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ABSTRACT: The treatment of diabetic skin defects comes with enormous challenges in
the clinic due to the disordered metabolic microenvironment. In this study, we therefore
designed a novel composite hydrogel (SISAM@HN) with bioactive factors and tissue
adhesive properties for accelerating chronic diabetic wound healing. Hyaluronic acid (HA)
modified by N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-5-nitrosophenoxy) buta-
namide (NB) held the phototriggering tissue adhesive capacity. Decellularized small
intestinal submucosa (SIS) was degreased and digested to form the acellular matrix, which
facilitated bioactive factor release. The results of the burst pressure test demonstrated that
the in situ formed hydrogel possessed a tissue adhesive property. In vitro experiments, based
on bone marrow stromal cells, revealed that the SIS acellular matrix-containing hydrogel
contributed to promoting cell proliferation. In vivo, a diabetic mouse model was created and
used to evaluate the tissue regeneration function of the obtained hydrogel, and our results
showed that the synthesized hydrogel could assist collagen deposition, attenuate
inflammation, and foster vascular growth during the wound healing process. Overall, the
SIS acellular matrix-containing HA hydrogel was able to adhere to the wound sites, promote cell proliferation, and facilitate
angiogenesis, which would be a promising biomaterial for wound dressing in clinical therapy of diabetic skin defects.

1. INTRODUCTION
Diabetes mellitus (DM) is a common but serious metabolic
disorder.1,2 With the increasing number of cumulative cases,
DM has been a severe disease that endangers human beings.3

Diabetic ulcer, a common complication of diabetes, charac-
terized by the difficulty of wound healing and the high
incidence of amputation and mortality, has brought heavy
mental and physical pressure on patients and also a huge
economic burden on society.4 The well-known therapeutic
strategies for diabetic wound healing involve blood glucose
regulation, wound debridement, revascularization, wound
decompression, and wound dressing.5 Among these therapeu-
tic regimens, wound dressing is applied widely in the clinic
owing to the isolation from an external environment and the
delivery of medicine to wound sites directly.6 Multiple kinds of
wound dressings have been developed for accelerating diabetic
wound healing, like biocompatible membranes,7 electrospun
fibers,8 and functional hydrogels.9 Among the candidates,
hydrogels have attracted much more attention due to the
unique features including biocompatibility, porous structure,
absorption of excess tissue exudate, and facilitation of
therapeutic factor delivery.10,11

Hydrogels combined with natural macromolecular polymers
like gelatin,12 chitosan,13 silk fibroin,14 and hyaluronic acid
(HA)15 have aroused interests all over the world. HA, a

multifunctional substrate present in the human body, is
considered as one of the most potential repair materials for
skin tissues.16−19 The content and metabolism of HA affect the
process of skin maturation and aging. Moreover, HA could
enhance transdermal absorption and maintain skin moist.20,21

There have been numerous research studies concentrated on
HA for tissue repair. For example, Li et al. have explored self-
healing HA hydrogels based on dynamic Schiff base linkages as
biomaterials.22 Zhao et al. have developed double cross-linked
biomimetic HA-based hydrogels with thermo-stimulated self-
contraction and tissue adhesiveness for accelerating postwound
closure and wound healing.23 However, HA cannot be
gelatinized itself.24 Previous researches reported that o-
nitrobenzene (NB) was modified onto an HA molecule
chain to obtain a phototriggered macromolecule HANB
(HN);25 furthermore, NB modification made it possible for
hydrogel to connect to the skin tissue through a Schiff-base
reaction.26

Received: August 3, 2023
Revised: November 10, 2023
Accepted: November 14, 2023
Published: November 29, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

46653
https://doi.org/10.1021/acsomega.3c05682

ACS Omega 2023, 8, 46653−46662

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miner+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honghua+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunxian+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leyi+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chong+Teng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chong+Teng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05682&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05682?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05682?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05682?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05682?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


