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through inhibiting stimulator of interferon
genes to promote diabetic wound healing
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Abstract

Excessive production of reactive oxygen species (ROS) and inflammation are the key problems that impede diabetic
wound healing. In particular, dressings with ROS scavenging capacity play a crucial role in the process of chronic
wound healing. Herein, Zr-based large-pore mesoporous metal-organic frameworks (mesoMOFs) were success-
fully developed for the construction of spatially organized cascade bioreactors. Natural superoxide dismutase (SOD)
and an artificial enzyme were spatially organized in these hierarchical mesoMOFs, forming a cascade antioxidant
defense system, and presenting efficient intracellular and extracellular ROS scavenging performance. In vivo experi-
ments demonstrated that the SOD@HMUIO-MnTCPP nanoparticles (S@M@H NPs) significantly accelerated diabetic
wound healing. Transcriptomic and western blot results further indicated that the nanocomposite could inhibit fibro-
blast senescence and ferroptosis as well as the stimulator of interferon genes (STING) signaling pathway activation
in macrophages mediated by mitochondrial oxidative stress through ROS elimination. Thus, the biomimetic multi-
enzyme cascade catalytic system with spatial ordering demonstrated a high potential for diabetic wound healing,
where senescence, ferroptosis, and STING signaling pathways may be potential targets.
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Schematic diagram showing the proposed mechanism that S@M@H NPs promoted diabetic wound healing

Introduction

Diabetes is a metabolic disease typically characterized
by high blood sugar [1]. To date, more than 500 million
people worldwide have diabetes. According to statis-
tics, the incidence of diabetes among people aged 20-79
reached 10.5% in 2021 and is expected to rise to 12.2% in
2045 [2, 3]. Global health expenditure related to diabetes

is estimated to be around $ 966 billion, creating a huge
economic burden. Delayed wound healing is one of the
most common complications of diabetes. More than 25%
of patients with diabetes experience delayed wound heal-
ing. According to statistics, the 5-year mortality rate of
patients with amputation, due to poor treatment of dia-
betic foot ulcers, is as high as 39-68% [4, 5]. Therefore,
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the promotion of diabetic wound healing is of great clini-
cal significance as it is conducive to diabetic foot wound
management, alleviates diabetic complications, and
improves the quality of life of patients. Finding new ther-
apy targets and developing innovative diabetic wound
care treatments have the potential to generate significant
economic benefits.

The oxidative stress microenvironment is a crucial fac-
tor that impairs wound healing [6, 7]. Reactive oxygen
species (ROS), such as H,0, and superoxide anion, are
produced as metabolites under physiological conditions
in vivo and play a key role in the regulation of cell func-
tions. However, an overproduction of ROS will subject
cells to oxidative stress, inducing a variety of deleterious
cellular responses (e.g., apoptosis and necrosis), and trig-
gering a myriad of pathologies, including atherosclerosis,
neurodegeneration, inflammation, aging, hemochroma-
tosis, and even cancer [8—10]. In diabetic wound healing,
both local high glucose and chronic inflammation could
lead to the overproduction of ROS, depletion of endog-
enous SOD enzymes, and redox imbalance [11-13].
Wound healing is a complex pathophysiological process
including hemostatic, inflammatory, proliferating, and
remodeling phases. After hemostasis phase, immune
cells are recruited to the wound and secrete inflamma-
tory factors to remove necrotic cells, extracellular matrix,
and bacteria in the microenvironment, and stimulate
angiogenesis simultaneously. Then, the inflammation
gradually disappears, and the wound healing enters pro-
liferating and remodeling phases. In the diabetic wound
healing, the wound stagnates in the chronic inflamma-
tory stage, which is not conducive to wound healing [14].
Overexpression of ROS activates inflammatory signal-
ing pathways such as NF-«b, and enlarges inflammatory
responses, which promotes matrix metalloproteinases
production so that the wound healing process stays in
its inflammatory stage [15]. Excessively produced matrix
metalloproteinases degrade the extracellular matrix and
hinder wound repair [2]. In general, oxidative stress and
chronic inflammation constitute the microenvironment
of diabetic wound and delay wound healing. However, the
mechanism of oxidative stress to mediate chronic inflam-
mation remains to be clarified. cGAS-STING is a crucial
pathway responsible for the innate immune response.
Recently, more and more researches have shown that
the cGAS-STING pathway plays an important role in the
progression of chronic inflammatory diseases [16—18].
This inspires us to explore whether chronic inflamma-
tion activated by oxidative stress is also through cGAS-
STING pathway in diabetic wound.

Besides, the oxidatively stressed microenvironment
impairs cells (e.g., fibroblasts, endothelial cells and mac-
rophages) vitally for wound healing, resulting in collagen
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deposition disorders, angiogenesis abnormalities, as well
as immune regulation disorders. In addition, the blocked
microcirculation in patients with diabetes reduces oxy-
gen supply, further hindering wound healing [19]. To
rebuild the oxidatively stressed microenvironment of
diabetic wound, the development of new treatments is in
great need. However, degrading ROS under physiologi-
cal conditions is a complex process and multiple enzymes
are involved, such as SOD and catalase. The direct appli-
cation of enzymes to eliminate ROS frequently faces
significant hurdles: (1) enzymes are proteins which can
be easily degraded by protease, making them difficult
to store and transport. (2) The catalysis specificity of
enzymes relies on their unique three-dimensional struc-
tures that are sensitive to the environment, including
temperature and pH value [20]. Therefore, the develop-
ment of orchestrated enzymes in artificial porous mate-
rials, such as polymersomes, liposomes, metal-organic
particles, and mesoporous silica to avoid the mentioned
limitations has aroused burgeoning interest.

In this study, we designed a catalase-mimicking Zr-
based large-pore mesoporous metal—organic frameworks
(mesoMOFs) to anchor the SOD and scavenge the exces-
sive ROS via a cascade reaction. The integrated Mn-
meso-tetra(4-carboxyphenyl) porphine (MnTCPP) in the
framework of mesoMOFs served as catalase mimic while
the inherent mesopores were available for the encapsu-
lation and protection of SOD. Moreover, the mechanism
by which the SOD@HMUiIO-MnTCPP nanoparticles
(S@M@H NPs) regulate wound healing under oxidative
stress is also elucidated. H,O, in diabetic wound micro-
environment induces mitochondrial oxidative stress in
macrophages, which activates cGAS-STING pathway,
and finally leads to the secretion of inflammatory fac-
tors [21-23]. The ROS cascade elimination system of
S@M@H NPs effectively reduced the mitochondrial
oxidative stress-mediated cGAS-STING pathway acti-
vation in macrophages. In addition, STING-activated
inflammatory macrophages further damaged fibroblasts
responsible for wound repair, leading to ferroptosis and
senescence phenotypes in fibroblasts. S@M@H NPs
inhibit inflammatory macrophages activation and protect
fibroblasts from senescence and ferroptosis in inflamma-
tory microenvironment. Finally, we demonstrated that
S@M@H NPs effectively promoted wound healing in dia-
betic mice in vivo.

Experimental section

Materials

Zirconium(IV) oxynitrate dihydrate (ZrO(NO;),-2H,0)
was purchased from Shanghai Macklin Biochemical Co.,
Ltd. Sodium perchlorate monohydrate (NaClO,-H,O)
was purchased from Sinpharm Chemical Reagent Co.,
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Ltd. Pluronic F127(PEO,,,PPO,,PEO,,) and 1,3,5-tri-
methylbenzene (TMBE) were supplied by Sigma-Aldrich.
2-Aminoterephthalic acid (BDC-NH,) was supplied by
Alfa Aesar Chemicals. Mn-meso-tetra(4-carboxyphenyl)
porphine (TCPP) was purchased from J&K Scientific
Ltd., China. Acetic acid (AA) were purchased from Sin-
pharm Chemical Reagent Co., Ltd. Superoxide dismutase
(SOD) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. All reagents were of analytical grade
and used without further purification.

Synthesis of SOD@HMUiIO-MnTCPP NPs

S@M@H NPs were synthesized according to a previously
described method with hydrophobic TMBE to enlarge
the mesopore size [24, 25].

Characterization of SOD@MnTCPP@HMUIO

The powder X-ray diffraction (XRD) patterns were
obtained using Cu Ka radiation. Transmission electron
microscopy (TEM) was conducted on a JEM-2100F elec-
tron microscope. DLS was performed using a NICOMP
Particle Sizing system. N, sorption isotherms were
recorded using a surface area and pore size analyzer. All
of the samples were degassed under vacuum at 120 °C for
12 h prior to analysis. The specific surface area was calcu-
lated using the Brunauer—Emmett-Teller (BET) method
using adsorption data at a relative pressure (P/P,) lower
than 0.15. Confocal laser scanning microscope (CLSM)
was conducted on a LEICA TCS SP8 instrument.

0, scavenging activity of SOD@HMUiIO-MnTCPP NPs

The O,~ scavenging activity was assessed using a super-
oxide anion assay kit according to the manufacturer’s
instructions. Different concentrations of S@M@H NPs
(0-1 pg mL™") were added to the working solution. The
absorbance was measured at 550 nm using a plate reader
after standing for 10 min.

