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ARTICLE INFO ABSTRACT

Keywords: More and more studies have recognized that the nanosized pores of hydrogels are too small for cells to normally
Sodium alginate grow and newly formed tissue to infiltrate, which impedes tissue regeneration. Recently, hydrogels with mac-
Bioglass

ropores and/or controlled degradation attract more and more attention for solving this problem. Sodium algi-
nate/Bioglass (SA/BG) hydrogel, which has been reported to be an injectable and bioactive hydrogel, is also
limited to be used as tissue engineering scaffolds due to its nanosized pores. Therefore, in this study, degradation
of SA/BG hydrogel was modulated by grafting deferoxamine (DFO) to SA. The functionalized grafted DFO-SA (G-
DFO-SA) was used to form G-DFO-SA/BG injectable hydrogel. In vitro degradation experiments proved that,
compared to SA/BG hydrogel, G-DFO-SA/BG hydrogel had a faster mass loss and structural disintegration. When
the hydrogels were implanted subcutaneously, G-DFO-SA/BG hydrogel possessed a faster degradation and better
tissue infiltration as compared to SA/BG hydrogel. In addition, in a rat full-thickness skin defect model, wound
healing studies showed that, G-DFO-SA/BG hydrogel significantly accelerated wound healing process by
inducing more blood vessels formation. Therefore, G-DFO-SA/BG hydrogel can promote tissue infiltration and

Hydrogels degradation
Tissue infiltration
Wound healing

stimulate angiogenesis formation, which suggesting a promising application potential in tissue regeneration.

1. Introduction

Hydrogels are 3D polymer network composed of a hydrophilic
skeleton, which own good water retention ability [1]. Due to the
structure similarity between hydrogels and extracellular matrix of tis-
sues, hydrogels have received intensive attention in tissue engineering
[2]. Compared with other solid scaffolds (ceramics, metal implant),
hydrogels have many advantages, such as adjustable physical and
chemical properties, possible injectable for non-invasive implantation,
friendly to encapsulated bioactive molecules, and helpful for wound
healing with the moist environment [3-6]. Thus, hydrogels have played
a key role in many drug delivery systems and tissue regeneration [7,8].
However, nanosized pores of hydrogels have become an intrinsic defi-
ciency in tissue regeneration since they are too small for cells to nor-
mally grow and newly formed tissue to infiltrate, and as a result, tissue
regeneration is usually impeded [9]. Macroporous hydrogels and
degradable hydrogels are common solutions for this concern. For
example, Griffin et al. fabricated an injectable microporous gel scaffold
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for accelerating wound healing. The microporous gel scaffold was
assembled by annealed building blocks and proved to effectively facil-
itate cell migration into the scaffold [10]. Speeding up the degradation
of hydrogels is another way to make hydrogels suitable for tissue infil-
tration. An enzymatically degradable hydrogel was proved to be able to
accelerate cell infiltration when it was implanted in subcutaneous by
incorporating minimal elastase substrate peptide into the branched poly
(ethylene glycol) macromonomer structure [11]. A typical method for
constructing macroporous hydrogels is the assembly of microgels [12].
Microfluidic emulsion and lithography are the most used technologies
for microgels production [10,13]. Microfluidic emulsion method re-
quires that hydrogel precursor solutions must be relatively low viscose
and can be quickly crosslinked during collection. These specific re-
quirements have been a great limitation for the further promotion of
microfluidic emulsion method. Besides, the low production rate of
microgels is an intrinsic deficiency for lithography technology [12].
Therefore, the difficulty of obtaining microgels limits the widespread
use of macroporous gels. Proposing an easy-to-implement strategy to
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accelerate hydrogel degradation is necessary and urgent for this
concern.

Among the numerous hydrogel skeleton materials, sodium alginate
(SA) has received extensive attention because of its good biocompati-
bility and wide range of source. SA hydrogels can be formed by covalent
crosslinking and divalent cation crosslinking [14]. Bioglass (BG) is a
kind of man-made oxide-based biomaterials with multiple bioactivities
and BG has been widely used in hard tissue and soft tissue regeneration
[15,16]. In our previous study, an injectable bioactive SA/Bioglass
(SA/BG) hydrogel has been designed. This injectable hydrogel was
achieved by simply repeatedly pipetting SA precursor and BG powders
in a t-branch pipe with the presence of Gluconic acid §-lactone [17]. Ions
released from BG can simultaneously endow the hydrogel with multiple
biological activities, such as stimulatory abilities for angiogenesis and
osteogenic differentiation [18,19]. In addition, we have proved that
SA/BG hydrogel had excellent therapeutic effects in wound healing,
osteochondral regeneration, and post-infarct myocardial regeneration
[17,20,21]. Although SA/BG hydrogel has the above-mentioned ad-
vantages on tissue regeneration, there are still obstacles for the hydrogel
to be used clinically and the most critical problem is that the nanosized
pores in the hydrogel are too small for cells and tissue infiltration. For
example, in an irregular bone repair model, we found that SA/BG
hydrogel remained a lot at the implantation site 12 weeks post-surgery,
and almost no cells infiltrated into the interior of the hydrogel [22].
Unfortunately, this is a general problem of all SA-based hydrogels. Due
to the lack of homologous enzymes in vivo and high crosslinking density,
implanted SA-based hydrogels are usually difficult to degrade and tend
to maintain the original nanosized network, which impedes the infil-
tration of cells and newly formed tissue [23].

Many studies have been carried out to accelerate the degradation
rate of SA hydrogels in vivo. Oxidizing SA can accelerate the degrada-
tion of hydrogel by promoting its hydrolysis. However, oxidized SA in-
troduces aldehyde groups, which may change the biocompatibility of SA
[24]. Recently, Lueckgen et al. reported an enzymatically degradable SA
hydrogel. This hydrogel was crosslinked by a matrix metalloproteinase
sensitive peptide crosslinker which could be specifically cleaved by cells.
Thereby, large pores were created after the crosslinker was cleaved by
cells and tissue could infiltrate into the hydrogel. However, quantitative
analysis revealed that there was only a slight improvement in tissue
infiltration. Specifically, tissue infiltration was 16.3% in degradable
hydrogel compared with 12.7% in control [25]. Under the premise of
good biocompatibility, SA hydrogels with proper degradation rate to
facilitate tissue infiltration need to be proposed. The degradation rate of
SA hydrogels largely depends on the crosslinking density. Basically, the
lower the density of crosslinking, the faster the degradation [26]. Since
ionically crosslinked SA hydrogels rely on the carboxyl group on the G
block, modulating the number of carboxyl groups on the G block may be
a feasible way to adjust the degradation of SA hydrogels.

