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ABSTRACT

Developing a biocompatible and multifunctional adhesive hydrogel with injectability and self-healing ability for promoting wound
healing is highly anticipated in various clinical applications. In this paper, we present a novel natural biopolymer-derived hydrogel
based on the aldehyde-modified oxidized guar gum (OGG) and the carboxymethyl chitosan (CMCS) for efficiently improving
wound healing with the encapsulation of vascular endothelial growth factor (VEGF). As the hydrogels are synthesized via the
dynamically reversible Schiff base linkages, it is imparted with excellent self-healing ability and good shear thinning behavior,
which make the hydrogel be easily and conveniently injected through a needle. Besides, the physiochemical properties, including
porous structure, mechanical strength and swelling ratio of the hydrogel can be well controlled by regulating the concentrations of
the OGG. Moreover, the hydrogel can attain strong adhesion to the tissues at physiological temperature based on the Schiff base
between the aldehyde group on the hydrogel and the amino group on the tissue. Based on these features, we have
demonstrated that the VEGF encapsulated hydrogel can adhere tightly to the defect tissue and improve wound repair in the rat
model of defected skin by promoting cell proliferation, angiogenesis, and collagen secretion. These results indicate that the

multifunctional hydrogel is with great scientific significance and broad clinical application prospects.
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1 Introduction

Wounds occur frequently in our daily life, and the treatment of
wounds has gradually evolved into a fundamental healthcare issue
throughout the world in recent years [1, 2]. A variety of materials
have been applied for wound repair, including natural
biomaterials, such as chitosan (CS), collagen (COL), alginate, and
synthetic biomaterials, such as polyvinyl alcohol, polycaprolactone,
polyethylene glycol [3-6]. These biomaterials are usually in the
form of hydrogels, electrospinning nanofibrous scaffolds,
microfluidics microparticles, porous foams, and microneedle
patches [7-10]. Among them, hydrogels are widely employed and
have exhibited a verified value in wound healing since their
intrinsic highly moisture and porous structures, which can be
capable of absorbing tissue exudates, facilitate the penetration of
oxygen and nutrients, maintain a moist condition in the wound
area, as well as providing a biomimetic microenvironment of
extracellular matrix to improve the proliferation of cells and repair
of tissues [11,12]. Although with many successes, most of the
current hydrogels used in wound healing lack tissue adhesive
ability, which cannot guarantee the long-term maintenance of the
materials in the wound area. Besides, the biocompatibility of the
adhesive hydrogels fabricated by synthetic materials is limited.

Thus, developing a novel natural biopolymer-derived and
multifunctional hydrogel adhesive for promoting wound healing
is still highly anticipated.

In this paper, we present novel natural biopolymer-derived
adhesive hydrogels fabricated by the Schiff base between the
aldehyde modified oxidized guar gum (OGG) and the
carboxymethyl chitosan (CMCS) for efficient wound healing, as
shown in Fig. 1. To date, the formation of hydrogels has been
reported via various covalent linkages, such as Michael addition,
thio-ether, azide-alkyne cycloaddition, and Schiff base [13-15].
Among these linkages, the Schiff base has attracted great interest
because of its intrinsic dynamic nature and pH-responsive
behaviors, which can endow the hydrogel with self-healing and
intelligently responsive properties [16-18]. Hyaluronic acid (HA)
[17,19-22], alginate [23-25], chondroitin sulfate [16,26,27], or
polyethylene glycol [18,28,29] have been widely used after
modification in the biomedical field to construct hydrogels with
gelatin, gelatin methacrylate (GelMA), CMCS, or other materials
with amins group based on Schiff base. Recently, guar gum (GG)
has emerged and been exploited to study its potential value in
tissue engineering and regenerative medicine. GG is derived from
the seed of the plant Cyamopsis tetragonoloba, which is a natural
heteropolysaccharide with high molecular weight. Due to its
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Figure 1 Fabrication of the OGG/CMCS hydrogels with injectable, self-healing, and tissue adhesive abilities for wound healing.

biocompatible, sustainable, and biodegradable properties, GG has
been extensively used as food thickening agent and in the drug
delivery field [30]. In addition, there are adjacent hydroxyl groups
on the molecular chain of GG, which allow it to be easily oxidized
to incorporate aldehyde groups [31]. In contrast, CS is also a
natural polysaccharide with biocompatible, antimicrobial and
antioxidant properties, and has demonstrated its values in various
applications [28,32]. To overcome the poor water solubility,
carboxymethyl chitosan has been synthesized. Although OGG and
CMCS have been developed in their field, the physicochemical
properties and wound healing capability of their composite
hydrogel has not been investigated yet.

