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Full-thickness skin repair is still a challenge in clinical practice because it is extremely difficult for
dermal reconstruction and calls for a promising strategy to achieve quick sutureless closure and high-
quality dermal restoration for large acute skin defects. Inspired by the unique composition, mechani-
cal properties and microscopic architecture of skin tissue, a novel biomimetic hydrogel with a triple-
network structure that mimics the extracellular matrix (ECM) composition has been reported. A compos-
ite biomimetic hydrogel was prepared using ECM-derived biopolymers, gelatin methacryloyl (GelMA) and
N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-5-nitro-sophenoxy) butanamide (NB)-linked sodium
alginate (Alg-NB) and the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). This
biomimetic hydrogel can undergo rapid gelling under UV irradiation (approximately 3 s), has strong me-
chanical properties (mechanical strength ~530 kPa) with UV-ionic-crosslinking, and shows strong ad-
hesion to wet tissue. In vitro two-dimensional culture of human skin fibroblasts (HSFs) confirmed that
the biomimetic hydrogel has excellent biocompatibility, and HSFs on the surface grow into cell clusters
because of the macroporous structures of the hydrogel (pore diameter ~160 pum). The subcutaneous im-
plantation of the biomimetic hydrogel in Sprague-Dawley (SD) rats confirmed its biocompatibility and
low biodegradation in vivo. Moreover, in an SD rat full-thickness skin defect model, this engineered
biomimetic hydrogel not only could be used for sutureless wound closure strategies but also could accel-
erate the reconstitution of dermal tissue with skin appendages. This study provides an effective strategy
of quick sutureless wound closure and highly efficient repair for full-thickness skin defects and shows
enormous potential for tissue regeneration in clinical applications.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Full-thickness skin defects are the most common injury in daily
life, war and disaster [1,2] and have a serious influence on the
quality of life of patients [3,4]. Restriction to the limited self-
repair ability of skin, especially for the dermal construction of full-
thickness dermal skin defects, is very difficult [5,6]. Engineered au-
tologous dermal substitutes such as tissue-engineered skin (mostly
created by expanding skin cells) [7], acellular dermal matrix [8],
and biomaterial scaffolds [9,10] have emerged as promising alter-
native approaches to repair damaged tissues. Among them, bioma-
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terial scaffolds have the advantages of widespread sources, mod-
erate prices, simple preparation and adjustable physical/chemical
properties, showing great potential for skin barriers, angiogenesis,
wound healing, and skin reconstruction applications.

Recently, hydrogels, especially biomimetic hydrogels, which
contain the main extracellular matrix (ECM)-derived component of
skin, can function as scaffolds with three-dimensional (3D) net-
works and have been proven to show great potential in the field of
full-thickness skin repair [11-13]. Generally, biomimetic hydrogels
are formed with biopolymers, which play an important role in the
process of biological signals and cell adhesion and can be degraded
and reconstructed by cells as matrix materials, such as collagen
[14], protein (such as gelatin) [15], hyaluronic acid (HA), alginate
(Alg) [16], heparin [17], chitosan [18], and chondroitin sulfate [19].
However, most biomimetic hydrogels have the drawbacks of low
adhesion to wet tissues [20-22] and poor mechanical properties
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[23,24], which make them unable to be well adapted to dynamic
wounds with frequency movement and may lead to potential im-
munogenic reactions, resulting in unsatisfactory wound healing ef-
fects [25,26].

To improve the wet tissue adhesive ability of hydrogels, the
strategy of grafting modification with small molecules have been
proved to be anticipated. For example, Guo et al. constructed an
series of adhesive hydrogels based on HA-graft-dopamine and re-
duced graphene oxide (rGO), the adhesion mechanism can be con-
tributed to the imide formation or Michael-type reaction of cate-
chol and quinone groups on rGO@PDA with amino or thiol groups
on the protein, the hydrogels are an excellent wound dressing for
full-thickness skin repair [27]. However, the potential cytotoxicity
for rGO made it cannot become the best candidate to improve the
adhesive ability of hydrogels. In our previous work, we constructed
a strongly adhesive hemostatic hydrogel based on a double-
network hydrogel with a UV-responsive N-(2-aminoethyl)—4-(4-
(hydroxymethyl)—2-methoxy-5-nitrosophe-noxy) butanamide (NB)
grafted with HA (HA-NB) and a methacrylate anhydride-grafted
gelatin (GelMA). Under UV irradiation, the hydroxyl methyl on the
NB becomes an aldehyde group. This property enables the "molec-
ular glue" to bond with the surface of wet tissue through a Schiff
base reaction, showing good adhesion to wet tissue [28]. However,
the mechanical properties of the hydrogel need to be improved,
especially when the concentration of matrix material is low (ap-
proximately 5 wt%), and various researches had proved that lower
concentrations of GelMA could be more suitable for cell prolifera-
tion [29,30], and soft tissues regeneration [4]. Instead of the strat-
egy of increasing the concentration of the hydrogels, many works
have found that ionic crosslinking can greatly improve the me-
chanical properties of hydrogels. For example, Sheikhi et al. used
GelMA and methacrylate-modified alginate (AlgMA) as the matrix
material to greatly improve the mechanical properties of hydrogels
by introducing ionic crosslinking [31]. However, this hydrogel lacks
sufficient chemical binding anchor points with tissue, and its tissue
adhesion ability is not ideal.