The extracellular matrix (ECM) plays a crucial role in
constructing a physical extracellular environment, signal
transduction, and cell migration.27 Recently, abundant research
for the application of the ECM in the field of injured tissue
repair has been published. For example, Wang et al. have
developed exosome-laden self-healing injectable hydrogels to
enhance diabetic wound healing.28 Zhang et al. have explored
exosome/metformin-loaded self-healing conductive hydrogels
to rescue microvascular dysfunction and promote chronic
diabetic wound healing by inhibiting mitochondrial fission.29

Small intestinal submucosa (SIS) is a natural ECM, which
contains numerous fibronectin, laminin, collagens, especially
collagen types I and III, and multiple growth factors, such as
the transforming growth factor-β (TGF-β), vascular endothe-
lial growth factor (VEGF), and basic fibroblast growth factor
(bFGF).30,31 The small intestinal submucosa acellular matrix
(SISAM) is decellularized SIS that maintains the structural and
molecular components while the cellular content is removed.32

So far, accumulated evidence has shown that the SISAM
exhibits enormous potential in biological scaffolds, surgical
meshes, cell culturing, and wound dressing because of the pre-
eminent biocompatibility and bioactivity.33 However, the
clinical strategies are still limited due to complicated delivery
systems and potential side effects.34

Herein, we design and fabricate a multifunctional bioactive
hydrogel (SISAM@HN) for accelerating diabetic wound
healing. In the present study, HA is modified with NB, and
SIS is decellularized, degreased, and digested for releasing the
SISAM. This combination integrates the advantages of both
HN and SIS that synergistically adhere to tissues and promote
tissue regeneration. To the best of our knowledge, HN and SIS
have not been used together for diabetic wound dressing
before. In this study, HN is characterized by 1H NMR, and the
composite hydrogel is characterized by SEM. The adhesion
and swelling kinetics are also studied. An in vitro biocompat-
ibility experiment is conducted, and the therapeutic effect of
diabetic skin defects in vivo is explored.

2. MATERIALS AND METHODS
2.1. Materials. Hyaluronic acid (HA), 4-(4,6-dimethoxy-

1,3 ,5-tr iaz in-2-yl)-4-methylmorphol inium chlor ide
(DMTMM), dimethyl sulfoxide (DMSO), 2-(N-morpholi-
no)-ethanesulfonic acid monohydrate (MES), sodium chloride
(NaCl), Triton X-100, aqueous ammonia (NH3·H2O),
methanol (CH3OH), chloroform (CHCl3), ethanol
(C2H5OH), and pepsin were brought from Aladdin (Shanghai,
China). N-(2-Aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-
5-nitrosophenoxy) butanamide (NB) and lithium phenyl-
2,4,6-trimethylbenzoyl phosphinate (LAP) were supplied by
Haining Jurassic Biotech Company Ltd. Cell counting kit-8
(CCK-8) was obtained from Beyotime (Shanghai, China).
Recombinant human basic fibroblast growth factor gel
(rhbFGF, SL Pharm) was used.
2.2. Synthesis of HN. HA (2 g) was dissolved in 100 mL

of MES solution (pH 5.3) at 35 °C. Then, 60 mg of NB was
dissolved in 10 mL of dimethyl sulfoxide (DMSO) and was
introduced into the solution. Next, 1.2 g of DMTMM was
added into the mixture in three batches with an interval of 0.5
h, and the reaction was allowed to last for 3 h. The prepared
HA-NB was dialyzed with a NaCl solution (0.1M) and freeze-
dried for storage.
2.3. Preparation of the Small Intestinal Submucosa

