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Prosthetic materials are widely used for temporary abdominal closure after open abdomen (OA), but local
adhesion, erosion and fistula formation caused by current materials seriously affect the quality of life of
patients. Recently, a three-dimensional porous network structure hydrogel has been used to simulate

cell extracellular matrix that can support cell growth and tissue regeneration. In this study, we prepared

an interpenetrating double-network hydrogel by photoinitiating glycidyl methacrylate-conjugated
xanthan (XG) and 4-arm polyethylene glycol thiol (TPEG). This double-network hydrogel combined
stiffness and deformation ability as well as in situ forming property, which could coat polypropylene (PP)
mesh to reduce friction to wound tissues. Moreover, this double-network hydrogel exhibited a denser
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porous structure that controlled drug release without initial outburst. When testing the hydrogel-coated

growth factor-loaded PP mesh on a rat model of OA, it was found that this composite material could
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1. Introduction

Abdominal sepsis, abdominal cavity syndrome (ACS), and
abdominal wall defects caused by trauma or surgery are severe
clinical problems.*? There is a consensus on use of open
abdomen (OA) therapy on patients with these diseases.*
However, patients who receive OA will have a risk of developing
intestinal fistula, which lowers the rate of definite fascia closure
and gains the difficulties in abdominal wall reconstruction.?

Prosthetic materials are widely used in the technology of
temporary abdominal closure (TAC) that provides protection to
abdominal viscera during OA.*” For example, polypropylene
(PP) is a type of non-absorbable biocompatible synthetic
material. PP mesh is chosen for TAC because of its excellent
mechanical property that can provide enough strength to
abdominal wall fascia and prevent abdominal retraction.
However, clinical practice has revealed its shortcomings
including the adhesion, erosion and fistula formation of
exposed abdominal wound mainly due to the lack of soft tissues
in coverage of visceral organs.®
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reduce inflammation and promote granulation tissue growth. Therefore, our design provides a new
strategy of material-assisted wound protection of OA and shows potential clinical applications.

Hydrogels are three-dimensional networks of polymeric
materials that can absorb and retain large amounts of water or
biological fluids.®* Moreover, their internal porous structure
mimics the extracellular matrix of native tissues to make them
appropriate tissue scaffolds.” Therefore, hydrogels have shown
great potentials in biomedical applications such as in vivo drug
delivery and tissue engineering.”** The stiffness is important
for hydrogels to maintain its original shape, and the elasticity
can enable the hydrogel to adapt to tissue movement and
deformation.'> However, these two characteristics seem to be
contradictions for the same hydrogel, therefore inter-
penetrating double network hydrogels were proposed to obtain
the stiff and elastic scaffolds.™

The polysaccharide, xanthan, has been widely used in the
synthesis of hydrogels for tissue engineering,** wound healing">'®
and other biomedical applications'** due to its perfect biocom-
patibility. The molecular chain of xanthan is linear so that
xanthan-based hydrogels tended to be stiffer, but less elastic.
Poly(ethylene glycol) (PEG) is a type of water-soluble and biocom-
patible polymers.****?* Thiol-terminated poly(ethylene glycol) has
been reported to form a hydrogel under UV light.”” The resulting
hydrogel has an outstanding elasticity but its stiffness is too low.

Considering the features of these two polymers, we reported
an interpenetrating double network hydrogel through photo-
polymerization of glycidyl methacrylate-conjugated xanthan
(XG) and 4-arm polyethylene glycol thiol (TPEG). The XG/TPEG
hydrogel was gelated upon UV light exposure. We studied the
micromorphology, swelling ratio, rheological properties and
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controllable drug releasing ability of the hydrogel. Moreover,
the PP mesh was coated by this hydrogel along with growth
factors. The therapeutic effects of this composite material were
evaluated on wounds of rats with OA.