CAT-like activity

The H,0, scavenging capacity of the S@M@H NPs was
tested using a H,O, detection kit. H,O, reacts with
ammonium molybdate to form a stable yellow complex
that displays an absorbance peak at 405 nm. Various
concentrations of S@M@P NPs (25-200 ug mL™") were
incubated with 2 mM H,0, at 37 °C for 2 h, respectively.
After the reaction, the concentration of the remaining
H,0, was determined from the OD value of the solution
at 405 nm. Hydroxyl radicals are produced via the Fenton
reaction, in which H,0O, is catalyzed by ferrous ions.

Cell culture
Three different cell models were used in vitro. The mouse
fibroblast cell line (L929) is an internationally recognized
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cell line routinely used in in vitro cytotoxicity assess-
ments. The other two cell models used were Raw 264.7
cells, mouse mononuclear macrophage leukemia cells;
and HUVEC cells which are human umbilical vein
endothelial cells. All cell culture media (DMEM medium)
were supplemented with 10% fatal bovine serum (FBS)
and 1% penicillin/streptomycin. The cells were cultured
at 37 °Cin a 5% CO, incubator. The medium was changed
every 2 days. L929 cells and HUVEC were routinely har-
vested using 0.25% trypsin solution before reaching 80%
confluence, whereas Raw 264.7 cells were harvested using
a cell scraper. Raw 264.7 cells were cultured under H,O,
(from 200 to 800 pM) and H,0,+S@M@H NPs condi-
tions. The medium was replaced with fresh complete
medium after 24 h. After an additional 24 h incubation,
the media was collected for later use. And the superna-
tants were mixed with fresh Dulbecco’s-modified-eagle-
medium (DMEM) at a ratio of 1:1 and added to 1929 cells
for co-culture. This macrophage-derived conditioned
medium named CM, marked as H,O,-stimulated Raw
264.7 cells (H,0,-CM) and H,0,+S@M@H NPs-stimu-
lated Raw 264.7 cells (S@M@H NPs-CM).

Cytotoxicity assay

The cytotoxicity of S@M@P NPs was evaluated using
the Cell Counting Kit 8 (CCK-8) assay. In brief, 100 pL of
L929 cells, Raw 264.7 cells, and HUVEC cells in DMEM
were placed into 96-well plates at a density of 8 x 10° cells
per well at 37 °C. After incubation overnight, the old
culture medium was replaced with 100 pL fresh DMEM
medium containing various concentrations of S@M@P
NPs (0, 12.5, 25, 50, 100, 200, and 400 pg mL™1). After
24 h, the cells were lightly rinsed three times with ster-
ile phosphate buffered saline (PBS). Then, 100 uL of fresh
culture media (no serum) containing 10 uL of CCK-8
solution was added and incubated for 2 h at 37 °C. Subse-
quently, relative cell viability was calculated by measuring
the absorbance of CCK-8 at 450 nm using a microplate
reader.

Protecting L929 cells from STING-activated macrophages

The cells were inoculated into 96-well plates (8 x 10 cells/
well). After incubation overnight, the old medium was
discarded and the cells were exposed to H,0,-CM and
S@M@H NPs-CM for another 24 h incubation. Finally,
cell viability was determined using a CCK-8 assay. For
the live/dead assay, the 1929 cells were seeded in confo-
cal dishes at a density of 1x 10° cells/well. After culturing
for 24 h, the cells were stained with a working solution
containing 2 uM calcein acetoxymethyl (calcein AM)
and 4.5 pM propidium iodide for 15 min at 37 °C before
observation via laser confocal microscopy. A wound-
healing assay was performed to evaluate the migration of
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L1929 cells. 1929 cells were seeded in a six-well plate at a
density of 2x 10° cells mL ™! until they reached 90% con-
fluency. A straight, parallel, and cell free wound in each
well was made by a 200 pL pipette tip. Next, L929 cells
were exposed to different treatments and photographs
were taken at different time points (0 h and 24 h). The
L929 cell wound healing repair was assessed using Image]
software.

RNA sequence for L929 cells

H,0,-CM treated L929 cells served as control group
while S@M@H NPs-CM served as experiment group.
RNA sequencing was performed to detect the mRNA
expression of all target genes in cells. Differentially
expressed genes were screened using transcript-level
quantification (P<0.05, fold change>2). GO and KEGG
analyses were performed to determine the biologi-
cal functions of the genes and pathways influenced by
S@M@H NPs treatment.

Intracellular ROS level detection

Intracellular ROS levels were determined using a ROS
assay kit based on the fluorescent dye DCFH-DA,
according to the manufacturer’s instructions. Raw 264.7
cells were inoculated into discs (15x10* per well) and
incubated overnight. After different treatment, cells
were incubated with 1 mL serum-free DMEM medium
containing 1 pM DCFH-DA. After incubation for
30 min at 37 °C, the cells were washed three times with
DMEM to remove the excess dye. Finally, the culture
was either transferred to a confocal dish to be observed
under CLSM or transferred to a 96-well culture plate
to be measured with a microplate reader. The excita-
tion wavelength/emission wavelengths (Ex/Em) were set
at 488/525 for the microplate reader. The ROS intensity
measured by the microplate reader first normalized to
the OD600, and then each group was normalized by the
intensity of the control group.

Assessment of mitochondrial dysfunction induced by H,0,
Raw 264.7 cells were seeded in confocal dishes and were
treated with H,0, and S@M@H NPs at 25 pg mL™.
After 24 h of treatment, cells were rinsed with fresh
PBS. The mitochondrial membrane potential (A¥Ym)
was measured with JC-1 fluorescent probe and observed
under CLSM.

Western blot analysis

After treatment, the cells were collected and washed
three times with PBS, followed by collection in RIPA
buffer containing protease and phosphatase inhibitors to
prepare cell lysates. After incubation on ice for 20 min,
proteins were obtained by centrifugation (12,000xg,
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10 min) at 4 °C. Equal amounts of protein were subjected
to 10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinyl dif-
luoride membranes. Subsequently, nonspecific binding
was blocked with 5% (w/v) bovine serum albumin (BSA)
for 1 h at room temperature. The samples were immu-
noblotted with the following primary antibodies: Sting,
Tbk1, pTbkl, p65, pp65, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) at 4 °C for 8 h. The membranes
were further rinsed three times with TBST and the tar-
get proteins were detected using an e-Blot Touch Imager.
GAPDH was used as a control to monitor equal protein
loading.

Immunofluorescence staining of iNOS and CD206

of macrophages

H,0,-stimulated Raw 264.7 cells were incubated with
free media, H,0, and S@M@H NPs for 48 h, respec-
tively. Raw 264.7 cells were fixed with 4% paraformal-
dehyde for 10 min, followed by permeabilization with
0.1% TritonX-100. After blocking, cells were incubated
with the anti-iINOS and anti-CD206 antibodies, respec-
tively. DAPI was used to stain the nucleus. Stained mac-
rophages were visualized by using CLSM.

Enzyme-linked immunosorbent assay (ELISA)

The IL-6, TNF-a and IL-1f levels in the supernatant of
cultured Raw 264.7 cells were detected using an ELISA
Kit according to the manufacturer’s protocol.

Assessment of in vivo healing of diabetic wounds

Animal experiments were performed according to the
guidelines of the Animal Care and Use Committee of
Shanghai Jiao Tong University School of Medicine.
The ethical license for animal experiments was SH9H-
2023-A811-1. Six-week-old female KM mice were pur-
chased from Shanghai JieSiJie Laboratory Animal Co.,
Ltd. The mice were intraperitoneally injected with strep-
tozocin (dissolved in 0.1 M ice-cold citrate buffer solu-
tion, pH=4.5) at a dose of 50 mg/kg after fasting 12 h.
Then, the mice were fed with normal food. Streptozocin
was administered for 5 days, and the blood glucose lev-
els of the mice were monitored. For surgical excisional
wound, the dorsal hairs of healthy or diabetic mice were
shaved. A full-thickness skin wound in 10 mm diameter
was made on the back of each mouse.

Histological evaluation

The mice were anesthetized by continuous inhalation of
isoflurane in a 3% isoflurane atmosphere before surgery.
First, the surgical site was disinfected with 75% ethanol
and the backs of the mice were shaved. A circular full-
thickness wound with a diameter of 10 mm was created
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using scissors. The mice were randomly divided into four
groups: saline (PBS), HMUiO-MnTCPP (M@H), SOD
(S@H), and SOD@HMUiO-MnTCPP NPs (S@M@H).
Saline-treated mice were used as controls. Wound areas
were recorded and measured on postoperative days
(PODs): 1, 4, 7, and 12. The wound size was quantified
using Image] software. Mice were euthanized on days
4 and 12, and fresh tissue sections were collected and
immersed in paraformaldehyde for H&E and Masson tri-
chrome staining.

Immunofluorescence

Skin tissues were isolated from the wound site on day 4
and day 12, followed by the immunofluorescence staining
with IL-6, a-SMA, and CD31 respectively. Nuclei were
stained with 4”,6-diamidino-2-phenylindole (DAPI). The
sections were observed under a positive fluorescence
microscope.

Immunohistochemistry
Immunohistochemistry was used to detect STING
expression on day 12.

Statistical analysis

All quantitative results were shown as mean + standard
deviation. All mean values represent the average of all the
experimental groups analyzed. Statistical comparisons
were performed using a blinded counter. The statistical
significance of the differences among groups was deter-
mined using one-way analysis of variance (ANOVA).
Statistical significance was set at *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001.