Acellular Matrix (SISAM). The SISAM was fabricated

through a decellularization and degreasing process. In brief,
the fresh pig small intestine was washed and soaked repeatedly
with plenty of deionized water until the mucosal layer and
sarcoplasmic layer were edema. Then, the mucosal layer and
sarcoplasmic layer were scraped away, and milky white,
translucent, flexible small intestinal submucosa (SIS) was
obtained. SIS was immersed in decellularized solution (10 mL
of Triton X-100 and 1 mL of NH3·H2O dissolved in 1000 mL
of deionized water) at 4 °C for 72 h, and SIS was soaked in
CH3OH/CHCl3 (1:1) for 24 h to degrease. Subsequently, SIS
was stirred in C2H5OH for 48 h for CH3OH/CHCl3 degreaser
removal. Finally, the obtained SISAM films were stored at 4 °C
after lyophilization. To promote the release of bioactive factors
more efficiently, SISAM films were digested by pepsin. One
hundred mg of SISAM films and 100 mg of pepsin were added
into 10 mL of acidic aqueous solution (pH 1) and stirred at 37
°C for 3 h. The mixture was titrated to neutral with NaOH for
pepsin inactivation, and the SISAM was stored in −40 °C after
lyophilization.
2.4. Fabrication of the Composite Hydrogel (SISAM@

HN). HN, SISAM, and the photoinitiator (LAP) were
dissolved in deionized water at final concentrations of 2, 1,
and 0.025%, respectively. The hydrogel precursor was dropped
into a preprepared PDMS mold (Φ 10 mm × 2 mm) and
irradiated under 365 nm UV light for 20 s for photocuring.
2.5. Characterization. The microstructure of the hydrogel

was exhibited by scanning electron microscopy (SEM, ZEISS
SIGMA 500). 1H Nuclear magnetic resonance (1H NMR)
spectra of HN were analyzed by an NMR spectrometer
(Bruker, 400 MHz).
2.6. Swelling Kinetic Studies. The weights of lyophilized

hydrogels were recorded as m0, and a swelling kinetic
experiment was conducted by weighting the hydrogels
immersed in PBS at a required time (mt). The swelling ratio
was calculated as follows:

m
m

swelling ratio 100%t

0
= ×

(1)

2.7. Burst Pressure Test. The adhesive capability of the
hydrogels was tested according to a modified ASTM standard
(F2392-04) using a custom-made burst pressure apparatus.35,36

Briefly, a collagen sausage casing was used as a tissue model
and fixed in the apparatus. A hole was created in the middle of
the collagen sausage casing with a syringe needle (18G).
Hydrogel precursors (200 μL) were applied to the hole, and
UV irradiation (365 nm, 100 mW/cm2, 20 s) was used to cure
the hydrogel. Finally, pressure was made from pumping saline
continuously. The pressures at failure were recorded (n ≥ 3).
2.8. Compressive Test. We conducted compressive tests

of hydrogels (Φ 10 × 2 mm) under an electronic testing
machine (MTS C41) with a 50 N load cell. The compressive
rate was set as 1 mm/min. The compressive modulus was
calculated from the linear region of the stress−strain curve.
2.9. Cell Viability and Proliferation. Rat BMSCs were

obtained and used as our previous study.6 Hydrogel extract was
prepared by immersing hydrogels (10 mm in diameter, 2 mm
in height) in 10 mL of Dulbecco’s modified Eagle’s medium
(DMEM, containing a 10% fetal bovine serum and 1%
penicillin−streptomycin mixture) for 24 h. The extract was
sterilized with a 0.22 μm filter. BMSCs were cultured with the
extract at 37 °C and 5% CO2. Normal DMEM was used as a
control group. Cell viability was determined by a Live/Dead
assay and observed with an inverted fluorescence microscope.
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The proliferation was studied by a CCK-8 assay, and the
optical density (OD) value was obtained by a microplate
reader.
2.10. Diabetic Mouse Model. A diabetic mouse model

