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Oxidative stress, infection, and vasculopathy caused by hyperglycemia are the main barriers for the rapid repair
of foot ulcers in patients with diabetes mellitus (DM). In recent times, the discovery of neddylation, a new type of
post-translational modification, has been found to regulate various crucial biological processes including cell
metabolism and the cell cycle. Nevertheless, its capacity to control the healing of wounds in diabetic patients
remains unknown. This study shows that MLN49224, a compound that inhibits neddylation at low concentra-
tions, enhances the healing of diabetic wounds by inhibiting the polarization of M1 macrophages and reducing
the secretion of inflammatory factors. Moreover, it concurrently stimulates the growth, movement, and forma-
tion of blood vessel endothelial cells, leading to expedited healing of wounds in individuals with diabetes. The
drug is loaded into biomimetic macrophage-membrane-coated PLGA nanoparticles (M-NPs/MLN4924). The
membrane of macrophages shields nanoparticles from being eliminated in the reticuloendothelial system and
counteracts the proinflammatory cytokines to alleviate inflammation in the surrounding area. The extended
discharge of MLN4924 from M-NPs/MLN4924 stimulates the growth of endothelial cells and the formation of
tubes, along with the polarization of macrophages towards the anti-inflammatory M2 phenotype. By loading M-
NPs/MLN4924 into a hydrogel, the final formulation is able to meaningfully repair a diabetic wound, suggesting
that M-NPs/MLN4924 is a promising engineered nanoplatform for tissue engineering.

next 25 years [1,2]. Due to oxidative stress, infection, vascular disease,
and inflammation caused by hyperglycemia-induced metabolic disor-
ders [3], patients with diabetes mellitus (DM) often have poor wound

1. Introduction

Diabetes, a persistent metabolic disorder, presents a significant
threat to the overall well-being of individuals, both physically and
mentally. Recent studies show that 1 in 10 adults worldwide suffers from
diabetes, which is expected to increase to more than 780 million in the
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healing and develop diabetic foot ulcers (DFUs), which can lead to
amputation in severe cases [4]. Therefore, much effort has been devoted
to understanding the pathogenesis of diabetic wounds and novel treat-
ments. Recent research has discovered methods to speed up the healing
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Abbreviations CCK-8  Cell Counting Kit 8
iNOS Inducible nitric oxide synthase
NPs/MLN4924 PLGA-coated MLN4924 nanoparticles ARG1 Arginase 1
M-NPs/MLN4924 Macrophage membrane-coated NPs/MLN4924 RT-PCR Real-time polymerase chain reaction
nanospheres ELISA  Enzyme-linked immunosorbent assay
GelMA@ M-NPs/MLN4924 M-NPs/MLN4924 nanoparticles loaded NF-«xB Nuclear factor-kB
by porous GelMA hydrogel IkBa Inhibitor of NF-kB-alpha
CRL Cullin-RING E3 ligase NF-xB Nuclear factor-xB
EGF Epidermal growth factor VEGF-A Vascular endothelial growth factor A
LPS Lipopolysaccharide PBS Phosphate-buffered saline
IL-6 Interleukin-6 DAPI 4',6-Dimidazole-2-phenylindole
IL6-R Interleukin-6 receptor FITC Fluorescein isothiocyanate
TNF-a  Tumor necrosis factor-alpha APC Allophycocyanin
TNFR1 Tumor necrosis factor receptor 1 PE Phycoerythrin
TLR4 Toll-like receptor 4 H&E Hematoxylin and eosin
TEM Transmission electron microscopy HUVECs Human umbilical vein endothelial cells
DLS Dynamic light scattering

of wounds in diabetic individuals by suppressing long-lasting inflam-
mation and the polarization of M1 macrophages (known for their
pro-inflammatory properties), as well as boosting angiogenesis to
enhance the delivery of nutrients and oxygen to diabetic wounds [5-7].

Neddylation, a protein modification that occurs after translation,
was recently discovered. A reversible post-translational modification
similar to ubiquitination, neddylation involves the covalent attachment
of the ubiquitin-like protein NEDDS to specific lysine residues on target
proteins. Neddylation and ubiquitination share the commonality of
attaching a small protein to lysine residues, yet they diverge in terms of
their functions and the proteins they target. The process of neddylation
primarily involves the activation of NEDD8 E1 enzyme (NAE), the
conjugation of NEDD8-specific E2 enzyme (UBC12), and the transfer of
NEDDS to cullin proteins by NEDD8 E3 ligase in a sequential manner.
Neddylation regulates many biological functions, including protein
subcellular localization, protein stability, and activity [8]. Furthermore,
it represents a promising therapeutic target in the pursuit of remedies for
various afflictions (Scheme 1A) [9].

