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Diabetic wound healing

Neovascularization is critical to improve the diabetic microenvironment, deliver abundant nutrients to the
wound and promote wound closure. However, the excess of oxidative stress impedes the healing process. Herein,
a self-adaptive multifunctional hydrogel with self-healing property and injectability is fabricated through a
boronic ester-based reaction between the phenylboronic acid groups of the 3-carboxyl-4-fluorophenylboronic
acid -grafted quaternized chitosan and the hydroxyl groups of the polyvinyl alcohol, in which pro-angiogenic
drug of desferrioxamine (DFO) is loaded in the form of gelatin microspheres (DFO@G). The boronic ester
bonds of the hydrogel can self-adaptively react with hyperglycemic and hydrogen peroxide to alleviate oxidative
stress and release DFO@G in the early phase of wound healing. A sustained release of DFO is then realized by
responding to overexpressed matrix metalloproteinases. In a full-thickness diabetic wound model, the DFO@G
loaded hydrogel accelerates angiogenesis by upregulating expression of hypoxia-inducible factor-1 and angio-
genic growth factors, resulting in collagen deposition and rapid wound closure. This multifunctional hydrogel
can not only self-adaptively change the microenvironment to a pro-healing state by decreasing oxidative stress,
but also respond to matrix metalloproteinases to release DFO. The self-adaptive multifunctional hydrogel has a

potential for treating diabetic wounds.

1. Introduction

Diabetes mellitus shows a high prevalence around the world and
about 19-34% of diabetic patients are predicted to develop complica-
tions such as diabetic wounds, which turn into a critical threat to the
health and life of the patients [1]. Unlike four overlapping processes of
hemostasis, inflammation, proliferation, and re-epithelialization for
acute wound healing [2], diabetic wound reveals complicated charac-
teristics that delay the healing process. Large amounts of reactive oxy-
gen species (ROS) from oxidative stress, increased expression of
pro-inflammatory cytokines, and bacterial infection impel the wound
to become a continuous inflammatory microenvironment [3-6]. Over-
expression of the matrix metalloproteinase-9 (MMP-9) in the diabetic
wound microenvironment impairs wound healing by weakening the
formation of granulation tissue and inactivating growth factors [7,8],
which acts as the primary gelatinase after wounding and participates in
extracellular matrix (ECM) degradation and tissue reorganization [8]. In
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addition, hyperglycemia-induced inadequate vascularization limits the
input of nutrients and oxygen to the wound sites, thus delaying wound
healing [9,10]. These features impair the growth factors needed for
wound healing, forming a negative microenvironment of diabetic
wound healing. Materials like hydrogels with
microenvironment-responsive ability could achieve a stimuli-responsive
drug release on demand and biodegradation affected by the microen-
vironment. Thus, they are applied in several biomedical applications
such as tumor therapy [11], brain injury [12], and bone healing [13]. On
the other hand, the wound microenvironment is dynamically changed
with the repair process, in which pH value, biological cues such as
growth factors and cytokines are included. The functions of hydrogel
should change with the dynamical microenvironment. Therefore, it’s
urgent to develop a multifunctional hydrogel which cannot only accel-
erate wound healing by taking advantage of the microenvironment, but
also possess self-adaption to dynamically regulate and respond to the
wound microenvironment.

E-mail addresses: xital98906@swijtu.edu.cn (T. Xiang), shaobingzhou@swjtu.edu.cn (S. Zhou).

https://doi.org/10.1016/j.bioactmat.2022.06.018

Received 11 April 2022; Received in revised form 7 June 2022; Accepted 25 June 2022
2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:xita198906@swjtu.edu.cn
mailto:shaobingzhou@swjtu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.06.018
https://doi.org/10.1016/j.bioactmat.2022.06.018
https://doi.org/10.1016/j.bioactmat.2022.06.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.06.018&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Shao et al.

One of the most efficient ways to directly deliver therapeutics for
wound healing is wound dressing therapy. Wound dressings, such as
electrospun nanofibers, polyurethane-based film, porous foams and
functional hydrogels have been introduced to accelerate the healing
process [14-18]. Hydrogels have drawn much attention since they can
absorb wound exudate, maintain moisture at the wound sites and
possess a suitable modulus that matches the soft tissues [19-21]. During
the past years, hydrogels with multiple functions such as
ROS-scavenging, antibacterial property, regulation of the immune cells,
and promoting angiogenesis have been designed to modulate the
microenvironment of the wound [18,22-25]. However, the integrity of
the hydrogels is easy to be destroyed when exposed to normal movement
and local pressure [26]. The self-healing capacity of the hydrogels has
attracted much attention due to their many similarities to the ECM,
which can self-heal after minor injuries [27,28]. Furthermore, the
injectability can be realized through the self-healing capacity, allowing
the hydrogel can smoothly fill the deep or irregular-shaped wound [29].
Consequently, endowing the hydrogel dressings with self-healing
capability and injectability is crucial for designing functional wound
dressings.

Self-healing capacity provides hydrogel with the guarantee of inte-
grating its fragments and maintaining functional integrity. Reversible
interactions are regarded as an efficient way to induce hydrogel with not
only proper mechanical strength but also outstanding self-healing
capability, which is coincident with the demand for wound dressings
[30,31]. Serval types of covalent and non-covalent interactions
including Schiff base, boronic ester bonds hydrogen bonds, ionic bonds,
and coordinate bonds have been applied to design self-healing hydrogel
dressings [32-36]. Among them, boronic ester bonds possess the char-
acteristics that they can respond to high concentrations of glucose and
hydrogen peroxide (H203), which matches consistently with the
microenvironment of diabetic wounds. However, the formation of the
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diol-boronic acid complex relies on the pKa of the boronic acid, in which
most of the boronic acids have pKa values > 8. In consequence, the
utility in physiologic conditions of these materials is limited. The sub-
stituent of fluorine on benzene can decrease the pKa [37]. To meet the
needs of wound dressings for diabetic wounds, 3-carboxyl-4-fluorophe-
nylboronic acid (FPBA) with pKa of ~7.2 can be introduced, in which
the phenylboronic acid groups of the FPBA-grafted quaternized chitosan
(QCSF) and the hydroxyl groups of the polyvinyl alcohol (PVA) bonded
to form hydrogel networks to maintain stability on diabetic wound sites.
In addition, the pH of skin tissue is below 7.0 after the wound healing
process. The hydrogel can be disassembled to avoid residue on account
of the destruction of the diol-boronic acid complex under a lower pKa
value.

