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A B S T R A C T   

Diabetic wound healing has become a serious healthcare challenge. The high-glucose environment leads to 
persistent bacterial infection and mitochondrial dysfunction, resulting in chronic inflammation, abnormal 
vascular function, and tissue necrosis. To solve these issues, we developed a double-network hydrogel, con
structed with pluronic F127 diacrylate (F127DA) and hyaluronic acid methacrylate (HAMA), and enhanced by 
SS31-loaded mesoporous polydopamine nanoparticles (MPDA NPs). As components, SS31, a mitochondria- 
targeted peptide, maintains mitochondrial function, reduces mitochondrial reactive oxygen species (ROS) and 
thus regulates macrophage polarization, as well as promoting cell proliferation and migration, while MPDA NPs 
not only scavenge ROS and exert an anti-bacterial effect by photothermal treatment under near-infrared light 
irradiation, but also control release of SS31 in response to ROS. This F127DA/HAMA–MPDA@SS31 (FH–M@S) 
hydrogel has characteristics of adhesion, superior biocompatibility and mechanical properties which can adapt to 
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irregular wounds at different body sites and provide sustained release of MPDA@SS31 (M@S) NPs. In addition, 
in a diabetic rat full thickness skin defect model, the FH–M@S hydrogel promoted macrophage M2 polarization, 
collagen deposition, neovascularization and wound healing. Therefore, the FH–M@S hydrogel exhibits prom
ising therapeutic potential for skin regeneration.   

1. Introduction 

Diabetic wounds, a typical and severe complication of diabetes, 
significantly impact patients’ quality of life, due to delayed healing, 
recurrent infection, and even amputation [1,2]. With the morbidity of 
diabetes increasing annually, a quarter of patients will develop a dia
betic foot ulcer, which imposes a major burden on human healthcare 
and the social economy [3,4]. Although there are a variety of treatment 
strategies to promote diabetic wound healing, such as delivery of cells or 
growth factors, surgical debridement, and vascular reconstruction, these 
therapies are costly and have limited effect [5,6]. However numerous 
studies have shown that two main factors typical of diabetic 
wounds-chronic bacterial infection and permeation of the 
micro-environment by reactive oxygen species (ROS) due to hypergly
cemia and mitochondrial dysfunction-cause persistent inflammation, 
vascular endothelial dysfunction and tissue necrosis [7–10]. 

Numerous factors increase the level of ROS, for example, activation 
of the receptor for advanced glycation end products (RAGE), prolonged 
bacterial infection, and ischemia, but the majority of ROS originate from 
mitochondria (mtROS) as a result of mitochondrial dysfunction [11]. In 
a high-glucose environment, as mitochondrial metabolism becomes 
disordered, cardiolipin is decreased and undergoes peroxidation, and 
the function of the electron transport chain (ETC) is changed, resulting 
in attenuation of oxidative phosphorylation (OXPHOS), adenosine 
triphosphate (ATP) insufficiency, leakage of a large number of mtROS, 
and eventually dysregulated macrophage polarization, chronic inflam
mation, and microvascular damage [12–15]. 

Apart from severe oxidative stress, bacterial infection in the wound is 
another intractable problem [8,16]. More than half of diabetic ulcer 
patients will be infected, and approximately 20% will experience 
amputation attributable to severe infection [17,18]. Furthermore, bac
terial infection is one of the major factors in the delayed healing of 
diabetic wounds, causing persistent inflammation, tissue necrosis, and 
ultimately necessitating amputation [19]. Although all kinds of antibi
otics have been used to treat resistant bacterial infection, chronic 
administration of antibiotics will lead to drug resistance. In recent years, 
various biomaterials with superior antibacterial properties have been 
developed including silver ions, copper ions, and zinc oxide, but these 
metallic ions can cause serious tissue toxicity [20,21]. Hence, it is 
extremely urgent to develop a type of biomaterial that can not only act 
to hinder mtROS generation and enhance energy supplementation 
during hyperglycemia, but can also sterilize a wound in a biosafe and 
efficient way. 

SS31, a mitochondria-targeted peptide, selectively binds to car
diolipin, a phospholipid, which is exclusively located on the inner 
mitochondrial membrane [22] and is one of the components crucial to 
crista formation [23]. SS31 inhibits oxidation of cardiolipin and cyto
chrome C, and weakens the interaction between them [13,24]. Mean
while, SS31 stabilizes the electron transport chain, enhancing electron 
transfer and oxidative phosphorylation [24], reducing the production of 
mtROS, and increasing the synthesis of ATP [25] via electrostatic and 
hydrophobic interactions with cardiolipin [26]. With reduced mtROS 
production and sufficient ATP availability, macrophages are polarized to 
M2 macrophages and the secretion of many growth factors, such as 
vascular endothelial growth factor (VEGF) and epidermal growth factor 
(EGF), will increase, thus enhancing cells’ capacities of adhesion, pro
liferation, and migration [27–30]. 

As previous studies suggested that SS31 can be applied in the treat
ment of oxidative-associated diseases [31,32], we attempted to employ 

SS31 to maintain mitochondrial function and accelerate diabetic wound 
healing. However, the use of SS31 for therapeutic applications in
troduces a series of limiting factors to be overcome, because the single 
cationic bioactive peptide is easily hydrolyzed, rapidly metabolized, 
unevenly distributed, and quickly lost, leading to low bioavailability and 
poor therapeutic effect [26,33]. 

Polydopamine nanoparticles (PDA NPs), self-polymerized by dopa
mine, a natural neurotransmitter [34], have been widely used for drug 
delivery because of their biodegradability, good biocompatibility, and 
excellent photothermal transfer efficiency [34,35]. PDA NPs have 
abundant reactive catechol/quinone, amine, and imine groups, which 
can bond with other molecules via interactions including π-π stacking, 
hydrogen bonding, and electrostatic attraction [36,37]. However, the 
drug-load capacity of PDA NPs is limited by the available specific surface 
area [36]. Hence, mesoporous polydopamine nanoparticles (MPDA NPs) 
are used to enhance the drug-load ratio [38]. In addition, MPDA NPs are 
a photothermal conversion agent and have striking photothermal con
servation capacity, so that they can generate a thermal reaction after 
exposure to near-infrared irradiation (NIR) [39]. Under illumination 
with an 808 nm laser, the temperature of MPDA NPs will rapidly in
crease, and they will function as a sterilizing and anti-biofilm formation 
agent [40,41]. Furthermore, MPDA NPs possess a large number of 
phenolic groups which can provide great ROS scavenging ability [42]. 
As ROS are reduced, the expression of proinflammatory cytokines will 
also decrease and the process of wound healing will accelerate [43,44]. 

Hydrogels are widely used in tissue engineering owing to their three- 
dimensional structure which is similar to that of extracellular matrix 
(ECM) [45]. Hyaluronic acid (HA) has been considered an excellent 
dressing or a carrier to deliver drugs and promote wound healing, due to 
its superior properties including biodegradability, biocompatibility, and 
high water absorption capacity [46,47]. Adding methacrylate onto the 
backbone of HA transforms HA into hyaluronic acid methacrylate 
(HAMA) and confers the ability to photopolymerize. However, an ideal 
wound dressing possesses not merely good biological properties, but 
good mechanical properties also play a vital role [48]. Recently, a great 
deal of attention has been paid to the use of hydrogels in accelerating 
wound healing but this has neglected the facts that wounds usually 
occur in certain active body sites, and usually in a particular shape. 
F127DA, a PEO-PPO-PEO triblock polymer, can self-assemble to 
generate a hydrogel with excellent mechanical properties and inject
ability [49]. Compared with single-network hydrogel, the injectable 
multi-crosslinked double-network hydrogel FH (F127DA and HAMA) 
retains the remarkable biological properties of HAMA and the me
chanical characteristics of F127DA. 