Deferoxamine (DFQ) is a commercial medicine for treating iron
poisoning and there is an amine group on the molecule structure of DFO.
Considering the carboxyl groups on the SA, it is theoretically feasible to
graft DFO onto the SA molecules through an amide reaction and this
graft reaction would occupy part of carboxyl groups on the G block.
After these reactions, it can be hypothesized that the crosslinking den-
sity of SA-based hydrogels can be decreased and thus the degradation
rate of the SA hydrogels can be accelerated. In addition, recent research
showed that DFO could promote neovascularization by up-regulating
the expression of hypoxia-inducible factor-la (Hif-1a) and vascular
endothelial growth factor (VEGF) in cells [27]. Considering the advan-
tages of DFO in promoting angiogenesis, some studies have tried to
combine DFO with scaffolds to accelerate wound healing [28,29].
However, DFO was usually physically encapsulated or absorbed within
these scaffolds, which resulted in a burst release of DFO in the first 24 h
and fully release of DFO within 36 h after the scaffolds were implanted
in vivo. Lots of studies have proved that controlled release could be
achieved by chemically conjugating DFO with the material of scaffolds
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[30]. Therefore, it can be assumed that grafting DFO onto the SA mo-
lecular can not only modulate the degradation of SA-based hydrogels but
also control the release behavior of DFO from the hydrogels.

Thus, in this article, DFO was grafted to SA and this functionalized
SA was used to prepare an injectable grafted DFO-SA/BG (G-DFO-SA/
BG) hydrogel. We hypothesize that the grafting of DFO can reduce the
crosslinking density of the SA/BG hydrogel by consuming part of the
carboxyl groups on the SA. Thereby, G-DFO-SA/BG hydrogel with a fast
degradation rate can be achieved without changing the biocompatibility
of the SA/BG hydrogel. To prove our hypothesis, mass loss, mechanical
properties, microstructure, and release behaviors of calcium ions of the
hydrogels were investigated to characterize the degradation behaviors
of the G-DFO-SA/BG and SA/BG hydrogels in vitro. Then, the hydrogels
were implanted subcutaneously to observe the tissue infiltration and
degradation behavior of hydrogels in vivo. Finally, the hydrogels were
applied to a full-thickness skin excision model in rats to verify the
vascularization ability of hydrogels in order to prove the potential ap-
plications of the G-DFO-SA/BG hydrogel in wound healing.

2. Materials and methods
2.1. Materials

Sodium alginate (medium viscosity) and Gluconic acid &-lactone
(GDL, > 99.0%) were purchased from Sigma-Aldrich (Santa Clara, USA).
Bioglass (BG) (45S glass) powders with an average diameter of 20 pm
(90% < 34.86 pm) were purchased from Kunshan Chinese Technology
New Materials Co., Ltd (Kunshan, China). 2-(N-morpholino) ethane-
sulfonic acid (MES), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were obtained
from Aladdin Reagent Company (Beijing, China). Deferoxamine mesy-
late salt (DFO, >92%) was obtained from Yuanye Biotechnology Co., Ltd
(Shanghai, China).

2.2. Cell culture

Human umbilical vein endothelial cells (HUVECs) and human
dermal fibroblasts (HDFs) were used for cell experiments. HUVECs were
used to evaluate the biocompatibility, cell migration, and angiogenesis
while HDF cells were used for biocompatibility evaluation and cell
migration. HUVECs and HDFs were purchased from Zhong Qiao Xin
Zhou Biotechnology Co,Ltd. (Shanghai, China). HUVECs were cultured
with endothelial cell medium (ECM, Sciencell, USA). When the HUVECs
were cultured to passage 3-5, they were used for cell experiments. HDF
cells were cultured with dulbecco’s modified eagle medium (DMEM,
Gibco, USA) containing 10% FBS and 1% P/S. The HDF cells were used
at passaged 7-10 for experiments.

2.3. Synthesis and characterization of the grafted DFO-SA

DFO grafted SA was synthesized by carbodiimide chemistry. Briefly,
1 g SA was dissolved in 50 ml deionized water, and the mixture was
stirred overnight to obtain a homogeneous 2% (w/w) SA solution. Then,
0.975 g MES was added into the SA solution, and pH of the solution was
adjusted to 5.5 with 1 M sodium hydroxide solution. 57.5 mg NHS and
191.7 mg EDC (at a molar ratio of 1:2) were added to the solution to
activate carboxy groups. After 1 h, a certain amount of DFO was added
into the solution and the reaction continued for 24 h at room tempera-
ture. Finally, the obtained solution was put into a dialysis bag with a
molecular weight cut-off of 7 kDa and dialyzed for 5 days to remove
unreacted DFO and excess MES, EDC and NHS. Acquired products were
named as G-DFO-SA.

'H Nuclear Magnetic Resonance Spectroscopy was conducted to
confirm the graft of DFO onto SA. For preparing the samples, SA and G-
DFO-SA were dissolved in deuteroxide firstly. Then, the solutions were
detected with a 600 M Nuclear Magnetic Resonance (Avance III, Burker,
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German) and the spectra were recorded by the equipment.

2.4. Preparation and component optimization of hydrogels

2.4.1. Preparation of hydrogels

Hydrogels were prepared according to methods adapted from the
procedures reported in previous study [17]. Briefly, 2% precursor so-
lution of SA and G-DFO-SA were prepared by dissolving 1 g SA or
G-DFO-SA powder into 50 ml deionized water. Then, 1 ml precursor
solution, 30 mg GDL, and 10 mg BG powders were mixed in a syringe
and the mixture was repeatedly pipetted 20 times to form a homoge-
neous solution which was subsequently injected into a customized cy-
lindrical mold. After the solution was injected into a mold, the calcium
ions were released from the BG powders under the weak acidic envi-
ronment created by GDL and the SA as well as G-DFO-SA molecules
started to crosslink. After 45 seconds, the solution was converted into
hydrogels in the mold.

In order to obtain a proper graft ratio of DFO to SA, three different
input ratios of DFO and SA, including 10 mg DFO/1 g SA, 50 mg DFO/1
g SA, and 250 mg DFO/1 g SA, were applied, and their products were
labeled as G-1% DFO-SA, G-5% DFO-SA, and G-25% DFO-SA, respec-
tively. Then, these three kinds of G-DFO-SA materials were used to
prepare hydrogels. Therefore, totally four different hydrogels were
prepared, which were marked as SA/BG, G-1% DFO-SA/BG, G-5% DFO-
SA/BG, and G-25% DFO-SA/BG, respectively. The labels and composi-
tions of different hydrogels were concluded as Table 1.

2.4.2. Biocompatibility assessment of hydrogels

Hydrogel extracts were prepared according to the procedures re-
ported in a previous literature [22]. Briefly, 1 cm® of hydrogels were
placed in a cell culture dish with a diameter of 6 cm. Then, 10 ml of ECM
or DMEM was added into the dishes and the dishes were placed in the
cell incubator for 24 h. At the end of the incubation, the solution was
taken out of the dishes, centrifuged at 1000 rpm (Cence L530) to remove
hydrogels debris, and filtered with a 0.22 pm filter to sterilize the so-
lution. The solution, which was regarded as hydrogel extract, was stored
in 4 °C for further use.

