.0 mm was used for the tests and each sample was
measured 3 times separately. The cyclic-tensile measurements were
performed with the maximum deformation is 20%, 40% and 80%
respectively, and stretching 10 times cyclically for each sample.

2.6. Adhesive properties of hydrogels

Adhesive performance of the G-DLPUs was measured via the me-
chanical testing Texture Analyzer (TAXT plus, Stable Micro Systems,
UK), using adhesion test in accordance with ASTM (F2255 and F2258)
standards. Details were as follows [2,26]:
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Pre-test processing: Adhesive properties of samples were measured
using fresh porcine skin which was purchased from the local market and
stored at the temperature of —18 °C for later test. To prepare auxiliary
materials for testing the adhesion of samples, the porcine skin was taken
out and thawed in the PBS solution before being trimmed into rectan-
gular pieces. Subsequently, the well-cut skin was re-immersed to prevent
dryness. The rectangular skin was taken out and the surface water was
removed carefully and the hydrogel was attached to one end for testing.
The samples were then uniformly fitted to the skin surface using a
scalpel. A certain amount of pressure was applied to stick it to another
piece of skin and adhere firmly.

Shear strength: Each adhered sample was tested using TA-XT plus
texture analyzer with an identical adhesion area of 10.0 x 10.0 mm
according to the standard lap-shear test (ASTM F2255) (Fig. S2a). The
tensile speed of 50 mm min~! was applied in this test, and the shear
strength was determined via dividing the maximum force by the adhe-
sion area.

Tensile strength: Each adhered sample was prepared and tested using
TA-XT plus texture analyzer with an identical adhesion area of 20.0 x
20.0 mm according to the standard lap-shear test (ASTM F2258)
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(Fig. S2b). The test was run with a tensile speed of 50 mm min~!. Tensile
strength was measured via dividing the maximum force by the adhesion
area. Aluminium fixtures were applied, and the tissue was fixed using
clips for tensile tests.

Each group of samples was tested multiple times. The shear strength
and tensile strength were measured and calculated by the following
equations:

Fmax

Shear strength = WL (C)]
. Fm's\X
Tensile strength = WL (5)

The W and L represent the width and length of the adhesion area,
respectively.

2.7. The biocompatibility in vitro

2.7.1. Cell compatibility test

To test and evaluate the biocompatibility of samples, we cultured
further rat adipose stem cells on the G-DLPUs to observe the attachment
and proliferation of cells [32-34]. All materials were treated in
ultraviolet-sterilized biosafety cabinet before use. The suspended cells
with the concentration of 1 x 10°/ml were sow on the sample, and
placed in cell incubator after adding the medium. After incubation for 1,
3 and 7d, cells were rinsed with PBS and stained by an Annexin
V-FITC/PI cell apoptosis detection kit (Nanjing China) which was
applied to view, assess and analyze the growth of cell, following the
steps in the instructions. The cells were incubated in the dark for 10min
at 37 °C and then viewing under a fluorescent microscope (PUDA
FM-600C, China).

2.7.2. Hemocompatibility assay

The hemolysis rate of the DLPU and G-DLPUs were tested according
to the following process. In brief, 8 ml of fresh anticoagulant rabbit
blood was extracted and diluted with 10 ml of physiological saline; 21
test tubes were divided into the GelMA batch, DLPU batch, G-DLPUs
negative control and positive control; The hydrogel with a volume of 0.5
ml was added to the corresponding batch (leaching with 0.9% saline for
72 h, 10 ml); 10 ml of physiological saline was added to the negative
control and 10 ml of distilled water was added to the positive control.

All samples were placed in water bath of 37 °C preheated for 60 min,
subsequently, the diluted anticoagulant rabbit blood was added into
each tube equally, then the tubes were replaced in a 37 °C water bath for
2 h; each tube was centrifuged (2000 r min™!) for 10 min, finally, the
supernatant was taken from each tube to measure the absorbance at 545
nm. The absorbance values of each group were recorded from three
samples, and the hemolysis rate (Hg) was calculated by the following
formula.

Ay — A,
:A'—A x 100%

p — ‘in

HR (6)

where A, and A, indicate the absorbance of the positive control and the
negative control, respectively, and A indicates the absorbance of the
samples.