In addition, it was reported that injectable 3D hydrogel scaf-
folds with macroporous structures could facilitate cell migration,
resulting in rapid cutaneous tissue regeneration and tissue struc-
ture formation [32,33]. The macroporous structure provides cells
a 3D organization, allows the supply of nutrients, and allows re-
moval of waste metabolites; most importantly, they also provide
large, interconnected pores that facilitate blood vessel in-growth
[34,35]. However, the pore size of the porous structure of most in-
jectable hydrogels was less than 100 p«m, and the increase in hy-
drogel concentration and higher crosslinking density might result
in a reduction in pore size [36,37]. Although developed 3D printing
strategies could be used to build a microstructure with macrop-
orous (pores with a diameter larger than 100 p«m), the preparation
process for 3D printing is complicated, and most printed hydrogels
can be used only as implants [38,39]. Therefore, the development
of injectable biomimetic hydrogel with strong tissue adhesion, su-
per mechanical properties, and macroporous microstructure prop-
erties as a wound dressing is still highly anticipated.

Inspired by the facts above, we envisioned fabricating a triple-
dynamic-bond cross-linked adhesive hydrogels by rationally en-
gineering the functional building blocks to endow the hydro-
gels with injectability, rapid gelling, strong adjustable mechani-
cal, and macroporous microstructure properties, which could ef-
ficiently sutureless wound closure and promote wound closure.
Herein, a novel ECM-derived biopolymers GelMA/Alg-NB/LAP, with
three-network was constructed. Gelatin and Alg (fibrous protein
and stromal analog in dermal dermis) were grafted and modified
as GelMA (Fig. S1a) and Alg-NB (Fig. S1b), respectively, and hy-
drogel was formed with a triple-network through UV crosslink-
ing and ionic crosslinking (Fig. 1a). MA is UV responsive, and
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acrylamide bonds can be synthesized by lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) initiator induction and UV ir-
radiation (forming the first network, Fig. 1b). UV-sensitive small-
molecule NB was selected to graft Alg to obtain Alg-NB. UV light-
generated aldehyde groups on NB can react with GelMA and NH,
groups in the tissue in the Schiff base (forming the second net-
work, Fig. 1a, b). Furthermore, calcium ion crosslinking forms a
triple-network structure (Fig. 1b). The characteristics of the UV
photogenic aldehyde group on NB can improve the tissue adhe-
sive ability of the hydrogel, and the triple-network construct can
achieve excellent mechanical properties. Surprisingly, the addition
of ionic crosslinking resulted in a microporous architecture. Then,
the biocompatibility and biodegradation of the hydrogels in vitro
and in vivo were investigated. Finally, a full-thickness skin de-
fect model of SD rats was constructed, supplemented with the in-
jectable hydrogel, which was then integrated into the full-thickness
skin defect by UV crosslinking and ion crosslinking in situ. The in-
tegration effect of hydrogel and surrounding tissues was analyzed,
and the effect and mechanism of wound repair were evaluated.

2. Method and materials
2.1. Synthesis of methylacrylated gelatin

GelMA (Fig. S1a) was purchased from Haining Jurassic Biotech-
nology Co., Ltd., and the synthesis process had described previ-
ously [28,40]. Briefly, type A gelatin (Sigma-Aldrich) was dissolved
in PBS to make a 10% w/v homogeneous solution. Then a 0.1 mL
methacrylic anhydride (MA) (Sigma-Aldrich) per gram of gelatin
was added to the gelatin solution with continuous stirring. The
mixture was allowed to react to form GelMA. Then, the GelMA
solution was dialyzed against deionized water, frozen overnight,
lyophilized and stored at — 20 °C until further use.

2.2. Preparation of Alg-NB

As shown in Fig. S1b, first, Alg (1 g, Aladdin Chemical Reagent,
molecular weights (Mw) is about 20,000-50,000, M/G units is
about 1:2) was dissolved in 2-(N-morphine) ethanesulfonic acid
hydrate (MES, 0.01 mol/L, 100 mL; pH=5.3 (Aladdin Chemical
Reagent)) buffer solution and reacted at 35 °C. After Alg was
completely dissolved, 60 mg NB (Haining Jurassic Biotechnol-
ogy Co., Ltd.) was dissolved in 10 mL of dimethyl sulfoxide
(DMSO, Aladdin Chemical Reagent) and added to the reaction sys-
tem. Then, 4-(4,6-dimethoxy-triazine-2-yl)—4-methylmoroline hy-
drochloride (DMTMM, 1.2 g, Aladdin Chemical Reagent) was added
to the system three times, at an interval of 0.5~1 h. After the last
addition, the reaction was allowed to complete for 3 h. The whole
process was completed under stirring. Finally, dialysis with 0.1 M
NaCl solution (pH=3.5) for 2 days and then with deionized water
for 2 days was performed, and Alg-NB was obtained after freeze
drying. Alg-NB was sealed and preserved in darkness.