Cell Counting Kit-8 (CCK8) assay was adopted to evaluate the
biocompatibility of hydrogels. Original hydrogel extracts were diluted
with ECM or DMEM at a ratio of 1/16. Then, diluted extracts of SA/BG,
G-1%DFO-SA/BG, G-5%DFO-SA/BG, and G-25%DFO-SA/BG hydrogels
were applied to culture cells, while cells cultured with the normal cul-
ture medium were regarded as controls. Specifically, HUVECs or HDF
cells were seeded at a density of 1+10* cells per well in a 48-well plate
and cultured with the normal culture medium for 12 h. Then, the cell
culture medium was discarded and 200 pl of serum-free medium con-
taining 10% CCKS solution was added into each well. After that, the cells
were further incubated with the CCK8 solution for 90 min. Then, 100 pl
of supernatant was taken out from each well and transferred to a well of
a 96-well plate and the OD value of the supernatant at 450 nm was
recorded with a microplate reader (Synergy 2, Bio-TEK). OD value at 12
h was regarded as day 0. Meanwhile, after the supernatant was taken out
from the cell culture wells, residual CCK8 solution in each well was then

Table 1
Compositions of hydrogels and corresponding label.
Quality of sodium Quality of Integration pattern ~ Label
alginate deferoxamine
1g 10 mg Chemical grafting G-DFO-1%
SA/BG
1g 50 mg Chemical grafting G-DFO-5%
SA/BG
1g 250 mg Chemical grafting G-DFO-25%
SA/BG
1g 50 mg Physical F-DFO-SA/
encapsulation BG
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replaced with normal medium or diluted hydrogel extracts to further
culture cells. OD values at day 1, day 2, and day 3 were obtained as same
as day 0.

2.4.3. Invitro angiogenesis assessment of hydrogels

The angiogenesis function of the hydrogels was assessed by a
Matrigel-based method. Firstly, 100 pl growth factor reduced Matrigel
(Corning, USA) was transferred to a well of a 48-well plate and the so-
lution of Matrigel was incubated at 37 °C for 1 h to form a gel substrate
in the wells. Then, HUVECs in the logarithmic growth phase were
digested and resuspended with ECM at a density of 6*10°. Finally, 50 pl
HUVEC suspension was added on the Matrigel and 150 pl ECM or
different kinds of hydrogel extracts were used to culture the cells. The
cells cultured with ECM were regarded as the control, and the cells
treated with extracts of SA/BG, G-1%DFO-SA/BG, G-5%DFO-SA/BG
hydrogels were named as SA/BG, G-1%DFO-SA/BG, G-5%DFO-SA/BG,
respectively. After being cultured for 6 h, the cells on the Matrigel were
observed with an optical microscope (Leica DMI 3000B, Germany) and
images were taken with a CCD camera (Leica DFC 420C) camera con-
nected with the microscope. The obtained images were processed by
ImageJ software and the circles and junctions formed by the cells were
manually counted.

2.5. Characterization of optimized hydrogels

2.5.1. Morphological characteristics of hydrogels

Based on the results of biocompatibility and stimulatory effects on
angiogenesis at section 2.4, G-5%DFO-SA/BG was selected for all sub-
sequent experiments. For convenience, G-5%DFO-SA/BG was renamed
as G-DFO-SA/BG in all following experiments. In addition, in order to
compare the release behaviors of DFO grafted with SA or freely encap-
sulated within a hydrogel, a SA/BG hydrogel containing free DFO was
fabricated. This hydrogel was prepared with the same method used for
preparing the SA/BG hydrogel except that the SA precursor was mixed
with DFO (5%) in advance. The obtained hydrogel was named as F-DFO-
SA/BG.

The interior structure of SA/BG, F-DFO-SA/BG, and G-DFO-SA/BG
hydrogels were characterized by scanning electron microscopy (SEM)
with a scanning electron microscope (Hitachi S-4800, Japan). The as-
obtained hydrogels were put into a lyophilizer (BETA1-8, German)
and lyophilized for 48 h. Then, the lyophilized sponges were cut along
the longitudinal direction and the cross-section was sputter-coated with
a thin layer of gold. Finally, the interior structure was directly visualized
and photographed with the scanning electron microscope.

2.5.2. Mechanical testing

The stress-strain curve and elastic modulus of SA/BG, F-DFO-SA/BG,
and G-DFO-SA/BG hydrogels were acquired with an electronic universal
testing machine (Zwick/Roell Z020). Briefly, hydrogels with a diameter
of 6 mm and a height of 10 mm were prepared. Then, hydrogels were
placed on the test platform and the compression speed was set to 1 mm/
min. The test kept continuing until hydrogels were broken. Elastic
modulus was acquired according to the linear portion of the stress-strain
curve.

2.5.3. Evaluation of DFO in vitro release behaviors

To evaluate the DFO in vitro release behavior of F-DFO-SA/BG and
G-DFO-SA/BG, 1 cm® hydrogel was immersed in 10 ml deionized H,0 in
a 6-well plate and incubated under 37 °C. At fixed interval (12 h, 24 h,
48 h, 84 h, 120 h,168 h), 1 ml of supernatant were taken out and 1 ml
fresh deionized HyO were replenished. The amount of DFO in the su-
pernatant was detected as previously reported [31]. Briefly, FeCls was
dissolved in deionized HyO (0.01 M). Then, the collected supernatant
and FeCl; solution were mixed at 1:1(v/v) in a centrifuge tube. The
absorbance of the mixture solution at 485 nm wavelength was measured
using a UV-vis spectrophotometer (Tecan infinite m200pro). Finally,
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the amount of released DFO was calculated according to the standard
DFO calibration curve.

2.6. In vitro degradation evaluation of hydrogels

The initial weights of SA/BG, F-DFO-SA/BG, and G-DFO-SA/BG
hydrogels were weighed and described as Wy. Then, 1 cm® hydrogels
were immersed in 5 ml phosphate buffered saline (PBS) and placed in a
shaker at 37 °C and shaken at a speed of 60 rpm/min. At pre-set time
intervals (day 1, day 3, day 5, day 7, day 10, and day 14), hydrogels were
taken out from PBS and the water on the hydrogel surface was wiped off.
Then, the hydrogels were photographed and weighed to record their
morphology change and mass change with time, respectively. The
weight of the hydrogel at pre-set time intervals was described as W;. The
mass change was calculated according to the following equation:

Mass change (%) = (W Wy)/Wy x 100

The interior structure changes of SA/BG, F-DFO-SA/BG, and G-DFO-
SA/BG hydrogels was characterized by SEM. Briefly, hydrogels were
collected after being immersed in PBS for different periods. Then, the
hydrogels were lyophilized before they were observed with SEM. Sam-
ples for SEM characterization were prepared according to the methods
described in 2.5.1. The average pore size in the lyophilized hydrogels
was measured by Image J.