Results

Characterization of S@M@H NPs

The monodisperse spherical SOD@HMUiIO-MnTCPP
nanoparticles (S@M@H NPs) were obtained through
refined control of the synthesis parameters. The X-ray
diffraction (XRD) pattern of S@M@H NPs present
characteristic peaks of the pristine UiO-66 structure,
confirming the formation of a crystalline wall and main-
taining the excellent crystallinity after the immobiliza-
tion of SOD (Additional file 1: Fig. S1). The nitrogen
sorption isotherm exhibits a combination of type I and
type IV curves (Additional file 1: Fig. S2). The vertical
N,-sorption that occurs at a low relative pressure can be
ascribed to the presence of intrinsic micropores. Mean-
while, the H2 hysteresis loop between approximately
0.45-0.8 relative pressure discloses the additional pres-
ence of large mesopores. Another hysteresis loop at a
relative pressure between 0.9 and 1.0 is attributed to
the interparticle spaces among the NPs. The uniform
mesopore diameter is determined to be about 9.6 nm
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as indicated in the pore-size distribution profile calcu-
lated by the Barrett—Joyner—Halenda (BJH) model using
the adsorption branch (Additional file 1: Fig. S3), which
could provide sufficient space for the immobilization of
SOD enzymes. Transmission electron microscopy (TEM)
images further confirmed that unique mesopores were
distributed over the entire NPs (Fig. 1A—C). The ele-
mental mapping results demonstrate the homogeneous
distribution of Zr, C, N, O, and Mn, implying the success-
ful integration of Mn porphyrins into the frameworks
(Fig. 1D). The average particle size measured by dynamic
light scattering (DLS) was 205 nm, which is slightly larger
than that observed in the TEM image (Additional file 1:
Fig. S4).

ROS cascade scavenging ability of S@eM@H NPs

The multiple enzyme-like activity and the excellent
ROS scavenging capacity of S@M@H NPs are thus
expected to alleviate the harsh oxidative stress microen-
vironment and act as a promising antioxidant for diabetic
wound treatment (Fig.2A). First, the SOD activity of the
S@M@H NPs was evaluated. The capability of S@eM@H
NPs to quench O,~ was investigated using the hydroxy-
lamine method, which could work with O, to generate
nitrite. The latter formed a spectrophotometrically iden-
tifiable fuchsia solution at 550 nm upon the addition of a
chromogenic agent. It is noteworthy that the absorbance
at 550 markedly decreased with increasing S@M@H NPs
concentration (Fig.2B), indicating that S@M@H NPs
possess SOD enzyme activity and eliminate O, in a con-
centration dependent manner. Next, the peroxide con-
sumption ability of S@M@H NPs was evaluated using the
ammonium molybdate method. H,0, reacts with ammo-
nium molybdate to form a stable yellow complex that dis-
plays an absorbance peak at 405 nm. As shown in Fig. 2C,
after the addition of H,O,, the solution quickly turned
yellow. With the introduction of S@M@H NPs, the corre-
sponding absorbance of the solution gradually decreased
from 0.4675 to 0.0607, indicating the catalase (CAT)-like
properties of the S@M@H NPs. A TMB (3,3°,5,5"-tetra-
methylbenzidine) assay was performed to evaluate the
H,0, removal capacity. Ferrous ions can catalyze H,O,
to produce hydroxyl radicals, which oxidize TMB to pro-
duce a blue solution, the depth of which is proportional
to the concentration of H,0, [26]. As shown in Fig. 2D,
when the S@M@H NPs concentration increased, the
blue solution gradually became lighter, indicating deple-
tion of the peroxide content. Further, the catalytic gener-
ation of O, from H,0, was tracked by a dissolved oxygen
electrode. As expected, an increase in O, concentrations
over time could be detected when the S@M@H NPs were
added to the H,O, solution. The concentration of O,
was 5.405 mg L™ and 10.988 mg L™ respectively after
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Fig. 1 The characterization of S@M@H NPs. A-C Typical TEM images of HMUIO-MnTCPP (white arrows indicates mesopores). D Scanning
transmission electron microscopy (STEM) image and element mapping of Mn, N, Zr, O, and C for the as-synthesized HMUiO-MnTCPP. MnTCPP

Mn-meso-tetra(4-carboxyphenyl) porphine

incubation for 200 s and 400 s (Additional file 1: Fig. S5).
Taking together, S@M@H NPs possess both SOD and
CAT enzyme activities in vitro, providing feasibility for
the treatment of diabetic wounds.

S@M@H NPs alleviated STING mediated chronic
inflammation in macrophages

Given that chronic inflammation plays a pivotal role
in the delayed healing of diabetic wounds, we investi-
gated the mechanism by which S@M@H NPs regulate
macrophage-mediated chronic inflammation from
the perspective of regulating oxidative stress (OS).
Before exploring the potential mechanism, we evalu-
ated the biosafety of the S@M@H NPs in macrophages,
fibroblasts, and endothelial cells, which involve in the

rehabilitation of wound healing [27-29]. Cell viabil-
ity was evaluated using the CCK-8 assay with gradient
concentrations of S@M@H NPs. The safe concentra-
tion of S@M@H NPs for macrophages, fibroblasts and
endothelial cells was below 1000, 400, and 500 pg mL™*
respectively (Additional file 1: Figs. S6, S7, and S8).
Then the DCFH-DA (2’,7’-Dichlorodihydrofluores-
cein diacetate) staining experiment was performed and
the result indicated that intracellular ROS was upregu-
lated in macrophages after H,O, treatment, indicating
that exogenous H,0, causes oxidative stress in mac-
rophages (Fig. 3A, G). Mitochondria are the main sites
of ROS production, and mitochondrial dysfunction
leads to increased ROS and the release of mitochon-
drial DNA (mtDNA) [30]. To further elucidate whether
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Fig. 2 Anti-oxidant properties of S@M@H NPs in vitro. A lllustration of the multiple enzyme activities of S@M@H NPs, which are expected
to scavenge the ROS in cells and alleviate the harsh oxidative stress microenvironment in diabetic wound. B O,~ scavenging ability of S@M@H NPs.

C CAT-like activity and H,0, depletion of S@M@H NPs determined by a catalase assay kit and TMB reagents (D) (****P <0.0001)
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oxidative stress mediates chronic inflammation via
the mitochondria, we examined mitochondrial func-
tion. JC-1 probe was used to evaluate the mitochon-
drial membrane potential. When the mitochondrial
membrane potential is high, JC-1 accumulates in the
matrix of mitochondria, forming a polymer (J-aggre-
gates), which can produce red fluorescence. When the
mitochondrial membrane potential is low, JC-1 cannot
accumulate in the matrix of the mitochondria, and JC-1
is a monomer (J-monomers), which can produce green
fluorescence. The decline of mitochondrial membrane
potential is a landmark event of cell damage. Accord-
ing to the JC-1 probe, H,O, treatment decreased the
mitochondrial membrane potential of macrophages,
indicating impaired mitochondrial function (Fig. 3B)
[10]. Biological TEM further demonstrated that mito-
chondrial structures changed markedly under oxidative
stress. Compared with the non-H,O, treatment group,
the mitochondrial length was significantly shorter, and
the number of mitochondrial cristae was significantly
reduced, indicating that S@M@H NPs can increase the
size of mitochondria and the number of mitochondrial
cristae to rescue unhealthy mitochondria under OS
(Fig. 3C) [31]. Further mtDNA, an important source for
activation of the cGAS-STING signaling pathway, has
been shown to participate in many ROS related meta-
bolic disorder diseases, such as lumbar disc degenera-
tion, kidney fibrosis, and Alzheimer’s disease (AD) [16,
32, 33]. Therefore, we examined whether the cGAS-
STING signaling pathway was activated under oxida-
tive stress for that oxidative stress was one of the most
important microenvironment characteristics in diabetic
wound. Herein, we directly stimulated macrophages
with H,O, to detect whether high ROS activated the
STING signaling pathway or not in macrophages. As
shown in Fig. 3D, E, the STING signaling pathway was
also activated in a H,0, concentration-dependent man-
ner, whereas S@M@H NPs effectively inhibited this
activation. Figure 3F shows a potential mechanism of
STING activation. When the mitochondria are sub-
jected to oxidative stress, excessively produced ROS

(See figure on next page.)
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causes the mitochondrial DNA to oxidize. Within mito-
chondria, Ox-mtDNA cleaved by the endonuclease
FEN1 to 500-650 bp fragments that exited mitochon-
dria via mPTP- and VDAC-dependent channels [34].
cGAS could recognize viral, bacterial, mitochondrial,
and self-DNA from dead cells to activate a cascade of
signaling pathways leading to inflammation. Binding of
DNA to the cGAS induces conformational changes to
cGAS, which in turn catalyzes the formation of 2'.3-
cGAMP, a cyclic di-nucleotide (CDN) with a unique
phosphodiester linkage. The generated cGAMP acts as
a secondary messenger and activates STING and down-
stream proteins to initiate inflammatory response [35].
Finally, the downstream inflammatory indicators of
STING, including interleukin-6 (IL-6), tumor necrosis
factor alpha (TNF-«), and interleukin-1p (IL-1p) were
detected and the trends were consistent with Western
blot (WB) results (Fig. 3H-J). ELISA assay was fur-
ther performed to measure the above inflammatory
factors released from H,0, and S@M@H NPs treated
macrophages. As was shown in Additional file 1: Fig.
§9-S11, H,0, significantly increased the expression of
IL-6, TNF-a and IL-1B (82.3, 319.9 and 76.7 pg mL~%,
respectively), while the introduction of S@M@H NPs
decreased the inflammatory factors significantly. Con-
sidering that the activation of p65 and the high expres-
sion of inflammatory factors are the phenotypes of
M1 macrophages, we further evaluated the effect of
S@M@H NPs on the polarization of macrophages. As
was shown in Additional file 1: Figs. S12 and S13, after
H,0, treatment, the expression of iNOS was predomi-
nant, implying that macrophages were polarized toward
M1 phenotype. In contrast, H,O,-stimulated mac-
rophages intuitively displayed the attenuated iNOS sig-
nal and enhanced CD206 signal after incubation with
S@M@H NPs. The cGAS-STING pathway is activated
by DNA from various sources. Our results revealed that
cGAS-STING activation in diabetic wounds might be
caused by macrophage mtDNA suffering from exces-
sive ROS. S@M@H NPs alleviated chronic inflamma-
tion in a ROS elimination way.