Herein, we constructed the desired OGG/CMCS composited
hydrogels with injectable, self-healing, and tissue adhesive abilities,
and demonstrated their values for efficiently improving wound
healing with the encapsulation of vascular endothelial growth
factors (VEGF). The hydrogels were formed through the
dynamically reversible Schiff base linkages between the aldehyde
group on the OGG and the amino group on the CMCS. The
porous structure, mechanical strength, and swelling ratio of the
hydrogel could be well controlled by regulating the concentrations
of the OGG. It was found that the hydrogel exhibited excellent self-
healing ability and the behavior of shear thinning, which made it
easily and conveniently injected through a needle. In addition, the
hydrogel could attain strong adhesion to the tissues at
physiological temperature based on the Schiff base between the
aldehyde group on the hydrogel and the amino group on the
tissue. Based on these features, we have demonstrated that the
VEGF encapsulated hydrogel can adhere tightly to the defect
tissue and improve the wound repair in the rat model of defected
skin by promoting cell proliferation through upregulating the
expression of Ki67, reducing inflammatory response by inhibiting
the expression of TNF-o, and enhancing angiogenesis and
collagen secretion. Thus, we believe that the multifunctional
hydrogel would supply the great scientific significance and broad
clinical application prospects.

2 Experimental

2.1 Materials

All chemical materials not mentioned were purchased from Sigma-
Aldrich (USA). The porcine skin used was bought from the local
farmer’s market. NIH-3T3 cells were provided by the Chinese
Academy of Sciences. The cell culture-related materials, including
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin-streptomycin (PS), and trypsin were
bought from Gibco (USA). The cell live-dead assay kit and cell
counting kit-8 (CCK-8) were purchased from KeyGen Biotech
corporation (Jiangsu, China). The primary antibody of Ki67,
tumor necrosis factor-a (TNF-a), collagen, vimentin (VIM), a-
smooth muscle actin (a-SMA) and CD 31, and the secondary
antibody of Alexa Fluor 488 goat anti-rabbit immunoglobulin G
(IgG), H&L, Alexa Fluor 594 goat anti-mouse IgG H&L, and
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
H&L were bought from Abcam (USA). The 6 weeks male
Sprague-Dawley (SD) rat was bought from the Model Animal
Research Center of Nanjing University.

2.2 Synthesis and characterization of OGG

The OGG was synthesized based on the previously reported
method with a modification [31]. In brief, 1 g GG was firstly
dissolved in 100 mL distilled water (dH,O) under magnetic
stirring at 90 °C for 1 h. Then, 250 mg NalO, dissolved in 10 mL
dH,O was added into the GG solution dropwise. After reacting for
24 h without light under vigorously stirring, 3 mL ethylene glycol
was added to stop oxidation. Finally, the solution was dialyzed in
dH,O for 5 days and freeze-dried for 3 days to obtain the OGG.
An H nuclear magnetic resonance (HNMR) spectrometer (Bruker
Avance NEO 600) and Fourier transform infrared (FTIR)
spectrometer (Thermofisher, IN10) were used to obtain spectra to
determine the chemical functional groups of the OGG.
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2.3 Synthesis and characterization of CMCS

The CSCM was synthesized according to our previously reported
method [29]. 1 g CS was firstly dissolved in 10 mL of isopropyl
alcohol under magnetic stirring at room temperature (RT). Then,
5 mL sodium hydroxide solution (10 mol/L) was added to the CS
solution dropwise. After stirring for 30 min, 10 mL
monochloroacetic acid was added into five equal portions and
stirred for 3 h. 10% hydrochloric acid solution was used to adjust
the pH of the reaction mixture to about 7.4, followed by washing
with methanol and alcohol. Finally, the solution was freeze-dried
for 3 days to obtain the CMCS. An HNMR spectrometer (Bruker
Avance NEO 600) and FTIR spectrometer (Thermofisher, IN10)
were used to obtain spectra to determine the chemical functional
groups of the CMCS.