2.7.3. The evaluation of biodegradation safety in vitro

In vitro degradation safety test: To assess the degradation properties
[35], the prepared samples (10 x 10 x 1.0 mm) containing collagenase
II and 20 ml PBS were added successively into a container, then shaking
constantly at 37 °C. Biodegraded after 7d, 14d, 21d, 30d, 60th and 90th
days, the weight loss of the samples was measured after lyophilization.
The PH meter (PHS-25, Shanghai INESA Scientific Instrument Co., Ltd,
China) was used to determine the pH value of the supernatant, and then
the liquid was freeze-dried to characterize degradation products,
respectively. Furthermore, to study the cell biocompatibility of the
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degrading products produced from the samples, the cell proliferation
was detected by performing CCK-8 assay carried out following to man-
ufacturer’s advising.

The cell counting Kit-8 (CCK-8) assay: The microplate reader (800 TS
Microplate Reader, BioTek Instruments, USA) was used to measure and
evaluate the cytotoxic effect of degradation products on cells, and spe-
cific steps are as follows [11]. The biodegraded liquid was treated by
passing through a 0.2-pm sterilizing filter before use. The rat adipose
stem cells (rASC) with the density of 5 x 10 cells per ml were suspended
and sown in a culture plate, and the cells could adhere on plate for 12 h
in incubator. Then the culture medium was replaced with the mixture of
degraded liquid and new cell culture medium. Each well containing cells
was washed with PBS buffer several times to flush out the nonadherent
cells, after culturing for 1, 3 and 5 days. Hereafter, the CCK-8 reagent
was dropped into each well and the plates were shielded from light and
incubated at 37 °C for a couple of hours. The microplate reader was used
to measure the optical density (OD) values of each well at 450 nm after
incubation.

2.8. Invitro NO generation

2.8.1. Release behavior of L-Arg

To reveal the in vitro release behavior of L-Arg from G-DLPU3 during
degradation process, several definite concentration purified L-Arg so-
lutions were mixed with the equal volume of 10% ninhydrin solution
and measured at 562 nm wavelength using a microplate reader (800 TS
Microplate Reader, BioTek Instruments, USA). The purified r-arginine
standard curve was determined from the corresponding absorbance
versus L-arginine concentration (Fig. S7a). The degradation experiments
of G-DLPUs were performed for 1, 2, 3, 5 and 7 days. The degradation
liquid was collected and mixed with 10% ninhydrin solution. And then,
the mixed solution was measured in triplicate at 562 nm wavelength
using the microplate reader. The L-Arg concentration was determined by
correlation to standard curve [36].

2.8.2. The NO generation by L-Arg in vitro

For evaluating NO generation in Human Umbilical Vein Endothelial
Cells (HUVECs), the NO fluorescent probe DAF-FM DA (Beyotime
Biotechnology, Haimen, China) was added into the cells at the concen-
tration of 3 pM. After incubation in cell incubator for 30 min [36], the
redundant probe was wash away using PBS. A 50 pL amount of degra-
dation liquid was added into the petri dish (v/v = 9:1). And then the
fluorescent microscope (PUDA FM-600C, China) was applied to monitor
the NO generation at different time points. The ImageJ software was
used to quantify the fluorescence intensity of the captured images.

The Griess reaction was applied to monitor the nitrite level of the
culture supernatant [36]. The NO detection kit (Beyotime Biotech-
nology, Haimen, China) was applied to measure the nitrite level, and the
corresponding absorbance was recorded at 490 nm using the microplate
reader (800 TS Microplate Reader, BioTek Instruments, USA).

2.9. In vivo experiments

All animal experiments were approved by Institutional Animal Care
and Use Committee of Chinese PLA General Hospital. Prior to testing, all
the samples were sterilized by cobalt-60 radiation.

Liver injury model: According to the method of literature, a hem-
orrhaging liver model [2,37] of Sprague Dawley (SD) rat (8-12 weeks,
250 g, male) was used to assess the hemostatic efficiency of G-DLPU3.
Briefly, after the anesthetic (isoflurane) was injected in each rat at 60 mg
per kilogram, the rats were anesthetized and placed on the pad. The
abdomen of rat was gently opened using scalpel to expose the liver, and
the intestine was covered by sterilized moistened gauze to keep moist.
Before the pre-weighted filter paper was placed under the liver, lightly
wipe away remaining fluid on the liver. A 10-mm surgical incision was
created on the liver of each rat, then the wound of group was treated
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with G-DLPU3, another group treating nothing was named as a control
group. Three minutes later, the filter paper absorbing blood oozing from
the liver was weighed respectively. The temperature of rats was main-
tained using heating pad during surgery, and the rat all survived after
the experiment. All procedures above were following the Beijing
Municipal Regulations on Ethics of Laboratory Animals.