In this study, we designed an FH double-crosslinked hydrogel 
enhanced by MPDA@SS31 nanoparticles (M@S NPs) to promote chronic 
diabetic wound healing. This hydrogel exhibited excellent biological 
properties, injectability, adhesion and mechanical properties. These 
characteristics demonstrated that the FH–M@S (F127DA/HAMA–MP
DA@SS31) hydrogel can be used to treat irregular wounds. Further
more, this hydrogel possesses antibacterial properties due to 
photothermal conversion of MPDA NPs. Meanwhile, FH hydrogel also 
provides sustained release of M@S NPs. With the release of MPDA NPs 
and SS31, the degree of oxidative stress in the wound will be reduced 
and mitochondrial function will be enhanced, regulating macrophage 
polarization, alleviating inflammation and constantly inducing revas
cularization in the wound. In order to prove our hypothesis, the in
teractions between MPDA NPs and SS31 and their hydrogel properties 
were investigated. Then the capacities of antibacterial efficiency, 
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increasing cell viability, ROS scavenging, enhancing angiogenesis, and 
regulating macrophage polarization were assessed in vitro. Finally, the 
hydrogel was used to treat full-thickness wounds in a diabetic model and 
the results indicated that the FH–M@S hydrogel accelerates wound 
closure by regulating macrophage polarization, and enhancing re- 
epithelialization, collagen deposition and neovascularization. 

2. Materials and methods 

All methods can be found in the accompanying supplementary 
materials. 

Fig. 1. Characteristics of M@S NPs. (A) Schematic illustration of the synthesis of M@S NPs and release of SS31. This illustration was created with BioRender.com. (B, 
C) Particle size distribution of SS31, MPDA NPs, and M@S NPs. (D) Zeta potential of SS31, MPDA NPs, and M@S NPs. (E, F, G) TEM images of SS31, MPDA NPs, and 
M@S NPs. (H) Molecular docking study between SS31 and four different redox states of PDA NPs monomers (DA1, DA2, DA3, and DA4). (I) Molecular dynamics 
simulation panoramic view and local interaction of SS31–DA1 complex and SS31–DA4 complex. 
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3. Results and discussion 

3.1. Formulation and characterization of SS31-loaded MPDA NPs 

As described in previous studies, owing to their large number of 
phenolic hydroxyl groups, MPDA NPs can adsorb many molecules via 
electrostatic interaction and hydrogen bonding [36,37]. SS31, a 
positively-charged peptide with many amidogens [26], was adsorbed 
onto the MPDA NPs (Fig. 1A). Dynamic light scattering (DLS) was used 
to analyze the Zeta potential and size distribution of the SS31, MPDA 
NPs, and M@S NPs (Fig. 1B and C). The results revealed that the size 
distribution of SS31 was from 161.11 nm to 7209.36 nm and the average 
size was 1256.00 ± 647.28 nm, which was considerably scattered. To 
deliver SS31 in a simple and convenient way and accelerate SS31 
dispersion, SS31 solution was mixed with a solution of MPDA NPs and 
incubated for 24 h which generated M@S NPs by electrostatic 
self-assembly. The average sizes of MPDA NPs and M@S NPs were 
182.90 ± 27.01 nm and 806.10 ± 185.78 nm, respectively. As shown in 
Fig. 1D, the Zeta potential of the SS31 solution was 15.29 ± 5.84 mV, 
and the MPDA NPs had a negative charge of − 15.98 ± 2.94 mV, while 
the M@S NP solution was near electrically neutral (− 3.54 ± 0.39 mV). 
These data indicated that the SS31 positively-charged particles can 
attach to the MPDA negatively-charged particles to electrostatically 
self-assemble. Transmission electron microscopy (TEM) showed that 
SS31 molecules assembled together to form an agglomeration of various 
sizes (Fig. 1E), which confirmed the results of DLS. MPDA NPs exhibited 
a well-defined spherical morphology and mesoporous structure 
(Fig. 1F). In the M@S NPs, the mesoporous structure and surface of 
MPDA NPs was concealed by a layer of SS31 (Fig. 1G). This observation 
confirmed that the MPDA NPs can not only steadily attract SS31, but 
also divide SS31 particles from the agglomeration and significantly 
improve the disordered distribution. The SS31 loading capacity was 
quantified. According to the standard curve (Fig. S1), the loading con
tent of SS31 by 1 mg MPDA NPs was approximately 0.096 mg. 
Furthermore, a molecular docking study was performed to investigate 
the binding mode of M@S NPs. PDA NPs were fabricated via dopamine 
oxidation, and are usually considered to include four types of monomers 
[50]. For convenience, we named these monomers DA1, DA2, DA3, and 
DA4 according to the oxidation degree from low to high. DA1 was 
dopamine, the unoxidized monomer, and DA4 was 5,6-indolequinone, 
the highest oxidized product among these monomers [51]. The four 
monomers docked into the binding site of SS31 and the results are shown 
in Fig. 1H. The compound monomers adopted compact conformations to 
bind at the site of SS31. Detailed analysis showed that different numbers 
of hydrogen bonds with different bond lengths were formed between the 
four monomers and SS31. The maximum binding affinity between DA1, 
DA2, DA3, or DA4 and SS31 were predicted to be − 3.3, − 3.1, − 3.0 and 
− 2.9 kcal/mol, suggesting that the stability order was SS31–DA1 >
SS31–DA2 > SS31–DA3 > SS31–DA4. The above molecular simulations 
provide a rational explanation of the interactions between the four 
monomers and SS31, which indicated that M@S NPs could release SS31 
in response to ROS with the oxidation of MPDA NPs. To further evaluate 
the stability, SS31 with the unoxidized monomer DA1 and the highest 
oxidized monomer DA4 were analyzed by 100-ns molecular dynamics 
simulations based on the docking results. The two monomers were first 
docked into the binding site of SS31 and then molecular dynamics re
finements were performed; results are shown in Fig. 1I. The compound 
monomers adopted compact conformations to bind at the site of the 
peptide. Detailed analysis showed that different numbers of hydrogen 
bonds with different bond lengths were formed between the two 
monomers and SS31 (Fig. 1I). In addition, the total binding free energy 
of the SS31–DA4 complex and the SS31–DA1 complex was calculated 
according to the MMGBSA approach, and the estimated ΔGbind was 
found to be − 3.98 kcal/mol for SS31–DA4 and -5.59 kcal/mol for 
SS31–DA1, suggesting that the SS31–DA1 complex was more stable than 
the SS31–DA4 complex. Furthermore, spectrofluorimetry was used to 

elucidate the ROS-responsive release of M@S NPs. The results showed 
that the amount of SS31 released from MPDA NPs increased with 
increasing ROS concentration (Fig. S2), which was consistent with the 
previous experimental data. In addition, MPDA NPs are pH-responsive 
delivery drugs and are widely used for cancer treatment [52]. Howev
er, due to exposure to internal body fluids or infection, the pH of a 
chronic wound will elevate to become slightly alkaline [53]. In diabetic 
wounds, this weakly alkaline environment will reduce chemical degra
dation of M@S NPs and prolong their function [54]. In summary, these 
results demonstrated that we succeeded in constructing M@S NPs and 
that the NPs responded to ROS. 