MLN4924 (Pevonedistat) is the first small molecule inhibitor of NAE
that has entered clinical trials for various cancer treatments [10]. It
blocks NAE-mediated neddylation by forming a NEDD8-MLN4924
adduct, thereby reducing the neddylation of cullins and other protein
substrates. Research has indicated that it has the potential to induce
harm to DNA, halt the cell cycle, and trigger both cell death and aging in
tumor cells [11-13]. Furthermore, studies have demonstrated that
nanomolar concentrations of MLN4924 induce the growth, renewal, and
specialization of stem cells in both cancerous and non-cancerous stem
cell models. Additionally, it enhances the healing of skin wounds and the
migration of immortalized epithelial cells in EGF-induced mouse models
[14]. Moreover, the partial inhibition of neddylation by MLN4924 at
low concentrations inhibited the LPS-induced production of
pro-inflammatory cytokines by RAW 264.7 macrophages [15]. Howev-
er, higher doses of MLN4924 consistently and severely inhibited ned-
dylation and subsequently inhibited macrophage viability [16]. To date,
whether neddylation is involved in the dysregulation of diabetic wound
repair and whether the inhibition of MLN4924-mediated neddylation
contributes to the treatment of diabetic wounds remains unclear. In this
study, the potential therapeutic effects of MLN4924-induced neddyla-
tion inhibition on macrophage differentiation and the healing of dia-
betic wounds were examined both in vitro and in vivo.

Nanoparticles have a wide range of applications in accelerating
diabetic wound healing [17-19].Nanoparticles facilitate wound healing
and can be used to deliver one or more therapeutic agents such as
exosomes growth factors, nucleic acids, antibiotics, and antioxidants so
that they can be released continuously in the target tissue [20-22].
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Numerous research studies have shown that nanoparticles can signifi-
cantly enhance the pharmacokinetic characteristics and chemical sta-
bility of loaded therapeutics, including small molecule medications,
peptides, proteins, small interfering RNA (siRNA), and microRNA
(miRNA) [23-25]. Lately, there has been a growing utilization of
nanoparticles coated with cell membranes in the field of disease detec-
tion and therapy [26,27].This new nanoplatform is distinguished by its
ability to avoid phagocytosis, have a longer circulation time, and
effectively target specific areas [28]. Macrophage-mimicking nano-
particles possess identical antigenic properties to macrophages and can
effectively neutralize endotoxin and proinflammatory cytokines. This
method has been employed for the treatment of atherosclerosis, sepsis,
and the regeneration of bone tissue [29-31].

The present investigation established a drug transport mechanism
utilizing nanospheres coated with macrophage membrane (M-NPs/
MLN4924). To inhibit M1 polarization, the nanoparticles’ macrophage
membranes contain important protein receptors like Tumor necrosis
factor receptor 1 (TNFR1), Interleukin-6 receptor (IL-6R), and Toll-like
receptor 4 (TLR4). These receptors bind to the inflammatory cytokines
(TNF-a, IL-6) and the endotoxin LPS, respectively. Simultaneously, the
M-NPs/MLN4924 discharged hindered the polarization of macrophages
into the inflammatory M1 type, diminishing superfluous proin-
flammatory behavior and fostering wound healing. Moreover, the ef-
fects of this drug delivery system on endothelial cell proliferation and
tube formation were investigated. Under hyperglycemia conditions, M-
NPs/MLN4924 induced the growth, movement, and development of
vascular endothelial cells, demonstrating similar effects on prolifera-
tion, migration, and tube formation. The research offers a two-pronged
approach to modulating the immune system for the treatment of wounds
in individuals with diabetes. By utilizing a biomimetic membrane sys-
tem, the levels of toxins were diminished and the inflammatory cyto-
kines were effectively neutralized. The release of MLN4924 by M-NPs/
MLN4924 nanoparticles enhanced the growth and formation of tubes in
endothelial cells, and at the same time, it suppressed the M1 polarization
of macrophages. This suggests that M-NPs/MLN4924 is a promising
engineered nanoplatform for promoting the repair of diabetic wounds
(Scheme 1B).