Fig. 3 Intracellular molecular mechanism of S@M@H NPs treated Raw 264.7 cells. A CLSM images of Raw 264.7 cells with different

treatments stained with DCFH-DA probe. B Mitochondrial membrane potential levels were measured with the JC-1 probe in Raw 264.7 cells
following treatment with S@M@H NPs and H,0,. Red and green fluorescence, respectively, correspond to JC-1 aggregates and monomers. C TEM
images of intracellular mitochondria in Raw 264.7 cells after H,O, stimulation and S@M@H NPs treatment. D Representative Western blot analysis
of STING-NF-kB pathway expression in Raw 264.7 cells treated with 0, 250, 500, 750, 1000 pM H,O, for 4 h. E Representative Western blot analysis
of STING-NF-kB pathway expression in Raw 264.7 cells pre-exposed 0.5 mM S@M@H NPs for 1 h followed by 250 uM H,O, treatment for 4 h. F
Possible mechanisms by which S@M@H NPs regulates the STING-NF-kB pathway. G Quantitative analysis of ROS fluorescence of Raw 264.7 cells

by DCFH-DA probe. H-J The relative mRNA amount of IL-6, TNF-a and IL-1(3 was determined by gPCR (*P<0.05, **P<0.01 and ****P < 0.0001). CLSM
confocal laser scanning microscope, /-6 interleukin-6, TNF-a tumor necrosis factor alpha, IL-18 interleukin-1
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Effect of S@M@H NPs on cytoprotection of L929 cells
caused by inflammatory macrophages

Inflammatory macrophages can interact with surround-
ing cells and regulate cells participating in wound heal-
ing by secreting factors [36-38]. Fibroblasts have a
crucial effect on the wound healing process. In addition
to supporting the wound closure process by dissolv-
ing the fibrin clot and secreting extracellular matrix,
fibroblasts produce growth factors to promote the pro-
liferation and aggregation of other epidermal cells [39].
Previous research has shown that fibroblast migration of
adult diabetes mouse is inhibited, and human fibroblasts
incubated under high glucose conditions likewise exhibit
reduced cell migration [5]. Furthermore, diabetic wounds
exhibit elevated apoptosis and reduced fibroblast prolif-
eration [39, 40]. Whether damaged fibroblasts in diabe-
tes are regulated by inflammatory macrophages remains
to be clarified. Therefore, we explored whether STING
regulation affects L929 cells through macrophages. Mac-
rophage supernatant was used to treat fibroblasts after
macrophages were pretreated with H,O, and gradient
concentrations of S@M@H NPs (Fig. 4A). We collected
the supernatant, mixed it with fresh medium at a ratio of
1:1, and added it to L929 cells to observe the effect on cell
function. We found that S@M@H NPs could act as effec-
tive inhibitors of STING-mediated inflammation, thus
reducing the damage and cytotoxicity of H,0,-CM in
L929 cells. Notably, S@M@H NPs-CM effectively atten-
uates inflammation-mediated damage and maintains
cell viability, which is also S@M@H NPs concentration-
dependent (Fig. 4B) [41]. A live/dead staining assay was
performed to evaluate the protective effect of S@M@H
NPs on CM-mediated damage. The addition of H,0,-CM
caused fibroblasts to die, whereas the S@M@H NPs-
CM effectively reduced cell death (Fig. 4C). Finally, we
investigated the effect of S@M@H NPs-CM on fibroblast
migration, which plays a pivotal role in wound healing.
As shown in Fig. 4D, E, H,0,-CM inhibited the migra-
tion of fibroblasts, but the addition of S@M@H NPs
rescued the migration ability of L929 cells. Given that
impaired angiogenesis is another key factor impeding the
healing of diabetic wounds, we evaluated the effects of
S@M@H NPs on endothelial cells under OS [42]. Simi-
larly, H,O,-CM significantly inhibited the migration of
endothelial cells, whereas S@M@H NPs restored the

(See figure on next page.)
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migration of endothelial cells, suggesting that S@M@H
NPS have the potential to promote the vascularization of
diabetic wounds (Additional file 1: Figs. S14, S15).

Transcriptome analysis of L929 cells treated

with macrophage supernatants under H,0, and SeM@H
NPs conditions

To further understand the molecular mechanism by
which S@M@H NPs regulate fibroblasts via STING-
activated macrophages, we conducted a transcriptomic
analysis (Fig. 5A). As shown in Fig. 5B, the gene expres-
sion in fibroblasts significantly changed after the intro-
duction of S@M@H NPs-CM compared to H,O,-CM. A
total of 1791 genes exhibited significant changes, among
which 1,099 were upregulated and 692 were downregu-
lated (P<0.05, |log,(fold change)|>1). The results of
gene ontology (GO) analysis, including biological pro-
cesses, molecular functions, and cellular components,
were shown in Additional file 1: Fig. S16. Subsequent
Gene Set Enrichment Analysis (GSEA) results showed
that the P53 signaling pathway played a key role in the
protection of fibroblasts by S@M@H NPs (Fig. 5C). The
P53 signaling pathway is a key signaling pathway involved
in the regulation of cellular senescence [43]. We hypoth-
esized that fibroblasts exhibit a senescent phenotype
under H,0,-CM condition, which is the key reason for
delayed wound healing [44]. Therefore, we confirmed
the assumption via B-galactosidase staining. As shown
in Fig. 5D, H,0,-CM induced fibroblast senescence,
and S@M@H NPs protected the fibroblasts from senes-
cence under H,0,-CM conditions. PCR results further
demonstrated that S@M@H NPs effectively restored
the abnormal expression of senescence-related genes,
including P53, TNF-«, and Lamin bl [43]. Cell senes-
cence is characterized by cell cycle arrest, during which
cells initiate their DNA repair program after detecting
DNA damage at certain checkpoints [45]. The senes-
cent cells in the wound bed can become the obstacle
of wound healing. In fact, inflammation and aging are
closely related biological events. Unresolved inflamma-
tion is characterized by the secretion of cytokines that
maintain inflammation and redox stress. Mitochondrial
or nuclear redox imbalance leads to DNA damage, which
triggers the DNA damage response and eventually the
senescent phenotype formed. Inflammation has been

Fig. 4 Effect of S@M@H NPs on cytoprotection of L929 cells caused by inflammatory macrophages. A The collection process of macrophages
supernatants. B The survival rate of L929 cells after treatments with H,0,-CM and S@M@H NPs-CM. 25-CM, 50-CM, 100-CM, 200-CM denoted 25,
50,100, 200 ug mL~" S@M@H NPs treated macrophages supernatant. C Live/dead staining result of 1929 cells after treatments with H,0,-CM
and S@eM@H NPs-CM. D Results of wound healing experiment in vitro. E The quantitative result of wound healing (**P<0.01, ***P <0.001

and ****P<0.0001)
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respectively; the grey dots represent undifferentiated expressed genes. C GSEA results of downregulated DEGs. D Senescence-associated-{3-
galactosidase staining of L929 cells treated with H,0,-CM and S@M@H NPs-CM and corresponding quantitative analysis. E KEGG enrichment
analysis of downregulated DEGs. F Immunofluorescence analysis of ROS (DCFH-DA) and Fe* (FerroOrange) in L929 cells stimulated with H,0,-CM
and S@M@H NPs-CM for 24 h (*P<0.05, **P<0.01, ***P<0.001 and ****P <0.0001)
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recognized as an endogenous factor in aging, and the
elimination of inflammation could be a potential strategy
for anti-aging. We believe that this is a potential explana-
tion why inflammatory macrophages regulate fibroblast
senescence. In addition, the Kyoto Encyclopedia of Genes
and Genomes (KEGQG) enrichment results showed that
S@M@H NPs notably affected the ferroptosis signaling
pathway in fibroblasts (Fig. 5E and Additional file 1: Fig.
S17). This indicates that targeting ferroptosis may be an
effective strategy for promoting diabetic wound healing.
Ferroptosis is an iron-dependent process involved in the
downstream signaling pathways of ROS generation [46].
Therefore, we conducted a preliminary examination of
ferroptosis indicators. As shown in Fig. 5F, H,0,-CM
significantly increased intracellular ROS levels and intra-
cellular iron accumulation in fibroblasts. These results
further confirm that OS-mediated STING activation
can lead to ferroptosis. Therefore, high ROS level in dia-
betic wounds can delay wound healing by inducing fibro-
blasts senescence and ferroptosis via STING-activated
macrophages.