2.3. Preparation of hydrogel

GelMA and the prepared Alg-NB were mixed to prepare glue
solutions with different composition ratios. In this work, the con-
centration of GelMA was set as 5 wt%; the polymerization initiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 0.1 wt%,
Haining Jurassic Biotechnology Co., Ltd.) was added to the mixture;
the ratios of Alg-NB to GelMA were 1:10 (GelMA/Alg-NB1/LAP),
1:5 (GelMA/Alg-NB2/LAP), and 1:2.5 (GelMA/Alg-NB3/LAP); and ul-
traviolet light (UV) (365 nm, 30 mW/cm?) was applied for UV
crosslinking (to form the G-A-l hydrogel). Then, the mixture was
soaked in CaCl, solution (CaCl,:GelMA = 0.13) for calcium ion
crosslinking (to form the G-A-L-i hydrogel) (Fig. S4).
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Fig. 1. UV-ionic-crosslinking (UIC) mechanism for three-network hydrogel and structure characterization of GelMA and Alg-NB. (a) Schematic illustration of UIC mecha-
nism for hydrogel construction and full-thickness skin wound healing application; (b) Structural scheme of three-network formed for GelMA and Alg-NB, first network:
polycondensation of methacrylic anhydride (GelMA/GelMA); second network: dynamic covalent bond-Schiff's bases (GelIMA/Alg-NB); third network: calcium ion crosslinking
(Alg-NB/Alg-NB); Structure characterization of GelMA (c) and Alg-NB (d) by "H NMR (500 MHz), prepared in D,0O at room temperature.

2.4. Characterization

The degree of methacrylation of gelatin for GelMA and ni-
trobenzyl group substitution for Alg-NB were determined using
TH-nuclear magnetic resonance ('H NMR-500 M, Avance III 500 M
with the Prodigy Platform, Switzerland). The gelatin, GelMA, algi-
nate, and Alg-NB samples were prepared in D,0 at room tempera-
ture, and the tested concentration of all the samples was approxi-
mately 8 mg/mL. The degree of methacrylation for GeIMA [28] and
the degree of NB substitution for Alg-NB [41] were calculated by
integrating the peak areas of the results into the THNMR spectra
(Fig. 1c, d).

Degree of methacrylation (DM)_—X 100
ly

Ia'Hb

Degree of NB substitution (DN) = o x100

C

The rheological properties of various hydrogels were charac-
terized using a photorheometer with parallel-plate (Discovery HR-
3, TA, USA) geometry and an OmniCure Series 2000 (365 nm,
30 mW/cm?) at 37 °C for the UV crosslinking of hydrogels. Tissue
adhesion properties were determined by uniaxial tensile tests with
an MTS uniaxial testing machine (Criterion model 43, MN, USA).
Briefly, as shown in Fig. 3¢, two 3.5 cm x 2.5 cm pig casings with
good light transmission ability were attached to two glass slices
with the help of cyanoacrylate glue, and hydrogels were formed in
situ between them. The detached stress per unit area was used as
a reference to evaluate the tissue adhesive strength of the tested
hydrogels. The compressive stress-strain measurements were char-
acterized using a tensile-compressive tester (Instron-5543 with a
1 kN sensor), and the hydrogels were prepared as a column struc-
ture for compression-crack tests (10 mm in diameter and 4 mm in
height). The internal microstructure of hydrogels was characterized
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by scanning electron microscopy (SEM) (Hitachi Model TM-1010,
Japan). The swelling ratio (SR) of the hydrogel was calculated ac-
cording to the equation below [36], in which Wy is the dry weight
after hydrogels were freeze dried; then, the freeze-dried hydrogels
were incubated in PBS at 37 °C and weighed at certain time points

(Ws).
CWe-Wy
R="W

2.5. Cell culture

Human skin fibroblast cells (HSFs) were cultured on PS dishes
in Dulbecco’s modified Eagle’s medium (DMEM; CellMax) supple-
mented with 10% fetal bovine serum (FBS, CellMax), 1% antibiotic
solution containing 10,000 units/mL penicillin, and 10,000 mg/mL
streptomycin (CellMax). After the cells were seeded on PS dishes,
they were incubated in a humidified atmosphere with 5% CO, at
37 °C. The cultured cells were harvested with 0.25% trypsin/EDTA
(CellMax) and suspended in fresh culture media for the next sub-
culture experiments.

2.6. Cell viability

HSFs were selected to test the cell viability and cell prolif-
eration of the hydrogels. First, GeIMA, G-A-l, and G-A-L-i hydro-
gels were formed in situ in 24-well plates. Then, HSFs (20,000
cells/cm?) were seeded on the surface of the GelMA, G-A-l, and
G-A-L-i hydrogels and incubated in a humidified atmosphere with
5% CO, at 37 °C. After the cells were cultured for 1, 3 and 5 days,
a live-dead cell staining kit (Abnova) was used to measure the
cell viability of hydrogels based on the simultaneous determina-
tion of living and dead cells with two probes: calcein-AM for in-
tracellular esterase activity and propidium iodide for plasma mem-
brane integrity. The uptake of fluorescent indicators was detected
using a confocal microscope, and cells cultured on the surface of
PS substrate were used as a control group. After the cells were
cultured for 1, 4 and 7 days, cell counting kit-8 (CCK-8, Dojingdo
Laboratories, Kumamoto, Japan) solution was added to the wells
at a concentration ratio of 1/10 with the culture solution. Then,
the cells were incubated for 3 h in the incubator, and the OD
value was measured at 450 nm with a microplate reader (Multi-
skan MK3). Briefly, Cell Counting Kit-8 (CCK-8, Dojingdo Laborato-
ries, Kumamoto, Japan) solution was added to the wells at a con-
centration ratio of 1/10 with the culture solution and incubated for
3 h in the incubator. The OD value was measured at 450 nm with
a microplate reader (Multiskan MK3).