Full-Thickness Wound Healing Study: Male BALB/c mice (6-8
weeks old) provided by Chinese PLA General Hospital and housed at a
constant temperature. After the mice were anesthetized with 1.5% iso-
flurane, a 10 mm diameter full thickness skin round wounds were
created on the dorsal skin. The mouse was divided into two groups
randomly, control group (n = 9) and G-DLPU3 group (n = 9). The G-
DLPU3 group was treated with the sterilized G-DLPU3 samples, while,
all controls were covered with sterile gauze directly. The wounds were
captured by a digital camera at the predetermined time intervals, and
the wound area were calculated by the ImageJ program. The tissues
around the wound were dissected, and the H&E staining and immuno-
histochemical analysis (CD31 expression) were carried out according
to standard protocols. The number and diameter of new blood vessels on
day 14 were determined averagely by counting three areas of the CD31
staining using ImageJ program.

2.10. Statistical analysis

All values results were expressed as a mean =+ standard deviation
(SD) and statistical analysis was determined using one-way ANOVA. If P
< 0.05, the differences were considered statistically significant.

3. Results and discussion
3.1. Physicochemical characterization of hydrogels

3.1.1. Chemical structure and microstructure characterization

The synthetic scheme of DLPU, GelMA and G-DLPUs were depicted
in Fig. 1. To verify the successful preparation of DLPU, GelMA and G-
DLPUs, the structures of polymers were investigated using FT-IR and 'H
NMR (Fig. 2). The FT-IR spectrum of DLPU exhibited vital spectral
absorbance features at 3348 cm!, 1726 cm™!, which respectively
assigned to N-H stretching vibration of aliphatic secondary amine and
C=0 stretching vibration of the esters and carboxyl [22]. In addition,
the absorption peaks of N-H bending vibration and C-N stretching vi-
bration [21] of aliphatic secondary amine were observed at 1540 and
1168 cm™!. The peaks at 2939 cm ™! and 2873 cm™! correspond to the
asymmetric stretching vibration and symmetric stretching vibration of
the methylene respectively. Notably, the absorbance of isocyanate
groups at approximately 2270 cm ™! was absent in spectrum, indicating
the successful preparation of DLPU. The FT-IR spectrum of GelMA was
shown in Fig. 2. It exhibited absorbance from 3411 to 3289 cm™" con-
firming the presence of peptide bonds (mainly N-H stretching) [38]. The
obvious absorbance peak at 1645 cm ! could be assigned to C=0
stretching vibration, and the peak at 1531 cm ™! was assigned to C-N
stretching plus N-H bending. The high hydrophilicity could be antici-
pated from the abundant amino and amide groups of GelMA [30].

Fig. 2b and c reveal the 'H NMR of the DLPU and GelMA. The
structure of DLPU was characterized and analyzed using 'H NMR
spectroscopy [11]. Illustrating in Fig. 2b, the obvious peak at 4.05 ppm
was attributed to the CH; group in the structure of DMPA. The peak at
3.51 ppm was assigned to the CHy group in IPDI as well as PEG, which
coincides with mentioned in literature [39]. The observed signal peak at
7.12 ppm was attributed to the N-H group of amide group. The chemical
shift value of about 1.4 ppm belongs to the CHg in the structure of IPDI
and DMPA [11]. The DS is a significant factor in impacting on the me-
chanical properties of GelMA and the G-DLPUs as well. The 'H NMR
spectroscopy of GelMA was characterized to assess the DS of GelMA,
which was calculated quantified using equation (1) and the calculated
result is 87.6%.
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Furthermore, to reveal the interaction of composite materials, zeta
potential was used to measure the potential of the solution G-DLPUs, and
the results were shown in Fig. 2d. The zeta potential values are —10.50
mV, —32.3 mV, —27.14 mV, —22.44 mV, and —13.74 mV for GelMA,
DLPU, G-DLPU3, G-DLPU2, and G-DLPUI, respectively. The values of
zeta potential illustrated that the electrostatic repulsive energy of par-
ticles in solution is reduced, which suggests the electrostatic interaction
existed between DLPU and GelMA in G-DLPUs.

3.1.2. Rheological properties

The mechanical properties of hydrogel play a critical role in its
clinical application. The mechanical strength and gelation mechanism of
hydrogels were analyzed using rheometer.

The amplitude sweep results provided the storage modulus (G'), and
the extent of hydrogen bond and covalent bond formation between
DLPU and GelMA can be indicated by the G'. Fig. 3a showed the mea-
surements (G') of the different samples. With the mixing of DLPU and
GelMA and the formation of a dual network structure, the mechanical
strength of hydrogel increased significantly from 628 Pa to 1332 Pa due
to the increasing density of crosslinking network (shown in Fig. 54).