In this work, we developed a wound microenvironment self-adaptive
multifunctional hydrogel based on boronic ester bonds between the
QCSF and PVA, which was named as QCSFP (Fig. 1a). The boronic ester
bonds in the hydrogel which contains desferrioxamine loaded gelatin
microspheres (DFO@G) could react with the hyperglycemia and over-
expressed ROS to regulate the microenvironment and release DFO@G
microspheres. The microspheres could respond to the highly expressed
MMP-9 to achieve a controlled release of desferrioxamine (DFO).
Additionally, released DFO acted as a Fe?" chelator to interfere with the
required prolyl-hydroxylases cofactor, which was the critical factor in
the process of hypoxia inducible factor-1 (HIF-1a) degradation [38].
Simultaneously, the ROS was further suppressed owing to the chelation.
Thus, the modification of p300 by methylglyoxal was reduced, and p300
could up-regulate the expression of HIF-1a and its downstream vascular
endothelial growth factor (VEGF), thereby facilitating angiogenesis
[39]. Through dynamically responding and decreasing oxidative stress
of the diabetic wound by self-adaption of DFO@G-QCSFP hydrogel,
DFO@G and subsequent DFO were released on demand to promote
angiogenesis to accelerate the diabetic wound healing (Fig. 1b).
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Fig. 1. The fabrication and application of self-adaptive DFO@G-QCSFP for accelerating diabetic wound healing on the full-thickness diabetic wound of a diabetic SD
rat. a) The chemical structure of the hydrogel and the mechanism of the hydrogel for accelerating diabetic wound healing. b) The self-adaption of the hydrogel to
wound microenvironment. The hydrogel reduced oxidative stress and released DFO@G on demand. Then DFO was released and promoted angiogenesis.
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2. Experimental
2.1. Materials

Chitosan (CS, 100-200 mPa s, Mw: 2000 kDa, Macklin), 2,3-epoxy-
propyltrimethylammonium chloride (GTMAC, 80 wt% in water,
Huaxia Reagent), FPBA (98%, Aladdin), PVA1788 (98%, Mw:56000,
Adamas), gelatin (98%, Adamas), DFO (Sigma-Aldrich), genipin
(Aladdin), streptozotocin (STZ, Sigma-Aldrich), sorbitan monooleate,
(Span-80, Aladdin), acetone (AR, Kelong), ethanol (AR, Kelong), H20-
solution (30 wt%, Kelong), sodium chloride (NaCl, 98%, Kelong), titanyl
sulfate (96%, Aladdin) and methylene blue (MB, 98%, Kelong), sodium
hydroxide solution (NaOH, 98%, Kelong), hydrogen chloride solution
(HCI, 37%, Kelong), glycine (99%, Kelong), acetic acid (99%, Kelong),
ethanol (96%, Kelong), ninhydrin (AR, Kelong), N-hydroxysuccinimide
(NHS, 98%, Aladdin), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC-HCI, 98%, Aladdin), dimethyl sulf-
oxide (DMSO, AR, Kelong), citric acid monohydrate (AR, 99.5%,
Aladdin), tin chloride dihydrate (SnCl-2H;0, 99%, Aladdin) and
ethylene glycol monomethyl ether (ACS, 99.5%, Sigma-Aldrich) were
received. 2,7-dichlorofuor-escin diacetate (DCFH-DA, Beyotime),
Hoechest 33342 (97%, Sigma-Aldrich), dihydroethidium (DHE, Sigma-
Aldrich) were obtained and used for experiments. All other chemicals
were analytical reagents. Deionized (DI) water was used throughout the
study.

2.2. Synthesis of QCSF

Quaternized chitosan (QCS) was synthesized according to a previous
literature [40]. Briefly, 5.00 g CS powders were suspended in 180 mL
deionized water, then 0.94 g glacial acetic acid was added. Subse-
quently, 6.40 g GTMAC was dropped slowly into the solution, then the
reaction was stirred for 21 h at 55 °C. After that, the solution was
centrifuged (6500 rpm, 8 min). The supernatant was precipitated with
pre-cold acetone. The whole purification process was repeated 3 times,
and the collected product was dried in a vacuum oven. The chemical
structure was characterized by 'H nuclear magnetic resonance (‘H
NMR) and Fourier transform infrared spectroscopy (FTIR).