24 Fabrication and characterization of the OGG/CMCS
hydrogel

The OGG/CMCS hydrogel was fabricated by simply mixing the
solution of OGG and CMCS. The same volume of OGG solution
with the concentrations of 1%, 1.5%, and 2% was mixed with the
CMCS solution with the concentrations of 3% and 6% to make
the OGG/CMCS hydrogels with the final concentrations of OGG
0.5%, 0.75%, and 1%, CMCS 1.5% and 3%, respectively. The
gelation time for the hydrogels with these different formulations
was determined. The microscopic morphology of the hydrogels
with the final concentrations of OGG 0.5%, 0.75%, and 1%,
CMCS 1.5% were observed by scanning electron microscopy
(SEM). All samples were frozen quickly in the liquid nitrogen and
dried in a lyophilized, followed by the coating of a 20-nm-thick
layer of gold. The morphology of these freeze-dried samples was
imaged using an SEM (ZEISS, Germany). The pore size of the
samples was measured using the software of Image J.

For the measurement of viscoelastic properties, a hybrid
rheometer (Discovery HR-1, USA) was used. The hydrogels with a
diameter of 10 mm and a height of 2 mm were prepared to match
the clamp of the rheometer. The oscillatory frequency sweep for
all samples was carried out at a fixed constant strain of 1% with a
frequency ranging from 0.1 to 400 Hz, while the oscillatory strain
sweep for all samples was performed at a constant frequency of
1 Hz. The oscillatory strain transformed from 1% for the interval
of 80 s to 400% for the interval of 60 s, and a total of five cycles of
transformation were performed for the continuous step strain
measurement.

To measure the compressive mechanical properties, cylindrical
hydrogels with a diameter of 10 mm and thickness of 5 mm were
prepared. The compressive strain-stress curves and maximum
compressive strength were recorded by using the mechanical
testing machine.

For the measurement of swelling ratio, the cylindrical hydrogels
with a diameter of 5 mm and height of 3 mm were prepared. The
hydrogels were immersed in phosphate buffered saline (PBS) for
1,2,3,4,5,6,7, 8,10, 12, 16, 20, and 24 h, respectively. The wet
weight of the samples at each time point was measured after
wiping off the redundant water with Kimwipe paper. Then, the
samples were frozen quickly in the liquid nitrogen and dried in a
lyophilizer, followed by the measurement of the dry weight. The
swelling ratios were determined by dividing the dry weight by the
wet weight of the samples. Three samples were measured for each
condition to assure the reliability of the data.

The wound closure test and shear strength of the hydrogels
with different formulations on the porcine skin were measured,
respectively, by using a mechanical testing machine. For the
wound closure test, the rectangular porcine skin with a width of
10 mm and thickness of 1 mm was prepared. The hydrogels were
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formed in situ between two skins with an area of 10 mm x 1 mm.
The adhesion strength for the wound closure test was calculated
by the following equation: adhesion strength = F,,./adhesion area,
where F,,, is the maximum force. For the measurement of shear
strength, the rectangular porcine skin with a width of 10 mm and
length of 40 mm was prepared. The sealants were added between
two tissues with an adhesion area of 15 mm by 10 mm. The shear
strength was calculated by the following formula: shear strength =
F,./adhesion area, where F,, is the maximum force. Three
samples were measured for each condition to assure the reliability

of the data.

25 In vitro biocompatibility evaluation

The extracts of the OGG/CMCS hydrogel with the final
concentrations of OGG 1%, CMCS 1.5% were prepared by
immersing a certain amount of the hydrogel into the culture
media for 24 h at 37 °C. The 3T3 cells were cultured in the extracts
with different concentrations (5, 10, and 15 mg/mL) after
culturing for 24, 48, and 72 h, and the cells cultured under normal
culture media were used as control. At each time point, a live/dead
assay was performed by staining the cells with the mixture of
ethidium homodimer and Calcein-AM solution, followed by the
observation by a fluorescent microscope (Leica, Germany). The
cell counting kit-8 was utilized to determine cell viability. In brief,
the cells were incubated in the mixture of CCK-8 solution and
culture media in the dark for 2 h at 37 °C, followed by the
measurement of the optical density (OD) at 450 nm by using a
plate reader. Three samples were measured for each condition to
assure the reliability of the data.