3.2. Preparation and characterization of hydrogel 

A multi-crosslinked double-network hydrogel was composed of 
F127DA and HAMA. HA is a crucial component of the ECM [55]. The 
addition of methacrylate to the HA backbone means that HAMA not only 
has significant biocompatibility and biodegradability, but also possesses 
the ability to photopolymerize when exposed to suitable wavelength 
ultraviolet (UV) light [56]. However, we found that the HAMA gel did 
not meet clinical wound dressing requirements. In diabetic wounds, 
with increased hyaluronidase activity and rising ROS levels, HA will be 
rapidly fragmented and degraded [6,57]. Furthermore, approximately 
half of diabetic ulcers are plantar ulcers, while most non-plantar ulcers 
occur in the toes, ankles and elbows [17,48]. In order to effectively 
deliver drugs, more attention should be paid to the mechanical prop
erties of a hydrogel. For example, a hydrogel needs to be adhesive to give 
it the ability to consistently release drugs within the wound [58], while 
its compression and recovery properties must be adequate to prevent 
mechanical rupture [48]. To meet these requirements, we designed a 
composite hydrogel where F127DA micelles were introduced into the 
HAMA network (Fig. 2A). PF127 is an amphiphilic triblock polymer, 
which is widely used due to its superior mechanical characteristics [59]. 
First, the mechanical properties and biocompatibility of different con
centrations of F127DA (F) or HAMA (H) were evaluated. As shown in 
Figs. S3A and S3B, the mechanical properties of double-network 
hydrogel were far ahead of single-network hydrogel, and increasing 
the concentration of F or H strengthened the mechanical properties but 
high concentrations of H decreased the toughness of the hydrogel. The 
biocompatibility of hydrogels is shown in Fig. S4. Compared with 5% 
F+1%H (5 wt% F127DA and 1 wt% HAMA) and 10%F+1%H, the 15% 
F+1%H group contained more dead cells and cell agglomerations, as did 
the 10%F+0.5%H group, compared with 10%F+1%H and 10%F+2%H. 
These results indicated that the mechanical properties of the 
double-network hydrogel were superior to those of the single-network 
hydrogel, and although increasing the concentration of F or H will 
enhance the mechanical properties, a high concentration of F will reduce 
biocompatibility while a high concentration of H will decrease the 
toughness. In summary, a concentration of 10% F and 1% H produced a 
good balance between the mechanical properties and biocompatibility, 
which was also in agreement with a previous study which showed that 
concentrations of 10% F and 1% H resulted in superior photo-initiated 
velocity, flexibility, and drug release rate [60]. Consequently, this 
concentration was chosen for subsequent experiments. A gross view of 
the UV-crosslinking procedure of the four gels (FH hydrogel, FH–SS31 
hydrogel, FH–MPDA hydrogel, and FH–M@S hydrogel) is shown in 
Fig. 2B. 

To examine the mechanical properties of these hydrogels, the 
compression and recovery properties were tested. First, each hydrogel 
was fabricated into columns, then compression tests were carried out 
over the range of 0–60% of strain. The test results of the initial state, 
30% strain, 60% strain and recovered state were recorded (Fig. 2C). 
Compression stress–strain curves are shown in Fig. 2D. These hydrogels 
withstood compression without breaking, and after the compression was 
released, the hydrogels recovered rapidly to their initial shape. We 
calculated the elastic modulus of the hydrogels from the stress–strain 
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curves and the elastic moduli of FH hydrogel, FH–SS31 hydrogel, 
FH–MPDA hydrogel, and FH–M@S hydrogel were 59.47 ± 6.66 kPa, 
57.36 ± 12.25 kPa, 79.72 ± 4.34 kPa and 62.05 ± 6.49 kPa respec
tively, as shown in Fig. 2E. To further determine whether the content in 
the gel affects its gelling abilities, a dynamic rheological test of the gels 
was used to quantitatively describe its sol–gel transition. The oscillatory 
time sweep curve was measured, and when the hydrogels were exposed 
to 405 nm UV light at 56 s, all four hydrogels were immediately trans
formed into the gel state over approximately 60 s. As shown in the re
sults (Fig. 2F), the storage moduli (G′) of the FH, FH–SS31, FH–MPDA 
and FH–M@S were 23.7 kPa, 20.9 kPa, 16.1 kPa and 26.2 kPa 

respectively. These data indicated that due to the negative charges of the 
MPDA and the positive charges of the SS31, the rheological properties of 
the hydrogels might be impacted by the potentials, while the rheological 
property of the hydrogel containing M@S NPs remained steady because 
the potential of the M@S NPs was close to neutral. Interestingly, for the 
precursors of all four types of hydrogels (before exposure to UV), G′ was 
slightly greater than the loss moduli (G"). Previous studies indicated that 
F127, a temperature-sensitive hydrogel, exhibited this phenomenon (G’ 
> G"), at a suitable concentration and temperature [61,62]. F127DA, 
with two vinyl groups added onto the ends of the F127 chain, retains the 
PEO-PPO-PEO tri-block copolymer structure of F127 [49,63], so 

Fig. 2. Characteristics of FH, FH–SS31, FH–MPDA, and FH–M@S hydrogels. (A) Schematic illustration of the elements of the four types of hydrogels. This illustration 
was created with BioRender.com. (B) Photographs of the hydrogel precursor solutions and the corresponding hydrogels. (C) Photographs of the compression process: 
initial state, 30% compression, 60% compression, and recovery. (D) Compressive stress–strain curve of the four types of hydrogels. (E) Elastic modulus of the four 
types of hydrogels. Data are expressed as mean ± SD (n = 3). (F) Rheological performance of the hydrogels, after exposure to 405 nm ultraviolet light. 
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F127DA might also show the same rheological feature as F127. 
Diabetic wounds usually occur in a variety of shapes, and thus, 

compared with pre-formed gels, in situ cross-linkable gels should be 
better able to fully seal the wounds when injected into the wound, 
protecting the wound from infection, while also delivering drugs [64]. 
As shown in Figs. S5A and S5B, within a few seconds after transitory 
photo-crosslinking, the hydrogels and the hydrogel precursor solutions 
could be extruded from a syringe, and thus they could be used to cover 
any shape of irregular diabetic skin defect. The gels adhered onto the 
wound without any extra assistance such as bandages or 3 M adhesives 
[65]. Furthermore, the gels with superior adhesive properties were easy 
to apply and use in physical excision [48,66]. The adhesion of the four 
gels were assessed. These gels were used to adhere two pieces of rat skin 
and the results showed that the skins were closely and firmly adhered by 
the gels and withstood 100 g loads (Fig. S6A). Furthermore, the 
lap-shear test was used to estimate the adhesion of the four gels. As 
shown in Fig. S6B, all groups showed similar maximum adhesive forces, 
with the exception of the FH–MPDA group. These data indicated that 
hydrogel adhesion might also be impacted by the surface potential. As 
mentioned in regard to dynamic rheological testing of hydrogels, the 
negative charges of the MPDA NPs and the positive charges of the SS31 
also impacted hydrogel adhesion, while the potential of the M@S NPs 
was close to neutral and minimized the impact. All the data indicated the 
excellent mechanical properties of the FH hydrogel and also demon
strated that the mechanical properties would not be impacted by the 
M@S NPs. Hence, based on these properties, the gels containing M@S 

NPs were found to meet most of the mechanical property requirements 
for wound dressing. 