QCSF was synthesized by an amide reaction between the QCS and
FPBA. Briefly, the QCS powders were dissolved in 300 mL phosphate
buffered saline (PBS) and the pH was adjusted to 5.5. Meanwhile, 1.27 g
FPBA, 2.39 g NHS and 3.98 g EDC were dissolved in 180 mL DMSO and
the solution was stirred at room temperature for 4 h. Then two solutions
were mixed and the reaction was carried out at room temperature for 36
h. The solution was lyophilized after dialysis and the FPBA-grafted
quaternized chitosan (QCSF) was obtained. The 4 NMR and FTIR of
QCSF were performed as well. The grafting ratios of QCS and QCSF were
calculated by the peak integral area ratio using equation (1) and equa-
tion (2) following:

AH,

QCS Grafting ratio (%) = x 100% (€))
AH,
AH,...,
QCSF Grafting ratio (%) = A”I‘{ ? % 100% )
1

2.3. Evaluation of pKa of the QCSF

The pKa value of the QCSF polymer was measured by titration [41].
In each case, 50 mg of QCSF was dispersed in 50 mL of deionized water,
and the pH was adjusted to 3 by 0.1 M HCl solution. Then 0.01 M NaOH
was added to the solution to adjust the pH. The value of pKa was
determined as the inflection point of the titration curve.
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2.4. Preparation and characterization of DFO@G

DFO@G were prepared through a post-crosslinking strategy by
genipin after an emulsification-solvent extraction [42]. Briefly, 0.001 g
DFO and 1.50 g gelatin powders were dissolved in 10 mL DI water at
60 °C. Then the aqueous phase was dropped into 100 mL corn oil con-
taining 1 wt% Span-80 and emulsified for 20 min. The whole mixture
was cooled at 7 °C and stirred for 30 min. Subsequently, 150 mL acetone
was added to dehydrate for 30 min. Then, the organic solvent was
removed by suction filtration and the gelatin microspheres (GMs) were
dried in a vacuum oven at room temperature. To prepare DFO@G, 50
mg dried GMs were suspended in 4 mL PBS, in which 1% w/v genipin
solution was added and the crosslinking process was carried out for 12 h.
After being washed by ethanol, the DFO@G were obtained. The particle
sizes of GMs and DFO@G were recorded by optical microscope (Carl
Zeiss Observer 7, Germany) and manually analyzed by Nano Measurer
1.2 software.

2.5. Fabrication and characterization of the injectable hydrogels

The injectable hydrogel was fabricated by mixing 5% w/v QCSF
solution, 10% w/v PVA solution and 1 mg DFO@G. The obtained
hydrogel was defined as DFO@G-QCSFP. For the control experiments,
DFO directly loaded hydrogel and drug-free hydrogel were prepared
using the same method, which were defined as DFO-QCSFP and QCSFP,
respectively. The FTIR spectra were characterized on a Nicolet 5700
spectrophotometer to determine the chemical structure of the hydrogel.
The distinct 3D porous structures of the hydrogels were observed by a
Phenom Pro scanning electron microscope (SEM).

2.6. Rheological properties of the hydrogels

Rheometer (HAAKE RheoStress 5000, Germany) was applied to
evaluate the rheological properties of the hydrogels. The experiment
temperature was set to 37 °C and the storage modulus (G’) and loss
modulus (G”) were investigated by putting the hydrogel on a parallel
plate with a 20 mm diameter and a 1 mm gap. Strain amplitude sweep
tests were applied to detect the critical strain point of QCSFP and
DFO@G-QGSFP hydrogel with a frequency of 1 rad s™!. Frequency
sweep tests were conducted at a 1% strain amplitude.

2.7. Self-healing and injectable properties of the hydrogels

The self-healing ability of the hydrogel was evaluated by both
macroscopic and quantitative experiments. For macroscopic tests, the
hydrogel block was cut into two pieces, which were then put together
and placed in a humidor at 25 °C for 2 h to observe. In addition, two-
colored hydrogel blocks were blended for 2 h and stretched by twee-
zers. All the situations of the hydrogels were photographed. Further-
more, quantitative tests of QCSFP and DFO@G-QCSFP hydrogel were
investigated by using the rheometer. The experiment was performed by
using a time sweep test at 37 °C with a frequency of 1 rad s™*. Strains
were switched from small strain (y = 1%, 300 s for each interval) to large
strain (y = 500%, 100 s for each interval), and 3 cycles were carried out.
QCSFP hydrogel was prepared and loaded into a syringe then injected
into a mold to recover their shapes. The injection processes were vid-
eotaped and photographed. To quantitatively analyze the shear-
thinning properties of hydrogels, the rheometer was applied to detect
the viscosity and shear-thinning behaviors of the hydrogel.

2.8. Responsive degradation behavior of the hydrogels

Since the boronic ester-based hydrogel was sensitive to stimuli of pH
and glucose, the hydrogel was added to the PBS with different pH values
(7.8 and 6.0, representing non-healing wound and healed wound,
respectively [43]) and 16.6 mM glucose to simulate the responsive
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degradation behavior under diabetic wound environment at 37 °C. The
remaining samples were collected, dried and weighed at different in-
tervals, and the remaining hydrogel was calculated by the following
equation:

W,
Remaning hydrogel (%) =W x 100%
0
where W; and W are the dry weight of remaining hydrogels after
degradation at different time points and the initial dry weight of the
hydrogels, respectively.

2.9. MMP-9 responsive drug release analysis

In vitro drug release experiments were conducted to investigate the
drug release property of the drug delivery system based on gelatin mi-
crospheres when responding to MMP-9. Briefly, 5 mg DFO@G was
added to prepare hydrogel with drug-loaded microspheres. Then the
prepared hydrogel was added to 4 mL of PBS solution containing 100 ng
mL~! MMP-9 to simulate the microenvironment of diabetic wounds [44,
45]. At predetermined time intervals, 300 pL of the supernatant was
collected, followed by addition of 7.5 pL FeCls solution, then 300 pL of
fresh PBS buffer with MMP-9 was added to maintain a constant volume.
The concentrations of the DFO released from hydrogel were analyzed by
UV-vis spectra using a Shimadzu UV-2550 spectrophotometer at 485
nm. Meanwhile, the drug release behavior of the direct drug-loaded
hydrogel DFO-QCSFP and the DFO@G-QCSFP hydrogel without
MMP-9 were investigated and analyzed.