2.6 In vitrovascularization evaluation

In order to evaluate the bioactivity of VEGF incorporated in the
OGG/CMCS hydrogel, wound healing assay and tube formation
experiments of human umbilical vein endothelial cells (HUVECs)
were performed. The VEGF incorporated hydrogel was put in the
incubator at 37 °C for 7 days, followed by the immersion in the
HUVECs culture medium for 24 h to obtain the extracted liquid.
For wound healing assay, 2 x 10° HUVECs were seed in 12-well
plate. After culturing for 24 h, the cell layer was scratched with a
10 uL pipette tip to obtain the wound. The culture medium was
removed, followed by the addition of the extracted liquid, and
fresh culture medium with VEGF, respectively. In the control
group, the fresh culture medium without VEGF was added.
HUVECs were further cultured and photographed at 0, 24, and
48 h. Image ] was used to analyze the degree of wound healing.
Tube formation was evaluated by culturing the starvation-treated
HUVECs in a 96-well plate coated with Matrigel. The culture
medium was removed, followed by the addition of the extracted
liquid, and fresh culture medium with VEGF, respectively. In the
control group, the fresh culture medium without VEGF was
added. After incubating for 6 h, the formed capillary-like
structures were stained with Calcein-AM and observed using
fluorescent microscopy (Leica, Germany). Image ] was used to
analyze the numbers of junctions, meshes, and total tube length.

2.7 Animal models

The animals were maintained in a temperature-controlled
environment (20 + 1 °C) with free access to food and water.
Animal care, breeding, and euthanasia were performed with the
approval of the Animal Ethics Committee of Nanjing University.
The fifteen male SD rats of 6-week-old were divided into five
groups evenly. One group was used to determine the in vivo
biocompatibility of the materials, in which the hydrogel was
performed subcutaneous implant to the rat, respectively for 2
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weeks, followed by the harvest of main tissues, including heart,
liver, spleen, lung, and kidney for further evaluation. The other
four groups were used to perform the wound healing experiments.
A defect with a diameter of 10 mm was generated on the skin of
the rats by using a surgical trephine, and PBS, VEGF,
OGG/CMCS hydrogel, and OGG/CMCS hydrogel incorporated
with VEGF were added into the defected area, respectively. The
defected area without treatment was used as a control group. All
surgeries were carried out in sterile environments. Immediately, 3,
5, and 7 days after the operation, the defected area was observed
and photographed by a digital camera, followed by the sacrifice of
the rats to obtain the tissues around the defected area for further
evaluation.

2.8 Histology, immunohistochemistry, and immuno-
fluorescence Staining

All tissues obtained were fixed in 4% formaldehyde and then
dehydrated in a series of gradient ethanol before vitrification by
dimethylbenzene. The treated tissues were embedded in paraffin
and sliced into slides with a thickness of 5 um by a microtome. For
Hematoxylin and Eosin (HE) and MASSON staining, the slices
were deparaffinized, rehydrated, and then immersed into the
specific staining solutions according to the manufacturer’s
manual, respectively. For immunohistochemistry analysis, the
slices were deparaffinized, rehydrated, and then incubated with
primary antibodies (Ki67 and TNF-a) and secondary antibodies,
followed by the staining with 3,3’-diaminobenzidine (DAB) and
hematoxylin. For immunofluorescence staining, the slides were
deparaffinized, rehydrated, and then incubated with primary
antibodies (collagen, vimentin, CD 31, and a-SMA) and
secondary antibodies, followed by the mounting with 4,6-
diamidino-2-phenylindole (DAPI) solution. The slides were
observed under fluorescent microscopy (Leica, Germany).

2.9 Statistical analysis

All the results are presented as the means + standard deviation.
Statistical analysis was carried out using #-tests to determine the
degree of significance. Statistical significance was defined as *p <
0.05,*p < 0.01,and **p < 0.001.