Healing of diabetic skin wounds in vivo treated by SeM@H
NPs

Prior to animal studies, we conducted a preliminary
evaluation of the in vivo biosafety of S@M@H NPs. After
topical administration of S@M@H NPs, the major organs
of the mice, including the heart, liver, spleen, lung, and
kidney, remained unchanged compared to the control
groups (Additional file 1: Fig. S18). To further verify the
ability of S@M@H NPs to promote wound repair in vivo,
a full-thickness skin defect model in diabetic mice was
established (Fig. 6A). Before the wound construction,
streptozotocin (STZ) was intraperitoneally injected to
establish the diabetes mellitus model. The process of
wound healing on days 1, 4, 8, and 12 was recorded in
Fig. 6B. Over time, the wound area of each group dis-
played a healing trend, while the speed differed among
the groups. We conducted a quantitative analysis of the
wound healing rate, and the results are shown in Fig. 6C,
D. Compared to the CTR group (non-diabetic mice), the
wound healing rate of diabetic mice was significantly
decreased, and a large skin defect was visible on day 12.
Healing of diabetic wounds was accelerated by treat-
ment with both HMUIO-MnTCPP and SOD, which was

(See figure on next page.)
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explained by the ROS-scavenging activities of SOD and
HMUIO-MnTCPP Notably, the wound healing speed of
the S@M@H NPs group was the fastest among the group
and even better than that of the control group. On day
12, the percentages of residual wound area in each group
were 3.9%, 24.1%, 11.5%, 8.1%, and 0.8%, respectively.
It has been demonstrated that the spatial organization
of SOD and HMUiIO-MnTCPP has an enhanced ability
to remove ROS. The order assembly of nature enzymes
and mimic enzymes in a specific space is expected to
become a novel strategy for the treatment of diabetic
wounds. The excellent wound healing performance of
the S@M@H NPs was further confirmed by hematoxylin
and eosin (H&E) and Masson staining (Fig. 6E, F). H&E
staining was performed to observe the biological mecha-
nisms of the repair process. The results demonstrated
that the wound in the S@M@H NPs group achieved re-
epithelialization and granulation tissue formation during
the remodeling phase, whereas wound healing was nota-
bly delayed in the control group. The change of epidermal
thickness is the direct indicator of epidermis hyperpla-
sia or differentiation. In order to investigate the effect of
S@M@H NPs on the epidermis, we measured the epi-
dermal thickness of five groups, and there seemed to be
no differences among five groups (Additional file 1: Fig.
$19). Collagen is an important component of skin healing
and strength restoration. However, under hyperglycemic
conditions, fibroblast function and collagen deposition
are impaired owing to the oxidative stress microenviron-
ment, which affects the reconstruction of granulation tis-
sue. As shown in Fig. 6F and Additional file 1: Fig. S20,
collagen deposition disorder occurred in the control
group, whereas the S@M@H NPs group remained in the
leading position with the highest deposition, probably
because of the ROS-scavenging activity of the S@M@H
NPs, which promotes fibroblast migration and protects
cells from senescence and ferroptosis.

Immunohistochemical and immunofluorescent images

of wound tissue

Finally, immunofluorescence and immunohistochemistry
analyses were performed to further verify the mechanism
by which S@M@H NPs promote diabetic wound heal-
ing. As shown in Fig. 7A, E, immunohistochemical stain-
ing showed that the PBS treated group had increased

Fig. 6 Therapeutic effect evaluation of S@M@H NPs in diabetic wounds healing. A Schematic diagram of the full thickness defect wound model

in diabetic mice and treatment strategy. B The typical photographs of the wound at different days. C Traces of wound bed closure during 12 days.
D Relative wound area at different time points after different treatment. E Histological staining of H&E in wound bed at day 4. F Histological staining
of H&E and Masson in wound bed on day 12 (black triangle indicates re-epithelialization process, red rectangle indicates the granulation tissue)

(*P<0.05,**P<0.01, ***P<0.001 and ****P<0.0001)
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STING expression in the wound area compared to
other groups. The expression of the inflammatory factor
IL-6, a downstream product of STING, was also evalu-
ated in vivo. S@M@H NPs significantly downregulated
the expression of IL-6 (Fig. 7B, F). Vascular dysfunc-
tion is a key factor affecting wound healing in patients
with diabetes mellitus. Considering the oxygen genera-
tion ability of S@M@H NPs, we preliminarily evaluated
the effect of S@M@H NPs on vascularization in vivo by
immunofluorescence staining. To detect the presence
of new blood vessels, the vessel walls were stained with

immunofluorescence antibodies against CD31 (a marker
unique to the vascular endothelium) and a-SMA (a
marker specific to vascular smooth muscle cells) [47]. As
illustrated in Fig. 7C, D, G, H, obvious neovascularization
was observed on the wound of normal mice, while the
expression of both CD31 and a-SMA decreased in dia-
betic mice, indicating impaired vascularization. Wound
vascularization improved after HMUiO-MnTCPP or
S@M@H NPs treatment, benefiting from the CAT
enzyme activity HMUIO-MnTCPP. Notably, vasculari-
zation improved after SOD treatment, which could be
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explained by the fact that SOD improves the function of
vascular endothelial cells in diabetic wounds [48].

Discussion
The oxidative stress microenvironment caused by the dis-
order of glucose and lipid metabolism plays an important
role in hindering the diabetic wound healing. Excessively
produced ROS promote the activation of pro-inflam-
matory signaling pathways, especially in macrophages,
which leads to the continuous expression of inflamma-
tory factors, including TNF-a, IL-6 and MMPS. Proteases
such as superoxide dismutase (SOD), catalase (CAT) and
glutathione reductase (GR) are endogenous proteins to
eliminate ROS and achieve oxidative balance. However,
proteases have natural limitations, including easy degra-
dation, difficulty in preparation, and high cost. Recently,
researches focusing on nanozymes to regulate oxidative
stress-related diseases have made great achievement.
Nanozyme is a class of non-enzymatic nanomaterials
with catalytic activity, which has the advantages of sim-
ple synthesis and catalytic diversity. However, different
from the high-efficiency of cascade catalysis in vivo, the
catalytic efficiency of one single nanozyme is relatively
low for that one nanozyme often target for a certain kind
of ROS elimination. Paul successfully created an artifi-
cial protein cage housing a dual-metal-tagged guest pro-
tein that catalyzes a linear, two-step sequential cascade
reaction [49]. Inspired by nature’s ingenuity, compart-
mentalizing ability of paracrystalline cross- phases was
utilized to colocalize sarcosine oxidase (SOX) and hemin
as an artificial peroxidase in Ayan’s research [50]. For this
purpose, we constructed a macroporous MOF material
loaded with SOD, which also contains Mn-porphyrin
ligands. Among them, SOD converts superoxide anion
into H,0, and then Mn-porphyrin further catalyzes oxy-
gen generation via H,O, acting as CAT. Finally, we realize
efficient cascade removal of ROS by a single nanozyme
system. S@M@H NPs exhibited good ROS elimination
capacity both in vitro and in macrophage (Figs. 2 and
3A). Considering the excellent ROS cascade elimination
ability of S@M@H NPs in vitro, we evaluated its ability to
treat diabetic wounds in vivo. On day 4, the healing speed
of the treatment groups was faster than that of the PBS
treatment group, and we observed that the healing speed
of the S@M@H NPs group was faster than that of SOD
alone or HMUiIO-MnTCPP alone group (Fig. 6D). It indi-
cated that the cascade catalytic S@M@H NPs has more
therapeutic potential in vivo than one single enzyme.
Then, we further studied the antioxidant mechanism of
nanozymes. Differences exist in the methods of simulat-
ing cellular oxidative stress in different literatures. H,O,
was used to simulate oxidative stress according to Zhang
and Cheng [51, 52]. In Geng and Chen’s study, high
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concentrations of glucose and LPS were used to induce
cellular oxidative stress, respectively [22, 53]. In this man-
uscript, we introduced H,O, to realize oxidative stress.
The introduction of H,O, significantly promoted the
expression of macrophage inflammatory factors, which
was consistent with the results of Chen, but the molecu-
lar mechanism was different [53]. In Chen’s work, PtAu,
nanoclusters activated nuclear factor erythroid 2-related
factor 2 (Nrf2) expression by disrupting its associa-
tion with Kelch-like ECH-associated protein 1 (Keapl),
thereby upregulating the expression of endogenous anti-
inflammatory and anti-oxidative products. It’s suggested
that S@M@H NPs reduced the H,0,-meditated intra-
cellular ROS of macrophages and improved mitochon-
drial homeostasis in our work. When mitochondria are
encountered with oxidative stress, mitochondrial DNA
is released from mitochondria and recognized by cGAS,
thus activating cGAS-STING signaling [34]. STING-acti-
vated macrophages exhibited pro-inflammatory pheno-
types. S@M@H NPs stabilized mitochondrial membrane
potential and relieved mitochondrial oxidative stress by
cascade clearing ROS in the microenvironment, thereby
inhibiting ¢cGAS-STING signaling activation and ROS-
induced phosphorylation of p65. Cyclic cGAS-STING
signaling is a classical signaling pathway by which mac-
rophages sense and initiate inflammation and is required
for the M1 polarization of macrophages [22]. We also
observed that S@M@H NPs inhibited M1 polarization of
macrophages induced by H,0, via immunofluorescence
(Additional file 1: Fig. S12), which was consistent with the
inhibited cGAS-STING signaling. Simultaneously, H,O,
could directly destroy cellular DNA, increase the level of
DNA in the cytoplasm, and then activate cGAS-STING
signaling, which could be inhibited by the antioxidant
N-acetylcysteine [16]. It's suggested that S@M@H NPs
inhibited cGAS-STING signaling via antioxidant ability.
Finally, the effect of STING-activated macrophages
on fibroblasts was explored. Transcriptomic results
demonstrated that the supernatant of STING-activated
macrophages caused both ferroptosis and senescence
of fibroblasts, which could be explained by pro-inflam-
matory cytokines or other secreted bioactive molecules.
Ferroptosis is a nonapoptotic mode of cell death that
involves iron-dependent lipid peroxidation accompa-
nied by increased intracellular iron and ROS level. Dif-
ferent from other forms of cell death, ferroptosis has
unique biological hallmarks, such as iron accumulation,
increased lipid peroxide production, and downregula-
tion of glutathione peroxidase 4 (GPX4) expression [54].
In this work, the supernatants of proinflammatory mac-
rophages induced fibroblasts ferroptosis. This finding is
consistent with Zhao and Zhang where inflammatory
factors promote ferroptosis [55, 56]. RNA sequencing
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further showed that genes related to ferroptosis, includ-
ing Hmox1, Tfrc and Slc7all were enriched. Among
them, Hmox1 plays a crucial role in heme oxidation and
iron metabolism. The in-depth molecular mechanism of
ferroptosis in fibroblasts during the inflammatory micro-
environment could be explored in future studies. Our
results were also supported by the following research:
according to wang, pro-inflammatory macrophages
have negative regulatory effects on fibroblasts, including
proliferation inhibition, spread disturbance, and colla-
gen deposition reduction [57]. In Horiba’s research, the
supernatant of M1 macrophages increased the percent-
ages of senescence-associated [3-galactosidase-positive
dermal fibroblasts, whereas the supernatant of M2
macrophages decreased the percentages of senescence-
associated [-galactosidase-positive dermal fibroblasts
in vitro [58]. The adverse effects of inflammatory mac-
rophages on fibroblasts were avoided after S@M@H NPs
treatment. This conclusion was initially confirmed by
subsequent senescence-related staining, ROS and intra-
cellular iron detection. In summary, the S@M@H NPs
promoted diabetic wound healing by inhibiting cGAS-
STING pathway via ROS cascade elimination. S@M@H
NPs possessed great potential for diabetic wound treat-
ment. These findings also highlighted the potential of
S@M@H NPs as a candidate for therapeutic agent not
only for chronic wound healing but also for other ROS-
meditated inflammatory disease, like osteoarthritis, acute
kidney injury and inflammatory bowel disease [59-61].
In Wang’s study, manganese tetroxide nanozyme with
both SOD and CAT like activity were successfully applied
to treat osteoarthritis. More importantly, a cross-linked
chondroitin sulfate hydrogel is designed as a carrier to
realize the prolonged-release of nanozyme [61]. Similarly,
hydrophobic Mn;O, nanoparticles were loaded inside
PTC micelles to prevent premature release during circu-
lation in Hong’s work to treat acute kidney injury [60].
It’s implicated that the therapeutic effect of nanozymes in
various diseases could be further improved by designing
suitable carriers.