3.3. Photothermal performance of M@S NPs in hydrogel 

To examine the photothermal performance of M@S NPs, the changes 
in temperature of hydrogels containing M@S NPs were recorded by 
infrared imaging, after exposure to a laser (808 nm) for 5 min (Fig. 3A). 
With increasing power densities of 0.1 W/cm2, 0.3 W/cm2, 0.5 W/cm2 

and 0.7 W/cm2, the temperature of the hydrogel increased to 28.8 ◦C, 
35.1 ◦C, 38.5 ◦C and 47.2 ◦C respectively (Fig. 3B). Next, the tempera
ture of the hydrogel rapidly increased and then decreased, after 
exposing it to NIR and then turning off the laser (Fig. 3C). The results of 
this test suggested that M@S NPs had good photothermal conversion 
efficiency and good safety so that the skin of a patient will not be burned 
owing to continued heating after turning off the laser. Next, the pho
tothermal stability of M@S NPs was tested. The hydrogel was exposed to 
four cycles of heating and cooling and the photothermal performance of 
M@S NPs was near identical (Fig. 3D), confirming the photothermal 
stability of M@S NPs and the heat resistance of the hydrogel [67]. In 
addition, the FH, FH–SS31, FH–MPDA, and FH–M@S hydrogels were 
treated with NIR. The temperature change curves are shown in Fig. 3E 
and the infrared thermal images of FH hydrogel and FH–M@S hydrogel, 
for example, are shown in Fig. 3F. The results showed that MPDA and 
M@S NPs exhibited similar photothermal capacity and indicated that 
the photothermal capacity of MPDA NPs was not impacted by the 

Fig. 3. Photothermal effect of the four types of hydrogels. (A) Diagram of the photothermal process. This illustration was created with BioRender.com. (B) Laser 
intensity–dependent temperature change curves of FH-M@S hydrogel with NIR (0.1, 0.3, 0.5, and 0.7 W/cm2). (C) “On− off” temperature change of FH–M@S 
hydrogel under 0.7 W/cm2 laser irradiation for 5 min. (D) Photothermal stability of FH–M@S hydrogel over four consecutive photothermal heating (0.7 W/cm2) and 
natural cooling cycles. (E) Temperature change curves of the four types of hydrogels. (F) Infrared thermal images and central temperature of FH and FH–M@S 
hydrogels irradiated by 0.7 W/cm2 laser at 0 s, 60 s, 180 s, and 300 s. 
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attachment of SS31. These data demonstrated that the M@S NPs 
possessed superior photothermal capacity and were competent to act as 
anti-bacterial agents. 

3.4. Antibacterial properties of FH–M@S hydrogel in vitro 

In the treatment of diabetic wounds, bacterial infection is one of the 
most common and thorny challenges, which causes increases in ROS 
level, up-regulation of the expression of proinflammatory cytokines, and 
degradation of ECM and growth factors [68–71]. Based on the above 
impactful photothermal properties of M@S NPs, the NPs were recog
nized as rapid, efficient, and broad-spectrum antibacterial agents [19]. 
In this study, the antibacterial performance of M@S NPs was evaluated 
in vitro. The classical gram-positive bacterium Staphylococcus aureus 
(S. aureus), and gram-negative bacteria Escherichia coli (E. coli) and 
Pseudomonas aeruginosa (P. aeruginosa) were cultured with M@S NPs 
and spread on plates, after treatment with or without NIR (808 nm), to 

characterize the antibacterial properties, as shown in Fig. 4A. In the NIR 
experiments, the laser power was 0.7 W/cm2 and irradiation was per
formed for 10 min. As shown in Fig. 4B, in the absence of laser irradi
ation, the blood plates were occupied by a large number of 
colony-forming units, demonstrating that the antibacterial properties 
against S. aureus, E. coli, and P. aeruginosa were very weak. In contrast, 
after laser irradiation, the MPDA group and M@S group both exhibited 
significant antibacterial activity and the number of colonies of all three 
bacteria were remarkably decreased. Furthermore, the antibacterial 
properties of hydrogels were evaluated by bacterial Live/Dead staining 
assay. As shown in Fig. S7, in the FH group and the FH–SS31 group only 
a few red fluorescent dots were visible, while in the FH–MPDA group 
and the FH–M@S group many dense red fluorescent dots were evident, 
indicating that there were a large number of dead bacteria in the 
FH–MPDA group and the FH–M@S group after exposure to NIR. These 
results indicated that when the MPDA NPs were exposed to NIR, as a 
result of the high NIR absorbance and excellent photothermal 

Fig. 4. In vitro antibacterial properties of M@S NPs under NIR irradiation (808 nm, 0.7 W/cm2). (A) Schematic diagram showing the photothermal antibacterial 
process. This illustration was created with BioRender.com. (B) Photographs of bacterial colony plate counting after exposure to NIR for 10 min. 
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conversion of the MPDA NPs [72], the temperature of the bacterial 
culture rapidly increased and the majority of microorganisms suffered 
irreversible damage caused by a great deal of protein denaturation and 
release of various enzymes [40,41]. Moreover, similar to tannic acid, the 
MPDA NPs were resistant to bacterial infection by contact-active 
mechanisms in that many membrane metallic ions, playing a role in 
bacterial metabolism and some heteromeric proteins, would be chelated 
by the catechol, causing disruption of the bacterial structure to achieve 
the antibacterial effect [41,73]. 

After exposure to NIR, the temperature of the hydrogel increased to 
approximately 45 ◦C, a mild temperature, which not only effectively 
kills bacteria and reduces necrosis of normal cells [74,75], but also 
promotes blood circulation and angiogenesis in wounds [76,77]. In 
addition, shining a low-level laser onto the wound will enhance the 
proliferation, differentiation, and migration of fibroblasts and endo
thelial cells, and increase collagen deposition and neovascularization 

[78,79]. Collectively, exposure to NIR, mild heat and low-level laser 
therapy can combat bacteria and accelerate wound healing. 

3.5. Release, cell uptake, and mitochondrial targeting of SS31 in vitro 

As mentioned earlier, SS31 is a mitochondria-targeting peptide 
which attaches to the mitochondrial inner membrane, resulting in the 
acyl chains of cardiolipin not contacting cytochrome C [72]. Conse
quently, the rate-limiting step of the ETC, with cytochrome C acting as 
an electron carrier commuting between complex III and complex IV, can 
proceed smoothly, especially under hyperglycemic conditions [13,22]. 
In addition, the efficiency of electron transport, OXPHOS, and the pro
duction of ATP, all improve, electron leaks are reduced and the output of 
ROS is decreased (Fig. 5A) [13,80]. 

In order to investigate cell uptake and the mitochondrial targeting 
ability of SS31, we prepared FITC-labeled SS31 (SS31-FITC). After 

Fig. 5. Targeted uptake and mechanisms of action of SS31. (A) Schematic diagram showing the mechanism of SS31. This illustration was created with BioRender. 
com. (B) Representative confocal images of cellular uptake of SS31-FITC. SS31-FITC is shown in green, and mitochondria are shown in red. Scale bar, 100 μm. (C) 
Fluorescence microscopic images of JC-10 assay to measure mitochondrial membrane potential in Rosup-stimulated cells after different treatments. The red fluo
rescence represents JC-10 aggregates and the green fluorescence represents JC-10 monomers. Scale bar, 100 μm. (D) SS31 (purple sticks) docked into the binding site 
of cardiolipin (green sticks). 
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treatment of cells with SS31-FITC, confocal laser scanning microscopy 
(CLSM) was used to observe the outcome. As shown in Fig. 5B, the green 
fluorescence (SS31) and red fluorescence (Mito-Tracker) could be 
merged together. These results indicated that SS31 could be taken up by 
cells and targeted to mitochondria. Next, the JC-10 assay was used to 
evaluate the effect of SS31 on mitochondrial membrane potential. As 
shown in Fig. 5C, when Rosup, a ROS-inducing agent [81,82], was 

added into the cell culture medium to imitate high-glucose conditions 
with high levels of ROS, much of the JC-10 monomer (green) could not 
agglomerate into JC-10 aggregates (red) in the mitochondrial matrix, 
while when SS31 was added into the Rosup-supplemented cell culture 
medium, SS31 inhibited the effects of Rosup and enhanced the mito
chondrial membrane potential [83,84]. Furthermore, we used molecular 
docking analysis to confirm the binding between cardiolipin and SS31. 