2. Materials and methods
2.1 Materials

Xanthan gum (viscosity of 1% aqueous solution at 20 °C: 1450-
2000 mPa s) was purchased from TCI Development Co. Ltd,
Shanghai, China; glycidyl methacrylate (GMA) was purchased
from Aladdin®, Shanghai, China; hydrochloric acid (36-
38 wt%) was purchased from Jiuyi Reagent Co. Ltd, Shanghai,
China; 4-arm PEG Thiol (TPEG, MW: ~2 x 10%) was purchased
from  Aladdin®, Shanghai, China;  2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (I-2959) was purchased
from Sigma-Aldrich®, St. Louis, MO, USA; recombinant human
vascular endothelial growth factor 121 (rhVEGF121) was
purchased from GenScript Co. Ltd, China; rhodamine B was
purchased from Shanghai YSRIBIO Industrial Co. Ltd; PP mesh
was purchased from B. Braun Medical International Trading
Co. Ltd. All other reagents were of analytical reagent grade.
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2.2 Fabrication of hydrogel networks

2.2.1 Synthesis of XG. A xanthan aqueous solution (0.6% w/
v) was prepared by dissolving xanthan powders into deionized
water, followed by stirring overnight. Then, 270 mL of such
solution was poured into a round-bottom flask and heated to
80 °C using an oil bath (model: DF-101S, Xinbao Instrument Co.
Ltd, Dongguan, China). Hydrochloric acid was used to adjust its
pH to 4.2-4.8 and 1.88 mL of GMA was added dropwise into
xanthan aqueous solution. After 12 h of stirring at 80 °C, the
resultant solution was collected and then dialyzed for 3 days
using dialysis membranes (molecular weight cut-off: 12-14 kDa)
with deionized water being replaced every 8 h. Finally, the
dialyzed solution was lyophilized in a freeze dryer (Xiongdi
Instrument Co. Ltd, Zhengzhou, China).

2.2.2 Preparation of XG/TPEG hydrogel. XG was dissolved
in phosphate buffer saline (PBS) containing 0.1% (w/v) I-2959 to
obtain solution with the concentration of 10% (w/v). TPEG was
dissolved in PBS containing 0.1% (w/v) I-2959 to obtain solution
with the concentration of 8% (w/v). XG solution was mixed with
TPEG solution at different volume ratios. The resulting solution
was photoinitiated under UV-light exposure (365 nm, ~6.0 W
cm %, model: UVPL-411, Yunhe Tech Co. Ltd, Suzhou, China)
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Fig.1 Synthesis of XG/TPEG hydrogel. (A) Schematic diagram of the interpenetrating double-network XG/TPEG hydrogel. (B) Fourier transform
infrared spectrum of XG hydrogel, TPEG hydrogel and XG/TPEG hydrogel. (C) The photosensitivity of XG/TPEG hydrogel revealed by the

rheological test.
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for 30 s. The exact reactions and volume ratios can be found in
Fig. 1A, S11 and Table 1.

2.3 Characterization of materials

2.3.1 Fourier-transform infrared (FTIR) spectrometry. An
FTIR spectrophotometer was applied to investigate the FTIR
spectra of XG, TPEG and XG/TPEG hydrogels using a Nicolet-
6700 spectrometer (Thermo®, USA) at room temperature in
the wave number range of 4000-500 cm™' by the potassium
bromide disk technique. The powders of each polymer were
ground to dry KBr disk, and 32 scans at a resolution of 4 cm™*
were used to record the spectra.

2.3.2 Morphology. A scanning electron microscope (model:
S-4800, Hitachi®, Japan) was used to study the internal
morphology of the hydrogel. Specifically, XG hydrogel, TPEG
hydrogel and XG/TPEG hydrogel were freeze-dried. Then, these
hydrogel samples were placed on a metal platform and their
vertical sections were imaged after coating with a thin layer of gold.

2.3.3 Swelling ratio. The swelling ratio of XG hydrogel,
TPEG hydrogel and XG/TPEG hydrogel was determined by the
following formula:

Swelhng ratio = (Mswollen gel — Mdried gel)/Mdried gel»

where Mgried gel and Mgyolien ger Stand for the mass of dried
hydrogel and swollen hydrogel at equilibrium, respectively.
Specifically, each hydrogel was firstly freeze-dried and then
immersed in 5 mL of PBS at 37 °C. At each preset time, they were
taken out and the surface moisture was wiped off using tissue
paper. The hydrogels were weighed as soon as possible and then
were returned to the original PBS.