2.10. ROS-scavenging ability evaluation

Titanyl sulfate (0.03 M) was used for evaluating the ROS-scavenging
ability of the hydrogel [46]. The standard curve of different concen-
trations of HoO5 was established. Then the H,O5 solution (1 mM, 3 mL)
was incubated with the 200 pL/500 pL hydrogel for different periods. At
different time points, the supernatants (100 pL) were collected and 30 pL
titanyl sulfate was added. Subsequently, the absorbance spectra of the
above mixture solutions were measured to determine HyO5 concentra-
tions. The -OH scavenging capacity of the hydrogel was also investi-
gated. Briefly, methylene blue (0.1 mg mL™') was added into a -OH
containing solution, which was produced by a Fenton reaction between
H505 (1 mM) and Fe®* (0.2 mg mL ™). Subsequently, the -OH solution
was incubated with or without the hydrogel for different time intervals.
The supernatant (100 pL) was collected and the absorption of the su-
pernatant at 666 nm was recorded. The effect of concentration of DFO
on -OH scavenging was also evaluated.

2.11. Cytocompatibility of the hydrogel

Alamar Blue (AB) and Live/Dead assays were conducted to evaluate
the effect of DFO@G and DFO@G-QCSFP hydrogels on cell viability and
proliferation. Briefly, human umbilical vein endothelial cells (HUVECs)
were seeded in a 48-well plate at a density of 1 x 10* cells per well. After
the HUVECs adhered to the plate for 24 h, 500 pL of the sample was
added into each well to incubate for different time intervals. Finally, cell
viabilities were quantified using AB assay and normalized to the control
group. Then, Live/Dead staining was performed by using a 12-well plate
with a density of 2 x 10% cells per well. After cells adhered to the plate
for 24 h, 500 pL hydrogel was added and incubated for different time
intervals. After staining with 500 pL of calcein-AM/propidium iodide
dye for 15 min, cells were observed under a fluorescent microscope (Carl
Zeiss Observer 7, Germany) for the green and red fluorescence.

2.12. Effective DFO concentration determination

To determine the effect of DFO concentration on cytocompatibility,
DFO with different concentrations was incubated with HUVECs and AB
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assay was performed to confirm the cell compatibility to HUVECs. The
cells were seeded to a 48-well plate at a density of 2 x 10% cells per well,
then the cells were cultured in DMEM supplemented with 10% FBS
containing different concentrations of DFO (1, 3, 6 and 9 pM). On day O,
day 1, day 3, and day 5 of culture, 200 pL of 10% AB solution was added
into each well and the cells were further cultured for 4 h, after the
absorbance of each cell was measured at 570 and 600 nm with a UV
spectrophotometer. A tube formation assay was conducted to investigate
the effect of different concentrations of DFO on angiogenesis. In detail,
40 pL of Matrigel was added in a 96-well followed by gel under 37 °C for
30 min. Then 1 x 10* cells were added onto Matrigel and media con-
taining different concentrations of DFO (0, 1, 3, 6 pM) were used. After
4 h incubation, optical microscopy (Leica DMR HCS, Germany) was
employed to observe the tube formation. Nodes and tubes of each group
were counted using Image J software. Combined with the results of cell
proliferation and tube formation experiments, an effective concentra-
tion of DFO was determined.

2.13. Intracellular ROS-scavenging evaluation

The ROS-scavenging abilities of the hydrogels at cell levels were
evaluated using the DCFH-DA probe. In short, HUVECs were seeded on
48-well plates for 24 h with followed by treatment with different
hydrogels containing 100 pM H205 while the control group only treated
with 100 pM H30;. Cells treated with PBS served as negative group.
Following treatment for 24 h, cells were rinsed with PBS and stained for
20 min with DCFH-DA and Hoechst. The ROS-scavenging ability of each
group was imaged using fluorescence microscopy, and the mean fluo-
rescence intensity was quantified by ImageJ.

2.14. In vivo diabetic wound healing assessment

Diabetic rats were induced by a method of intraperitoneal injection
of STZ into healthy rats according to a previous literature [47]. After 16
h of fasting subjects, 25 male SD rats were induced by intraperitoneal
injection of STZ (55 mg kg™ 1) dissolved in pH 4.5 citrate buffer. Then
blood glucose was measured every 3 d. The rats with blood glucose
concentration greater than 16.6 mM after 4 weeks were determined as
diabetic rats. The dorsal hairs of 20 diabetic rats were firstly shaved.
Two full-thickness skin wounds with 10 mm diameter were made on the
back of each rat. The diabetic rats were randomly divided into 4 groups
and treated with: control, QCSFP, DFO-QCSFP, DFO@G-QCSP. The
wound sites were treated and observed every three days and photo-
graphed on day 0, 3, 7, 10, 14, and 20 post-wounding. Wound areas in
each group were measured and analyzed using the Image J software. The
wound contraction rate was calculated by the following equation:
- Sn)

S
Wound contraction (%) = (OS—
0

x 100%

where Sy and S, represent the initial wound area and wound area at
different time points, respectively. All animal experiments were carried
out according to the guidelines approved by the Institutional Animal
Care and Use Committee of Southwest Jiaotong University (No. SWJTU-
2013-008).

2.15. In vivo ROS-scavenging ability evaluation

Rats were sacrificed and the regenerated skin samples were excised
and collected on day 1 and day 3 to evaluate the in vivo ROS-scavenging
ability. The in vivo ROS- scavenging was assessed by dihydroethidium
(DHE) assay. In short, after washed in PBS, the frozen tissue sections
were stained with DHE for 30 min. The in vivo ROS-scavenging ability
was imaged using fluorescence microscopy, and analyzed by ImageJ.
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2.16. Histology and immunohistochemistry

Rats were sacrificed and the regenerated skin samples were excised
and collected on day 10 and day 20. The skin samples were fixed in 10%
paraformaldehyde, dehydrated in gradient alcohol, and embedded in
paraffin. Briefly, 5 pm sections were prepared for Hematoxylin-eosin
(H&E) and Masson trichrome (MT) staining. Image J software was
applied to determine the proportion of collagen deposition by measuring
the intensity of the blue areas. For immunohistochemical (IHC) evalu-
ation, the skin wound tissues were also excised on day 10 and day 20
post-surgery. To assess the effect of DFO on angiogenesis, the ITHC
method was used to detect CD31, a-smooth actin (a-SMA), VEGF and
HIF-1a. In addition, the IHC staining of MMP-9 and Ki67 was also
applied to detect the change of the wound microenvironment. The
quantification of IHC was counted by Image-Pro Plus software.