Fig. 6. Exploring the biological functions of SS31. (A) Volcano plot visualization of the differentially-expressed genes in response to SS31 treatment. (B, C, D, E) The 
results of GO, KEGG, Reactome, and WikiPathways pathway enrichment analysis after RNA sequencing (RNA-seq). (F, G) The relative mRNA expression level of pro- 
inflammatory cytokines (IL-1β and TNF-α) and anti-inflammatory cytokines (IL-4 and IL-13) after treatment with SS31. Data are expressed as mean ± SD (n = 3). **, 
p < 0.01 compared with the control group, and ***, p < 0.001 compared with the control group. 
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As shown in Fig. 5D, the estimated binding energy was − 4.5 kcal/mol. 
SS31 adopted a compact conformation to bind at the site of the car
diolipin. The fatty chain of the cardiolipin formed strong hydrophobic 
interactions with the residue Phe-4 of SS31. Detailed analysis showed 
that three hydrogen bond interactions formed between the cardiolipin 
and the SS31 (bond lengths: 2.4, 2.2, 2.5 Å), which was the main 
interaction between the cardiolipin and the SS31. Above all, these data 
showed that the SS31 attached to MPDA NPs entered into mitochondria 
and interacted with cardiolipin in the mitochondrial inner membrane 
thus enhancing mitochondrial function. 

3.6. Exploring the biological functions of SS31 

To further determine the potential molecular mechanisms of SS31, 
RNA sequencing (RNA-seq) was used to explore the changes in HMEC-1 
after treatment with SS31. As shown in the volcano plots (Fig. 6A), we 
identified 156 significant differentially-expressed genes (DEGs), of 
which 31 were upregulated and 125 were downregulated. These DEGs 
were then used for pathway enrichment analysis. The GO (Fig. 6B), 
KEGG (Fig. 6C), Reactome (Fig. 6D), and WikiPathways (Fig. 6E) anal
ysis all revealed the involvement of several inflammatory signaling 
pathways, including Toll-like receptor signaling (TLR) pathway and 
NIK/NF-kappaB signaling, many inflammation factor signaling path
ways, such as tumor necrosis factor (TNF), interleukin (IL)-1, IL-18, IL-4, 
IL-10, and IL-13, and matrix metalloproteinases (MMPs). Moreover, 
there were also many ECM-related pathways, such as ECM organization, 
cell surface interactions at the vascular wall, collagen degradation, ECM 
proteoglycans, and ECM degradation. In addition, these databases tip
ped some cell proliferation and apoptosis signaling pathways, such as 
positive regulation of ERK1 and ERK2 cascades, PI3K-Akt-mTOR- 
signaling pathway, and apoptotic cell clearance. Moreover, we found 
some interesting signaling pathways: type II diabetes mellitus and burn 
wound healing. This pathway enrichment analysis of the DEGs indicated 
that SS31 regulates the inflammatory response and impacts cell prolif
eration and apoptosis. Next, qRT-PCR assays were used to confirm the 
changes in the expression levels of inflammation-related cytokines. As 
shown in Fig. 6F and G, SS31 significantly decreased expression of the 
pro-inflammatory cytokines, IL-1β and TNF-α, and strikingly enhanced 
expression of the anti-inflammatory cytokines, IL-4 and IL-13. Mean
while, western blotting showed that after treatment with SS31, the 
quantity of IκB-α, an NF-κB inhibitor, was increased (Fig. S8). A previous 
study reported that inhibiting the MyD88-dependent TLR pathway in
hibits activation of IRAK family kinases, self-ubiquitination of TRAF-6 
and activation of ubiquitin-dependent kinase, subsequently inhibiting 
the activation of IκB kinase (IKK) which results in the phosphorylation 
and degradation of IκB-α [85]. With the decreased degradation of IκB-α, 
IκB-α inhibits the activation of NF-κB, leading to decreased expression of 
pro-inflammatory cytokines. Combining the results of RNA-seq, 
qRT-PCR, and western blotting, we speculated that SS31 might inhibit 
the MyD88-dependent TLR pathway, inhibit the degradation of IκB-α, 
and decrease the expression level of pro-inflammatory cytokines. In 
addition, SS31 was found to associate strongly with the signaling 
pathway of PI3K-Akt-mTOR, which plays crucial roles in regulating 
vascularization [86,87], and promotes M2 macrophage polarization to 
secrete anti-inflammatory factors [88]. As shown in Fig. 6G and Fig. S8, 
SS31 upregulated the phosphorylation levels of Akt and mTOR and 
enhanced the expression level of IL-4 and IL-13. These results indicated 
that SS31 activated angiogenesis-associated signaling pathways, upre
gulated expression of pro-angiogenic factors, and promoted angiogen
esis. Consequently, we concluded that SS31 could be used to manage 
diabetic wound healing by inhibiting inflammation and apoptosis and 
promoting cell proliferation and angiogenesis. 

3.7. Migration, antioxidation, vascularization, and macrophage 
polarization of M@S NPs 

Cell migration plays a crucial role in wound healing, for example, 
endotheliocyte migration promotes vascularization and fibrocyte 
migration accelerates wound closure [89]. To ascertain the impacts of 
M@S NPs on cell migration, the transwell assay was used to assess the 
effect of M@S NPs on migration of HMEC-1 and HFF-1. After HMEC-1 
and HFF-1 passed through the transwell membrane and adhered to the 
lower surface, the membranes were stained with crystal violet and the 
results and experimental procedure are shown in Fig. 7A and B. 
Compared to the control group, both HMEC-1 and HFF-1 treated with 
SS31, MPDA NPs, or M@S NPs showed enhanced migration, with the 
M@S group showing the best effect followed by the MPDA group and the 
SS31 group (Fig. S9). These effects may be caused by SS31 increasing the 
production of ATP which enhances migration of fibroblasts and endo
thelial cells [90,91], while the bioactive functional groups of MPDA NPs, 
such as quinone and phenolic hydroxyl groups, promote cell adhesion 
and migration [92,93]. The M@S NPs have superior ability to protect 
cells from damage by ROS, because of their properties of scavenging 
ROS and reducing production of mtROS [23,24,94]. To confirm the 
ROS-scavenging property of M@S NPs in vitro, 2′,7′-dichlorofluorescein 
diacetate (DCFH-DA), a fluorescent probe of ROS, was used to evaluate 
the intracellular ROS level, after HMEC-1 were stimulated by Rosup. The 
results showed that levels of ROS were low under normal conditions, 
while the level of ROS was dramatically increased following stimulation 
with Rosup. After treatment with SS31, MPDA NPs, or M@S NPs, the 
levels of ROS significantly decreased (Fig. 7C), indicating their excellent 
antioxidative activity. Under chronic hyperglycemic conditions, a large 
number of ROS were produced and in order to mimic a pathologic 
setting, the effects of M@S NPs in inhibiting cell death were investigated 
under high-ROS conditions. Therefore, Rosup was added to cell culture 
medium to induce cell death by promoting ROS production, and the 
Live/Dead assay was used to evaluate the ability of M@S NPs to inhibit 
cell death. After treatment with Rosup, cell death would be induced in 
the Rosup group, and morphological analysis of residual cells showed 
they were curled up into a ball. In contrast, in the Rosup + SS31, Rosup 
+ MPDA, and Rosup + M@S groups, only a few cells appeared apoptotic 
(Fig. 7C). These results indicated that SS31, MPDA NPs, and M@S NPs 
all inhibited cell death efficiently. Next, the effects of M@S NPs on 
vascularization in vitro by HMEC-1 were also investigated after Rosup 
treatment. As shown in Fig. 7C and Fig. S10, all cells were cultured on 
Matrigel, and all treated with Rosup except the control group. The re
sults showed that HMEC-1 cells of the control group migrated and 
self-assembled into capillary-like networks. Under ROS-inducing con
ditions, the tube formation ability of HMEC-1 was significantly reduced. 
In contrast, when cells were cultured on Matrigel with M@S NPs, the 
effects of Rosup were reversed and the mesh formation abilities of 
HMEC-1 were restored. In diabetic wounds, persistent inflammation is in 
large part caused by dysregulated macrophage polarization [89]. 
Consequently, the effects of M@S NPs on macrophage polarization were 
also investigated. As shown in Fig. 7D and Fig. S11, compared with the 
control group, SS31, MPDA NPs, and M@S NPs significantly down
regulated the expression of iNOS (a marker of M1-like macrophages) 
and induced the expression of CD206 (a marker of M2-like macro
phages), with the effects being most marked in the M@S NPs group. 
These findings indicated that M@S NPs strikingly enhanced M2 
macrophage polarization and suppressed M1 macrophage polarization. 