2.7. In vivo degradation of hydrogels

In vivo degradation of hydrogels was evaluated subcutaneously
with male Sprague—Dawley rats (SD rats, 200-220 g; n = 4
rats/group) as previously reported [36]. As shown in Fig. 5a, first,
the mediodorsal skin of SD rats was incised (1 cm in length), and a
small lateral subcutaneous pocket was prepared. Then, GelMA, G-
A-l, and G-A-L-i hydrogels (n = 4/group, 10 mm x 4 mm cylinders)
were prepared and implanted into the subcutaneous pocket of SD
rats under anesthesia conditions, and the gap was sutured quickly.
Finally, the rats were sacrificed at 1, 2, 4, and 8 weeks post-surgery
for hematoxylin-eosin (H&E) staining for histological analysis.

2.8. In vivo full-thickness skin defect healing experiments

First, a full-thickness skin defect model of the backs of SD rats
was constructed. Briefly, after anesthesia, the mediodorsal skin was
cleaned and disinfected with 2% iodophor, and a full-thickness skin
wound model (a circle with a diameter of approximately 2 cm)
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was made in the depilated area of SD rats. Then, hydrogels were
injected into the wounded area, and in situ gelling was formed
through UV crosslinking and/or ionic crosslinking. Finally, the pro-
cess of wound healing was traced by imagery and calculated using
Image-] 1.45 software. At designated time intervals (4, 7, 14, and
21 days), the rats were sacrificed for H&E and Masson trichromatic
staining for histological analysis. The group without any treatment
was set as a control. As shown in Fig. S4, UV crosslinking was per-
formed for GeIMA and G-A-l hydrogels, G-A-L-i-1 was subjected to
UV crosslinking and ion crosslinking superficially (a sponge filled
with CaCl, solution covered the surface for 10 s), and UV crosslink-
ing and ion crosslinking were performed for G-A-1-i-2 hydrogels
(CaCl, solution was applied to the surface for 120 s). The process
of UV crosslinking was carried out by applying UV at a wavelength
of 365 nm (30 mW/cm?) for 60 s.

2.9. Study approval

Collection of the synovial fluid samples from donors and all
the animal experiments were approved by the Ethics Committee
of Shenzhen University.

2.10. Statistical analysis

All the samples used in all the measurements were measured in
quadruplicate, and the data are expressed as the means + standard
deviations (SDs). Statistical analysis was carried out via Tukey’s
post hoc test and one-way analysis of variance. Student’s t-test
was performed by SPSS software, and *p <0.05, **p <0.01 and ***p
<0.001 were considered to denote statistical significance.

3. Results and discussion

3.1. Fabrication and characterization of biomimetic hydrogels with a
triple-network

To construct a biomimetic hydrogel with strong adjustable me-
chanical and tissue adhesion properties, here, a novel strategy of
constructing a triple-network hydrogel with UV light-crosslinkable
GelMA [42,43] and UV light-responsive Alg-NB [44] was designed.
First, 'TH NMR spectra were obtained to demonstrate the conju-
gation of MA to gelatin and NB to alginate. As Fig. 1c shows,
for GelMA, 28.79% of the degree of methacrylation of gelatin was
calculated (Fig. 1c¢), which was suitable for leaving some amino
groups available to react with light-generated aldehyde groups
[28,44]. For Alg-NB, the degree of NB substitution of Alg was ap-
proximately 13.25% (Fig. 1d), which was relatively low and was
suitable for ionic crosslinking. In our previous works, we suggested
that a low concentration of GelMA of 5 wt% was suitable for the
application of soft tissues [28,40], therefore, the concentration of
GelMA was set as 5 wt% throughout this work.

After GelMA and Alg-NB were successfully prepared, via UV-
365 irradiance and the photopolymerization initiator LAP, the rhe-
ological characteristics of biomimetic hydrogels were measured. As
shown in Fig. 2a, the chemically crosslinked GelMA/LAP hydro-
gel was rapidly formed (gel point = 2.24 4+ 0.35 s; UV crosslink-
ing time = 54.93 + 5.24 s) with UV irradiation, and the final
torsion modulus G’ was approximately 22.4 + 4.0 Pa, indicating
that the first network structure could be formed between the
GelMA polymers, which can contribute to the polycondensation of
methacrylic anhydride [45,46]. In fact, the deficiencies of weak and
brittle mechanical properties of GeIMA precluded its application as
a wound healing scaffold [42]. Moreover, in the addition of Alg to
the GelMA/LAP hydrogel, the final torsion modulus G’ improved
to 153.2 + 2.1 Pa (Fig. 2b). In the absence of LAP, GelMA/Alg-
NB has a longer gelation time (gel point = 44.05 + 0.83 s; UV
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Fig. 2. Rheological properties test of different hydrogels, a dynamic time-sweep rheological analysis was used to monitor the gelling process. In situ photo-rheometer
showing the formation kinetics for (a) GeIMA/LAP, (b) GelMA/Alg2/LAP, (c) GelMA/Alg-NB2, (d) GelMA/Alg-NB1/LAP, (e) GeIMA/Alg-NB2/LAP, (f) GelMA/Alg-NB3/LAP. Statistical
results of the final torsion modulus G’ (g), gel point (h), and UV crosslinking time (g) for different hydrogels. All the concentration of GelMA and LAP was set as 5 wt% and
0.1 wt%, respectively, and the ratio for Alg-NB:GelMA ratio were 1:10, 1:5 and 1:2.5 (corresponding groups were 1, 2 and 3), all the gelling measurements were conducted

using OmniCure S2000 (365 nm, 30 mW/cm?).