3 Results and discussion

In a typical experiment, the OGG was synthesized via the
oxidation of GG with sodium meta periodate (NalO,) (Fig. S1(a)
in the Electronic Supplementary Material (ESM)). The 'H nuclear
magnetic resonance (‘HNMR) spectra shown in Fig. S1(b) in the
ESM indicated a characterized peak at 9.3 ppm, which was
attributed to the aldehydic proton. The FTIR spectrum (Fig. S1(c)
in the ESM) showed the appearance of two characteristic peaks at
886 and 1,727 cm™ on the OGG, which ascribed to the formation
of hemiacetal bond and the aldehyde symmetrical vibration. The
'HNMR and FTIR results indicated that the OGG was successfully
synthesized. Moreover, the oxidization degree of the OGG was
about 67.8% measured by comparing with the standard curve (Fig.
S2 in the ESM). To determine the synthesis of CMCS, the analysis
of IHNMR and FTIR of CS and CMCS was performed as well
(Fig. S3 in the ESM). From Fig. S3(b) in the ESM, the peaks at
3.2-3.5 ppm indicated the H-2 proton of carboxymethyl. From
Fig. S3(c) in the ESM, the FTIR spectrum of CMCS exhibited the
presence of the bands at 1,415-1,400 and 1,598-1,651 cm™, which
signified the appearance of carboxymethyl groups on the CMCS.
The 'HNMR and FTIR results indicated that the CMCS was
successfully synthesized.

The OGG/CMCS hydrogel was fabricated by simply mixing the
OGG and CMCS solutions based on the dynamically reversible
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Schiff base linkages between the aldehyde group on the OGG and
the amino group on the CMCS (Fig. S4(a) in the ESM). Although
the same component of OGG and CMCS has been reported to
construct the hydrogel previously [33], their work only focused on
the physiochemical characterization and in vitro cell
biocompatibility of the hydrogel. In our work, we investigated and
demonstrated for the first time the potential value of the
OGG/CMCS hydrogel for wound healing and tissue regeneration,
which has not been previously studied or reported. Gelation time
is essential for hydrogels used in injectable applications. Rapid
gelation might cause the formation of hydrogels before injection,
while slow gelation might result in the diffusion of the solutions
after injection before the gel formation [34,35]. Therefore, we
measured the gelation time of the OGG/CMCS hydrogel under
different formulations. From Fig. S4(b) in the ESM, the final
concentration of 3 wt.% CMSC rendered a faster gelation time
compared with that of 1.5 wt.% due to the higher crosslinking
density. And based on 3 wt.% CMSC, the gelation times of 1 wt.%,
0.75 wt.%, and 0.5 wt.% OGG were 17.7 + 2.5,44.3 + 4, and 75.3 =
5 s, respectively, which were suitable for in vivo injection, and the
following experiments were all based on these formulations. The
microscopic structures of the OGG/CMCS hydrogels were firstly
determined via the SEM observation of the freeze-dried samples
and fluorescent microscopy analysis of freshly prepared samples
(Figs. 2(a)-2(f) and Fig. S5 in the ESM). It was noticed that the
formulations could affect the porous structure of the hydrogel and
the OGG/CMCS-1% hydrogel displayed relatively smaller pore
sizes and tighter network structures compared with the
OGG/CMCS-0.75% and OGG/CMCS-0.5% (Fig. S6 in the ESM).