Conclusion

In summary, the spatially organized bioreactors were
successfully constructed and immobilized with SOD and
CAT mimic enzymes, respectively. The confinement of
such cascade enzymes within closely proximate nano-
spaces facilitated efficient mass communication of inter-
mediate between two types of catalytic units, forming
an effective biomimetic antioxidant defense system that
exhibits efficient intracellular ROS-scavenging ability.
More importantly, we explored the feasibility and poten-
tial mechanism of this enzyme complex in the treat-
ment of diabetic wounds. In vitro studies demonstrated
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that S@M@H NPs could mitigate chronic inflamma-
tion by inhibiting the STING signaling pathway medi-
ated by mitochondrial oxidative stress in macrophages.
Additionally, the transcriptomic results suggested that
S@M@H NPs rescues fibroblast senescence and ferrop-
tosis induced by STING-activated macrophages, which
was confirmed by senescence related p-galactosidase
staining and iron detection. Finally, we established a dia-
betic mouse model with full-thickness skin defects and
confirmed the therapeutic effect of S@M@H NPs on dia-
betic wounds in vivo. The in vivo results showed that the
S@M@H NPs not only promoted wound re-epithelializa-
tion and collagen deposition, but also promoted wound
vascularization.

Abbreviations

ROS Reactive oxygen species

mesoMOFs Mesoporous metal-organic frameworks
SOD Superoxide dismutase

GR Glutathione reductase

S@eM@H NPs  SOD@HMUiIO-MnTCPP nanoparticles
TEM Transmission electron microscope
STING Stimulator of interferon genes

MnTCPP Mn-meso-tetra(4-carboxyphenyl) porphine
XRD X-ray diffraction

BJH Barrett-Joyner-Halenda

FBS Fetal bovine serum

DLS Dynamic light scattering

CAT Catalase

TMB 3,3°,5,5 -Tetramethylbenzidine

TMBE 1,3,5-Trimethylbenzene

cGAS Cyclic GMP-AMP synthase

oS Oxidative stress

CCK-8 Cell Counting Kit 8

mtDNA Mitochondrial DNA

AD Alzheimer's disease

I-6 Interleukin-6

TNF-a Tumor necrosis factor alpha

IL-1B8 Interleukin-1B

WB Western blot

(@Y Macrophage supernatant

GO Gene ontology

GSEA Gene Set Enrichment Analysis
KEGG Kyoto Encyclopedia of Genes and Genomes
H&E Hematoxylin and eosin

AA Acetic acid

BET Brunauer-Emmett—Teller

CLSM Confocal laser scanning microscope
BSA Bovine serum albumin

PODs Postoperative days

DAPI 4’ 6-Diamidino-2-phenylindole
ANOVA One-way analysis of variance

PBS Phosphate-buffered saline
SDS-PAGE SDS sulfate-polyacrylamide gel electrophoresis
CTR Control

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512951-024-02423-6.

Additional file 1: Figure S1. XRD patterns of the SOD@HMUIO-MnTCPP

nanoparticles (S@M@H. Figure S2. N, sorption isotherms of SeM@H

NPs. Figure S3. BJH pore-size distribution of S@M@H NPs. Figure S4. DLS
results of S@M@H NPs. Figure S5. Evaluation of O, generation from H,0,



https://doi.org/10.1186/s12951-024-02423-6
https://doi.org/10.1186/s12951-024-02423-6

Li et al. Journal of Nanobiotechnology (2024) 22:246

(2.5 mM) with 200 ug mL~" HMUIO-MnTCPP NPs as a catalyst. Figure S6.
Cell viability of Raw264.7 cells after different concentrations of SeM@H
NPs treatment (****P<0.0001). Figure S7. Cell viability of L929 cells after
different concentrations of S@M@H NPs treatment (****P < 0.0001). Figure
S8. Cell viability of HUVEC cells after different concentrations of S@M@H
NPs treatment (****P<0.0001). Figure S9. ELISA analysis of IL-6 levels in
the supernatant of the culture medium of Raw 264.7 cells (****P<0.0001).
Figure S$10. ELISA analysis of TNF-a levels in the supernatant of the cul-
ture medium of Raw 264.7 cells (****P<0.0001). Figure S11. ELISA analysis
of IL-1B levels in the supernatant of the culture medium of Raw 264.7 cells
(**P<0.01). Figure S12. iNOS immunofluorescence in Raw 264.7 treated
with H,0, and S@eM@H NPs. Figure $13. CD206 immunofluorescence in
Raw 264.7 treated with H,0, and S@M@H NPs. Figure S14. Protecting
effect of S@M@H NPs on endothelial cell migration. Figure S15. Quantita-
tive result of endothelial cell migration assay (*P <0.05). Figure S16.

GO analysis of differentially expressed genes. Figure S17. Quantitative
analysis of genes related to ferroptosis. Figure S18. Biosafety of SeM@H
NPs in vivo (photographed by leica microsystems: 92x). Figure S19.
Quantitative analysis of the epithelium thickness. Figure $20. Quantitative
analysis of the collagen deposition (*P<0.05, **P<0.01, ***P<0.001).

Acknowledgements

The authors thank the Electron Microscopy center of Shanghai Institute of
Precision Medicine, Shanghai Ninth People’s Hospital, and Shanghai Jiaotong
University School of Medicine, for their technical support and assistance in the
Transmission of Electron Microscopy.

Author contributions

FL prepared the nanomaterials, performed the cell experiments, and contrib-
uted to writing the manuscript. ZM, YD and YC was responsible for the materi-
als testing. SY performed the animal experiments. KH and JY were responsible
for the histological examinations. ZL and YL performed all the bacteria-related
experiments. JG, DW and CW conceived of the study, designed the study, and
coordinated the study. All the authors read and approved the final manuscript.

Funding
All authors gratefully acknowledge the financial support from National Natural
Science Foundation of China (81971840 and 81971839).

Data Availability
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiment protocols were approved by the Animal Ethical Com-
mittee of Shanghai Ninth People’s Hospital (Approval No. SH9H-2023-A811-1).

Consent for publication
All authors consent for publication.

Competing interests
The authors declare no competing interests.