crosslinking time = 443.14 + 15.05 s), but its mechanical prop-
erties are significantly improved (Fig. 2c), indicating that GelMA
and Alg-NB can also form the second network connections, which
can contribute to the dynamic covalent bond-Schiff bases be-
tween GelMA and Alg-NB. For GelMA/Alg-NB/LAP, the GelMA/Alg-
NB2/LAP group maintained the characteristics of rapid gelation (gel
point = 3.14 + 0.46 s; UV crosslinking time = 51.86 + 7.74 s),
and its mechanical properties were greatly improved (Fig. 2e),
which could be achieved by the dual-reaction of polycondensa-
tion of methacrylic anhydride and covalent bond-Schiff bases be-
tween GelMA and Alg-NB. With the increase in the concentration
of Alg-NB in the GelMA/Alg-NB/LAP colloidal precursor, its final
torsion modulus G’ first increased and then decreased, the 1:10 ra-
tio (GelMA/AIg-NB/LAP) resulted in hydrogels with the lowest G’
(1189.7 + 19.2 Pa), however, when the ratio of Alg-NB to GelMA
higher than a threshold value, the superfluous Alg-NB may have a
drawback for the mechanical properties of hydrogels, as Fig. 2d-
g shown, the highest G’ value was reached at the GelMA/Alg-
NB2/LAP group (4542.3 + 285.9 Pa), which was approximately 30-
fold that of the GeIMA/LAP group. Therefore, the concentrations for
GelMA and Alg-NB in the next experiments were 5 wt% and 1 wt%,
respectively. These results show that, compared with those of the
GelMA/LAP hydrogel, the mechanical properties of the GelMA/Alg-
NB/LAP hydrogel were greatly improved, and the latter could form
a gel rapidly in a matter of seconds in the presence of the LAP
initiator (Fig. 2h, i).

The compressive properties of hydrogels, referring to their elas-
tic properties, are also one of their important mechanical proper-
ties. As shown in Fig. 3a, b, the elastic modulus of G-A-l1 was sig-
nificantly higher than that of GelMA, peaking at 536.2 + 6.0 kPa.
This result shows good agreement with the rheological properties
test results. Moreover, the elastic modulus of G-A-L-i was signif-
icantly higher than that of GelMA and G-A-l, which can be at-
tributed to ionic crosslinking of the Alg polymer chain, indicating
that a triple-network was formed for the G-A-L-i hydrogel. Taken
together, all these results demonstrated that the biomimetic hy-
drogel with GelMA and Alg-NB can form a triple-network structure
through UV crosslinking and ionic crosslinking, and the hydrogel of
G-A-L-i had superior mechanical properties.

Measuring the swelling properties of hydrogels is important for
their biological applications, such as the sorption capacity of hy-
drogels, thus predicting the rate of degradation properties [36,47].
The swelling ratios of GelMA and G-A-L-i were similar, and the
swelling ratio of G-A-l was significantly higher than that of GelMA
and G-A-L-i (Fig. 3c; Fig. S2). From the statistical results of the
swelling area change rate, it can be seen that the swelling area
of G-A-L-i has the smallest change rate, while that of G-A-I has the
largest change. This result may be caused by the high crosslinking
density of the G-A-L-i hydrogel.

Considering the photogenerated aldehyde groups feature UV-
sensitive NB micromolecules [48] and rich amino groups on the
tissue surface [49], it can be expected that the G-A-L-i hydrogel
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had an excellent tissue adhesion ability. As shown in Fig. 3d, the
tissue adhesion of hydrogel was explored, transparent pig casings
were used to simulate tissue, and the adhesive tensile force be-
tween molecular glue and tissue material was tested by a universal
testing machine. Compared with that of the GelMA hydrogel, the
tissue adhesive strength of the G-A-1 and G-A-L-i hydrogels signif-
icantly improved (Fig. 3e-g). In fact, when the tensile force of the
universal testing machine was constantly improved, even if the pig
casings were damaged, the bonding of G-A-1 and G-A-L-i hydrogels
with tissue still very good (Fig. 3d). Moreover, the G-A-L-i hydrogel
shows an decent wound closure effect (Fig. 3h), and no breakage
or detachment between the hydrogel and tissue was seen (Fig. 3i).
These results proved that the designed triple-network hydrogel
shows good tissue adhesion performance. In our previous work, we
proved that the high tissue adhesion of matrix gels containing NB
was derived from photogenerated aldehyde groups bonding with

[=2]

the amino groups on the tissue surface [28,50,51]. Taken together,
the above results demonstrated that the G-A-L-i hydrogel formed
a triple- network and that the high crosslinking density of the G-
A-L-i hydrogel contributed to its strong mechanical properties, wet
tissue adhesion, and low swelling ratio.