In addition, mechanical property changes are also indicators of
material degradation. After being immersed in PBS for 5 days, SA/BG, F-
DFO-SA/BG, and G-DFO-SA/BG hydrogels were collected and charac-
terized by mechanical tests according to the methods described in 2.5.2.

Furthermore, the release behavior of calcium ions from SA/BG, F-
DFO-SA/BG, and G-DFO-SA/BG hydrogels during the degradation
period was evaluated. Briefly, the supernatant of the soaking medium of
different hydrogels was collected at different time points and the con-
centration of calcium ions in the different supernatant was detected by
inductively coupled plasma optical (iCAP7600, Thermo, America).

2.7. Effects of hydrogels on inducing cell infiltration in vitro

To evaluate the effects of hydrogels on inducing cell infiltration in
vitro, transwell migration assay was conducted to estimate the effects of
BG and DFO on the migration of HDF cells and HUVECs. Briefly, HDF
cells or HUVEGs resuspended with DMEM or ECM at a density of 3*10°
cells per ml and 100 pl cell suspension was added in the upper chamber
of a 24-well transwell plate (Corning; pore size = 8 pm). After 12 h,
different media was added into the lower chamber of the transwell plate
with different purposes and normal cell culture medium was added to
the lower chamber as the control. The effects of BG on cell migration
were evaluated by adding extract of SA/BG hydrogel into the lower
chamber. In addition, to evaluate the effects of DFO on cell migration,
serum-free DMEM or ECM containing DFO was added into the lower
chamber. The serum-free DMEM or ECM containing DFO was obtained
by dissolving a certain amount of DFO powder in serum-free DMEM and
ECM. The concentration of DFO was determined according to the DFO
release curve of G-DFO-SA/BG hydrogel at section 2.5.3. Furthermore,
to evaluate the synergistic effects of BG and DFO on cell migration, the
extract of G-DFO-SA/BG hydrogel was added into the lower chamber.

After 24 h, transwells were taken out and the medium in the upper
chamber was discarded. Then, cells were fixed by immersing transwells
in 4% paraformaldehyde for 30 min before they were stained with 0.5%
crystal violet for 30 min. Finally, the cells in the upper side of the
transwell membrane were removed by a cotton swab and the cells
migrated to the down side of the tranwell membrane were photographed
by using an optical microscope. Five images were captured for each
sample and the stained cells were counted manually.
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2.8. Evaluation of the degradation behavior of hydrogels and tissue
infiltration in vivo

All animal experiment protocols were approved by the Institutional
Review Committee of Shanghai Jiao Tong University, School of
Biomedical Engineering. The approval number was 2019008. In this
animal study, thirty-six female BALB/c mice aged 8 weeks were
randomly divided into three groups. Mice were anesthetized with 4%
chloral hydrate (0.01 ml/g). Once the mice were under deep anesthesia,
the hair on the dorsal was shaved with a razor, and skin was sterilized
with alcohol cotton swaps. Then, a 5 mm incision in length was cut on
the back of a mouse and 150 pl hydrogel solution was injected into the
incision with a syringe. Finally, the incision was closed with a degrad-
able suture and sterilized with alcohol cotton swaps again. Tissue sam-
ples were collected on the 3rd, 7th, 14th, and 21st days post-surgery.
Collected samples were fixed in paraformaldehyde for 48 h firstly. Then,
samples were embedded in paraffin and sectioned with a microtome
(Leica RM2245) into 5 pm thick slides. Finally, hematoxylin & eosin
(HE) staining was performed for evaluating tissue infiltration and
investigating hydrogel degradation. Remained hydrogel and infiltrated
cells in the stained sections were observed with an optical microscope
and images were taken with a CCD camera (Leica DFC 420C) connected
with the microscope.

2.9. Evaluation of wound healing ability of hydrogels in a rat full-
thickness excision model

All animal experiment protocols were approved by the Institutional
Review Committee of Shanghai Jiao Tong University, School of
Biomedical Engineering. The approval number was 2019008. In this
animal study, twenty-four male Sprague Dawley rats aged 8 weeks were
randomly divided into 4 groups. The rats were anesthetized with 10%
chloral hydrate (1 ml/250 g). The hair on the dorsal was shaved with a
razor, and skin was sterilized with alcohol cotton swaps. Two full-
thickness excisions with a diameter of 15 mm were made on each rat.
For the control group, the wounds were treated nothing and were
dressed by using medical gauze and bandage directly. The wounds
treated with 500 pl of SA/BG, F-DFO-SA/BG, or G-DFO-SA/BG hydro-
gels were named as SA/BG, F-DFO-SA/BG, and G-DFO-SA/BG, respec-
tively. At pre-determined intervals (day 7, day 10, and day 14), the
wounds were photographed and the remained wound area was
measured by ImageJ software. Then, wound closure was calculated by
the following formula:

% wound closure = (Ag — A)/Ay x 100

where A is the surface of the wound area at day 0 and A is the surface of
the wound area at day7, day 10, and day 14, respectively.

In addition, three rats were sacrificed on day 7 and day 14 for each
group, and tissue was incised and fixed in 4% paraformaldehyde for 48
h. Then, samples were dehydrated in gradient ethanol and embedded in
paraffin before they were sectioned into 5 pm thick slides for subsequent
histological analysis. HE staining was performed on the samples
collected on day 14 according to the methods described in section 2.7 to
confirm re-epithelialization of different wounds at day 14. Masson tri-
chrome was conducted on the samples collected on day 14 to evaluate
the collagen deposition and maturity in the wounds treated with
different materials at day 14. Concisely, slides were dewaxed in xylene
and hydrated in gradient alcohols. Then, slides were stained under the
guidance of the Masson’s Trichrome Stain Kit (Solaribo, China).

The neovascularization and mature vessels in the regenerated tissue
at day 7 were visualized by co-immunofluorescence staining of platelet
endothelial cell adhesion molecule-1 (CD31) and alpha-smooth muscle
actin (a-SMA). Briefly, slides were dewaxed in xylene and hydrated in
gradient alcohols and PBS. The antigen in the samples was repaired by
heating the slides for 20 min in 0.01 M sodium citrate buffer. After
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cooling down to room temperature, slides were rinsed three times with
PBS and blocked with 5% BSA/PBS solution for 1 h at 37 °C. Then, the
slides were incubated with primary antibody cocktail solution contain-
ing rabbit anti-CD31 (ThermoFisher Scientific, USA, diluted with 1%
BSA at ratios of 1/100) and mouse anti-a-SMA (Abcam, UK, diluted with
1% BSA at ratios of 1/2000) overnight at 4 °C. Then, the slides were
rinsed with PBS for three times before they were incubated with sec-
ondary antibody solution containing Alexa 488 goat anti-rabbit IgG
(Invitrogen, USA, diluted with 1% BSA at ratios of 1/300) and Alexa 594
goat anti-mouse IgG (Invitrogen, USA, diluted with 1% BSA at ratios of
1/300) for 1 h at 37 °C. Finally, slides were rinsed with PBS for three
times before they were mounted with DAPI Fluoromount-GTM (Yeasen,
China). Then, the sections were observed and images were captured
with a confocal laser scanning microscope (Leica SP5, Germany).
Immunohistochemistry of VEGF and HiF-1a was conducted to verify
the mechanism of neovascularization. After the samples were processed
according to the methods described in the above section and slide sec-
tions of samples were obtained, the slides were further processed with
0.3% hydrogen peroxide in methyl alcohol for 30 min to block the