Author details

'Department of Plastic and Reconstructive Surgery, Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200011,
People’s Republic of China. 2Shanghai Key Laboratory of Orthopaedic
Implants, Department of Orthopaedic Surgery, Shanghai Ninth People’s Hospi-
tal, Shanghai Jiao Tong University School of Medicine, Shanghai 200011, Peo-
ple’s Republic of China. *State Key Laboratory of Chemical Engineering, School
of Chemical Engineering, East China University of Science and Technology,
Shanghai 200237, People’s Republic of China. “Key Laboratory for Ultrafine
Materials of Ministry of Education, School of Materials Science and Engineer-
ing, East China University of Science and Technology, Shanghai 200237,
People’s Republic of China.

Page 19 of 21

Received: 20 December 2023 Accepted: 18 March 2024
Published online: 13 May 2024

References

1.

Liang Y, Li M, Yang Y, Qiao L, Xu H, Guo B. pH/glucose dual responsive
metformin release hydrogel dressings with adhesion and self-healing

via dual-dynamic bonding for athletic diabetic foot wound healing. ACS
Nano. 2022;16(2):3194-207.

Chang M, Nguyen TT. Strategy for treatment of infected diabetic foot
ulcers. Accounts Chem Res. 2021;54(5):1080-93.

Wang T, Li Y, Cornel EJ, Li C, Du J. Combined antioxidant-antibiotic treat-
ment for effectively healing infected diabetic wounds based on polymer
vesicles. ACS Nano. 2021;15(5):9027-38.

McDermott K, Fang M, Boulton AJM, Selvin E, Hicks CW. Etiology, epide-
miology, and disparities in the burden of diabetic foot ulcers. Diabetes
Care. 2023;46(1):209-21.

LiuY, LiuY, He W, Mu X, Wu X, Deng J, Nie X. Fibroblasts: immunomodu-
latory factors in refractory diabetic wound healing. Front Immunol.
2022;13:918223.

Wu M, Yu Z, Matar DY, Karvar M, Chen Z, Ng B, Aoki S, Haug V, Orgill DP,
Panayi AC. Human amniotic membrane promotes angiogenesis in an
oxidative stress chronic diabetic murine wound model. Adv Wound Care.
2023;12(6):301-15.

Jiang G, Jiang T, Chen J, Yao H, Mao R, Yang X, Chen Z, Li W. Mitochon-
drial dysfunction and oxidative stress in diabetic wound. J Biochem Mol
Toxicol. 2023;37(7): €23407.

Feng W, Han X, Hu H, Chang M, Ding L, Xiang H, Chen Y, Li Y. 2D vanadium
carbide MXenzyme to alleviate ROS-mediated inflammatory and neuro-
degenerative diseases. Nat Commun. 2021;12(1):2203.

Kwon HJ, Kim D, Seo K, Kim YG, Han SI, Kang T, Soh M, Hyeon T. Ceria
nanoparticle systems for selective scavenging of mitochondrial, intracel-
lular, and extracellular reactive oxygen species in Parkinson'’s disease.
Angew Chem-Int Ed. 2018;57(30):9408-12.

. Singh N, NaveenKumar SK, Geethika M, Mugesh G. A cerium vanadate

nanozyme with specific superoxide dismutase activity regulates mito-
chondrial function and ATP synthesis in neuronal cells. Angew Chem Int
Ed. 2021,60:3121-30.

. Chen B, He Q Yang J, Pan Z, Xiao J, Chen W, Chi W, Li M, Li S, Zeng J, Chen

C, Wang F, Pang X, Yi Y, Tu H, Wang H, Chen P. Metformin suppresses
oxidative stress induced by high glucose via activation of the Nrf2/HO-1
signaling pathway in type 2 diabetic osteoporosis. Life Sci. 2023;312:
121092.

. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen

species in inflammation and tissue injury. Antioxid Redox Signal.
2014;20(7):1126-67.

. Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK. Reactive

oxygen species in metabolic and inflammatory signaling. Circ Res.
2018;122(6):877-902.

. XuZ LiuG,LiuPHuY,ChenY, FangY, Sun G, Huang H, Wu J. Hyalu-

ronic acid-based glucose-responsive antioxidant hydrogel platform for
enhanced diabetic wound repair. Acta Biomater. 2022;147:147-57.

. Luo X, Xiong H, Jiang Y, Fan Y, Zuo C, Chen D, Chen L, Lin H, Gao

J. Macrophage reprogramming via targeted ROS scavenging and
COX-2 downregulation for alleviating inflammation. Bioconjug Chem.
2023;34(7):1316-26.

. ChenJ, ZhuH, ZhuY, Zhao C,Wang S, Zheng Y, Xie Z, Jin Y, Song H, Yang

L, Zhang J, Dai J, Hu Z, Wang H. Injectable self-healing hydrogel with
SiRNA delivery property for sustained STING silencing and enhanced
therapy of intervertebral disc degeneration. Bioact Mater. 2022;9:29-43.

. Gulen MF, Samson N, Keller A, Schwabenland M, Liu C, Glick S, Thacker

VWV, Favre L, Mangeat B, Kroese LJ, Krimpenfort P, Prinz M, Ablasser A.
CcGAS-STING drives ageing-related inflammation and neurodegeneration.
Nature. 2023;620(7973):374-80.

. LiN, Zhou H, Wu H, Wu Q, Duan M, Deng W, Tang Q. STING-IRF3 contrib-

utes to lipopolysaccharide-induced cardiac dysfunction, inflammation,
apoptosis and pyroptosis by activating NLRP3. Redox Biol. 2019;24:
101215.



Li et al. Journal of Nanobiotechnology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 22:246

Zhao H, Huang J, LiY, Lv X, Zhou H, Wang H, Xu Y, Wang C, Wang J, Liu
Z.ROS-scavenging hydrogel to promote healing of bacteria infected
diabetic wounds. Biomaterials. 2020;258: 120286.

Ansari SA, Husain Q. Potential applications of enzymes immobilized on/in
nano materials: a review. Biotechnol Adv. 2012;30(3):512-23.

Audu CO, Melvin WJ, Joshi AD, Wolf SJ, Moon JY, Davis FM, Barrett EC,
Mangum KD, Deng H, Xing X, Wasikowski R, Tsoi LC, Sharma SB, Bauer TM,
Shadiow J, Corriere MA, Obi AT, Kunkel SL, Levi B, Moore BB, Gudjonsson
JE, Smith AM, Gallagher KA. Macrophage-specific inhibition of the his-
tone demethylase JMJD3 decreases STING and pathologic inflammation
in diabetic wound repair. Cell Mol Immunol. 2022;19(11):1251-62.

Geng K, Ma X, Jiang Z, Huang W, Gu J, Wang P, Luo L, Xu'Y, Xu Y. High
glucose-induced STING activation inhibits diabetic wound healing
through promoting M1 polarization of macrophages. Cell Death Discov.
2023;9(1):136.

Feng Z, Zang C, Zhang L, Yin S, Zhuang Q, Wang X. STING activation pro-
motes inflammatory response and delays skin wound healing in diabetic
mice. Biochem Biophys Res Commun. 2022;611:126-31.

Li K, Yang J, Gu J. Spatially organized functional bioreactors in nanoscale
mesoporous MOFs for cascade scavenging of intracellular ROS. Chem
Mat. 2021;33(6):2198-205.

Zhao L, Yang J, Gong M, Li K, Gu J. Specific screening of prostate cancer
individuals using an enzyme-assisted substrate sensing platform based
on hierarchical MOFs with tunable mesopore size. J Am Chem Soc.
2021;143(37):15145-51.

Li F, Huang K, Chang H, Liang Y, Zhao J, Yang S, Liu F. A polydopamine
coated nanoscale FeS theranostic platform for the elimination of drug-
resistant bacteria via photothermal-enhanced Fenton reaction. Acta
Biomater. 2022;150:380-90.

Talbott HE, Mascharak S, Griffin M, Wan DC, Longaker MT. Wound healing,
fibroblast heterogeneity, and fibrosis. Cell Stem Cell. 2022;29(8):1161-80.
Sharifiaghdam M, Shaabani E, Faridi-Majidi R, De Smedt SC, Braeckmans
K, Fraire JC. Macrophages as a therapeutic target to promote diabetic
wound healing. Mol Ther. 2022;30(9):2891-908.

Gurevich DB, David DT, Sundararaman A, Patel J. Endothelial heterogene-
ity in development and wound healing. Cells. 2021;10(9):2338.

Su'L, Zhang J, Gomez H, Kellum JA, Peng Z. Mitochondria ROS and
mitophagy in acute kidney injury. Autophagy. 2023;19(2):401-14.
ZhouT, Yang X, Chen Z, Yang Y, Wang X, Cao X, Chen C, Han C, Tian H,
Qin A, Fu J, Zhao J. Prussian blue nanoparticles stabilize SOD1 from
ubiquitination-proteasome degradation to rescue intervertebral disc
degeneration. Adv Sci. 2022;9(10): e2105466.

Zhang D, LiuY, ZhuY, Zhang Q, Guan H, Liu S, Chen S, Mei C, Chen C,
Liao Z, XiY, Ouyang S, Feng XH, Liang T, Shen L, Xu P. A non-canonical
cGAS-STING-PERK pathway facilitates the translational program critical for
senescence and organ fibrosis. Nat Cell Biol. 2022;24(5):766-82.

Wang L, Hong W, Zhu H, He Q, Yang B, Wang J, Weng Q. Macrophage
senescence in health and diseases. Acta Pharm Sin B. 2024;14(4):1508-24.
Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J, Sampath

H, Ying W, Hoffman HM, Shadel GS, Karin M. Oxidized DNA frag-

ments exit mitochondria via mPTP- and VDAC-dependent channels

to activate NLRP3 inflammasome and interferon signaling. Immunity.
2022;55(8):1370-1385.€8.