2. Results and discussion

2.1. The proliferation and viability of macrophages are regulated by the
neddylation pathway

Delayed healing in diabetic wounds is caused by persistent chronic
inflammation resulting from elevated levels of cytokines and the
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Scheme 1. (A) Schematic illustration of the enzymatic cascades for protein neddylation. The neddylation process involves a series of steps, starting with the
activation of NEDD8 by NEDD8 E1 activating enzyme (NAE), then the loading of NEDD8 onto NEDD8-specific E2 conjugating enzyme (UBC12), and ultimately the
binding of NEDDS to protein substrates facilitated by NEDD8 E3 ligase. MLN4924 exerts its inhibitory effect on the neddylation by suppressing the activity of NAE.
(B) The diagram depicts the production of M-NPs/MLN4924 and their application in treating diabetic wounds caused by diabetes. The construction of a drug delivery
system was achieved by utilizing NPs/MLN4924 coated with macrophage membrane, known as M-NPs/MLN4924, in this research. The nanoparticles regulated
endothelial cell proliferation, migration, and angiogenesis while neutralizing inflammatory factors and inhibiting M1 macrophage polarization.

prevalence of M1 macrophages [6]. Consequently, we examined the
impact of MLN4924, which partially inhibits neddylation, on the
secretion of proinflammatory cytokines by RAW264.7 macrophages at
various therapeutic dosages. According to (Fig. 1A), the administration
of MLN4924 at concentrations of 0.05 pM, 0. 1 pM, and 0. 2 uM for a
duration of 12 h did not exhibit any suppressive impact on the survival
of cells. Subsequently, RAW264.7 macrophages were exposed to
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MLN4924 while being exposed to LPS for 12 h. The findings revealed
that MLN4924 could decrease neddylation in RAW264.7 macrophages,
as shown in Fig. 1B (top panel). The cullin-RING E3 ligase (CRL) controls
the degradation of Inhibitor of NF-kB-alpha (IkBa), an upstream
component of NF-kB, which is essential for suppressing NF-xB activity.
The current therapy hindered the neddylation process of CRL and
stopped the breakdown of IkBa, as shown by the notable buildup of
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Fig. 1. Attenuation effects of MLN4924 on the inflammatory response of RAW 264.7 cells induced by LPS. (A) After overnight culture, RAW264.7 macro-
phages were subjected to treatment with MLN4924 at concentrations of 0, 0.05, 0.1, and 0.2 pM for 12 h. Subsequently, cell viability was assessed using the CCK8
assay. (B) Western blots of NEDD8-Cullins, p-IkBa, IkBa, and ACTB in MLN4924-treated RAW264.7 macrophages. (C) RT-PCR results of iNOS, IL-6, and TNF-«
expression in the RAW264.7 macrophages which were subjected to different treatments. (D, F) ELISA was used to determine the levels of TNF-a and IL-6 cytokines in
the supernatant of the cell culture. (E, G) Examples of flow cytometry dot plots showing the results of culturing RAW264.7 macrophages with LPS for 24 h and
varying amounts of MLN4924 for another 24 h. The control group was cultured with LPS for 24 h followed by drug-free medium for 24 h. The percentages of F4/80,

CD86 and CD206 positive cells. Ns: not statistically significant; *p < 0.05; **p < 0.01; an

phospho-IkBa (p-IkBa) (Fig. 1B). Consequently, MLN4924 effectively
suppressed the activation of proinflammatory cytokines TNF-a and iNOS
in response to LPS stimulation at the mentioned doses (Fig. 1C).
Consistently, MLN4924 markedly decreased the concentrations of TNF-«
and IL-6 in the supernatant of the cell culture (Fig. 1D-F). Following
this, the analysis of flow cytometry revealed a gradual decrease in the
count of cells positive for CD86 (M1-type) as the drug concentration
increased, while there was a slight increase in the count of cells positive
for CD206 (M2-type) (Fig. 1E-G). In line with prior research [16], the
findings indicated that the partial hindrance of neddylation alteration
impeded the M1 polarization of macrophages and decreased the release
of inflammatory cytokines while not impacting the viability of cells.