(a)
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endogenous peroxidase. After blocking with 5% BSA/PBS, slides were
incubated with primary antibodies of rabbit anti-VEGFA(Abcam, UK,
diluted with 1% BSA at ratios of 1/1000) or mouse anti-Hif-1o (Ther-
moFisher Scientific, USA, diluted with 1% BSA at ratios of 1/500)
overnight at 4 °C. Then, slides were incubated with the HRP-conjugated
goat anti-rabbit secondary antibodies or HRP-conjugated goat anti-
mouse secondary antibody (Abcam, UK, diluted with 1%BSA at ratios
of 1/2000) for 1 h at 37 °C. Finally, the slides were stained with a DAB
substrate kit (Abcam, UK) and cell nucleus was stained in hematoxylin
solution for 1 min. Stained images were captured by an optical micro-
scope and the ratio of VEGF or Hif-1a positive area was measured by
ImageJ software.

2.10. Statistical analysis

All data were described as mean =+ standard deviation (n > 3). Sta-
tistics were analyzed using IBM SPSS 19.0 statistics. One-way ANOVA
were used for statistical analysis of multiple comparisons. The values *p
< 0.05, **p < 0.01, and ***p < 0.001 indicated as statistical difference,
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Fig. 1. Characterization of grafted SA and component optimization of hydrogels. (a) IHNMR of SA, G-1%DFO-SA, SA, G-5%DFO-SA and SA, G-25%DFO-SA. (b)
and (c) Effects of hydrogels extracts on proliferation of HDF cells and HUVECs, respectively. (d) Effects of different hydrogel extracts on in vitro vascularization of
HUVECs cultured on Matrigel. (e) and (f) Quantitative analysis of meshes and junctions formed in the in vitro vascularization assay by HUVECs cultured on Matrigel
with control culture medium or different hydrogel extracts, respectively. (g) Release curves of DFO from F-DFO-SA/BG and G-DFO-SA/BG hydrogels. All data are
compared with Control. * represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.
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significant statistical difference, and very significant statistical differ-
ence, respectively.

3. Results and discussion
3.1. Synthesis and characterization of DFO grafted SA

DFO was grafted onto the SA through amidation reaction under the
catalysis of EDC and NHS. 'HNMR spectra of SA and DFO-SA are shown
in Fig. 1a. Compared to the spectra of SA, there were some new peaks in
the spectra of all DFO-SA, which were consistent with the characteristic
peaks of DFO reported in previous studies [32]. Particularly, a new peak
at 2.123 ppm (dH) was consistent with methyl protons (-CHs), °H (2.50
ppm) and 8H (2.88 ppm) belonged to the methylene protons between
two carbonyl groups (-CO-CH,-CH,-CO-). In addition, H (2.79 ppm) and
by (3.10 ppm) were assigned to methylene protons next to -NH- group
(-NHCH,-), and *H (3.61 ppm) belonged to methylene protons next to
-N-OH group (-NOH-CHj-). All these results indicated that DFO was
successfully grafted onto the SA.

3.2. Component optimization of hydrogels

The effects of different hydrogels on the proliferation of HDF cells
and HUVECs were shown in Fig. 1b and c, respectively. Fig. 1b shows
that the extracts of SA/BG, G-1%DFO-SA/BG and G-5%DFO-SA/BG
hydrogels had similar biocompatibility to the normal culture medium
(Control) regarding their effects on the proliferation of HDF cells.
However, when the ratio between DFO and SA was 250 mg DFO/1g SA,
the extract of the hydrogel (G-25%DFO-SA/BG) showed obvious inhib-
itory effects on the proliferation of HDF cells at day 3. Similarly, these
hydrogels showed good biocompatibility to the proliferation of HUVECs,
except the extract of the hydrogel (G-25%DFO-SA/BG) that inhibited the
growth of HUVECs all the time (Fig. 1c). The cytotoxicity of the G-25%
DFO-SA/BG hydrogel may be caused by the high concentration of DFO
in the extract [28]. Considering that biocompatibility is a prerequisite
for a biomaterial used for tissue regeneration, G-25%DFO-SA/BG
hydrogel was not used in the following experiments.

The effects of different hydrogels on in vitro vascularization of
HUVECs was investigated and the results are shown in Fig. 1d, e and f. It
can be seen from the representative images of HUVECs in Fig. 1d that,
when HUVECs were cultured on the Matrigel with the extracts of G-1%
DFO-SA/BG hydrogel or G-5% DFO-SA/BG hydrogel, more HUVECs
tended to migrate and self-assembled into capillary-like networks as
compared to those cultured with ECM (Control). Statistical analysis was
further carried out on the vascularization images and the mesh forma-
tion and junction formation by HUVECs cultured with different media
was shown in Fig. le and f, respectively. Although SA/BG hydrogel
improved the average number of meshes and junctions as compared to
the normal culture medium (Control), there was no significant differ-
ence. Interestingly, there were significantly more meshes and junctions
formed by the HUVECs cultured with the extracts of G-1%DFO-SA/BG
and G-5%DFO-SA/BG hydrogels compared to those formed by the
HUVECs cultured with ECM. Furthermore, HUVECs under the stimula-
tion of G-5%DFO-SA/BG hydrogel extract formed a higher number of
meshes and junctions compared to those cultured with G-1%DFO-SA/BG
hydrogel extract. Since tissue regeneration would benefit a lot from
angiogenesis [33], G-5%DFO-SA/BG hydrogel showed advantages over
other hydrogels for wound healing.

In summary, the G-5% DFO-SA/BG hydrogel possessed both good
biocompatibility and strong stimulatory effects on vascularization of
endothelial cells and it was selected for all further studies. In the
following experiments, this hydrogel was named as G-DFO-SA/BG
hydrogel for convenience.
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3.3. DFO release behaviors from hydrogels

Release curves of DFO from F-DFO-SA/BG and G-DFO-SA/BG
hydrogels were presented in Fig. 1g. There was a burst release of DFO
from F-DFO-SA/BG hydrogel in the first 24 h while the G-DFO-SA/BG
hydrogel achieved the sustained release of DFO within 7 days. The
release curve of G-DFO-SA/BG hydrogel was almost linear (R? = 0.992)
from 12 h to 168 h while there was a sharp increase from 12 h to 24 h in
the release curve of F-DFO-SA/BG hydrogel. Specifically, the amount of
released DFO from F-DFO-SA/BG hydrogel was up to 60.5% in the first
24 h, but only 33.4% DFO was released from the G-DFO-SA/BG
hydrogel.