2.4 Mechanical properties of the hydrogels

2.4.1 Rheological property. The rheological parameters
were measured on a rheometer (model: MCR302, Anton Paar Co.
Ltd, Austria) at 25 °C, whose gap of parallel plates was kept at
1 mm for this study. In the oscillatory frequency sweep experi-
ment, the constant strain was fixed at 1%, and in the oscillatory
time sweep experiment, the constant strain was fixed at 1% and
frequency was fixed at 10 Hz. Four on-and-off cycles of UV light
were applied on hydrogels with each cycle lasting for 30 s.

2.4.2 Compression testing. The hydrogel samples were
prepared using a syringe to build a cylindrical shape with
a diameter of 9 mm and length of 6 mm. A preload force of 0.1 N
was set on the testing machine (model: BAB-10 MT, MTS
Systems Co. Ltd, China). Each test was carried out at

a compression velocity of 5 mm min~".

Table 1 Different volume ratios of XG and TPEG that were used to
generate interpenetrating double network hydrogels

XG,TPEGs  XG,TPEG;,  XGsTPEG;,  XG,TPEGy,
10% XG 4 4 3 2
8% TPEG 5 10 10 10

This journal is © The Royal Society of Chemistry 2020
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2.5 Water contact angles

Water contact angles of PP mesh, XG/TPEG hydrogel and XG/
TPEG hydrogel-coated PP mesh were obtained by a JC2000D2
contact angle measuring system at ambient temperature. Static
contact angles were recorded with a droplet volume of 2 pL. The
static contact angles were measured at a neutral tilting angle (0°).

2.6 Injectability

This injectability of XG/TPEG hydrogel was also tested using the
rheometer. The steady state shear flow was from 0.1 to 500 s~*
of shear rate. In addition, the practice of injection was per-
formed using XG,/TPEG;, solution by handwriting the logo of
Qingdao University, QDU. To make it clearer, the dye of meth-
ylene blue was added.

2.7 Cytocompatibility study

The cell biocompatibility was tested using a live/dead cell stain-
ing kit (Dalian MeiLun Biotech Co. Ltd.). 0.1 mL of 1.0 x 10°
mL ™" L929 fibroblasts was seeded to the surface of XG,/TPEG;,
hydrogel in a 24-well plate. Subsequently, 0.8 mL of DMEM
medium was added to each well, and the samples were cultured
for 24 h and 72 h. After cell staining, images were recorded using
a fluorescence microscope. Moreover, we evaluated the cell
proliferation by an extraction method. The XG/TPEG hydrogel
was prepared in a 24-well plate following extraction using DMEM
with 10% FBS for 24 h at 37 °C. Then, 0.1 mL of 1.0 x 10° mL ™"
fibroblasts was incubated with the leachate (200 pL) for 24 h and
72 h. Subsequently, 10 pL of CCK-8 was added to each well, fol-
lowed by incubation at 37 °C for another 4 h. After the solution
was homogenized, the absorbance at 450 nm was measured. All
experiments were performed in triplicate.

2.8 Drug controlled release

0.4 mL of XG solution (10% w/v) was mixed with 1.0 mL of 8%
TPEG hydrazine solution along with rhodamine B (1 mg) or
VEGF121 (5 pg) to obtain rhodamine B or rhVEGF121-loaded
hydrogels. They were suspended in 10 mL PBS at 37 °C. 1 mL
of PBS was collected at each preset timepoint and replaced with
fresh PBS. The amount of rhodamine B was determined by
a visible spectrophotometer at the absorbance of 554 nm and the
amount of VEGF was determined using a VEGF ELISA assay kit
(CUSABIO®, China). A standard calibration curve of absorption
intensity versus concentration of VEGF was built as followed:

C=6.7565 x A — 0.368 (R> = 0.985),

where C represented the concentration of VEGF and A was the
corresponding absorption intensity. The cumulative release was
calculated from the ratio of actual VEGF content in the superna-
tant to the amount initially encapsulated in XG/TPEG hydrogel.