Furthermore, the sol-gel transition behavior of G-DLPU3 was con-
ducted using a rheometer at a fixed frequency (1 Hz) and 1% strain with
the intermittent irradiation of UV light. As shown in Fig. 3b, at the initial
stage the storage moduli (G') was very low. Subsequently, with
increased UV exposure time, a significant increase in G’ was observed,
revealing the sol-gel transition. Longer UV exposure time led to the
enhanced modulus due to the formation of denser network structure
shown as Fig. S4. For composite irradiated by UV for 1, 2 and 3 min, the
storage moduli (G') of the complex was 1450, 4230, and 6130 Pa,
respectively.

3.1.3. The SEM images and water contact angle of hydrogels

The surface topography of the materials is shown in Fig. 3c. Poly-
urethane hydrogel is smooth after drying and just a few of fibrous tubes
could be observed on surface due to it contains softer segments such as
PEG400. However, large amount pores could be observed in the GelMA,
which allow cell adhesion and proliferation. While, the pore of GelMA is
unstable and fragile. Because of the electrostatic attraction and the
hydrogen bonding interaction of the DLPU and GelMA, the structure of
G-DLPU became denser and neater, which could maintain the stability of
the pore and network structure in the hydrogel. It is obvious to make the
conclusion that introducing GelMA in DLPU matrix could contribute to
maintaining the 3D porous structure and endow the composite porous
surface. Compared with DLPU, the G-DLPUs with three-dimensional
porous structure allows the interchange of body fluid and maintains
moisture around wound.

The hydrophilicity of samples was evaluated by measuring the sur-
face contact angle, which strongly reflected the liquid-absorption ca-
pacity and the adhesion for cell on the materials. Fig. 3d shows the
results of different samples in static water contact angle. The samples of
GelMA, DLPU, G-DLPU1, G-DLPU2 and G-DLPU3 show water contact
angle of 33.86 + 5.54°, 66.47 + 3.25°, 58.91 + 4.61°, 45.37 + 4.46° and
39.26 + 4.73° respectively, indicating that all the samples were hy-
drophilic due to the static water contact angles in all samples were lower
than 90°. The water contact angle decreased with the increase ratio of
GelMA, exhibiting the significant improvement in hydrophilicity, which
result from the increase density of active hydrophilic groups such as
hydrophilic amino and carboxyl groups. The improvement of G-DLPUs
in hydrophilicity would be greatly promote the performance of de-
gradability and biocompatibility.

3.1.4. Water absorption and water retention ability

The water-absorption capability of adhesive plays a vital role in
absorbing exudate from wound. Fig. 3e illustrates that DLPU shown a
liquid-absorption rate of up to 51%, which could be attributed to the fact
that DLPU contains luxuriant hydrophilic groups [37], such as carboxyl
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groups.
Furthermore, the GeIMA was reported recently to act as a plasticizer
or container to increase hydrogel in liquid-absorption capacity and
liquid-holding capacity, owing to its excellent water-soluble ability
[23]. Comparing with DLPU, the stability of G-DLPUs in water uptake
and retention has been significantly improved, as shown in Fig. 3f and
Figs. S1 and S2, which would be attributed to the enrichment of hy-
drophilic groups in G-DLPUs [11]. The outstanding performance of
G-DLPUs in absorb exudate is attributed to the porous three-dimensional
structure, liquid-absorption capacity and standout liquid holding prop-
erty, make it outstanding competitor in the field of wound closure.

3.2. Mechanical behavior

The mechanical properties of the adhesive have a great impact on
achievements of shape-adaptive adhesion. The representative stress-
strain curves of the G-DLPUs are shown in Fig. 4. Having the
maximum tensile strength, the G-DLPU3 shows its elongation at break
more than 200%. While, the GelMA is fragile and shows an extremely
limited stretching ability, which might produce fragments after collapse
in body, and further block blood vessels or damage the surrounding
tissues, unpredictably. In addition, comparing with the GelMA, the G-
DLPU1 displayed higher strength in stretching and longer elongation at
break. The tensile strength of G-DLPU1, G-DLPU2 and G-DLPU3 was
71.37 kPa, 83.52 kPa and 127.42 kPa with the elongation at break of
111.16%, 145.28% and 203.30%, respectively (Fig. 4b). The detailed
data shown in Fig. 4c and Table S1. In addition, the elongation at break
displayed that G-DLPUs possesses stable tensile properties. Moreover,
the cyclic tensile properties of G-DLPUs were further evaluated, and the
results were shown in Fig. 4d, which illustrated that the G-DLPUs pos-
sesses good flexibility and fatigue resistance.