3.2. In vitro evaluation of biocompatibility for biomimetic hydrogels
with a triple-network

Although GelMA-based and alginate-based polymers have been
widely used for skin repair, their biocompatibility has been well
proven, as they closely resemble some essential properties of na-
tive ECM [46,52]. Nevertheless, as an in situ forming hydrogel for
GelMA/Alg-NB/LAP, it is still necessary to demonstrate the biocom-
patibility of this modified and composite hydrogel. To evaluate the
biocompatibility of hydrogels and the ability of cells to grow in-



X. Long, X. Xu, D. Sun et al.

1 Day (4x) 5 Day (4x)

a

3 Day (4x)

PS

GelMA

G-A-1

R G-A-l-i

5 Day (10x)

Applied Materials Today 27 (2022) 101442

b i PS Bl GelMA
Bl G-A-1 Bl G-A-l-i
1004
§ 80
&
=
= 607
]
S
40
3
©
0
1 Day 4 Day 7 Day
(v
5
Nl GelMA
41 mE G-A-l
3 B G-A-l-i
I
>
=]
(=}
e 1 Day 4 Day 7 Day
~ 200 N
-] Y
3 ae A
o 150 . %
8 ** oyt
% o Ser
g 100- ¢ -
X ok .o
R ol e *
RS
..
0 T T T
GelMA G-A-1 G-A-l-i

Fig. 4. Cytotoxicity of the hydrogel materials and the internal morphology of GelMA, G-A-l and G-A-L-i hydrogels. (a) Live/Dead staining of HSFs after cultured on the surface
of different hydrogels for 1, 3 and 5 days, calcein AM for live cells (green) and ethidium homodimer-1 for dead cells (red), PS substrate was carried out as control group;
(b) Cell viability quantification of HSFs cultured on the surface of different hydrogels; (c) Cell proliferation measured with CCK-8 assay after HSFs cultured on the surface
of hydrogels for 1, 4 and 7 days; (d) SEM images shows the internal porous structure morphology for hydrogels; (e) Quantitative analysis of pore size in hydrogels using

software of Image-] 1.45 system.

ward on the surface of the hydrogels, HSFs were inoculated on the
surface of hydrogels to investigate the cell viability and prolifera-
tion behavior of HSFs cells, and live/dead staining and CCK-8 assay
were carried out.

Fig. 4a shows the viability of HSFs on GelMA, G-A-], and G-A-L-i
hydrogels. Cells seeded on blank PS substrates were used to sim-
ulate a two-dimensional (2D) culture environment. After the cells
were cultured for 1, 3 and 5 days, all the samples presented su-
perficial cell viability (Fig. 4b). The images of live/dead staining
show that HSFs proliferate rapidly over time, and the results of
the CCK-8 method for HSFs cultured on the surface of hydrogels
confirmed this conclusion (Fig. 4c). Notably, as the photograph in
Fig. 4a shows, the cells adhered and proliferated on the 2D sur-
face of the PS substrate uniformly. For the GeIMA and G-A-1 groups,
cells continued to grow in two dimensions within 3 days but ex-
hibited cell clusters on the 5th day, which indicated that cells grew
in three dimensions, and GelMA and G-A-l hydrogels functioned as
a 3D cell culture scaffold. Moreover, on the surface of the G-A-L-
i hydrogel, cells grew into clusters on the 1st day, the size of the
clusters increased constantly, and the phenomenon of growing into
clusters of cells was much more obvious than that on GelMA and
G-A-1 hydrogels. Many reported works have proven that 3D cell
clusters are more conducive to cell expansion and transplantation
due to their high surface growth space, which equates to an ex-
cellent advantage for organizational reconstruction [53,54]. These

results demonstrated that the biomimetic hydrogel with a triple-
network had excellent biocompatibility and could function as a 3D
scaffold for cell proliferation and tissue regeneration.

As the results of live/dead staining show, there were distinct
differences in cell morphology between the GelMA, G-A-l, and G-
A-L-i hydrogels, which may be attributed to the porous structure of
the hydrogels. As such, the microscopic structures of the hydrogels
were measured using scanning electron microscopy (SEM). As the
SEM results show, the GelMA, G-A-l, and G-A-L-i hydrogels all have
a significantly porous structure (Fig. 4d); moreover, the pore sizes
of the GelMA, G-A-l, and G-A-L-i hydrogels significantly increased
sequentially; the pore sizes were 56.7 + 18.2 um, 96.0 & 19.7 um,
and 160.1 + 28.9 um, respectively (Fig. 4e). In fact, the diameter of
most cultured animal-derived cells was approximately 10-100 um
[55-57], which indicated that HSFs seeded on the surface of G-A-L-
i hydrogels can be readily captured by the pore structure and grow
into cell clusters. Moreover, considering the fact that GelMA, G-A-
1, and G-A-L-i hydrogels all cannot be degraded in vitro within 5
days (Fig. S3), G-A-1 hydrogel and G-A-L-i hydrogel have the sim-
ilar biochemical composition, Alg-NB was a modified products by
alginate (alginate precludes cell adhesion), and the most different
for G-A-1 hydrogel and G-A-L-i hydrogel was the macroporous mi-
crostructure, therefore, the most possible reason for phenomenon
of cells grew into clusters on the surface of G-A-L-i hydrogel can be
contributed to its macroporous architecture. These results demon-
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strated that the G-A-L-i hydrogel had a 3D microstructure with a
macroporous architecture, which could facilitate cell migration and
proliferation to cell clusters in the 3D direction and shows promise
for tissue regeneration applications.