2.9 Open abdomen model

After being fasted overnight, twenty-four male Sprague-Dawley
rats (180-250 g) were anesthetized through intraperitoneal
injections of 10% chloral hydrate at 0.4 mL/100 g. Then, the hair
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of middle abdomen was clipped and the operative area was
sterilized with iodophor for three times. A 2 x 3 cm partial
abdominal defect was created by removing the full thickness of
abdominal wall. Then, the rats were randomly divided into four
groups: PP mesh control group, fibrin gel/PP mesh group, XG/
TPEG hydrogel/PP mesh group and VEGF-load XG4/TPEG;q
hydrogel-coated PP mesh group (Fig. S21), with six rats in each
group. PP meshes in each group were all sutured to the edge of
the defects using 4/0 thread to prevent abdominal wall retraction.
The rats were put back into cages and allowed free access to water
and food. Seven days later, the rats were sacrificed and granula-
tion tissues over the defects were harvested. Each granulation
tissue was cut into three parts. Two parts were immersed in 10%
neutral formaldehyde for further H&E staining, Masson tri-
chrome staining and immunofluorescent staining, and the other
part was for gPCR analysis (Table S1t) and western blot. All the
animal care and experimental protocols were performed in strict
accordance with the Chinese Guideline for the Care and Use of
Laboratory Animals (Ministry of Science and Technology [2006]
File No. 398) and approved by Animal Investigation Ethics
Commiittee of the Affiliated Hospital of Qingdao University.

3. Results and discussion
3.1 Formation of XG/TPEG hydrogels

As shown in Fig. 1B, the spectrum of XG presents a characteristic
, which refers to carbon-carbon double bonds

peak at 1610 cm™*
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and suggests successful conjugation of GMA to xanthan. The
intensity of this characteristic peak is reduced after photo-
initiation of XG because of addition reaction that consumes
carbon-carbon double bonds. The TPEG hydrogel has a similar
spectrum to that reported previously.> In the XG/TPEG hydrogel,
it not only shows a hybrid FTIR spectrum of XG hydrogel and
TPEG hydrogel, but also newly presents an absorption peak of
carbon-sulfur bonds at 665 cm . This indicates that XG
hydrogel and TPEG hydrogel can interact with each other by click
response during the interpenetrating process. Moreover, the
stiffness of XG/TPEG hydrogel is increased upon UV exposure
(Fig. 1C), which implies that this hydrogel is photosensitive.

3.2 Morphology

The morphology of XG hydrogel, TPEG hydrogel and XG/TPEG
hydrogel is shown in Fig. 2A. These hydrogels have three-
dimensional porous structure with varied pore sizes. More-
over, it can be observed that in XG/TPEG hydrogel, TPEG frag-
ments are spread over the pores of XG hydrogel, which can
support the architecture of XG hydrogel. This is the exact reason
that explains why the addition of TPEG can increase the elas-
ticity of XG hydrogel.**

3.3 Swelling ratio

Swelling ratio is an important parameter that not only evalu-
ates hydrogel's absorbing ability of tissue exudates, but also
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Fig.2 Physical properties of XG/TPEG hydrogel. (A) SEM images of XG hydrogel, TPEG hydrogel and XG/TPEG hydrogel after lyophilization. (B) Swelling
ratios of XG hydrogel, TPEG hydrogel and XG/TPEG hydrogels. (C) Stress—strain diagrams of XG hydrogel, TPEG hydrogel and XG/TPEG hydrogels.
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its volume stability in wet conditions. In this study, we find that the XG/TPEG hydrogel has a more stable volume that
that XG/TPEG hydrogels have lower swelling ratios compared reduces the pressure on covered viscera when applied in vivo.
with XG hydrogel or TPEG hydrogel alone (Fig. 2B). It implies It can effectively prevent the risk of high intraabdominal
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Fig. 4 Injectability of XG/TPEG hydrogel. (A) Shear-thinning property of XG/TPEG mixed solution. (B) Handwriting of Qingdao University logo by
injection and photopolymerization of XG/TPEG hydrogel.
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Fig. 5