When the tissue adhesive is used in vivo, it will inevitably be com-
pressed and deformed by the surrounding tissues. So, it is particularly
important to evaluate the stability of the tissue adhesive in mechanical
properties. The typical curves and the summary of G-DLPUs in
compression performance shown in Fig. 4f and Table S2, depict that the
sample containing more DLPU trends to possess a high compressive
strength, even up to 80 kPa, that reveals the G-DLPU3 has good struc-
tural stability and pressure resistance. In addition, after cyclic
compression tests, the stress of the G-DLPU3 did not decrease, showing
excellent fatigue resistance (Fig. 4g and h).

Obviously, with the increase of DLPU content, the elongation at
break, tensile strength and compressive strength including fatigue
resistance of G-DLPUs were evidently strengthen, due to the DLPU
segments containing carboxyl and other groups, which enhance the
interaction between DLPU and GelMA via electrostatic and hydrogen
bonding interaction, shown in Fig. 1. Preventing high modulus tissue
adhesive from scratching tissues during wound recovery, the G-DLPUs
was also endowed with appropriate tissue shape adaptability. Thus, the
G-DLPUs containing amino acid-rich polyurethane presents a promising
candidate for adhesive applicable in tissue engineering field.

3.3. Adbhesive properties of hydrogels

In vitro porcine skin adhesion experiments were performed to eval-
uate the tissue adhesion strength of G-DLPUs. The schematic diagram of
shear strength and tensile strength are illustrated in Fig. 5a and
d respectively. In addition, the summary of G-DLPUs in adhesion per-
formance shown in Table S3 and Table S4. The representative curve of
G-DLPUs in shear strength (shown in Fig. 5b) and the mean and error
bars (shown in Fig. 5) clearly exhibit that the shear strength of GelMA
and G-DLPUs shows the law of increasing successively in value with the
increasing of DLPU content. The representative curve of G-DLPUs in
tensile strength to porcine skin (depicted in Fig. 5e) and the mean and
error bars (displayed in Table S4), display the value of tensile strength of
G-DLPUs could reach to more than 100 kPa. The tensile adhesion
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performance of G-DLPUs to skin (inner and outer surface) were shown in
Fig. 5f. The realization of high adhesion strength is attributed to the fact
that the DLPU and GelMA molecular chain contain a great quantity of
carboxyl groups and amino groups that can form the interaction with
skin tissues by the form of hydrogen bonds [4,21,40]. The developed
G-DLPUs composites can have promising applications in tissue adhesion
to close wounds. This strong hydrogen bond interaction with G-DLPUs is
also shown in the adhesion to glass, metal and plastic which exhibited in
Fig. 5 and Movies S1, S2 and S3. Holding great potential to adhere to the
tissue, the G-DLPUs exhibit auspicious for tissue adhesiveness making
the tissue adhesion boost the application in more related fields.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.01.009

3.4. Biodegradation evaluation in vitro

The biocompatibility and controllability of degradation are signifi-
cant in the biomedical field, including tissue adhesives. For the materials
used in tissue adhesives, except for the adhesion strength, the degra-
dation properties involving the pH value, the mass loss and the
biocompatibility of the biodegradation solution are also critical.

To simulate the degradation environment in vivo, we investigated
the hydrolytic degradation property of G-DLPUs in PBS containing
collagenase. It is displayed from Fig. 6b that the GelMA had a rapid
degradation process that could completely degraded within 20 days,
which may not conducive to the healing and recovery of the wound.
While, during 90 days of degradation, the remaining mass of the DLPU
and G-DLPU3 decreased gradually, and the mass loss reached 66.56%
and 93.26% respectively. That indicated the formation of uniform dual
network structure with GelMA in G-DLPUs adhesive hydrogel could
significantly improve the degradability of DLPU.

Fig. 6¢c demonstrates the pH value of the biodegradation liquid of G-
DLPUs degrading in PBS (initial pH = 7.4). The pH value of DLPU and G-
DLPUs’ degradation solutions vary between 7.0-7.4, while, DSP’
degradation was as low as 4.0, which exhibiting potential non-negligible
tissue toxicity [11,26].

FT-IR was used to investigate chemical structure before and after
degradation of DLPU for 1, 2 and 3 months, and the results were shown
as Fig. 6d. From the spectrum, it can be observed that the peak present at
3368 cm™! became broader with the degradation time increases to 2
months and 3 months, that could associate with the absorption peak of
the hydroxyl and amino groups after degradation. Moreover, the ab-
sorption peak at 1730 cm ™! attributing to the ester carbonyl group was
drastically decreased, suggesting that the biodegradation and hydrolysis
reactions of the polyester molecular chains occurred.