2.17. Statistical analyses

All the experimental data were statistically analyzed and the results
were expressed as a mean =+ standard deviation. One-way ANOVA was
used to measure differences for more than two groups with SPSS, version
24 (IBM). Data were considered as statistically significant difference
when *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 versus
the indicated group.

Bioactive Materials 20 (2023) 561-573

3. Results and discussion
3.1. Fabrication of the wound microenvironment-responsive hydrogel

Wound dressings with multifunctional properties are highly desired
owing to the complicated wound healing process [3,48]. To optimize the
promotion of wound healing through wound dressing, a kind of wound
environment self-adaptive multifunctional hydrogel dressing based on
boronic ester was prepared (Fig. 2a). CS is known for its abundant
biomedical advantages such as a variety of modifications, antimicrobial
ability, and hemostatic activity. However, the limited solubility in water
impedes its further applications. Compared to CS, QCS could efficiently
improve the water solubility, which broadened the applications. PVA
possesses a large number of hydroxyl groups, which favored the for-
mation of boronic ester bonds compared to sodium alginate and dextran
with a certain content of phenylboronic acid groups. Additionally, both
quaternized chitosan and PVA have good biocompatibility [49,50]. As
shown in Figure S1, GTMAC was firstly grafted on the side chain of the
chitosan to prepare QCS. QCSF was synthesized by grafting FPBA on the
QCS chain. The hydrogel was formed by the chemical crosslinking of
boronic ester bonds between boric acid groups of QCSF and hydroxyl
groups of PVA. The structures of QCS and QCSF were measured and
confirmed by TH NMR (Figure S2 and S3), the grafting ratios of QCS and
QCSF were 70% and 20%, respectively. The pKa of QCSF was measured
and the value was 6.78 (Figure S4). DFO@G microspheres were then
prepared through a post-crosslinking process. The optical microscope
image in Fig. 2b confirmed that the DFO@G had a good dispersion. In
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Fig. 2. Fabrication, responsibility, degradation and ROS scavenging of the multifunctional hydrogel. a) Optical images of the formation of QCSFP hydrogel based on
boronic ester bonds. b) Optical microscope image and particle size statistics of the DFO@G. ¢) SEM images of the DFO@G-QCSFP hydrogel. d) FTIR spectra of the CS,
QCS, QCSF, and QCSFP hydrogel. e) Degradation profile of the DFO@G-QCSFP hydrogel in simulated diabetic wound microenvironment (16.6 mM glucose and 1
mM H,0,) at 37 °C. f) DFO released from DFO@G-QCSFP with addition of MMP-9. g) UV-vis absorbance spectra of the H,O, solution incubated with DFO@G-
QCSSFP hydrogel within different time intervals. h) The H,0, scavenging experiment in solutions incubated without or with the hydrogel. i) UV-vis absorbance
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addition, the average size of microsphere was counted and the value was
32.56 + 1.09 pm as shown. Compared to GMs in Figure S5a, the average
size of DFO@G was reduced, which was attributed to the increase in the
degree of crosslinking (Figure S6). The encapsulation efficiency and
drug loading capacity of the DFO@G were evaluated as shown in
Table S1. The SEM image in Fig. 2¢ shows that the DFO@G-QCSFP had
an irregular and porous network structure, and the DFO@G were
dispersed in the hydrogel. FTIR spectroscopy was also utilized to
confirm the chemical structure of CS, QCS, QCSF, and QCSFP hydrogel.
As shown in Fig. 2d, the fresh peak at 1480 cm™! of QCS was contributed
to the methyl group of GTMAC, indicating the success of quaternization
modification [51]. Compared with QCS, new peaks at 1352 and 804
cm ™! were contributed to B-O stretching vibration and benzene ring,
respectively [52]. These peaks revealed that QCSF was successfully
synthesized. Besides, the formation of boronic ester bonds could be
proved by the two new peaks at 1431 cm ™! and 1734 cm ™!, which
indicated that the boronic ester bonds cross-linked hydrogel was suc-
cessfully prepared [53].

3.2. Responsive degradation behavior of hydrogel

In addition to the high glucose of the wound sites, enormous ROS
were generated on the wound sites under physical and chemical effects
[54]. Because the boronic ester bonds-based hydrogel could respond to
the H,05 and glucose of the wound microenvironment [55-57], the
responsive degradation behaviors of the hydrogel were investigated.
The results in Fig. 2e showed that after being incubated in a glucose
environment for 24 h, the remaining weight of dry hydrogel was 35.3%,
which revealed a higher degradation rate than the blank group. The
hydrogel degradation was accelerated in the HoO5 environment and the
remaining hydrogel was only 3.9% after incubation for 16 h, demon-
strating the ROS-responsive ability of QCSFP hydrogel. When the
hydrogel was incubated in the H,O5 and glucose environment, it showed
the fastest degradation rate and the hydrogel could be almost cleared
within 8 h. Since the boronic ester bonds are sensitive to the change of
pH, the pH-dependent degradation behavior of the hydrogel was also
evaluated at pH 6.0 and 7.8 to stimulate the healed and non-healing
wound [43], respectively (Figure S7a). It was found that lower pH
accelerated the degradation of the hydrogel. These results demonstrated
that the hydrogel could respond to the ROS, glucose, and pH of the
wound microenvironment, suggesting the QCSFP hydrogel had excellent
wound microenvironment-responsive ability.