3.4. Characterization and degradation of hydrogels

Photos of as-obtained SA/BG hydrogel, F-DFO-SA/BG hydrogel, and
G-DFO-SA/BG hydrogel are shown in the first row (Day 0) of Fig. 2a. It
can be seen that all hydrogels could be injected into a mold to form a
cylindrical shape and there was no difference in the appearance of
hydrogels.

The degradation behavior of hydrogels was characterized by mass
loss, internal structure transformation and mechanical disintegration.
Fig. 2a shows the macroscopic photographs of hydrogels after being
soaked in PBS for a certain period. Before day 5, all hydrogels kept their
typical cylindrical shape. At day 7, G-DFO-SA/BG hydrogel could not
maintain a cylindrical shape and this change kept until the cylindrical
hydrogel totally lost its shape at day 14. However, there was no obvious
shape change of SA/BG hydrogel until day 14 when the SA/BG hydrogel
lost its cylindrical shape and F-DFO-SA/BG hydrogel did not show
obvious shape changes during the whole degradation experiment. Mass
of SA/BG hydrogel and F-DFO-SA/BG hydrogel kept rising all time
because of their swelling (Fig. 2c). In contrast, mass change of G-DFO-
SA/BG hydrogel could be divided into two stages. In the first 7 days, the
mass of the G-DFO-SA/BG hydrogel slowly increased, which was like
that of the other two hydrogels. However, the mass of the G-DFO-SA/BG
hydrogel started to decrease on day 10, and only 48% of the original
weight was maintained at day 14.

Fig. 2b shows the transformation of the internal structure of hydro-
gels during the degradation process. After the hydrogels were immersed
in PBS for 3 days, pores of the hydrogels swelled and became larger than
those of the as-obtained hydrogels (day 0). On day 5, G -DFO-SA/BG
hydrogel lost its porous structure and was not porous (NP) while the
other two hydrogels still maintained the porous structure with swelled
pores. On day 10, SA/BG hydrogel lost its porous structure and became
not porous and only F-DFO-SA/BG hydrogel maintained porous struc-
ture with slightly decreased pore size. At the end of the degradation
experiment (day 14), all hydrogels became not porous. The statistical
analysis on the mean pore size measured from SEM images was shown in
Fig. 2d, which showed a consistent trend of pore size changes with the
images. Specifically, swelling of the pores on day 3 could be obviously
observed as the average pore size of SA/BG, F-DFO-SA/BG, and G-DFO-
SA/BG hydrogels increased from 180 pm, 142 pm, and 116 pm-281 pm,
219 pm, 202 pm, respectively. The porous structure disappearance in G-
DFO-SA/BG hydrogel on day 5 and in SA/BG hydrogel on day 10 was
also reflected in the graph.

Stress-strain curves of as-obtained hydrogels (solid lines) are shown
in Fig. 3a. Obviously, F-DFO-SA/BG hydrogel had the highest yield
stress among the three types of hydrogels, followed by the SA/BG
hydrogel, and the G-DFO-SA/BG hydrogel had the lowest yield stress.
According to these stress-strain curves, the elastic modulus of SA/BG, F-
DFO-SA/BG, and G-DFO-SA/BG hydrogels was obtained as 0.49 MPa,
0.68 MPa, and 0.06 MPa, respectively (Fig. 3b). The high mechanical
properties of F-DFO-SA/BG hydrogel may be attributed by the newly
formed hydrogen bond formation between DFO and SA [34]. The amine
and carbonyl groups on the DFO could form hydrogen bond with the
hydroxyl groups on the SA. Reduced crosslinking density in the hydrogel
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could be an explanation for the decreased mechanical properties of
G-DFO-SA/BG [35].

After the hydrogels were immersed in PBS for 5 days, the mechanical
strength of all hydrogels significantly declined as compared to those of
as-obtained hydrogels, shown by their stress-strain curves (dotted lines)
(Fig. 3a). Specifically, the elastic modulus of G-DFO-SA/BG hydrogel
dropped from 0.06 MPa to 0.01 MPa (Fig. 3c), which indicated that the
G-DFO-SA/BG hydrogel almost disintegrated as about 83% mechanical
strength was lost. The elastic modulus of F-DFO-SA/BG hydrogel
decreased from 0.68 MPa to 0.31 MPa, showing a 50% decrease while
the elastic modulus of SA/BG hydrogel showed a 75% lost (0.49
MPa-0.13 MPa).

The cumulative calcium ion release from all hydrogels was shown in
Fig. 3d. G-DFO-SA/BG hydrogel showed the fastest ion release rate
among all hydrogels, followed by the SA/BG hydrogel, while calcium
ion release from F-DFO-SA/BG hydrogel was the slowest. Specifically,
on day 1, the amount of calcium ion released from G-DFO-SA/BG
hydrogel was 179 ppm, while SA/BG hydrogel only released 159 ppm
calcium ions and only 142 ppm calcium ions were released from F-DFO-
SA/BG hydrogel. On day 3, the amount of released calcium ion from G-
DFO-SA/BG hydrogel, SA/BG hydrogel and F-DFO-SA/BG hydrogel
increased to 251 ppm, 229 ppm and 197 ppm, respectively. At the last
test point (day 5), total 281 ppm calcium was released from G-DFO-SA/
BG hydrogel. As a contrast, cumulative calcium ion release from SA/BG
hydrogel and G-DFO-SA/BG hydrogel was 262 ppm and 224 ppm,
respectively. Trends of calcium ion release from SA/BG, F-DFO-SA/BG,
and G-DFO-SA/BG hydrogels were completely consistent with the trends
of mass change, transformation of internal structure and mechanical
strength changes. The reason for fast calcium ion release from G-DFO-
SA/BG hydrogel may be that the grafting expended the carboxyl groups
on the SA, thus decreasing the number of crosslinking sites and allowing
the calcium ions to diffuse faster from the network. In contrast, the slow
release of calcium ions from F-DFO-SA/BG hydrogel resulted from the
dense and double crosslinked network (hydrogen bond and ionic bond)
in the hydrogel [36].
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3.5. Effects of BG and DFO on cell migration

Effects of BG and DFO on cell migration were evaluated by a trans-
well model. HDF cells and HUVECs migrated into the down side of the
transwell membrane were stained with crystal violet and the images are
shown in Fig. 4a. Compared to the cells treated with ECM or DMEM,
both HDF cells and HUVECs treated with SA/BG hydrogel extract or
medium containing certain amounts of DFO showed an enhanced
migration behavior. Interestingly, we found that DFO had a better
migration promotion effect on HDF cells than BG while BG had a better
migration promotion effect on HUVECs than DFO. Specifically, the
number of migrated HDF cells stimulated by DFO contained DMEM was
79 per field, which was higher than that stimulated by SA/BG hydrogel
extract (44 per field). Instead, the number of migrated HUVECs was 406
per field under the stimulation of BG compared to 312 per field under
the stimulation of DFO. In addition, we found that BG and DFO could
synergistically promote the migration of HDF cells and HUVECs as the
number of migrated HDF cells and HUVECs was 130 and 518 per field,
respectively, when they were cultured with the G-DFO-SA/BG hydrogel
extract (Fig. 4b and c).