Murthy AMV, Robinson N, Kumar S. Crosstalk between cGAS-STING
signaling and cell death. Cell Death Differ. 2020;27(11):2989-3003.

Wei H, Qin J, Huang Q, Jin Z, Zheng L, Zhao J, Qin Z. Epigallocatechin-
3-gallate (EGCG) based metal-polyphenol nanoformulations alleviates
chondrocytes inflammation by modulating synovial macrophages
polarization. Biomed Pharmacother. 2023;161: 114366.

Qi L, Li X, Zhang F, Zhu X, Zhao Q, Yang D, Hao S, Li T, Li X, Tian T, Feng J,
Sun X, Wang X, Gao S, Wang H, Ye J, Cao S, He Y, Wang H, Wei B. VEGFR-3
signaling restrains the neuron-macrophage crosstalk during neurotropic
viral infection. Cell Rep. 2023;42(5): 112489.

Huang S-M, Wu C-S, Chiu M-H, Wu C-H, Chang Y-T, Chen G-S, Lan C-CE.
High glucose environment induces M1 macrophage polarization that
impairs keratinocyte migration via TNF-a: an important mechanism to
delay the diabetic wound healing. J Dermatol Sci. 2019;,96(3):159-67.
DestaT, LiJ, Chino T, Graves DT. Altered fibroblast proliferation and apop-
tosis in diabetic gingival wounds. J Dent Res. 2010;89(6):609-14.

LiY-F, Ouyang S-H, Tu L-F, Wang X, Yuan W-L, Wang G-E, Wu Y-P, Duan
W-J, Yu H-M, Fang Z-Z, Kurihara H, Zhang Y, He R-R. Caffeine protects

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 20 of 21

skin from oxidative stress-induced senescence through the activation of
autophagy. Theranostics. 2018;8(20):5713-30.

Wang C, Zhang C, Liu L, Xi A, Chen B, Li Y, Du J. Macrophage-derived
mir-155-containing exosomes suppress fibroblast proliferation and
promote fibroblast inflammation during cardiac injury. Mol Ther.
2017;25(1):192-204.

Fu Y-J, ShiY-F, Wang LY, Zhao Y-F, Wang R-K, Li K, Zhang S-T, Zha X-J, Wang
W, Zhao X, Yang W. All-natural immunomodulatory bioadhesive hydrogel
promotes angiogenesis and diabetic wound healing by regulating mac-
rophage heterogeneity. Adv Sci. 2023;10(13): €2206771.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of
aging: an expanding universe. Cell. 2023;186(2):243-78.

OgataY, Yamada T, Hasegawa S, Sanada A, Iwata Y, Arima M, Nakata S,
Sugiura K, Akamatsu H. SASP-induced macrophage dysfunction may con-
tribute to accelerated senescent fibroblast accumulation in the dermis.
Exp Dermatol. 2020;30(1):84-91.

Ogrodnik M. Cellular aging beyond cellular senescence: markers of senes-
cence prior to cell cycle arrest in vitro and in vivo. Aging Cell. 2021,20(4):
e13338.

Nakamura T, Naguro |, Ichijo H. Iron homeostasis and iron-regulated ROS
in cell death, senescence and human diseases. Biochim Biophys Acta Gen
Subj. 2019;1863(9):1398-4009.

Han X, Chen S, Cai Z, Zhu Y, YiW, Guan M, Liao B, Zhang Y, Shen J, Cui W,
Bai D. A diagnostic and therapeutic hydrogel to promote vasculariza-
tion via blood sugar reduction for wound healing. Adv Funct Mater.
2023;33(14):2213008.

Marrotte EJ, Chen D-D, Hakim JS, Chen AF. Manganese superoxide
dismutase expression in endothelial progenitor cells accelerates wound
healing in diabetic mice. J Clin Invest. 2010;120(12):4207-19.
Ebensperger P, Zmyslia M, Lohner P, Braunreuther J, Deuringer B, Becherer
A, Suess R, Fischer A, Jessen-Trefzer C. A dual-metal-catalyzed sequential
cascade reaction in an engineered protein cage. Angew Chem Int Ed.
2023;62: 202218413,

Chatterjee A, Mahato C, Das D. Complex cascade reaction networks via
cross 3 amyloid nanotubes. Angew Chem Int Ed. 2020;60(1):202-7.
Zhang X, Yuan Z,Wu J, He Y, Lu G, Zhang D, Zhao Y, Wu R, Lv, Cai K,

He S. An orally-administered nanotherapeutics with carbon monox-

ide supplying for inflammatory bowel disease therapy by scavenging
oxidative stress and restoring gut immune homeostasis. ACS Nano.
2023;17(21):21116-33.

Cheng F,Wang S, Zheng H, Shen H, Zhou L, Yang Z, Li Q, Zhang Q, Zhang
H. Ceria nanoenzyme-based hydrogel with antiglycative and antioxida-
tive performance for infected diabetic wound healing. Small Methods.
2022,6(11): €2200949.

Chen X, Cao X, Zheng D, Li C, Chen'Y, Kong K, Xu W, Shi B, Chen X, Dai F,
Zhang S. Ultrasmall PtAu, nanoclusters activate endogenous anti-inflam-
matory and anti-oxidative systems to prevent inflammatory osteolysis.
Theranostics. 2023;13(3):1010-27.

Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and
role in disease. Nat Rev Mol Cell Biol. 2021;22(4):266-82.

Zhao C,Sun G, LiY, Kong K, Li X, Kan T, Yang F, Wang L, Wang X. Forkhead
box O3 attenuates osteoarthritis by suppressing ferroptosis through
inactivation of NF-kB/MAPK signaling. J Orthop Transl. 2023;39:147-62.
Zhang P, Rong K, Guo J, Cui L, Kong K, Zhao C, Yang H, Xu H, Qin A, Ma

P Yang X, Zhao J. Cynarin alleviates intervertebral disc degeneration via
protecting nucleus pulposus cells from ferroptosis. Biomed Pharmaco-
ther. 2023;165: 115252,

Wang X, Wang Y, Bosshardt DD, Miron RJ, Zhang Y. The role of mac-
rophage polarization on fibroblast behavior-an in vitro investigation on
titanium surfaces. Clin Oral Investig. 2017;22(2):847-57.

Horiba S, Kami R, Tsutsui T, Hosoi J. IL-34 downregulation-associated M1/
M2 macrophage imbalance is related to inflammaging in sun-exposed
human skin. JID Innov. 2022;2(3): 100112.

Huang Q, Yang Y, ZhuY, Chen Q, Zhao T, Xiao Z, Wang M, Song X, Jiang
Y,YangY, Zhang J, Xiao Y, Nan Y, Wu W, Ai K. Oral metal-free melanin
nanozymes for natural and durable targeted treatment of inflammatory
bowel disease (IBD). Small. 2023;19(19): €2207350.

Choi HS, Mathew AP, Uthaman S, Vasukutty A, Kim 1J, Suh SH, Kim CS, Ma
SK, Graham SA, Kim SW, Park I-K, Bae EH. Inflammation-sensing catalase-
mimicking nanozymes alleviate acute kidney injury via reversing local
oxidative stress. J Nanobiotechnol. 2022,20(1):205.



Li et al. Journal of Nanobiotechnology (2024) 22:246

61. Wang W, Duan J, Ma W, Xia B, Liu F, Kong Y, Li B, Zhao H, Wang L, Li K, Li
Y, Lu X, Feng Z, Sang Y, Li G, Xue H, Qiu J, Liu H. Trimanganese tetroxide
nanozyme protects cartilage against degeneration by reducing oxidative
stress in osteoarthritis. Adv Sci. 2023;10(17): e2205859.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21



	Mesoporous MOFs with ROS scavenging capacity for the alleviation of inflammation through inhibiting stimulator of interferon genes to promote diabetic wound healing
	Abstract 
	Introduction
	Experimental section
	Materials
	Synthesis of SOD@HMUiO-MnTCPP NPs
	Characterization of SOD@MnTCPP@HMUIO
	O2− scavenging activity of SOD@HMUiO-MnTCPP NPs
	CAT-like activity
	Cell culture
	Cytotoxicity assay
	Protecting L929 cells from STING-activated macrophages
	RNA sequence for L929 cells
	Intracellular ROS level detection
	Assessment of mitochondrial dysfunction induced by H2O2
	Western blot analysis
	Immunofluorescence staining of iNOS and CD206 of macrophages
	Enzyme-linked immunosorbent assay (ELISA)
	Assessment of in vivo healing of diabetic wounds
	Histological evaluation
	Immunofluorescence
	Immunohistochemistry
	Statistical analysis

	Results
	Characterization of S@M@H NPs
	ROS cascade scavenging ability of S@M@H NPs
	S@M@H NPs alleviated STING mediated chronic inflammation in macrophages
	Effect of S@M@H NPs on cytoprotection of L929 cells caused by inflammatory macrophages
	Transcriptome analysis of L929 cells treated with macrophage supernatants under H2O2 and S@M@H NPs conditions
	Healing of diabetic skin wounds in vivo treated by S@M@H NPs
	Immunohistochemical and immunofluorescent images of wound tissue

	Discussion
	Conclusion
	Acknowledgements
	References