was created according to previous studies.37,38 All animal
procedures were performed according to the standard
guidelines approved by the Zhejiang University Ethics
Committee (Ethical No. ZJU20220190). C57BL/6 mice
(20−25 g, six-weeks-old, male) were obtained from Hangzhou
Paisiao Biotechnical Ltd. and bred for adaptation with no
dietary restrictions under the standard laboratory environment
conditions, including a temperature of 22 ± 2 °C, a humidity
of 40−60%, and a 12 h light/dark cycle, for 1 week. Diabetes
was induced by a once daily intraperitoneal injection of
streptozotocin (STZ, Sigma-Aldrich, 55 mg/kg) in sodium
citrate buffer (pH 4.3) for five consecutive days. Two weeks
after the STZ injection, the diabetic state was confirmed by
blood glucose above 16.6 mmol/L.
2.11. Cutaneous Wound Preparation and Measure-

ment. The diabetic mice were anesthetized with 1%
pentobarbital sodium. After hair removal and sterilization of
the surgical sites, the full-thickness cutaneous wounds were
induced by a sterile biopsy punch (10 mm in diameter) and
scalpels. The diabetic mice were divided into three groups (n =
15): (1) control (PBS), (2) rhbFGF, and (3) hydrogel
(SISAM@HN). The mice in three groups received the
corresponding treatments, and the wound sites were dressed
with sterile gauze.
The cutaneous wounds were photographed and measured at

four time points (0, 3, 7, and 14 days). Wound areas were
analyzed by ImageJ software (NIH, Bethesda, MD, USA).
2.12. Histological Analysis. Wound tissues of mice (n =

5, per group, per time points) from three groups were excised
at three time points (3, 7, and 14 days). After fixing in
paraformaldehyde for 24 h and embedding in paraffin, the
sections (4 μm) were stained with hematoxylin and eosin
(H&E) using standard protocols. The stained sections were
photographed digitally and viewed by a digital slide scanner
(KFBIO, Ningbo). Masson’s trichrome staining was also
performed on paraffin sections according to the standard
protocols, and the stained sections were analyzed for collagen

volume fraction (%) by ImageJ software (NIH, Bethesda, MD,
USA).
2.13. Immunohistochemistry and Immunofluores-

cence. The sections were treated with heat-induced antigen
recovery and the removal of endogenous peroxidase activity.
After BSA blocking, the sections were incubated with specific
primary antibodies (rabbit anti-CD31, Zhongshan; rabbit anti-
TNFA, Proteintech; rabbit anti-VEGFA, Proteintech) over-
night at 4 °C. On the next day, the sections were incubated
with the secondary antibody (goat antirabbit) conjugated with
HRP for immunohistochemistry or with CoraLite594 for
immunofluorescence. The nucleus was stained by hematoxylin
and 4′,6-diamidino-2-phenylindole (DAPI) for immunohisto-
chemistry and immunofluorescence, respectively. The stained
sections were photographed digitally and viewed by a disital
slide scanner (KFBIO, Ningbo).
2.14. Statistical Analysis. Statistical analysis was

performed with GraphPad Prism software version 9 (Graph-
Pad Software, La Jolla, USA). All values were presented as
means ± SD. Comparisons between two groups were
completed by using Student’s t-test. Data for multiple
comparisons were analyzed by using one-way analysis of
variance (ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 were considered to be statistically significant.

3. RESULTS AND DISCUSSION
The phototriggering cross-linked and tissue adhesive SISAM@
HN hydrogel was fabricated according to the schematic as
shown in Figure 1. NB was modified onto an HA molecule
chain by DMTMM-assisted esterification between amino
groups in NB and carboxyl groups in HA. The conversion of
methylol groups of NB to aldehyde groups under UV
irradiation prompted the cross-linking of synthesized HN-
SISAM aqueous solution, owing to the Schiff-base reaction
between aldehyde groups and amino groups of the SISAM.26

Significantly, not only SISAM amino groups reacted with
aldehyde, but also, tissue amino groups did, resulting in the
high adhesive capacity to tissues. At the same time, a fresh pig
small intestine was transformed to SISAM films after rinsing,
degreasing, decellularization, and lyophilization. In order to
simplify the biological factors released, the SISAM was