3.8. Biocompatibility, antioxidation and macrophage polarization of 
FH–M@S hydrogel in vitro 

Next, we evaluated the biocompatibility of these hydrogels in vitro. 
After co-culture for 3 days, the Live/Dead assay showed that there were 
no obvious differences between any of the groups, most cells exhibited 
green fluorescence and few dead cells were present (Fig. 8A). Scanning 
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electron microscopy (SEM) was used to check the adhesive ability of 
cells seeded onto different hydrogels. As shown in Fig. S12, HMEC-1 
attached onto the surface of all hydrogels, and in the FH–M@S hydro
gel group, there were many intercellular links between adjacent cells. 

These data illustrated that the FH–M@S hydrogel has excellent cyto
compatibility and provides a good environment for cell growth. 
Furthermore, the co-culture methods for hydrogel and cells were used to 
assess the ROS-scavenging property of FH–M@S hydrogel (Fig. 8B and 

Fig. 7. Biological effects of M@S NPs in vitro. (A) Evaluation of migration of HMEC-1 and HFF-1 treated with different substrates for 12 h. Scale bar, 200 μm. (B) 
Schematic diagram showing performance of the transwell assay. This illustration was created with BioRender.com. (C) Fluorescence images of intracellular ROS 
analysis with DCFH-DA in Rosup-stimulated cells after different treatments. Scale bar, 100 μm. Fluorescence images of the Live/Dead assay revealed the anti- 
apoptosis effect of Rosup stimulation in cells after different treatments. Scale bar, 200 μm. Tube-formation assay of HMEC-1 in Rosup-stimulated cells after 
different treatments. Scale bar, 200 μm. (D) Fluorescence images of macrophage polarization after different treatments (red: iNOS; green: CD206; blue: cell nuclei). 
Scale bar, 50 μm. 
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C). The results showed that compared with FH hydrogel, the hydrogels 
containing SS31, MPDA NPs, or M@S NPs displayed antioxidative 
properties and the FH–M@S hydrogel was the best. In addition, the ef
fect of FH–M@S hydrogel on macrophage polarization was assessed by 
flow cytometry (Fig. 8D). In M1 macrophage polarization, the FH–SS31 
group displayed the lowest proportion of CD86-positive macrophages 
followed by the FH–M@S group and the FH–MPDA group, indicating the 
great effect of SS31 in inhibiting M1 polarization. Compared to the 

FH–M@S group, the FH–SS31 group showed significant superiority, 
which may be because SS31 was quickly released from the hydrogel to 
act on macrophages, while M@S NPs slowed the release of SS31 
resulting in only some of the SS31 functioning. In M2 macrophage po
larization, the FH–M@S group exhibited the best performance in pro
moting M2 macrophage polarization. These results showed that 
FH–M@S hydrogel has superior properties of inhibiting M1 macrophage 
polarization and promoting M2 macrophage polarization. 

Fig. 8. Biocompatibility and biological effects of FH–M@S hydrogel in vitro. (A) Live/Dead staining of HMEC-1 and HFF-1 with different hydrogels after co-culture 
for 3 days. Scale bar, 200 μm. (B) Fluorescence images of intracellular ROS analysis with DCFH-DA in Rosup-stimulated cells after co-culture with different hydrogels. 
Scale bar, 100 μm. (C) Schematic diagram showing performance of the co-culture hydrogel and cells. This illustration was created with BioRender.com. (D) Flow 
cytometric analysis of M1 macrophage (F4/80+ and CD86+) and M2 macrophage (F4/80+ and CD206+) polarization after co-culture with different hydrogels. 
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3.9. Diabetic wound healing performance of FH–M@S hydrogel in vivo 

The incidence of diabetic wounds has been increasing and their 
prevention and treatment are considered one of the great challenges 
facing all countries in the world [95]. One of the main causes is the high 
oxidative stress level in the wound caused by diabetic hyperglycemia 
and bacterial infection [70,96]. Based on the aforementioned results, 
hydrogels containing M@S NPs with strong ROS scavenging capacity 
and antibacterial properties were used to treat diabetic wounds, to 
ascertain whether they could meet the requirements for augmenting 
diabetic wound healing. First, a diabetic SD rat model was established by 
intraperitoneal injection of streptozotocin (STZ) [97,98]. After suc
cessful establishment of the model, confirmed by blood glucose levels 
>16.7 mmol/L on two consecutive days after injection of STZ [99], a 
full-thickness wound model was established in diabetic rats. The wounds 
on each rat were distributed into five groups and were sealed with 

different wound dressings by application of different hydrogels using 
syringes, except for the control group which was covered with gauze 
with no other treatment. Then, these hydrogels were exposed to laser 
irradiation (808 nm, 0.7 W/cm2) for 10 min, in order to simulate, in 
clinical application, the exposure of hydrogels to NIR, conferring on 
them the ability to kill bacteria and inhibit biofilm formation. The 
wound healing process was then observed and recorded on days 0, 5, 7, 
and 14 as shown in Fig. 9A and B, and the experimental procedure is 
shown in Fig. 9C. On day 5, the control group (87.84 ± 3.90% 
remaining) showed minimal healing and the FH group (77.24 ± 3.22% 
remaining) also showed only a weak effect on accelerating wound 
healing, while the groups treated with FH–SS31 hydrogel (62.59 ±
2.04% remaining) or FH–MPDA hydrogel (65.55 ± 4.15% remaining) 
both exhibited faster wound closure, and the size of the wound in the 
FH–M@S group, in which only 46.31 ± 1.55% of the wound area 
remained to be healed, was remarkably decreased compared with the 

Fig. 9. FH–M@S hydrogel accelerated wound healing in vivo. (A) Representative photographs of diabetic cutaneous wounds of control, FH, FH–SS31, FH–MPDA, and 
FH–M@S hydrogel groups at days 0, 5, 7, and 14 after surgery. (B) Quantitative analysis of the unhealed area relative to the original area at day 5, day 7, and day 14 
after surgery. Data are expressed as mean ± SD (n = 3). *, p < 0.05 compared with the control group, ****, p < 0.0001 compared with the control group. (C) 
Schematic diagram showing the experimental procedure in vivo. This illustration was created with BioRender.com. 
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other groups. On day 7, the wound healing-promoting properties of 
FH–M@S hydrogel, FH–SS31 hydrogel, and FH–MPDA hydrogel 
appeared more pronounced, especially the FH–M@S group which al
ways exhibited the best wound closure effects, with only 26.57 ± 3.84% 
of the wound area remaining. After 14 days, although the wounds were 
almost closed in all groups, the wounds of the FH–M@S group were 
closest to fully healed. In the treatment of diabetic wounds, hydrogel 
seemed to be one of the most desirable candidates for wound dressing 
due to its similar structure to ECM, and properties including formation 
of a physical barrier and delivery of bioactive molecules [100,101]. 
Although there are many kinds of hydrogel available which exhibit 
various functions, many hydrogels failed to promote diabetic wound 

healing when applied in vivo, because a single-function hydrogel will not 
solve the multiple interconnected problems of nonhealing wounds 
[102]. To promote diabetic wound healing, many multi-functional 
hydrogels have emerged. For example, a bioactive hydrogel can 
deliver bioactive agents such as antibiotics, growth factors, and drug 
molecules, and an adhesive hydrogel can maintain close contact with a 
wound to prolong the acting time even in a wound filled with fluid [103, 
104], while some hydrogels can enhance wound contracture to accel
erate wound healing [105,106]. When a model diabetic wound was 
treated with FH hydrogel, the wound-healing performance was no better 
than the control group. This result may be because the FH hydrogel, not 
delivering any bioactive ingredients, failed to improve the overall 