The differential scanning calorimetry (DSC) was applied to analyze
the microphase structure of the DLPU during the degradation. The glass
transition temperature (Tg) of DLPU demonstrating in Fig. 6e was
significantly shifted to high temperature, indicating the reaction of
biodegradation occurred in the soft-segment amorphous region having
been proven in the previous report [11]. Detailly, the soft segment has
higher rearrangement ability and motility, which could make it easier
for soft segment to achieve glass transition after undergoing the degra-
dation process [41], and schematic representation of the biodegradation
process of DLPU was shown in Fig. 6a.

3.5. Biocompatibility evaluation in vitro

It is significant to evaluate the growth of cells on materials, because it
can provide reliable and effective data for in vivo clinical trials and
provide guidance for practical applications. The spreading degree and
distribution density of cells on hydrogels are presented in Fig. 7a, which
displayed both the fluorescence micrographs and statistics. All the
samples could support the adhesion and growth of cells as Fig. 7 shows.
It is shown that higher densities and larger areas of spreading for cells to
adhere on G-DLPU3, GelMA than on DSP, and DLPU surfaces. While, it
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displays the lowest spreading and adhering density of cells on DSP. The
reason for the cells exhibiting vigorous growth behaviors on surfaces of
samples is that the G-DLPUs possess excellent biocompatibility which
could provide a pleasurable environment for cells to adhere and grow as
shown in Fig. 7a. The excellent biocompatibility of G-DLPUs may
attribute to the existence of functional groups of the urethane and amino
acids, which have been proven that this groups could act function as
potential cell adhere sites and have active impact on cell growth [42].
On the contrary, the poor biocompatibility of DSP, would inevitably
cause the increase of the concentration of toxic substances, which
eventually resulted in the apoptosis.

The hemolysis test can be applied to assess the blood cell compati-
bility of the material (shown in Fig. 7d and e). After the centrifugation,
the positive control was found to be clarified red and there was no red
blood cells reside at the bottom of the tube. The red blood cells
precipitated at the bottom in all tubes of GelMA, DLPU, G-DLPUs and the
negative control, besides, the supernatant was colorless and clarified,
indicating no hemolysis effect. Quantitatively, the hemolysis rate of the
GelMA, DLPU and G-DLPUs was 0.65%, 3.16%, 1.80%, 1.98% and
2.68%, respectively, which was far less than 5%, indicating that all
materials had no hemolytic effect [23] (Fig. 7e). Therefore, it is proved
from the hemolysis test that DLPU and G-DLPUs did not affect red blood
cells when in contact with blood.

The evaluation for the biocompatibility of the degradation liquid
could objectively reflect the biological toxicity of the material to the
surrounding tissues during the degradation process in vivo. In this study,
the cell viability in degradation solution of the G-DLPUs was measured
by the CCK-8 assay using the pre-determined-time degradation solution
mixed with DMEM. It was proved that the degradation products of DLPU
almost had no cytotoxicity from the results of the CCK-8 assay, which
displayed not significant difference between the DLPU and control group
during 3 months in the absorbance values. However, comparing with the
control group, the DSP degradation products had significant cytotoxicity
on cell proliferation, due to the absorbance values were obviously lower
than that of the control group. In addition, the rapid and uncontrollable
degradation of DSP (shown in Fig. 6.), makes the concentration of COOH
in solution rise sharply and lower the pH of solution, which would be
promoted the apoptosis of the cell. On the contrary, modified by DMPA
and amino acid, the DLPU has a controllable and gentle degradation
process, and its excellent biocompatibility could provide a comfortable
environment for cells to adhesion and growth. Besides, DLPU possesses
excellent and long-acting cell biocompatibility the conclusion can be
obtained from the analysis of Fig. 7. The biodegradation of GelMA will
be decomposed into many polypeptides and beneficial amino acids,
especially, the RGD polypeptide chain, which has been reported to
promote wound tissue repair. The biocompatibility of G-DLPU3 is
strengthened after combining DLPU with GelMA, therefore, the G-
DLPUs are expected to improve the rate of wound healing.

3.6. The NO generation in vitro

Due to the crucial role of L-Arg in the wound healing process, the
release behavior of L-Arg during the in vitro degradation process was
measured. The standard curve and the measured absorbance intensity
were shown in Fig. S7a, it could be known that the releasing behavior of
L-Arg in the G-DLPU3 was cumulatively calculated to be 1.03%, 1.54%
and 1.97%, and the release amount can reach 4.36% within 7day
(Fig. S7b). It demonstrates that the L-Arg could be released stably in G-
DLPU3 when treated the wound, which is advantageous to promoting
wound healing.