In vitro cytocompatibility of XG/TPEG hydrogel. (A-C) Live/dead staining after co-culture of fibroblasts on the surface of XG/TPEG

hydrogel. (A) 24 h; (B) 72 h; (C) cell viability. (D) Cell proliferation rate of fibroblasts when cultured in BMDM medium and leachate for 24 h and

72 h. ** P <0.01

pressure, which otherwise leads to hypoperfusion of abdom-
inal organs.

3.4 Mechanical strength

Then, we examined that whether the strategy of inter-
penetrating double network made the hydrogel stiff and elastic.
As shown in Fig. 2C and 3A, 10% XG hydrogel shows the highest
storage modulus (G') of 4 kPa at 0.1 rad s but the lowest
compressive strain of 24%, while 8% TPEG hydrogel shows the
lowest G’ of 0.11 kPa at 0.1 rad s~ * but the highest compressive
strain of over 80%.”* When combining these two hydrogels, it is
observed that XG/TPEG hydrogel achieves a balance of stiffness
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and elasticity. By screening, the XG,/TPEG;, hydrogel has been
chosen for later PP mesh coating because its stiffness and
elasticity are the most optimized among all hydrogel combi-
nations, which facilitate to get a steady hydrogel coating with
tolerance to external shear force.

3.5 Water contact angles

Water contact angles reflect hydrophilicity of materials. The
angle over 90°implies hydrophobic materials and the angle less
than 90°means hydrophilic materials. From the results of water
contact angle testing in Fig. 3B, we conclude that the PP mesh is
a hydrophilic material, but its hydrophilia is inadequate.

B
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In vitro drug releasing profile by simple XG hydrogel and XG/TPEG hydrogel carriers. (A) Rhodamine B profile. (B) VEGF profile.
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Differently, XG4/TPEG,, hydrogel has an excellent hydrophilia,
which can improve the hydrophilicity of PP mesh by coating. By
this way, the composite PP mesh will provide an appropriate
scaffold that supports cell adhesion and growth, thus the repair
of defected abdominal wall can be accelerated.

3.6 Injectability

The injectability of XG,/TPEG;, mixed solution is attributed to
its shear thinning property shown in Fig. 4A, which was tested
using a rheometer. Moreover, we exhibited its injectability by

View Article Online
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handwriting of Qingdao University logo. After photocuring, this
logo could be lifted up (Fig. 4B). This injectable ability enables
that the XG/TPEG mixed solution can fill up any irregular shape
of coated materials.?*

3.7 Cytocompatibility study

Biocompatibility is a prerequisite factor for biomaterials to have
practical applications. Here, we evaluated this aspect by cell co-
culture with XG,/TPEG,, hydrogel and its leachate. As indicated
in Fig. 5A-C, the fibroblast viability is more than 90% after 24 h
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Fig. 7 Assessment of four potential treatments on protection of abdominal wall defect of rat models. (A) HE staining of regenerative abdominal
wall tissues (blank arrows: regenerative tissues), 10x. *P < 0.05, **P < 0.01. (B) Masson staining of regenerative abdominal wall tissues, 10x. *P <

0.05, **P < 0.01, ***P < 0.001.
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and more than 85% after 72 h, which suggests that this hydrogel
hasn't acute cytotoxicity to fibroblasts. Moreover, the leachate of
XG,4/TPEG, hydrogel is found to promote the cell proliferation
of fibroblasts (Fig. 5D). It is because the degraded poly-
saccharide derivative (XG) in the leachate may behavior as
a stimulant to up-regulate the cell growth and migration.*
Above results demonstrate the safety of XG,/TPEG;, hydrogel
coating of PP mesh for wounds of OA.