3.3. MMP-9 responsive drug release analysis

MMP-9, as a primary gelatinase, plays a critical role in ECM reor-
ganization during the wound healing process. In diabetic wounds, MMP-
9 is always overexpressed in the microenvironment [7,8,58]. To inves-
tigate the MMP-9 responsive release of DFO from the DFO@G micro-
spheres, an in vitro experiment was conducted. As shown in Fig. 2f,
without the DFO@G system, DFO-QCSFP hydrogel revealed a rapid drug
release behavior (91% drug release) after 96 h. When adding the
DFO@G system based on gelatin microspheres, the released drug of
DFO@G-QCSFP reduced to 31% after 96 h, which indicated that the
DFO@G could efficiently slow down the rate of drug release. Further-
more, the releasing rate of DFO@G-QCSFP was much more accelerated
(56% drug release after 96 h) when incubated with overexpression of
MMP-9 (100 ng mL™! to simulate the diabetic wounds), suggesting that
the DFO@G-QCSFP could respond to the high expression of MMP-9 in
wound sites and achieve controlled drug release. Therefore, the results
demonstrated that through the response of DFO@G to the overexpressed
MMP-9, the DFO@G-QCSFP hydrogel could achieve controlled drug
release, which guaranteed the effective time of drug on the wound sites
while reducing the drug toxicity under safety control.
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3.4. ROS scavenging ability evaluation

Extensive production of ROS in diabetic wounds impedes wound
healing. The H0, scavenging ability of the hydrogel was evaluated and
showed in Fig. 2g and S7b. After incubated with the hydrogel, the ab-
sorption intensity of the HyO5 solution was significantly reduced as the
incubation time increased. We found that 200 pL of the hydrogel could
eliminate 55% of HyO5 within 16 h (Fig. 2h). In addition, with
increasing the amount of the hydrogel, the removed HyOy was also
increased to 69% within 16 h. To further investigate the ROS-scavenging
ability of the hydrogel on the diabetic wound sites, 1 mM H204 and 16.6
mM glucose were used to be incubated with the hydrogel. The results
showed that nearly 68% of H,O5 was eliminated after incubated for 16
h, indicating that the hydrogel could efficiently reduce the amount of the
H,0; in a high glucose environment. Meanwhile, the ROS-scavenging
ability of the hydrogel against the hydroxyl radical (-OH) was also
evaluated by using MB as the -OH) indicator. The color of MB solution
turned from blue to dark green when -OH was produced by Fenton re-
action, demonstrating the -OH generation (Figure S7c). The absorption
intensity of the -OH solution was significantly reduced compared with
the MB solution (Fig. 2i). After incubated with the hydrogel, the ab-
sorption intensity increased, suggesting that the hydrogel had an
outstanding -OH-scavenging ability. Additionally, DFO was known to
improve the interaction between HIF-1a and coactivator p300 by scav-
enging hydroxyl radical-generating free iron Fe?' [38], thus the
-OH-scavenging experiment of DFO was conducted (Figure S7d). As
shown, with the increase of DFO concentration, the -OH-scavenging
ability was enhanced. All the above results demonstrated that effective
ROS-scavenging activity could probably enable the hydrogel to reduce
the ROS level in the wound sites. The responsive degradation, controlled
drug release, and ROS-scavenging capacity of the hydrogel suggested a
remarkable self-adaption behavior when applied in the diabetic wound
microenvironment.

3.5. Rheological behavior, self-healing and injectable properties of
hydrogel

Dynamic bonds crosslinked hydrogels usually showed promising
properties that matched the elastic modulus of biological tissues [59]. In
rheological analysis, gel point, which represented the critical state be-
tween solid and liquid, was defined as the cross point of storage modulus
(G) and loss modulus (G”). Dynamic frequency-sweep tests were carried
out to prove the hydrogel formation of QCSFP and DFO@G-QCSFFP
(Fig. 3a and d). From low frequency to high frequency, G’ was greater
than G” for all samples, indicating a gel-like character. Furthermore,
strain-dependent oscillatory measurements were applied to determine
the critical strains for disrupting the gel network of QCSFP and
DFO@G-QCSFP, found here to be 270.6% and 435.1%, respectively
(Figure S8a and S8b). Hydrogel with self-healing ability could greatly
maintain stability when subjected to external mechanical forces. The
self-healing properties of QCSFP and DFO@G-QCSFP were quantita-
tively examined by using step-strain measurements (Fig. 3b and e).
Based on the critical points, 500% was chosen as large strain while small
strains were fixed at 1%. For both samples, G’ was greater than G” when
under small strain. As the strain was switched to 500%, G” was higher
than G/, indicating the collapse of the hydrogel. When small strain
processed again, G’ and G” recovered, revealing the network of hydrogel
restored. In addition, the moduli had no noticeable change during three
cycles, demonstrating the repeatable mechanical self-healing property
of QCSFP and DFO@G-QCSFP hydrogels. The effect of high shear rate on
gel viscosity was measured to evaluate the injectability of the QCSFP
and DFO@G-QCSFP (Fig. 3c and f). As expected, for both samples, the
viscosity decreased with the increase of shear rate, demonstrating that
the shear disrupted the dynamic cross-links in the gel network. Addi-
tionally, the injectable ability was visualized by injecting the hydrogel
through a needle (Fig. 3c inset).
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The self-healing and injectable capacities of the samples were also
macroscopically evaluated. The QCSFP hydrogel was injected into a
heart shape by a syringe and a crack was cut in the middle, then the two
pieces of hydrogel were patched (Fig. 3g). The cracked hydrogel could
recombine into a heart shape in 10 min without any stimuli. Further-
more, the QCSFP and DFO@G-QCSFP hydrogel could be repeatably
injected into different shapes (Fig. 3g and h). Moreover, two indepen-
dent hydrogel blocks were contacted and then stretched to visually
investigate the self-healing properties (Fig. 3i). After being recombined
for 2 h, the blocks became an integrated one and could maintain an
integrated shape under stretching, indicating excellent self-healing
ability of the hydrogels.
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3.6. Cytocompatibility of the hydrogel