3.6. Degradation of hydrogels and tissue infiltration evaluation in vivo

Hydrogels were implanted in subcutaneous to evaluate their degra-
dation in vivo and investigate the tissue infiltration into the hydrogels.
According to the results shown in Fig. 5, G-DFO-SA/BG exhibited the
best tissue infiltration and fastest degradation among all hydrogels and
controls, which was consistent with the degradation behaviors of
hydrogels in vitro. However, what differed from the in vitro degradation
behaviors of hydrogels was that F-DFO-SA/BG showed faster degrada-
tion compared to SA/BG. Specifically, there were almost no cells inside
the SA/BG and F-DFO-SA/BG hydrogels and there was a clear boundary
(black dash line) between hydrogels and surrounding tissues at day 3
(Fig. 5a) and day 7 (Fig. 5b). However, a small number of cells (black
arrows) had infiltrated into the G-DFO-SA/BG hydrogel and the

Migration(cell number/field)

Control SA/BG DFO

G-DFO-SA/BG

Fig. 4. Effects of BG and DFO on cell migration in vitro. (a) Transwell migration. (b) Statistics of the number of migrated HDF cells. (c) Statistics of the number of
migrated HUVECs. All data are compared with Control. * represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.
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Fig. 5. Degradation of hydrogels and tissue infiltration evaluation in vivo. Representative HE stained images of SA/BG hydrogel, F-DFO-SA/BG hydrogel, and
G-DFO-SA/BG hydrogel and surrounding tissues after being implanted in subcutaneous for 3 days (a), 7 days (b), 14 days (c), 21 days (d). T referrers to tissue; H
referrers to hydrogel. Dash lines represent the boundary between hydrogel and tissue.

boundary between the hydrogel and surrounding tissues became blurred
at day 7 (Fig. 5b). At day 14, there were still no cells entering into the
SA/BG hydrogel, but a small number of cells had infiltrated to the edge
of the F-DFO-SA/BG hydrogel (Fig. 5¢). Besides, F-DFO-SA/BG hydrogel
and surrounding tissue started to fuse at their interface. Interestingly,
there were many cells in the inside of G-DFO-SA/BG hydrogel and the
boundary between hydrogel and tissue disappeared. In addition, G-DFO-
SA/BG hydrogel had also begun to degrade at day 14 since the purple
area in the image had decreased significantly compared to the that in the
image at day 3. A small number of cells were inside of SA/BG hydrogel
while there were many cells in the F-DFO-SA/BG hydrogel at day 21
(Fig. 5d). At the same time, it can be observed that F-DFO-SA/BG
hydrogel started to degrade. Excitingly, an obvious connective tissue
network could be observed inside the G-DFO-SA/BG hydrogel, and the
hydrogel almost completely degraded.

There are two reasons for the fast degradation and good tissue
infiltration of G-DFO-SA/BG hydrogel. On the one hand, fast degrada-
tion could be attributed by the reduced crosslinking density. Degrada-
tion of hydrogel would allow cells to infiltrate into the inside of the
hydrogel [37]. On the other hand, the infiltrated cells would accelerate
the degradation of the hydrogel and they would form a virtuous circle
[38]. Faster degradation and better tissue infiltration of F-DFO-SA/BG in
comparison with SA/BG may be caused by the strong effects of the
F-DFO-SA/BG hydrogel on promoting cell migration since DFO and BG
had been proved to be able to synergistically promote cell migration in
vitro (Fig. 4).

3.7. Wound closure and histological staining

Representative photographs of the wound healing process in the rat
full-thickness excision model are shown in Fig. 6a. The process of wound
healing was illustrated in Fig. 6b and the schematic diagram was ob-
tained by using an arbitrary polygon tool in PowerPoint 2016 to trace
the remained wound area in different time points according to the
representative photos presented in Fig. 6a. It can be seen that the wound
gradually closed over time (Fig. 6b), and wounds treated with hydrogels
showed a significantly improved wound closure speed compared to the
wounds treated with nothing (Control). The quantitative result of
wound closure is presented in Fig. 6¢, indicating that wounds treated
with G-DFO-SA/BG hydrogel showed the fastest wound closure speed at
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the whole period among all wounds. At day 14, wounds treated with G-
DFO-SA/BG hydrogel were almost completely closed (99%), while the
closure rate of the wounds treated with nothing (Control), SA/BG
hydrogel and F-DFO-SA/BG hydrogel was 92%, 96% and 97%, respec-
tively. The re-epithelialization of the wound areas at day 14 was char-
acterized by HE staining and representative images are presented in
Fig. 6d. Obviously, the gap of un-epithelialization in the wounds treated
with nothing (Control) was the largest (2.26 mm) among all gaps, which
was much higher than that of the wounds treated with SA/BG hydrogel
(1.76 mm), F-DFO-SA/BG hydrogel (1.64 mm) and G-DFO-SA/BG
hydrogel (0.68 mm). A gap of un-epithelialization of 0.68 mm indicated
that the wounds treated with G-DFO-SA/BG hydrogel almost had a
complete epithelialization. In addition, Masson trichrome was con-
ducted to assess the collagen deposition and the results are shown in
Fig. 6e (low magnification) and Fig. 6f (high magnification). The blue
color, which indicated the content of the collagen, was different in the
stained tissue samples. Among all wounds treated with different con-
ditions, those treated with G-DFO-SA/BG hydrogel possessed the highest
amount of collagen since the images of the stained tissue samples in the
G-DFO-SA/BG group showed the deepest blue color. Besides, wounds
treated with F-DFO-SA/BG hydrogel and G-DFO-SA/BG hydrogel
exhibited a more orderly collagen fiber arrangement than the wounds
treated with nothing or SA/BG hydrogel. Mature collagen fibers (deep
blue and oriented distribution) were presented at the wounds treated
with G-DFO-SA/BG hydrogel. All these results indicated that G-DFO-SA/
BG hydrogel had the best promotion effect on wound healing among all
hydrogels.