Fig. 10. Histological staining and immunofluorescence (IF) to evaluate wound healing. (A) H&E staining images of wound sections at day 14 after surgery. Scale bar, 
1 mm. (B) Histological images of Masson’s trichrome staining of wound sections at low and high magnification. Low magnification scale bar = 200 μm and high 
magnification scale bar = 50 μm. (C) 3D reconstructions of blood vessels from micro-CT at day 7 after surgery. (D) IF co-staining for α-SMA (green), CD31 (red) and 
DAPI (blue). Scale bar, 500 μm. 
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wound condition, and influenced wound contraction. In summary, 
compared with the control group, the FH group showed no significant 
difference, while the wounds treated with FH–SS31 hydrogel, FH–MPDA 
hydrogel, and FH–M@S hydrogel closed in remarkably shortened time 
and the effect of FH–M@S hydrogel was the best. 

3.10. Histological staining and immunofluorescence to evaluate wound 
healing 

Because gross morphology showed that wound healing had almost 
resulted in closure on day 14, in order to further evaluate wound heal
ing, tissue samples were collected on day 14 and histological sections 
were observed by hematoxylin and eosin (H&E) staining and Masson’s 
trichrome staining. The H&E staining (Fig. 10A) showed that, compared 
with the control group, wounds treated with FH hydrogel showed 
accelerated wound healing. Meanwhile in the wounds treated with the 
four types of hydrogels, the FH–M@S hydrogel group exhibited faster 
wound healing than the wounds covered with FH, FH–SS31, or 
FH–MPDA hydrogel. Furthermore, the wound treated with FH–M@S 
hydrogel appeared similar to normal skin not only in terms of re- 
epithelialization, but also regenerated skin appendages, which spread 
throughout the regenerated skin tissue. In addition, Masson’s trichrome 
staining was used to assess the quantity and quality of collagen fibers in 
the wound, with blue color representing the content of collagen, and the 
wavy shape and oriented arrangement indicating collagen maturity 
[107,108]. As shown in Fig. 10B and Fig. S13, although the wounds 
covered with FH–SS31 hydrogel and FH–MPDA hydrogel exhibited a 
large amount of collagen formation, the wounds treated with FH–M@S 
hydrogel showed the greatest amounts and the most orderly arrange
ment of collagen fibers in the wound. All the results confirmed that the 

FH–M@S hydrogel had superior efficacy in promoting wound healing. 
Vascularization plays a crucial role in wound healing, by providing 

sufficient nutrition and oxygen for tissue reconstruction [5,109]. We 
used 3D micro-CT reconstruction of the perfused blood vessels to eval
uate vascular formation after 7 days of treatment. As seen in Fig. 10C, 
the wounds treated with FH–M@S hydrogel had the greatest volume of 
vessels, while the FH–SS31 hydrogel group and the FH–MPDA hydrogel 
group also exhibited a large amount of neovascular formation. Immu
nofluorescence analysis of CD31 and α-SMA was then used to evaluate 
the neovascularization and mature blood vessel formation at day 14. As 
shown in Fig. 10D and Fig. S14, the results revealed that, compared with 
the control group, the four hydrogel groups showed a higher degree of 
vessel formation. Meanwhile, among the hydrogel groups, the FH–M@S 
group exhibited the highest degree of vessel formation regardless of the 
quantity of neovasculature or vessel maturity, followed by the FH–SS31 
group, the FH–MPDA group, and then the FH group. These results 
implied that the FH–M@S hydrogel facilitated vessel formation and then 
recontraction of skin tissue. 

In addition to skin healing, immunoregulation is crucial to the 
treatment of diabetic wounds, and macrophages play an important role 
in the immune response [110]. Immunofluorescence analysis of CD86 (a 
marker of M1-like macrophages) and CD206 was used to evaluate the 
M1 macrophages and M2 macrophages respectively. As shown in 
Fig. 11A and Fig. S15, many M1 macrophages were detected in the 
control group and the FH group, while a few M1 macrophages were 
detected in the FH–SS31 group and the FH–MPDA group, and the fewest 
M1 macrophages were detected in the FH–M@S group. Furthermore, the 
FH–M@S hydrogel group exhibited the largest number of M2 macro
phages, followed by the FH–SS31 hydrogel group, the FH–MPDA 
hydrogel group, the FH group and finally the control group. These 

Fig. 11. IF to evaluate macrophage polarization and expression of pro-inflammatory cytokines in wound healing. (A) IF staining of CD86 (red), CD206 (green), and 
DAPI (blue). Scale bar, 50 μm. (B) IF staining of IL-1β (red), TNF-α (red), IL-6 (red), and DAPI (blue). Scale bar, 50 μm. 
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results indicated that the FH–M@S hydrogel is well able to modulate 
macrophage polarization. Moreover, inflammatory cytokines play a 
crucial role in wound healing, and we evaluated the expression of some 
typical pro-inflammatory cytokines in vivo, including IL-1β, IL-6 and 
TNF-α (Fig. 11B and Fig. S16). The control group exhibited the highest 
expression of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α, 
followed by the FH group, the FH–MPDA group and the FH–SS31 group, 
with the FH–M@S group showing the lowest expression of 
pro-inflammatory cytokines. These results suggested that the FH–M@S 
hydrogel decreased the expression of pro-inflammatory cytokines. 

In the diabetic wound microenvironment, chronic hyperglycemia 
causes serious problems, including bacterial infection, mitochondrial 
dysfunction, overproduction of ROS, and microvascular dysfunction. 
Chronic bacterial infection increases oxidative stress and causes persis
tent inflammation and tissue necrosis [111]. Mitochondrial dysfunction 
attenuates OXPHOS and ATP production, and causes leakage of a large 
number of mtROS. Microvascular dysfunction reduces oxygen and 
nutrition delivery and hinders wound healing [112]. A mass of ROS 
accumulation in the wound will not only lead to endothelial dysfunction 
and hinder angiogenesis, but also prevent macrophages from shifting 
between the pro-inflammation phenotype (M1) and the 
anti-inflammation phenotype (M2), resulting in secretion of a lot of 
pro-inflammatory cytokines and persistent inflammation [113–116]. 
Among these problems caused by chronic hyperglycemia, the over
production of ROS, which is primarily derived from the mitochondrial 
respiratory chain, plays a crucial role [9,117]. As 
hyperglycemia-induced mtROS increase, some biochemical pathways 
are activated, such as increased production of advanced glycation end 
products (AGEs), and activation of protein kinase C, resulting in 
microvascular damage and promoting M1 macrophage polarization [12, 
89]. Although there are various anti-oxidative treatments available, 
these antioxidants come with some drawbacks. For example, natural 
antioxidants usually need to be administered at a high dose to achieve 
effective concentrations because of their lack of mitochondrial targeting 
or hydrophobicity [14], and some enzyme-mimicking nanomaterials 
have shown excellent antioxidant abilities, but may cause genotoxicity 
or produce cytotoxic hydroxyl free radicals via peroxidase activity [112, 
115]. In addition, scavenging ROS indiscriminately or transforming one 
type of ROS to another will impact physical metabolism [6,118]. SS31 
targets mitochondria, stabilizing mitochondrial function, and 
decreasing production of mtROS by stabilizing the ETC and reducing 
electron leakage [23,31], and MPDA NPs have excellent 
ROS-scavenging properties due to their many phenol groups [42]. The 
synergistic effect of MPDA NPs and SS31 can break the positive feedback 
loop of ROS and block inflammation. 