In addition, good homogeneity has been discovered that can
facilitate the enhancement of the mechanical strength of the
hydrogel, meanwhile supplying a more appropriate environment
for cells to adhere and proliferate [36, 37]. Therefore, the dynamic
rheology of OGG/CMCS hydrogels with different formulations
was carried out. From Figs. 2(g) and 2(h), the storage modulus
(@) of all hydrogels was larger than the loss modulus (G”),
indicating the formation of the free-standing hydrogel. From the
modulus-strain curves shown in Fig. 2(i), when the strain was
lower than 100%, the modulus of all OGG/CMCS maintained
constant, and G’ was larger than G, indicating that all hydrogels
had a stable network structure within this strain range. With the
continuous increase of strain, G’ of OGG/CMCS all decreased and
ultimately lowered than G, suggesting that the network structure
of the hydrogels has been destroyed. Meanwhile, the yielding
modulus of OGG/CMCS-1% was the largest, followed by
OGG/CMCS-0.75%, and OGG/CMCS-0.5% was the smallest,
indicating the mechanical property of OGG/CMCS hydrogel
correlated nicely with its microstructures. Moreover, the
compressive mechanical strength of the hydrogels was also
measured, as shown in Figs. 2(j) and 2(k). The maximum
compressive strength of the OGG/CMCS-1% was larger than
OGG/CMCS-0.75%, and OGG/CMCS-0.5% was the smallest,
which was consistent with the rheologic result. The swelling ability
is a fundamental characteristic of the hydrogel, which can indicate
the degree of hydrophilicity. Thus, the swelling ratio of
OGG/CMCS hydrogel was further measured, as shown in Fig.
2(I). The swelling ratio of OGG/CMCS hydrogel reached 2.05 *
0.15, 1.56 £ 0.15, and 1.12 + 0.13 with the OGG concentration of
0.5%, 0.75%, and 1%, respectively, which was consistent with the
SEM results of the hydrogel.

Injectable hydrogel with self-healing abilities has been widely
used and demonstrated its values in the area of drug delivery and
tissue regeneration [38, 39]. Therefore, we determined the shear
thinning properties of OGG/CMCS hydrogel with different
formulations. From Fig. 3(a), the viscosity of all hydrogels
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Figure2 Fabrication and characterization of the OGG/CMCS hydrogel. (a)-(c) SEM and ((d)-(f)) fluorescent images of OGG/CMCS hydrogels with the
concentration of OGG 0.5%, 0.75%, and 1%, respectively. The scale bar in ((a)-(c)) was 20 pm, and in ((d)-(f)) was 50 um. (g) Rheology analysis of OGG/CMCS
hydrogels with different formulations on frequency sweeps. (h) The histogram of the storage modulus of OGG/CMCS hydrogels with different formulations on
frequency sweeps. (i) Rheology analysis of OGG/CMCS hydrogels with different formulations on strain sweeps. (j) The compressive strain-stress curves of
OGG/CMCS hydrogels with different formulations. (k) The histogram of the maximum compressive stress of OGG/CMCS hydrogels. () The swelling ratios of

OGG/CMCS hydrogels with different formulations.

decreased with the increase of shear rates under 1% constant
strain, indicating the great shear-thinning property, which
endowed the hydrogel with excellent injectability. Besides, we used
a syringe to load the OGG/CMCS hydrogels, which can be easily
extruded out via 25-gauge needles without clogging (Figs. 3(b) and
3(c)). To verify the self-healing ability, two OGG/CMCS hydrogels
with the shape of a butterfly and incorporated with yellow dye and
blue dye, respectively, were prepared (Fig.3(d)). The hydrogels
were cut into two parts using a surgical blade, and one part of the
hydrogel with yellow dye was contacted closely with that of the
blue dye. After contacting for 2 h, the two parts were healed into
one unit and could bear its weight and hang against gravity (Fig.
3(e)). And the self-healed hydrogel could be stretched to nearly
twice its initial length without any tearing at the joint (Fig. 3(f)). In
addition, we determined the rheological self-healing behaviors
of the OGG/CMCS hydrogels via continuous step strain
measurement. The oscillatory strain transformed from 1% for the
interval of 80 s to 400% for the interval of 60 s, and a total of five
cycles of transformation were performed. From Fig. 3(g), when
the strain was 400%, G was smaller than (uggesting that the

hydrogel was broken. However, G’ was immediately restored to its
original value when the strain switched to 1% and larger than G”.
The results suggested the excellent self-healing ability of the
OGG/CMCS  hydrogel. Good biocompatibility and low
immunogenicity were essential for the materials used in

regenerative medicine [40, 41].