3.3. In vivo evaluation of biodegradability for biomimetic hydrogels
with a triple-network

GelMA, G-A-l, and G-A-L-i hydrogels were dorsally subcuta-
neously implanted in an SD rat model to evaluate the biodegrad-
ability and biocompatibility of the hydrogel in vivo (Fig. 5a), and
the incubated hydrogels were surgically harvested at the 1st, 2nd,
4th, and 8th weeks. A tendency of swelling first and subsequent
degradation was observed for all the hydrogels (Fig. 5b, ¢), which
corresponded to the results of the in vitro evaluation of the
biodegradability of the hydrogels (Fig. S3), suggesting the high wa-
ter content and biodegradability of the hydrogels [58]. Matrix com-
ponents of GelMA hydrogel with a low concentration (5 wt%) de-
graded rapidly and fused with tissue within one week and almost
completely degraded at 2nd week. Nevertheless, the swelling pro-
cess for G-A-1 and G-A-L-i hydrogels extended to the 2nd week and
slowly degraded afterward. Apparent residues could be perceived

within the testing, which demonstrated the excellent water con-
tent and slow degradation properties for G-A-l1 and G-A-L-i hydro-
gels, and the G-A-L-i hydrogel had the slowest degradation ratio,
which might be explained by their multiple network crosslinking
and the modified alginate is inherently slow-degradable in mam-
mals [52]. It was reported that hydrogels with a slow degradation
profile are more conducive to the inward growth of cells and pro-
mote tissue growth to replace implants [36,59], thus, the G-A-L-i
hydrogel might be more suitable for full-thickness skin defect re-
pair. In addition, after hydrogel implantation, there was a slight in-
flammatory reaction in the early stage (before the 1st week), and
the inflammatory reaction gradually disappeared in the later stage
(after the 2nd week), indicating that all the hydrogels have good
biocompatibility.

Moreover, H&E staining of subcutaneous GelMA hydrogels
showed noninflammatory tissue progressive ingrowth from the re-
cipient into the samples at one week and complete absorption
at the 2nd week (Fig. 5d), indicating biocompatibility and quick
degradation of the GelMA hydrogel in vivo. The H&E results also
demonstrated that minimal inflammation occurred in vivo as a re-
sult of the subcutaneous G-A-l1 and G-A-L-i implants, and the G-A-1
and G-A-L-i hydrogels slowly integrated with noninflammatory tis-



X. Long, X. Xu, D. Sun et al.

Applied Materials Today 27 (2022) 101442

a UV light?
Creat a full-thickness Hydrogel injected and Ionic crosSlinking Neo-skin formed after
skin defect UV crosslinking several weeks
b Day 0 Day 4 Day 7 Day 14  Day 21 Q Control ~—~ GelMA . G-A-
I ES | §° g3 g°
= il Il < 2- sl Eon | 37
g ‘ 8 HMASIENN G
g g1 @ &1 | 54 ®
o 2, 2 0d—r—r—] A 04—
A% 1 2 3 A 1 2 R 1 :
i Distance (cm) Distance (cm) Distance (cm)
=1 . G-Adi-l  _ . G-A-ki2
8 S, E; day0 day4 d‘\”\'7
< 24 ‘ T24 ay0 day4 day
g1 @ | &1
g 1 k\") ;;3 1 day 14 day21
- AT 33 "% 13
1
3 Distance (cm Distance (cm) Wound trace
d _| I Control N
100 B GelMA —_—
- 3 | mmGad
o < 809 mm G-A-l-i-1
< g B G-A-li2 sas
4 Z 60 1L T
o) =1
Q g 40 - g
o N
< Z 20 =
&) L

Day 4

Day7 Day14 Day21
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sue within 8 weeks (Fig. 5d), suggesting biocompatibility and slow
degradation of G-A-1 and G-A-L-i hydrogels in vivo. All these results
demonstrated the biocompatibility and slow degradation character-
istics of the designed G-A-L-i hydrogel with a triple-network struc-
ture. Indeed, the noninflammatory response and slow degradation
properties are crucial for stopping hemorrhage, adequately sealing
internal tissue defects, and promoting moderate tissue ingrowth
[59,60], indicating good application potential for tissue repair.

3.4. In vivo full-thickness skin repair using biomimetic hydrogel with
a triple-network

A mouse full-thickness dorsal skin defect model was employed
to evaluate the wound healing ability of the G-A-L-i hydrogel
(Fig. 6). A schematic diagram of the wound repair procedure is
shown in Fig. 6a. A full-thickness skin defect with a diameter
of approximately 2 cm on the dorsal surface was created, and a
triple-network G-A-L-i hydrogel was injected into the cutaneous
defect and formed in situ with UV crosslinking and ionic crosslink-
ing. Neo-skin formed after several weeks. The group without treat-
ment was set as a blank control, and GelMA, G-A-l, and G-A-L-i-1
(bottom: double network, surface: triple network) hydrogels were
used to compare the repair effects with different crosslinking path-
ways (Fig. S4). To realistically simulate the full-thickness skin de-
fect repair process, the hair of the SD rats were not shaven [61,62].

The wound healing process was monitored photographically at
4, 7, 14 and 21 days post-wounding (Fig. 6b). The wounds quickly
closed without the need for suture in all the groups with hydro-
gels compared with the untreated control group, preventing fur-
ther bleeding and preventing potential bacterial infections (Fig. S5).
In fact, the treatments of hydrogels all showed significantly in-
creased wound healing; among them, the effect accelerated wound
repair for G-A-L-i-2 hydrogel with triple-network was the best,
and the wound closure ratio reached 57.7 + 6.1 on the 7th day
and 953 + 1.0 on the 14th day. The wounds closed completely
by the 21st day for all the groups (Fig. 6¢, d). Normally, connec-
tive tissue hyperplasia builds up on the wounded area after trauma
[63]. As shown in Fig. 6b, connective tissue could be distinctly ob-
served for the control group, and slightly occurred for GelMA, G-
A-l, and G-A-1-i-1 groups; however, the surface remained flat and
smooth within the wound closure process for G-A-L-i-2 hydrogel
with triple-network, as connective tissue hyperplasia could even-
tual maturation into scar tissue [64], which indicated GelMA/Alg-
NB/LAP hydrogel with triple-network could be used to reduce the
likelihood of scarring and even functioned as a tissue-engineered
skin for wound repair. All these results indicate the high efficiency
and quality full-thickness skin defect repair for the GelMA/Alg-
NB/LAP hydrogel with a triple-network.