In chronic inflammation of diabetic wounds, macrophage polariza
tion is of great importance. M1 macrophages secrete pro-inflammatory 
cytokines (e.g., IL-1β, IL-6, and TNF-α) and recruit more inflammatory 
cells, while M2 macrophages secrete anti-inflammatory cytokines (e.g., 
IL-4, IL-10, and IL-13) and growth factors (e.g., EGF, TGF-β and VEGF) to 
accelerate wound healing [119]. In diabetic wounds, a high ROS envi
ronment impairs macrophage polarization, leading to a lot of inacti
vated macrophages differentiating into M1 macrophages rather than M2 
macrophages [99], and resulting in chronic inflammation and 
non-healing wounds [120]. We treated diabetic wounds with FH–M@S 
hydrogel, as M@S NPs exhibited excellent anti-inflammatory and anti
oxidant effects, SS31 targeted mitochondria to decrease mtROS leakage, 
and MPDA NPs also scavenged ROS in the ECM (Figs. 7C and 8B), 
decreasing ROS accumulation in the diabetic wound, promoting the 
macrophage phenotypic switch from M1 to M2 thus restoring macro
phage function (Fig. 11A), and promoting switching of the inflammatory 
phase to the proliferation stage [121]. In addition, in inhibiting M1 
macrophage polarization and promoting M2 macrophage polarization, 
the performance of SS31 was better than MPDA NPs (Figs. 7D, 8D and 
11A). The results of RNA-seq, after treatment with SS31, indicated 
activation of many inflammation-related signaling pathways. 

Consequently qRT-PCR and western blot assays were used to confirm the 
relationship between SS31 and inflammation. The results showed that 
SS31 increased the quantity of IκB-α, which regulates activation of the 
NF-κB signaling pathway [85], and inhibited the expression of 
pro-inflammatory cytokines, such as IL-1β and TNF-α (Fig. 6F). The re
sults of immunofluorescence staining in vivo also confirmed that SS31 
inhibited the expression of pro-inflammatory cytokines (Fig. 11B). In 
addition, FH–M@S hydrogel showed excellent photothermal properties, 
and it also exhibited good antibacterial properties to reduce ROS pro
duction and inflammation, after irradiation with NIR (Fig. 4B and 
Fig. S7). Photothermal therapy (PPT) will cause cells around the 
hydrogel to produce a lot of ROS and may destroy normal cells [20]. 
However, in contrast to other photothermal agents, the large number of 
phenol groups in MPDA NPs can scavenge ROS, and SS31 also targets 
mitochondria to reduce oxidative stress, therefore, the adverse impact of 
PPT can be minimized. 

In the diabetic wound microenvironment, chronic hyperglycemia 
induces microvascular dysfunction, resulting in chronic hypoxia and 
ischemia [122]. Besides, many studies have suggested that microvas
cular destruction is attributable to overproduction of superoxide free 
radicals, endothelial apoptosis and chronic inflammation [96,123,124]. 
Previous studies indicated that SS31 was used to treat ischemic disease 
or ischemia–reperfusion injury such as ischemic stroke and acute kidney 
injury [33,125], because it prevented mitochondrial swelling, preserved 
cristae membranes, managed ATP production, and reduced apoptosis, 
necrosis and oxidative stress [13]. When diabetic wounds were treated 
with FH–M@S hydrogel, ROS in the wound microenvironment caused 
MPDA NPs to respond releasing a quantity of SS31. After SS31 activity is 
targeted to mitochondria, the production of mtROS will decrease via 
stabilization of the ETC and reduction of electron leakage [23,31], and 
more ATP can be used to rescue vascular formation by enhancing 
mitochondrial function. As a result of attenuating oxidative stress, many 
inflammatory signaling molecules will not activate, allowing cells to 
break out of the state of prolonged inflammation and enter a prolifera
tive phase [8]. Meanwhile, strengthening oxidative stress management 
promotes M2 macrophage polarization, which enhances growth factor 
secretion to promote angiogenesis [126]. In addition, SS31 also activates 
the PI3K/AKT/mTOR pathway to enhance endothelial cell migration 
and proliferation, and thus promote angiogenesis. SS31 also reduces 
mitochondrial permeability transition pore opening and rejuvenates 
mitochondrial function, resulting in inhibition of apoptosis [127,128]. 
Consequently, the FH–M@S hydrogel is able to promote neo
vascularization and accelerate wound healing. 

In summary, when a diabetic wound is treated with FH–M@S 
hydrogel, MPDA NPs and SS31 released from the hydrogel can exert a 
synergistic effect in combating bacteria, scavenging ROS, enhancing 
mitochondrial function, promoting cell proliferation, inhibiting 
apoptosis, promoting angiogenesis and ultimately promoting wound 
healing (Fig. 12). 

3.11. Biocompatibility of FH–M@S hydrogel in vivo 

The biocompatibility of FH–M@S hydrogel was assessed in vivo. At 
day 21, the major tissues including heart, spleen, liver, and kidney were 
collected and examined after H&E staining. As shown in Fig. S17, 
compared with the control group, no obvious differences were found in 
the hydrogel groups, indicating good biosafety of FH–M@S hydrogel in 
vivo. 

The FH–M@S hydrogel dressing was considered suitable for pro
moting healing of diabetic cutaneous wounds. It not only meets the basic 
criteria for an acceptable wound dressing, adapting to wounds of various 
shapes and at different sites, but it also has anti-bacterial, pro-angio
genic, and inflammation-inhibiting actions and reduces oxidative stress. 
In addition, the biosafety of the main bioactive molecules, SS31 and 
MPDA NPs, is also acknowledged [13,37], and the assembly process is 
convenient, fast, safe, and cost effective. Hence, the FH–M@S hydrogel 
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has enormous potential in diabetic wound therapy [129]. 
Although we have extensively evaluated and explored FH–M@S 

hydrogel performance in vitro and in vivo, more research is still required 
to investigate the effect of SS31 in diabetic wounds. Moreover, bacterial 
infection plays an important role in diabetic wounds, thus a diabetic 
wound infection model should be established to assess the in vivo pho
tothermal antibiofilm properties of FH–M@S hydrogel. In this study, we 
detected only small portion evidence of M@S NPs that was related to 
neovascularization and fibrogenesis, so more thorough and direct evi
dence is needed to reveal the detailed mechanism. 

4. Conclusion 

Altogether, we succeeded in fabricating a simple and economical 
FH–M@S hydrogel dressing for diabetic wound healing with sustained 
and ROS-responsive release of SS31. The hydrogel, as a delivery vehicle, 
exhibits excellent adhesion, injectability and compression and recovery 
properties. In vitro, the M@S NPs promote adhesion, migration and 
angiogenesis, scavenge ROS and regulate macrophage polarization, and 
the hydrogel can be used as a photothermal therapy agent for sterili
zation. The FH–M@S hydrogel dressing accelerates re-epithelialization, 
collagen fiber deposition and neovascularization, contributing to pro
moting diabetic wound closure and reconstruction of skin appendages. 

The mechanism is likely related to the fact that SS31 stabilizes mito
chondrial function, reduces ROS production, increases ATP synthesis, 
inhibits inflammation, and regulates macrophage polarization. Our 
findings demonstrate that the FH–M@S hydrogel has great potential for 
diabetic wound therapy. 
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