The cytotoxicity of the DFO@G and DFO@G-QCSFP hydrogel was
assessed by AB assay and Live/Dead staining. After incubated with
HUVEGCs for 1, 3 and 5 d at 37 °C, both two samples revealed no sig-
nificant cytotoxicity and the cell viability was higher than 85% after 5
d incubation (Fig. 4a). In addition, the cell cytotoxicity was visually
observed by the Live/Dead staining, in which the green and red fluo-
rescence represented the live and dead cells, respectively (Fig. 4b). For
all the samples, the majority of HUVECs showed normal morphology. It
was observed that DFO@G and DFO@G-QCSFP groups revealed no
difference in cell density from the control group. Hence, it could be
concluded that the hydrogel possessed good cytocompatibility and could
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be used as a dressing for in vivo wound healing.

3.7. Effect of DFO concentration on tube formation and cytocompatibility

The concentration of DFO has an impact on cell proliferation. Thus,
AB assay was performed on 1, 3, 6, and 9 pM DFO to investigate the
relationship between DFO concentration and cytocompatibility
(Fig. 4c). It could be noticed that with the increase of the DFO concen-
tration, the cell viability first raised then decreased. Compared with the
groups with lower concentrations, DFO with 6 pM and above concen-
tration showed obvious cytotoxicity on HUVECs. In particular, DFO with
3 puM presented the effect of promoting cell proliferation with cell
viability of 109% after incubated for 5 d while 9 pM of DFO revealed a
cell viability of 86.1%. Moreover, DFO is proved to promote angiogen-
esis. To determine an effective concentration of DFO for promoting
blood vessel formation, a tube formation assay was conducted. As shown
in Fig. 4d, the angiogenesis capacity was significantly enhanced by
adding DFO with concentrations of 1, 3, and 6 pM compared to the
control group, as 9 pM showed a decreased cytotoxicity, it was not

chosen for the tube formation assay. In addition, the concentration of 3
uM presented the higher stimulatory effects on tube formation, which
showed 40 tubes and 20 nodes. The results demonstrated that DFO with
a concentration of 3 pM possessed significant enhancement on both cell
proliferation and tube formation.

3.8. Intracellular ROS-scavenging evaluation

To certificate the ability of DFO@G-QCSFP to decrease ROS level, the
ROS-scavenging evaluation was conducted using the DCFH-DA probe.
As shown in Fig. 4g and h, the intracellular ROS levels in hydrogel
incubated groups were significantly decreased contrasted to the control
group, in which cells presented prominent green fluorescence. The
reason that three hydrogel groups presented similar ROS-scavenging
abilities mainly due to the consistent content of phenylboronic acid
groups in the hydrogel components, which were contributed to the ROS-
scavenging. In summary, these results confirmed that the DFO@G-
QCSFP hydrogel was sufficient to scavenge ROS thus alleviate the
oxidative stress.
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3.9. In vivo diabetic wound healing assessment

As a non-healing wound, a diabetic wound requires specific medical
treatment owing to its complicated microenvironment [60]. The
designed DFO@G-QCSFP hydrogel possessed the desired properties as a
self-adaptive wound dressing for diabetic wounds. The treatment effi-
ciency of DFO@G-QCSFP hydrogel was evaluated on a full-thickness
diabetic wound model, which was established on SD rats through
intraperitoneal injection of STZ. The details of the treatment were
summarized in Fig. 5a. After the wounds with a diameter of 10 mm were
formed, QCSFP, DFO-QCSFP, and DFO@G-QCSFP hydrogels were
applied on the wound sites while the untreated wound was used as a
control group. At specific time intervals, images of the wounds treated
with different groups were shown in Fig. 5b. The treatment efficiency of
DFO@G-QCSFP was much higher than other groups after 10 d observa-
tion. In addition, the wound healing traces were drawn based on the
representative photos to show the treatment efficiency macroscopically.
As shown in Fig. 5¢ and d, the wound area of each group was evaluated
after 10 d of treatment. In the control group, the wound area remained
as high as 38.1%, which was only remained 5.1% for the DFO@G-QCSFP
group. Furthermore, the wound contraction during 20 d of treatment
was monitored. As shown in Fig. 5e and Figure S9, it was observed that
on the 14th day the wound contraction was 99.7% of the
DFO@G-QCSFP group, which was superior to the QCSFP, DFO-QCSFP,
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and control group. These results indicated the DFO@G-QCSFP had
faster healing rates than other groups. The mechanism of wound healing
was then investigated by histological analysis in the next section.