Subsequently, microscopy examination with hematoxylin-eosin
staining (H&E staining) was employed to evaluate the neotissue
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formation progress at different time points. H&E staining showed
that the granulation tissue consisted of some growth factors and
abundant fibroblasts [63] filling the wound on the 4th day and
gradually forming the basic structure of the epithelium and dermis
on the 21st day (Fig. 7a, Fig. S6a). To quantitatively evaluate the
wound healing process, the granulation tissue thickness was mea-
sured with Image-] software [65]. As shown in Fig. 7c and Fig. S6c,
the granulation tissue thickness of all the hydrogel-coated groups
was significantly thicker than that of the untreated control group
in different phases, and the group of triple-network G-A-L-i-2 hy-
drogels was the optimal one. These results further demonstrated
that the GelMA/Alg-NB/LAP hydrogel with a triple-network could
accelerate full-thickness skin defect repairs efficiently.
Furthermore, microscopy examination of Masson’s trichrome
staining was carried out to evaluate the quality of the healing pro-
cess Fig. 7.b and Fig. S6b show that capillary vessels were visible in
all the groups and were particularly obvious for the G-A-L-i-1 and
G-A-L-i-2 hydrogel groups, as angiogenesis or new blood vessel for-
mation is an important marker of wound healing [66,67], and ro-
bust capillary growth indicated the normal wound healing of the
GelMA/Alg-NB/LAP hydrogel. Moreover, after 14 days, the rats in
the G-A-1-i-1 and G-A-L-i-2 hydrogel groups exhibited more hair

10

follicles than did those in the other groups did, and hair follicles
were also observed in the granulation tissue. In addition, it was
found that the G-A-L-i-2 hydrogel group presented accelerated col-
lagen deposition in the wound healing model compared to the four
other treatment groups, and the collagen volume fraction was ap-
proximately 41.1 + 1.8% in the G-A-L-i-2 hydrogel group (Fig. 7d
and Fig. S6d).

Conventionally, cytokines are closely related to the cell
metabolism and proliferation behaviors for wound healing [68],
and the influence of the G-A-L-i hydrogel on angiogenesis in
skin wounds was also analyzed. Immunohistochemical staining for
CD31 to evaluate the neovascularization in the early vascular re-
modeling stage of wound healing [69], and stained for o-SMA to
observe the vascular networks with smooth muscle cells (SMCs)
[40]. As shown in Fig. 8a-c, CD31 staining and «-SMA staining
were all significantly increased in the groups with hydrogels when
compared to the control group, and the G-A-L-i-2 hydrogel group
obtained the highest expression, that further demonstrated the
ability to promote capillary vessels and angiogenesis formation for
the G-A-L-i-2 hydrogel with a triple-network. In general, these re-
sults demonstrated that mature granulation and dermis formed
with skin appendages (including hair follicles and blood vessels)
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in the GelMA/Alg-NB/LAP hydrogel group, which indicated a high
efficiency and quality full-thickness skin defect repairing ability.

Therefore, triple-network GelMA/Alg-NB/LAP hydrogels have
strong mechanical properties, exert wet tissue adhesion, un-
dergo slow biodegradation, and have macroporous microstructures
and could function as tissue-engineered skin with biocompati-
ble, biodegradable, noncytotoxic, and nonimmunogenic properties.
These hydrogels could be utilized to accelerate the full-thickness
skin defect repair process by reducing the infection through rapid
sutureless wound closure, promoting tissue ingrowth. Such char-
acteristics make the triple-network GelMA/Alg-NB/LAP hydrogel a
suitable UV-ionic-crosslinking injectable hydrogel for potential bio-
material scaffolds to promote local neoskin formation through sim-
ple injection and in situ formation. Moreover, such mechanical
properties and biological activity make this biomimetic hydrogel
show potential application in hemostasis, cartilage defects, and
even organ manufacturing.

4. Conclusion

In summary, a GelMA/Alg-NB/LAP hydrogel with a triple-
network structure was fabricated through UV crosslinking and
ionic crosslinking and showed superior mechanical properties, tis-
sue adhesion abilities, macroporous microstructures, and biologi-
cal activities. Furthermore, in vitro cell activity assessments proved

1

that the triple-network biomimetic hydrogel had excellent biocom-
patibility and could function as a 3D scaffold for cell proliferation.
Additional in vivo measurements demonstrated its biocompatibil-
ity and slow biodegradation and that this hydrogel was very suit-
able for utilization as a scaffold for full-thickness skin defect re-
pair. Such biomimetic hydrogels provide new ideas and strategies
for the clinical application of quick sutureless wound closure and
high-quality repair. In the future, we anticipate that more potential
applications, such as hemostasis and cartilage defect repair, will be
feasible based on this biomimetic hydrogel and its derived prod-
ucts.
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