3.8. Angiogenesis of wounds treated with hydrogels

Vascularization is an important phase in the wound healing process
and it has been reported that vascularization had a positive influence on
wound closure [39]. Neovascularization and mature vessels of wounds
at day 7 were evaluated by immunofluorescence of CD31 and a-SMA.
Representative images in Fig. 7a show that there were obviously more
CD 31 positive (new formed) blood vessels and a-SMA positive (mature)
blood vessels in the wounds treated with hydrogels than those in the
wounds treated with nothing (Control). Furthermore, statistical analysis
confirmed that the average number of CD 31 positive blood vessels in
wounds treated with SA/BG, F-DFO-SA/BG and G-DFO-SA/BG hydrogel
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Fig. 6. In vivo assessment of hydrogels for wound healing. (a) Representative gross observation images of wounds treated with nothing (Control), SA/BG
hydrogel (SA/BG), F-DFO-SA/BG hydrogel (F-DFO-SA/BG) and G-DFO-SA/BG hydrogel (G-DFO-SA/BG). (b) Schematic diagram of wounds treated with different
materials. Blue area: the wound area at day 0; yellow area: the remained wound area at day 7; green area: the remained wound area at day 10; red area: the remained
wound area at day14. (c) Quantitative analysis of wound closure rate at day 7, day 10, day 14. (d) HE stained images of wound tissue at day 14. (e) and (f) show the
representative images of Masson trichrome stained wound tissue at day 14 taken at a low and high magnification, respectively. All data are compared with Control. *

represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.

was significantly higher than that in wounds treated with nothing
(Control) (p < 0.05, p < 0.05, p < 0.01 respectively). Similarly, statis-
tical analysis of a-SMA positive blood vessels is presented in Fig. 7c. The
average number of mature blood vessels in wounds treated with
F-DFO-SA/BG and G-DFO-SA/BG hydrogel was significantly higher than
that in wounds treated with nothing (Control) (p < 0.05, p < 0.001
respectively). As to the wounds treated with SA/BG hydrogel, the
average number of a-SMA positive blood vessels was higher than the
number in wounds treated with nothing, but there was no significant
difference (p = 0.067). In addition, whether it is CD31-positive blood
vessels or a-SMA-positive blood vessels, the average number of wounds
treated with G-DFO-SA/BG hydrogel was higher than the wounds
treated with SA/BG and F-DFO-SA/BG hydrogel, which means wounds
treated with G-DFO-SA/BG hydrogel presented the best vascularization.

The strong stimulatory effects of G-DFO-SA/BG hydrogel on angio-
genesis could be explained from three aspects. Firstly, hydrogels con-
taining BG and ion products of BG have been demonstrated to promote
angiogenesis in our previous studies. BG contained hydrogel has been
demonstrated to stimulate the polarization of macrophages into M2 and
created an anti-inflammatory environment. Proper inflammation regu-
lation could drive wound healing into the next phase [40]. In the latest
study, we proved that BG could regulate the interactions between
macrophages and repairing cells. BG activated macrophages were
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proved to recruit fibroblasts and endothelial cells both in vitro and in
vivo. In addition, the extracellular matrix (ECM) synthesis of fibroblasts
and vascularization of endothelial cells were enhanced in a
full-thickness excisional model under the simulation of BG contained
hydrogel [41]. Another possible reason for excellent angiogenesis of BG
is that Si ions released from BG can up-regulate the expression of
vascular endothelial growth factor, basic fibroblast growth factor and
their receptors [33,42]. Secondly, some studies have reported the neo-
vascularization promotion effects of DFO by upregulating the expression
of Hif-1a and VEGF. For example, DFO loaded electrospinning scaffolds
were proved to promote wound healing in a diabetic rat model. The DFO
loaded scaffolds could upregulate the expression of VEGF and Hif-1a of
HDF cells and promote tube formation of HUVECs [27]. Similarly, a
vascularized 3D printed scaffold was fabricated by immobilizing DFO on
a 3D printed scaffold and this scaffold was demonstrated to promote
bone regeneration by enhancing vascular ingrowth [43]. In addition to
the stimulatory effects of BG and DFO on the angiogenesis of endothelial
cells, fast degradation of G-DFO-SA/BG may also benefit the angiogen-
esis of the wounds as the newly formed blood vessels need room to
ingrowth. There would be enough space for cell proliferation and vessels
formation after hydrogel degradation [44]. These may be able to explain
the better angiogenesis stimulatory effects of G-DFO-SA/BG hydrogel
than F-DFO-SA/BG hydrogel.
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Fig. 7. Vascularization in the wounds treated with nothing (Control) or different hydrogels at day 7. (a) Representative immunofluorescence images of CD31
(green), a-SMA (red) and DAPI (blue) stained tissue samples. (b) Quantitative analysis of CD 31 positive blood vessels in all wounds. (c) Quantitative analysis of
a-SMA positive blood vessels in all wounds. All data are compared with Control. * represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.

The underlying mechanism of vascularization was confirmed by
immunohistochemistry of VEGF and Hif-1a. It can be clearly seen that
the wounds treated with F-DFO-SA/BG hydrogel and G-DFO-SA/BG
hydrogel had higher expression of VEGF in comparison with the wounds
treated with nothing (Fig. 8a). Quantitative analysis showed that VEGF
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positive area in the wounds treated with F-DFO-SA/BG and G-DFO-SA/
BG hydrogels was significantly higher than that in the wounds treated
with nothing (Control). Similarly, Hif-1a positive area in wounds treated
with F-DFO-SA/BG hydrogel and G-DFO-SA/BG hydrogel was signifi-
cantly higher than the wounds treated with nothing. Improved

Hif-1a positive area(%)
8
N

Control

SA/BG

F-DFO-SA/BG

G-DFO-SA/BG

Fig. 8. Immunohistochemistry analysis of VEGF and Hif-1a in wounds at day 7. (a) Represent images of immunohistochemistry staining of VEGF and Hif-1a.
Quantitative analysis of VEGF positive area ratio (b) and Hif-1a positive area ratio (c). All data are compared with Control. * represents p < 0.05, ** represents p <

0.01 and *** represents p < 0.001.
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expression of VEGF and Hif-1a may be caused by the stimulation of BG
and DFO [27,28].

4. Conclusions

In this study, we proposed a new simple strategy for modulating SA
hydrogel degradation and promoting tissue infiltration. Degradation
modulation of SA was achieved by grafting DFO to SA since grafting of
DFO can consume some carboxy groups of SA molecular to reduce the
crosslinking density of SA. The designed G-DFO-SA/BG hydrogel
showed a faster degradation rate both in vitro and in vivo as compared
to SA/BG hydrogel. In addition, G-DFO-SA/BG hydrogel showed strong
stimulatory effects on the migration of cells. Thus, when the hydrogels
were implanted subcutaneously, G-DFO-SA/BG hydrogel could signifi-
cantly improve the tissue infiltration as compared with SA/BG hydrogel.
Furthermore, both of DFO and BG could stimulate the vascularization of
endothelial cells, and they even could work synergistically to promote
angiogenesis when the G-DFO-SA/BG hydrogel was applied for skin
wound healing. Thus, the G-DFO-SA/BG hydrogel could stimulate
angiogenesis and may be able to improve the ingrowth of newly formed
blood vessels with its fast degradation, which suggests that G-DFO-SA/
BG hydrogel possess a great application potential in tissue regeneration.
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