3.10. Histological analysis

H&E and MT staining were conducted on the regenerated skin tissues
to evaluate the healing effect from a histological perspective. As shown
in Fig. 5f and h, the H&E stained sections revealed an inflammatory
response and inflammatory cells were observed on the edge of the
wound. After treatment with hydrogel dressings, the thickness of the
epidermal layer of the wound sites was thicker than the control group
(Fig. 5g). Among them, DFO@G-QCSFP showed the highest thickness at
101 pm, indicating a significant enhancement of epidermal layer for-
mation of the hydrogel was conducive to wound healing. The deposition
of collagen was detected on the regenerated skin tissues which were
collected on day 10 by MT staining. It was observed that all the hydrogel
groups exhibited higher collagen deposition than the control group
(Fig. 5i). In addition, DFO@G-QCSFP presented the densest collagen
deposition at 55%, which was 1.71-fold higher than that of the control
group. Compared to the DFO-QCSFP group, it also revealed significant
acceleration on epithelization and collagen deposition, which demon-
strated that the DFO@G-QCSFP hydrogel could accelerate the diabetic
wound healing through the promotion of collagen deposition.
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Besides collagen deposition, angiogenesis is also crucial for diabetic
wound healing since the growth of the newly-formed granulation tissue
was very dependent on the nutrition, which was provided by the blood
vessels [61]. To visually examine the angiogenesis effect of hydrogels,
IHC staining of HIF-1a and VEGF was performed. As shown in Fig. 6a
and c, the staining of HIF-la and VEGF was the deepest in the
DFO@G-QCSFP group, demonstrating this group had the highest ex-
pressions of HIF-1a and VEGF than other groups. IHC evaluation sta-
tistical analysis of HIF-1a and VEGF was also performed to confirm the
angiogenesis effect. The results in Fig. 6b and d revealed that the
expression of HIF-1a and VEGF was increased after adding DFO in the
wound sites. In addition, the controlled release system of
DFO@G-QCSFP could significantly enhance the expressions, with the
IHC scores of DFO@G-QCSFP 3.81-folder (HIF-1a) and 2.88-folder
(VEGF) than the control group on day 10. The intensity of staining
was similar across the hydrogel groups without significant difference on
day 20. Because the healing process was almost completed while the
control group showed increased expression on day 20. The reason was
probably due to that the wound treated by DFO@G-QCSFP returned to a
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regular state in day 20 so the expression of a-SMA and CD31 was on a
normal level. In the meantime, the control group was still in the healing
process in day 20, which presented a high expression of a-SMA and
CD31, which showed a similar tendency with previous literature [47].

CD31 is a transmembrane protein expressed in early angiogenesis,
thus its expression could be evaluated to illustrate the newly formed
blood vessels. IHC staining of a-SMA and CD31 was conducted as shown
in Fig. 6e and h. It was observed that DFO@G-QCSFP had the highest
expressions of a-SMA (Fig. 6f), consistent with the results of HIF-1a and
VEGF staining. Furthermore, as shown in Fig. 6h, the newly formed
blood vessels were counted from the CD31 staining and the results
showed the DFO@G-QCSFP had the highest number of blood vessels at
71 vessels mm™2 on day 10, which was 2.65-folder than the control
group. The results indicated that the DFO@G-QCSFP exhibited excellent
pro-vascularization capability.

The in vivo ROS-scavenging ability of DFO@G-QCSFP was con-
ducted as well. As shown in Figure S10, it could be observed that all the
hydrogel treated groups presented a good ROS-scavenging ability
compared to the control group in day 1. No significant difference
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between the three hydrogel groups was owing to the same amount of
boronate ester bonds, which contributed the most to ROS-scavenging.
Followed 3 days of treatment, DFO@G-QCSFP revealed a significant
elimination of ROS than other groups mainly because of the sustained
release of DFO helped to reduce the ROS level by chelation with Fe?*.
The results demonstrated that the DFO@G-QCSFP could efficiently
accelerate wound healing by reducing ROS levels in diabetic wounds.
The in vivo degradation of the hydrogel was conducted and the result
was shown in Figure S11. After applying in the wound, the hydrogel
revealed a fast degradation behavior. The remaining hydrogel after 24 h
was 34.78% and decreased to 9.5% after 36 h.

Moreover, the self-adaptive hydrogel dressings were supposed to
change the microenvironment to a pro-healing state by eliminating ROS
and promoting angiogenesis. Therefore, IHC staining of MMP-9 and
Ki67 was detected to investigate the microenvironment of the wounds
treated by different groups. The results revealed that the control group
had the highest expression of MMP-9, which was consistent with the
pathological characteristics of diabetic wounds (Figure S12a). After
being treated with QCSFP, DFO-QCSFP and DFO@G-QCSFP, the ex-
pressions were decreased. IHC evaluation statistical analysis results
demonstrated that after treatment, DFO@G-QCSFP showed the most
apparent effect on reducing the expression of MMP-9, which was 1.86-
folder less than the control group at day 10 (Figure S12b). IHC stain-
ing and evaluation statistical analysis of Ki67 was also detected to
confirm the change of the microenvironment after treatment
(Figure S12¢ and S12d). It could be observed that DFO@G-QCSFP
showed the highest expression of Ki67, indicating its ability to pro-
mote cell proliferation. These results demonstrated that after being
treated with DFO@G-QCSFP hydrogel, the microenvironment of the
wound could be changed to a pro-healing state by regulating the ROS
level, promoting collagen deposition and cell proliferation, improving
vascularization and decreasing the expression of MMP-9.

4. Conclusion

In summary, a microenvironment self-adaptive hydrogel based on
boronic ester bonds was constructed to accelerate diabetic wound
healing by dynamically regulating the microenvironment through ROS
scavenging and on-demand DFO release to promote angiogenesis.
Owing to the dynamic nature of the boronic ester bonds, the hydrogel
revealed excellent self-healing capability, injectability as well as the
wound microenvironment perception self-adaptive ability. As well, the
hydrogel could eliminate 68% of HyO, revealing good ROS-scavenging
ability. Meanwhile, the DFO@G released from the hydrogel could
respond to the overexpressed MMP-9, achieving an on-demand release
of DFO. A full-thickness diabetic wound exhibited a reduced wound area
of only 5.1% after 10 days’ treatment with this hydrogel. Furthermore,
the hydrogel reshaped the microenvironment to a pro-healing state to
accelerate wound healing. As a wound microenvironment self-adaptive
multifunctional wound dressing, this hydrogel possesses a potential for
the treatment of diabetic wounds and skin tissue regeneration.
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