Figure 1. Schematic illustration of the SISAM@HN hydrogel.
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designed to be digested by pepsin. Finally, the SISAM was
mixed into the HN precursor and irradiated by 365 nm UV
(100 mW/cm2) for 20 s, and the SISAM@HN composite
hydrogel was fabricated.
Characterizations of the Hydrogels. First, as shown in

Figure 2A, H&E staining indicated that there was no cell
remaining in the prepared SIS films, ensuring the desired
acellular matrix in subsequent experiments.39 On the other
side, 1H NMR spectra of HN (Figure 2B) showed peaks at δ =
7.3 ppm and δ = 7.8 ppm, which are ascribed to the hydrogen
atoms of NB benzene.25 It indicated that NB molecules were
grafted onto the HA chain, and HN was fabricated successfully.
As photocuring hydrogels, HN and SISAM@HN precursors
were demonstrated to be cross-linked into hydrogels under 365
nm UV irradiation (100 mW/cm2, 20 s) (Figure 2C). After
lyophilization, SEM was applied to observe the microstructure
of the hydrogels. The porous channels existed in the hydrogels,
and the porous microstructure ensured the holding of H2O
molecules and the delivery of therapeutic factors. Obviously,
there was a filiform-digested SISAM surrounded by the

channels, resulting in the decreasing of pore size. Swelling
kinetics was studied, and H2O was absorbed into the network
of the hydrogel in 30 min (Figure 2D). This property could be
helpful in removing excess tissue exudate and maintaining
moisture in defect sites. Interestingly, the SISAM@HN
hydrogel exhibited a lower equilibrium swelling ratio than
the pure HN hydrogel, suggesting that the SISAM in the
precursor facilitated the cross-linking of the hydrogel and
formed a denser network. As a wound dressing, the hydrogels
were required to adhere to wound sites throughout the wound
recovery process. We conducted burst pressure tests to
evaluate the adhesive property, and the results showed that
the adhesive strengths of HN and SISAM@HN were about
35.73 and 35.78 kPa, respectively (Figure 2E). It indicated that
the addition of the SISAM had almost no positive or negative
effect on the adhesion of the original HN. The tissue adhesive
property guaranteed secure fit to wound in the therapeutic
process.40,41 Ex vivo, as displayed in Figure 2F, the SISAM@
HN hydrogel formed in situ on the porcine skin could recover
to its original state after bending and wrenching, suggesting a

Figure 2. Characterizations of the hydrogels. (A) Histological evaluation of SISAM films, (B) 1H NMR spectrum of the HN macromolecule, (C)
digital photos of the curing process of hydrogels and SEM images of the cross sections of hydrogels, (D) swelling kinetics of the HN hydrogel and
SISAM@HN hydrogel, (E) burst pressure test results of HN and SISAM@HN hydrogels, and (F) photos of SISAM@HN adhesion on porcine
skin ex vivo and recovered after bending and wrenching. (G) Schematic diagram of the compressive test. (H) Compressive stress−strain curves. (I)
Compressive modulus of hydrogels.
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desirable tissue binding strength and flexibility as a wound
dressing. Further, we evaluated the mechanical properties of
the hydrogels (Figure 2G). HN and SISAM@HN hydrogels
could withstand up to more than 80% strain without fracture
(Figure 2H). The compressive moduli of HN and SISAM@
HN were about 4.55 and 4.47 kPa (0.3−0.5 mm mm−1)
(Figure 2I). These results demonstrated that our prepared
hydrogels possessed satisfactory water-absorbing quality,
adhesion to skin, and mechanical property, ensuring their
potential in the field of skin wound healing.
SISAM@HN Accelerated Cell Proliferation. SISAM@

HN was designed as a wound dressing for diabetic skin defects,
and the biocompatibility needed to be verified. HN and
SISAM@HN were chosen, and the capacity of promoting cell
proliferation was investigated. As displayed in Figure 3A, both
of HN and SISAM@HN were found to significantly accelerate
the proliferation of BMSCs. Especially, the optical density