In addition to the excellent injectable and self-healing abilities,
the OGG/CMCS hydrogels also exhibited adequate adhesion to
the tissues. The OGG/CMCS hydrogel incorporated with the
orange dye was formed in situ on the porcine skin and could
adhere tightly to the skin without any detachment under stretch,
distortion, bend or even immersing into water for 24 h, indicating
that the OGG/CMCS hydrogel had quite strong tissue binding
power (Fig.S7 in the ESM). We further compared the
adhesiveness of OGG/CMCS with different formulations by using
a wound closure test and lap-shear adhesion test. From Fig. 3(h),
the OGG/CMCS-1% hydrogel exhibited an adhesion strength of
45 + 1.6 kPa, which was higher than the OGG/CMCS-0.75%
hydrogel (35 + 1 kPa), and significantly higher than the
OGG/CMCS-0.5% hydrogel (29 + 0.7 kPa). In the lap-shear
adhesion test, the OGG/CMCS-1% hydrogel exhibited a shear
strength of 12 + 1.6 kPa, which was higher than the OGG/CMCS-
0.75% hydrogel (8 + 0.4 kPa), and significantly higher than the
OGG/CMCS-0.5% hydrogel (5 + 0.7 kPa) (Fig. 3(i)).

To verify the biocompatibility of OGG/CMCS hydrogel, the
extracted liquid of the hydrogel with concentrations of 5, 10, and
15 mg/mL was used to culture NIH-3T3 cells. The 3T3 cells were
cultured in the plastic culture dish under normal culture media
(control) and extract liquid of the patch with three concentrations
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injectability and extrudability of the hydrogel. (d)-(f) The self-repaired hydrogel and displaying stretchability. (g) Continuous step-strain measurements were applied to
the hydrogel in step of 1% and 400% oscillatory strain for cycles. (h) and (i) Measurement of wound closure strength and shear strength of OGG/CMCS hydrogels with
different formulations: (1) schematic illustration and photography showing the adhesion of OGG/CMCS hydrogels on porcine skin for tests, (2) the
force-displacement curves, and (3) histogram of the adhesion strength and shear strength of ((b) and (c)).

(cell-h) for 24, 48, and 72 h, respectively. From the live/dead
staining and CCKS8 assay results, as shown in Figs. 4(a) and 4(b),
and Fig. S8 in the ESM. At 24 h, the viability of cell-h was higher
than the control, indicating that the hydrogel can promote the
proliferation of cells, which is attributed to the component of the
hydrogel. As GG is a natural heteropolysaccharide and chitosan is
also a natural polysaccharide, the extracted liquid of the hydrogel
can provide additional nutrients for the cells to promote cell
proliferation. With the extension of culture time, the extra
nutrients will be gradually consumed by the cells. As a result, the
proliferation of cell-h will gradually decrease, and the cell viability
will decrease accordingly. Although the appearance of decrease,
the viability of cell-h maintains at a higher level than that of the

control during all culture times, indicating that the hydrogel has
good biocompatibility. In order to evaluate the bioactivity of
VEGF incorporated in the OGG/CMCS hydrogel, wound healing
assay and tube formation experiments of HUVECs were
performed. From Figs. 4(c)-4(f), vessel formation capacities of
HUVEC:s treated with VEGF and VEGF loaded hydrogel were
significantly elevated in comparison to the untreated cells in the
control group, and the VEGF loaded hydrogel exhibited better
vessel formation capacities than the VEGF group. From Fig. 4(g)
and Fig. S9 in the ESM, the VEGF could significantly promote the
closure of scratches in VEGF group and VEGF loaded hydrogel
group compared to the untreated HUVECs group. The results
indicated that VEGF could maintain long-term activity in our
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Figure4 Biocompatibility characterization and biological activity of VEGF in OGG/CMCS hydrogel. (a) The live/dead staining images of 3T3 cells after culturing in
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culturing for 24, 48, and 72 h. (c) Images and ((d)-(f)) quantitative analysis of tube formation with various treatments in HUVECs. (g) Images of wound healing assay

with various treatments in HUVECs. The scale bar is 100 pm.

hydrogel.