The generation of NO during the L-Arg release was studied via
incubating the HUVECs with G-DLPU3 degradation liquid. Then, after
employing the NO-sensitive fluorescent probe diaminofluorescein-FM
diacetate (DAF-FM DA), the NO production could be measured using
fluorescence microscopy. The generated NO was measured by quanti-
fying the intensity of fluorescence in captured images. After 15 min of
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incubation with the degradation liquid, the enhancement of bright green
fluorescence was observed (Fig. 8a and b). After reaching the peak at 60
min, the intensity of fluorescence gradually decreased subsequently.

The Griess reaction was used to monitor the nitrite level in the su-
pernatant of G-DLPU3-exposed cell culture according to the operation
manual. The result of normalized relative nitrite levels was shown in
Fig. 8c. Compared with the 0.1 pM concentration before the addition of
degradation liquid, the absolute nitrite level was markedly increased
after being incubated for 180 min (0.43 pM), which indicated that NO
was continuously released from cells, that would enhance the promotion
of angiogenesis during use in vivo [36].

3.7. Hemostasis and wound healing

Prior to verifying the in vivo wound healing and hemostatic effect,
the in vivo biocompatibility of the material was evaluated by carrying
out a subcutaneous implantation experiment in rat. It was demonstrated
that the hydrogel decreased gradually in rat body, tightly adhered to the
implantation site and did not show swelling, redness and bleeding,
indicating good biocompatibility and excellent degradation safety of
these hydrogels (Fig. S3).

The macroscopic diagram of the adhesion firmness of G-DLPU3 after
3 h; (h) H&E staining of liver sections from G-DLPUs group (magnifi-
cation: 400 x , scale bar: 100 pm); (i) Normal group.

Based on excellent biocompatibility in vitro and in vivo, and strong
adhesion, in vivo adhesion hemostasis performance of G-DLPUs was
further evaluated using the rat hemorrhaging liver model [26].
Adhering firmly to a physical hemorrhage site, the adhesive hydrogel
(G-DLPU3) could rapidly help form a hemostatic barrier as shown in
Fig. 9. From the results, it could be found that, the prepared tissue ad-
hesive shows excellent wound closure and hemostatic properties,
because the total blood loss of the untreated group is averagely 1.015 g,
whereas blood loss in the G-DLPU3-treated groups was just only 0.289 g.
It was observed that the statistical differences (p < 0.05) between un-
treated and G-DLPU3-treated group that means the G-DLPUs possess
excellent tissue adhesion properties and have promising prospect for
further employed as hemostatic adhesive in the field of trauma.

The rats survived and then gradually started to move after 3-6 h. The
liver was reddish brown and there was no exudation and suppuration
observed in the incision of the wound after removing the tissue adhesive.
The histological analysis of samples taken after 3 h of adhesion to the
liver is shown in Fig. 9. Then the liver tissue of rat was fixed by
immersing in 10% buffered formalin immediately. Subsequently, the
samples were processed in the order of paraffin embedding, sectioning
and deparaffinization, and performed H&E staining following standard
steps at last. There were no significant changes in cell morphology
compared with the normal group, besides, there was no obvious in-
flammatory cell infiltration and tissue necrosis, especially no neutro-
phils observed around the tissue, indicating that the samples almost
have no affects to the liver [43,44]. This clearly indicates that the
G-DLPUs possess excellent biocompatibility and effective hemostasis,
would be expected to use as a hemostatic patch for hemostasis of in-
ternal organs.

To assess the effects of G-DLPU3 on wound healing and blood vessel
regeneration in wound, a full-thickness skin defect model was used
(Fig. 10). Fig. 10b shows typical images of the wounds during the
healing process, showing that wound areas in all groups gradually
decreased over time (Fig. 10b). After treatment for 7 days, wounds
treated with G-DLPU3 showed significantly accelerated wound healing
with 67.3% wound closure, respectively, were higher than the control
group (36.8%). On day 14, the control group displayed unclosed wound
areas of 27.9%. In contrast, no obvious wounds were observed in the G-
DLPUS3 treated group, with mouse showing a degree of hair coverage.
The significantly improved wound healing effects of the G-DLPU3
compared with control may be ascribed to the ability of the adhesion of
G-DLPU3 to provide a moist recovery environment for the wound.
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Fig. 9. Wound adhesion evaluation in vivo. (a) Schematic diagram of the adhesion effect of G-DLPU3 on damaged liver of rat.; (b) Anesthetized rat; (c) Exposed liver;
(d) Damaged liver tissue of rat (untreated); (e) The damaged liver tissue treated with G-DLPU3; (f) Total blood loss (n = 3). Error bars, mean + s.d. *p < 0.05,

represents significant difference compared with blank group; (g).