(OD) value of BMSCs cultured with SISAM@HN was
significantly higher than that of the control group cultured
with a normal cell culture medium on day 7. As a species of the
acellular matrix, the SISAM contained numerous biological
factors beneficial to cell proliferation, and the biological factors
were released easily. In addition, the viability of BMSCs was
revealed by a Live/Dead staining assay (Figure 3B). Almost no
dead BMSCs (marked by red spots) were observed, and the
densities of living BMSCs (marked by green spots) cultured
with HN and SISAM@HN were higher than that in the
control group. It indicated that as-prepared hydrogels
possessed excellent biocompatibility, ensuring application in
skin defect repair and tissue regeneration.
SISAM@HN Accelerated Diabetic Wound Healing. In

order to evaluate the impact of SISAM@HN on the full-
thickness skin wound healing, diabetic mice were divided into
three groups: (1) the control group, (2) rhbFGF-treated

Figure 3. Cytotoxicity of the SISAM@HN hydrogel in vitro. (A) Proliferation of BMSCs cultured with hydrogel extract and (B) Live/Dead assay of
BMSCs cultured with hydrogel extract on day 1 and day 4.

Figure 4. SISAM@HN accelerated diabetic wound healing. (A) Wounds of diabetic mice in all groups at different time points (0, 3, 7, and 14
days). (B) Quantitative analysis of the wound areas (n = 5, *p < 0.05, **p < 0.01). (C) H&E staining of wound sections at day 3, day 7, and day 14.
(D) Quantification of the thickness of the granulation tissue at day 14 (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001).
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group, and (3) hydrogel (SISAM@HN). Recombinant human
basic fibroblast growth factor gel (rhbFGF) is a clinically used
drug for diabetic wound treatment and was used as a positive
control in this study. Our results showed the gradual
improvement of the cutaneous wound in all groups at three
specific time points (3, 7, and 14 days), while obviously, the
rhbFGF-treated group and the SISAM@HN-treated group
facilitated the wound closure in a greater degree compared
with the control group (Figure 4A). Quantification of the
wound area is displayed in Figure 4B, and at day 14, the wound
area was 0.221 ± 0.067 cm2 in the control group, 0.064 ±
0.027 cm2 in the rhbFGF-treated group, and 0.041 ± 0.041
cm2 in the SISAM@HN-treated group, indicating that
SISAM@HN not only gained a similar therapeutic efficacy to
rhbFGF but also a significant advantage over the control
group. To further observe the skin tissue repair under different
treatments, H&E staining was applied for complete histological
analysis of the cutaneous wound sections. With the increase in
healing time, as well as rhbFGF, SISAM@HN achieved
accelerated re-epithelialization and well-formed dermal reor-
ganization, including a few new hair follicles. However, the
control group had less organized epidermal and dermal
reconstructions (Figure 4C). Additionally, it was shown in
the quantitative analysis of the granulation tissue thickness that
at day 14 (Figure 4D), the SISAM@HN group was nearly
twice as thick as the control group but had no significant
difference with the rhbFGF-treated group, which demonstrated
that SISAM@HN contributed to the formation of the
granulation tissue in the diabetic wound healing.
SISAM@HN Promoted Collagen Deposition, Attenu-

ated Inflammation, and Fostered Vascular Growth.
Abundant collagen formation played a crucial role in the