2.2. MLN4924 enhances angiogenesis in vitro and ameliorates ROS
damage

Diabetic wound healing failure occurs due to impaired formation of
new blood vessels and dysfunction of the cells lining the blood vessels,
which are caused by hyperglycemia. Increasing evidence supports the
importance of enhancing angiogenesis to accelerate wound healing [32,
33]. Previous research has indicated that hyperglycemia and hyper-
insulinemia lead to excessive activation of neddylation, which is asso-
ciated with diabetic kidney disease and cardiovascular disorders [34,
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w5+ < 0,001,

35].Compared to the control group, hyperglycemia can lead to enhanced
neddylation of HUVECs (Fig. 2B, top panel). Similarly, Western blot
analysis demonstrates an increase in neddylation in wound skin tissues
of diabetic mice (Fig. S1A). The impact of varying MLN4924 concen-
trations on the proliferation and angiogenesis of Human umbilical vein
endothelial cells (HUVEC) was examined. MLN4924 can reduce ned-
dylation in HUVEC cells at doses ranging from 50 to 200 nM (Fig. 2B, top
panel). The results from QRT-PCR and western blotting (Fig. 2A and B)
indicated that MLN4924 effectively enhanced the expression of the
proliferation-associated genes Cyclin D1 and Cyclin D3, which were
suppressed by hyperglycemia. MLN4924 significantly enhanced the
expression of vascular endothelial growth factor A (VEGF-A) during
wound healing induction, in comparison to both the hyperglycemia
group and control group. Angiogenesis is significantly influenced by this
growth factor, as it can stimulate the multiplication and movement of
endothelial cells, thereby playing a crucial part. EAU, a pyrimidine
analog of thymidine, can be utilized for the measurement of DNA syn-
thesis in order to identify cellular proliferation. The control group and
MLN4924 hyperglycemia group exhibited a higher number of
EdU-positive cells compared to the hyperglycemia group, with the 100
nM MLN4924 hyperglycemia group showing the highest count of
Edu-positive cells (Fig. 2C-E). The findings suggested that a low dose of
MLN4924 exhibited a safeguarding impact on the suppression of HUVEC
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Fig. 2. MLN4924 enhances HUVEC function and ameliorates ROS damage in vitro. (A) The effects of different treatments on the expression of VEGF-A, Cyclin
D1, and Cyclin D3 in HUVEC were detected by RT-PCR. (B) Western blots of NEDD8-Cullins, VEGF-A, Cyclin D1, and ACTB in HUVECs treated with MLN4924. (C, E)
The HUVECs proliferation was assessed using the EAU incorporation assay. Scale bar: 100 pm. (D, G) Conducting an in vitro experiment to assess wound healing on
the HUVEGs. Scale bar: 50 pm. (F, E) The DCFH-DA was used to evaluate the decrease in ROS levels in HUVECs after various treatments. Scale bar: 100 pm. ns: not

statistically significant; *p < 0.05; **p < 0.01; and ***p < 0.001.

function and cellular growth caused by hyperglycemia, with the most injury induced by hyperglycemia and boosts the growth and movement
effective protection observed at a concentration of 100 nM. Scratch of HUVECs. However, unlike previous studies, MLN4924 has an optimal
assay was used to investigate the impact of MLN4924 on in vitro wound concentration for the improvement of endothelial cell function. The
healing. The findings (Fig. 2D-G) suggested that high blood sugar hin- strongest promotion effect was observed when the concentration was
dered cell movement in a laboratory setting, whereas a small amount of 100 nM. Additionally, our experiments involving the cultivation of
MLN4924 helped cells transition into the empty area of the plate. The fibroblast cell lines at varying concentrations of MLN4924 revealed that
strongest effect was observed for the 100 nM of MLN4924. wound healing assays and cell proliferation experiments exhibited the
ROS damage caused by hyperglycemia is one of the important rea- most favorable proliferation and migration levels in fibroblasts at
sons that diabetic wounds are difficult to heal. It has been shown that similar concentrations (Fig. S2). As a result, we utilized this ideal con-
MLN4924 has cytoprotective and antioxidant effects on hydrogen centration to enhance the healing of wounds in diabetic patients.

peroxide (H202) induced damage in cerebellar granule neurons (CGN)
[36]. However, its effect on oxidative stress induced by diabetes is still

unknown. The ROS indicator, 2",7"-dichlorodihydrofluorescein diac- 2.3. Nanoparticle preparation and characterization

etate (DCFH-DA), was used to visualize the levels of intracellular ROS.