Moreover, the L-Arg and RGD released during the degradation of G-
DLPUS3 played a vital role in the recovery process.

To further investigate the wound healing performance of G-DLPUs,
the H&E staining on the regenerated skin were performed at 3rd, 7th,
and 14th days, and the results were shown in Fig. 10. At the 3rd day,
number of inflammatory cells (neutrophils, marked with red arrows)
could be observed in both experimental group and control group, while,
the G-DLPUs treated group exhibited fewer inflammatory cells
compared to the control group. After 7- and 14-day treating, the in-
flammatory cells fade away and fibroblasts (marked with blue arrows)
gradually appeared, especially in the G-DLPUs group [45]. The results
indicated that G-DLPUs just caused extremely slight inflammatory re-
action compared with the control group, which likely attributed to the
release of L-Arg and the ability of G-DLPUs hydrogel to isolate the
wound from the external environment [2].

Vascularization of the wound tissue is one of important symbols of
wound healing. The immunohistochemical staining of CD31, a marker of
endothelial cells, was characterized and evaluated in this study. The
results displayed that compared with the CD31 positive staining found
in the blank group (Fig. 10d), it is more and obvious CD31 positive
staining was observed in the wound tissue treated by the G-DLPUs
group. The quantitative analysis (Fig. 10e and f) showed that the G-
DLPUs group had a high neovascularization on the 7th and 14th days
due to the release of L-Arg from G-DLPUs. However, the amount of
appeared angiogenesis is significantly less in the control group.
Furthermore, on 14th day, the G-DLPUs group produced larger blood
vessels (Fig. 10f), which would provide wound tissue more nutrition
during wound healing. Besides, compared with the control group on the
7th and 14th day, the G-DLPUs group showed thicker epidermis
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(Fig. 10d). The result would be largely attributed to the fact that the L-
Arg and RGD released during the degradation of the wound adhesive
could promote the adhesion and proliferation of vascular endothelial
cells, and ultimately accelerate tissue repair. Instead of complicated
steps for wound care such as injection or light curing around the wound
[2], the G-DLPUs adhesive could be firmly adherent to wound bed and
exert therapeutic effect. It is highlighted the G-DLPUs hydrogel as
promising wound adhesive that can adhere to the moist in vivo wound
environment and promote wound healing.

4. Conclusions

Hemostasis and promotion of angiogenesis are two crucial problems
related to tissue damage. The bioactive wound adhesive constructed in
this study addressed problems due to its function of both efficient he-
mostasis and enhancing tissue healing attributing to the release of L-Arg
and the strong tissue adhesion ability. Hence, we constructed the
multifunctional adhesive (G-DLPUs) by compounding GelMA with bio-
based polyurethane (DLPU), which possesses excellent adhesion and
could release L-Arg during its degradation process. This double-
network-structure hydrogel adhesive would absorb exudates from the
wound with porous structure and form the strong adhesion at the
interface of skin and liver to promote rapid hemostasis, which was
further verified by in vivo hemostatic experiments. Besides, the degra-
dation process of G-DLPUs had excellent biocompatibility which was
proven via in vitro experiment and in vivo subcutaneous implantation
experiment. Moreover, having the capacity to generate NO, the syner-
gistic bioactivity of L-Arg and RGD released from the wound adhesive
during the degradation process could help to achieve wound healing
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Fig. 10. In vivo biocompatibility evaluation of G-DLPU3; (a) Schematic diagram of wound healing experiment; (b) Representative wound images after treated for 3
days, 7days and 14 days and the area traces of wound closure during 14 days (n = 3). Error bars, mean + s.d. *p < 0.05, **P < 0.01, represents significant difference
compared with control group; (c) H&E staining of the wound tissues from each treatment group at 3, 7, and 14 days (fibroblasts: blue arrows, neutrophils: red arrows.
scale bar: 200 pm). (d) Images of immunohistochemical staining for CD31 on the 14th day (BV, blood vessels; boundary of epithelium: white lines. scale bar: 100 pm).
(e) Number blood vessels of the 14th day (n = 3). Error bars, mean =+ s.d. *p < 0.05, represents significant difference compared with blank group. (f) Vessel diameter
distribution on the 14th day. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

through enhancing the regeneration of blood vessel, which was further
proved using a mouse full-thickness skin defect model. Furthermore, this
composite hydrogel can act as a pioneer to construct multifunctional
tissue adhesive, providing solutions and inspiration for new type of
tissue adhesive.
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