process of diabetic wound healing.42 Masson’s trichrome
staining was performed to analyze collagen deposition in the
wound sections, which exhibited that by comparison with the
control group, there were more dense and organized collagen
fibers in the rhbFGF-treated group and the SISAM@HN-
treated group (Figure 5A). Meanwhile, the quantitative
evaluation of the collagen volume fraction in Figure 5B
showed that the contents of newly formed collagen in the
rhbFGF-treated group (58.27 ± 2.38%) and the SISAM@HN-
treated group (60.05 ± 2.72%) were significantly higher than
that of the control group (48.23 ± 4.92%), which
demonstrated that SISAM@HN induced collagen deposi-
tion.43 In addition, the appearance of neovascularization
provided nutrients, oxygen, cytokines, and chemokines to
ensure the wound healing microenvironment.44 CD31, a well-
established marker for endothelial cells,45,46 was applied for
immunohistochemistry staining. Our results revealed that
SISAM@HN and rhbFGF both significantly augmented the
amounts of CD31-positive endothelial cells and had micro-
vessel densities higher than that of the control group at day 7
(Figure 5C,D). Furthermore, there were similar changing
trends to day 14, suggesting that SISAM@HN simulated
angiogenesis in diabetic wound healing.
To further evaluate the ability of SISAM@HN in regulating

the wound healing at an early stage, tumor necrosis factor-α
(TNF-α, proinflammatory factors) and vascular endothelial
growth factor A (VEGFA) in the wound at seventh day
postsurgery were stained and investigated. As shown in Figure
6A,B, significantly less expression of TNF-α (red spots) was
observed in the SISAM@HN-treated and rhbFGF-treated
groups than that of the control group on the seventh day (*p <
0.05). This result indicated that SISAM@HN affected the

Figure 5. SISAM@HN promoted collagen deposition and vascular growth. (A) Masson’s trichrome staining of the wound sections at day 14 (scale
bar: 100 μm). (B) Statistical analysis of collagen volume fractions at day 14 (n = 5, **p < 0.01, ***p < 0.001). (C) Immunohistochemistry staining
of CD31 expression in the wound sites at day 7 and day 14 (scale bar: 100 μm). (D) Statistical analysis of the amounts of CD31-positive cells per
view for neovascularization at day 7 (n = 5, *p < 0.05, **p < 0.01) and day 14 (n = 5, *p < 0.05).
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expression of TNF-α and shortened the inflammatory phase.47
In addition, the expression of VEGF is highly related to
angiogenesis and re-epithelization during the wound healing
process.48 Results in Figure 6C,D showed that the SISAM@
HN-treated group and rhbFGF-treated group exhibited a
higher expression level of VEGFA (red spots) than the control
group (**p < 0.01), indicating that the SISAM@HN hydrogel
could promote angiogenesis in the wound healing process.49

4. CONCLUSIONS
In summary, we designed a composite hydrogel (SISAM@
HN) with tissue adhesive properties and bioactive factors for
accelerating diabetic wound healing. HA was modified with NB
for the phototriggering tissue adhesive capacity, and SISAM
contained bioactive factors beneficial to diabetic wound
healing. The burst pressure test demonstrated that the in situ
formed hydrogel possessed a tissue adhesive property. In vitro
experiments revealed that the SIS acellular matrix-containing
hydrogel was able to promote cell proliferation. In vivo results

showed that the synthesized hydrogel could enhance collagen
deposition, attenuate inflammation, and promote vascular
growth during the wound healing process in diabetic mice.
Overall, the SIS acellular matrix-containing HA hydrogel was
able to adhere to the wound sites, promote cell proliferation,
and facilitate angiogenesis, which would be a promising
biomaterial for wound dressing in clinical therapy of diabetic
skin defects.
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Figure 6. Immunofluorescence staining of tissue sections. (A) Representative immunofluorescence staining images of TNF-α in the wound tissue
of the control group, rhbFGF group, and hydrogel group on the seventh day after operation. Scale bar: 100 μm. (B) Statistical analysis of the
average fluorescence intensity of positive TNF-α on the seventh day after operation (n = 5, *p < 0.05). (C) Representative immunofluorescence
staining images of VEGFA in the wound tissue of the control group, rhbFGF group, and hydrogel group on the seventh day after operation. Scale
bar: 100 μm. (D) Statistical analysis of the average fluorescence intensity of positive VEGFA on the seventh day after operation (n = 5, *p < 0.05).
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