After the characterization and evaluation of the OGG/CMCS
hydrogel in vitro, we then verified their performance in vivo in the
rat model of defected skin. The OGG/CMCS hydrogel was firstly
embedded into the subcutaneous area of the rats for 14 days to
assess the long-term in vivo biocompatibility, and the normal rats
were as the control. The main tissues, including the heart, liver,
spleen, lung, and kidney, were stained with HE. As shown in Fig.
S10 in the ESM, the main tissues were not influenced by the
implantation of the hydrogel when compared with the tissues of
the normal rats. The OGG/CMCS hydrogel incorporated with
VEGF, pure OGG/CMCS hydrogel, and VEGF and PBS were
added into the defected area, and the group without treatment was
as control. The defected area in all groups was photographed at 0,
3, 5, and 7 days (Fig.5(a)). As we know, angiogenesis plays an
essential role during the process of wound healing since it not only
provides the oxygen and nutrients required by the regenerated
tissues, but also promotes the structural repair via the formation of
granulation tissues. VEGF has been demonstrated as a crucial
factor in angiogenesis. It can promote the endothelial cells to
permeate, grow and migrate. Besides, VEGF can facilitate the
epithelialization and deposition of collagen compared to other
angiogenic growth factors, such as b-FGF and TGF-p. In addition,
the hydrogels could also provide structural support for the
formation of new granulation tissue and blood vessels. Thus, the
wound closure rate in the wound bed was significantly higher in
the VEGF incorporated hydrogel-treated rats than in the groups.
(Fig. 5(c)). On day 7, the defected tissues were harvested and firstly
performed with HE staining, and the thickness of the granulation
tissue was determined. From Figs. 5(b) and 5(d), the thickness of
the granulation tissue in the OGG/CMCS hydrogels and VEGF
treated rats was both higher than the PBS group and control
group. Notably, the wound repair performance was enhanced by
adding the VEGF (Figs. 5(b)-5(d)). Besides, the cell proliferation
and local inflammatory response of the defected area were
visualized via immunohistochemical staining of Ki67 and TNF-a
(Figs. 5(e) and 5(f) and Fig. S11 in the ESM). The Ki67-positive
cells of the hydrogel groups were significantly larger than the PBS
and control groups (Fig. S12(a) in the ESM). Large inflammatory
cells were infiltrated and observed in all groups, in contrast, and
the inflammatory cells in the hydrogel groups were significantly
lower than the other groups (Fig. S12 (b) in the ESM).

To further verify the wound repairing ability of the

TSINGHUA
N UNIVERSITY PRESS

OGG/CMCS hydrogel, MASSON staining was performed. From
Fig. 6(a), the collagen was present and the amount of the secreted
collagen in the hydrogel groups was significantly larger than in the
other groups (Fig.6(d)). In addition, the double
immunofluorescent staining of collagen and vimentin was carried
out to determine the deposition of collagen as well. VIM was
specifically expressed in the fibroblast and Fig. 6(b) suggested that
the collagen fibers were predominantly spread around the
fibroblasts, indicating the collagen production ability of these
fibroblasts. And more deposition and higher alignment degree of
collagen fibers in the hydrogel groups were observed than in the
other groups. The influence of four treatments on the
neovascularization of the defected area was evaluated via
immunofluorescence staining against CD31 and a-SMA, which
were specifically expressed in endothelial cells and smooth muscle
cells, respectively, and markers for angiogenesis. From Figs. 6(c)
and 6(e), the number of blood vessels was significantly improved
in the VEGF incorporated hydrogel groups. The results suggested
the OGG/CMCS hydrogel is an ideal scaffold for remodeling and
repairing different wounds.

4 Conclusions

In summary, we constructed a natural biopolymer-derived
hydrogels OGG/CMCS with injectable, self-healing, and tissue
adhesive abilities to efficiently improve wound healing with the
encapsulation of VEGF. The hydrogel is formed through the
dynamically reversible Schiff base linkages between the aldehyde
group on the OGG and the amino group on the CMCS. The
porous structure, mechanical strength, and swelling ratio of the
hydrogel can be well controlled by regulating the concentrations of
the OGG. Besides, the hydrogel exhibited excellent self-healing
ability and the behavior of shear thinning, which make it easily
and conveniently injected through a needle. Moreover, the
hydrogel can attain strong adhesion to the tissues at physiological
temperature. We have demonstrated that the VEGF encapsulated
hydrogel can adhere tightly to the defect tissue and improve
wound repair in the rat model of defected skin by promoting cell
proliferation through upregulating the expression of Ki67,
reducing inflammatory response by inhibiting the expression of
TNF-a, and enhancing angiogenesis and collagen secretion. Thus,
we believe that the multifunctional hydrogel would supply the
great scientific significance and broad clinical application
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