3.8 Drug controlled release

Hydrogel has been reported as an effective carrier to improve
the wound healing by adding bioactive drugs such as tissue
growth factor-p (TGF-B), fibroblast growth factor (FGF) and
VEGF, because the drugs can regulate specific cellular signaling
in a long term.”**”° As previously mentioned, the micromor-
phology of XG hydrogel is changed after interpenetrating with
TPEG hydrogel, therefore it is necessary to investigate the vari-
ation of drug release patterns by using a representative small-
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molecule drug, i.e., rhodamine B and a large-molecule drug,
i.e., VEGF. It was found that it was more obvious for these two
drugs released more slowly in XG,/TPEG,, hydrogel than these
in simple XG hydrogel (Fig. 6A and B). The potential reason is
the smaller and interlaced micropores that can restrict the
release of loaded drugs. This experiment points to the advan-
tage of this interpenetrating double network hydrogel in cyto-
kine therapy of tissue engineering.

3.9 Open abdomen model

Finally, we evaluated the XG,/TPEG;, hydrogel-coated pp mesh
on wounds of OA rat models. It is indicated in Fig. 7A and B that
XG,4/TPEG;o hydrogel-coated pp mesh could improve the
regeneration of granulation tissues and collagen deposition for
OA wounds compared with control group and fibrin gel group
possibly because of XG bioactivities. After loading with VEGF,
the therapeutic efficacy could be further enhanced owing to the
synergistic biological effects of XG and VEGF. This was
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Fig. 8 Quantitative analysis of gene expressions in four groups, expressed as fold change. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 9 Neovascularization of four groups. (A) Double fluorescence staining of vessels by CD31 and a-SMA in four groups. (B) Quantification of
vessel density in granulation tissues in four groups. *P < 0.05, **P < 0.01. (C) Western blotting images of CD31 and a-SMA expressions in
granulation tissues of four groups. (D) Analysis of gray intensity of CD31 and a-SMA in the corresponding western blotting tests. *P < 0.05, **P <

0.01, ***P < 0.001.

consistent with the findings of molecular transductions within
granulation tissues (Fig. 8). Pro-inflammatory signaling was
significantly reduced in XG,/TPEG;, hydrogel-coated pp mesh
group and VEGF-loaded hydrogel-coated group such as inter-
leukin (IL)-6, IL-1 and tumor necrosis factor (TNF)-o, while their
anti-inflammatory signaling was increased such as IL-4 and IL-
10. Moreover, angiogenesis signaling such as TGF-$ and FGF,
and cellular chemotaxis signaling such as monocyte chemo-
attractant protein (MCP)-1 were also significantly up-regulated.
Apart from the genetic expression level, the angiogenic effects
were also confirmed at protein expression level. As shown in
Fig. 9A, B and C, D, the density and biomarkers of vessels such
as CD31 and a-SMA were increased correspondingly. To our
interest, the whole molecular signaling maps in the regenerated
tissues are in line with the M2 polarization of macrophages
characterized by low pro-inflammatory signaling and high
tissue healing signaling, which is an important cellular
phenotypic transformation during tissue repair.** The rapid
process of granulation tissue regeneration has significant clin-
ical meanings that can prevent intestinal fistula formation on
the OA wounds and make a good preparation for skin grafting.

This journal is © The Royal Society of Chemistry 2020

4. Conclusions

In this study, we synthesized a new interpenetrating double-
network XG/TPEG hydrogel with optimal stiffness and elas-
ticity. This hydrogel is well hydrophilic and biocompatible to
fibroblasts for their growth and attachment. Moreover, by the
formation of dense and interlaced micropores, growth factors
can have a slower releasing rate when carried by this inter-
penetrating double-network hydrogel in comparison to indi-
vidual XG hydrogel. When we coated XG/TPEG hydrogel on PP
mesh, this composite material showed great protective func-
tions on OA wounds by promoting rapid granulation tissue
formation, especially in combination of growth factor therapy.
All in all, our study provides an advantageous TAC biomaterial
with good mechanical strength, drug releasing ability and
wound healing for management of defected abdominal wall,
and will have great potential clinical applications.
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