The findings indicated that the cell fluorescence decreased significantly The M-NPs/MLN4924 consisted of PLGA nanoparticles loaded with

when treated with MLN4924 compared to the control group, and this =~ MLN4924, which were then coated with a macrophage membrane.

decrease was dependent on the concentration of MLN4924. Notably, the Following the nanoprecipitation method, the PLGA nanospheres with

highest inhibition of oxidative stress was observed at a concentration of pores were prepared. Subsequently, the macrophage membrane was

200 nM MLN4924 (Fig. 2F-H). isolated and coated on the porous PLGA nanospheres through 11 ex-
To sum up, we found that MLN4924 improves the oxidative stress trusions using an Avanti mini extruder (as shown in Fig. 3A). The

encapsulation efficiency (EE) of NPs/MLN4924 nanoparticles is
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Fig. 3. Investigation of the properties of membrane-coated porous M-NPs/MLN4924 nanospheres. (A) This is a schematic representation of the synthesis
process for M-NPs/MLN4924. The TEM images display nanospheres of (B) NPs/MLN4924, and (C) M-NPs/MLN4924. (D) The dimensions and (E) zeta potential of
porous NPs/MLN4924 nanospheres and M-NPs/MLN4924. (F) Western blots were performed on NPs/MLN4924 and M-NPs/MLN4924 to detect TNFR1 and IL-6R. (G)
Biocompatibility was assessed by performing a CCK-8 assay after 24 h of cultivation (*P < 0.05 when compared to the control). (H) The release of MLN4924 from M-
NPs/MLN4924 and GelMA@M-NPs/MLN4924 was observed in PBS at 37 °C and pH 7.4 for a duration of 21 days.
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approximately 95 %, while the drug loading capacity (DLC) is about 10
%. The transmission electron microscope (TEM) images showed the NPs
exhibited predominantly spherical shapes with a mean particle size of
approximately 150-200 nm (Fig. 3B) and a thin uniform coating on the
surface of M-NPs/MLN4924 (Fig. 3C). This result shows that there is a
single-layer coating on M-NPs/MLN4924 nanoparticles. Based on dy-
namic light scattering (DLS), the diameter of the fused nanoparticles
increased from 167 to 189 nm (Fig. 3D). On M-NPs/MLN4924 nano-
spheres, this corresponds to a macrophage membrane thickness of about
11 nm. Furthermore, the zeta potential of the membrane surface
decreased from —23.50 + 3.6 mV to —30.27 + 3.2 mV (Fig. 3E). All
these results revealed the successful synthesis of membrane vesicles with
PLGA nanospheres. Western blotting was used to analyze the membrane
surface marker proteins, IL-6R and TNFR1, which interacted with the
pro-inflammatory cytokines IL-6 and TNF-a, correspondingly. As shown
in (Fig. 3F), these proteins were expressed on both macrophage mem-
branes and M-NPs/MLN4924. To evaluate the cytotoxic effects of M-
NPs/MLN4924 and PLGA-coated MLN4924 nanoparticles (NPs/
MLN4924), a CCK-8 kit from Beyotime in China was utilized. The results
from Fig. 3G indicated that these nanoparticles did not exhibit note-
worthy cytotoxicity when administered at therapeutic doses during the
experiment. As shown in the in vitro release curves of drug nanoparticles
(Fig. 3H), MLN4924 could be continuously released from M-NPs/
MLN4924 and GelMA@M-NPs/MLN4924. After loading the final M-
NPs/MLN4924 into the porous GelMA hydrogel, the sustained release
effect lasted longer, showing its potential for long-term therapeutic ef-
fect. Collectively, these findings revealed that M-NPs/MLN4924 nano-
spheres retain the macrophage membrane structure with its key
proteins, thereby providing functions to enhance drug delivery, reduce
toxin levels, and neutralize inflammatory factors.

Bioactive Materials 34 (2024) 366-380
2.4. The in vitro inhibition of inflammation by nanoparticles

In the previous section (Results 2.3), we identified the optimal drug
concentration that can both inhibit macrophage polarization and in-
flammatory cytokine secretion, and promote HUVEC proliferation and
migration. HUVEC cells were co-cultured with classically activated M1
macrophages to simulate the high-glucose and inflammatory environ-
ment of the diabetic wound (Fig. 4A). In this co-culture environment, we
further investigated the effect of macrophage membrane nanoparticles
on macrophage function. The ELISA findings (Fig. 4B, C) indicated that
the secretion quantities of TNF-a and IL-6 in RAW264.7 macrophages
were notably reduced in both the NPs/MLN4924 and M-NPs/MLN4924
groups compared to the control group. The M-NPs/MLN4924 group had
the lowest number, with TNF-a and IL-6 secretion levels being only 50 %
and 33 % of the control group, respectively. In the M-NPs/MLN4924
group, the qPCR results (Fig. 4D) showed the lowest mRNA expression
levels for the TNF-a, IL-6, and iNOS genes. Flow cytometry analysis
showed (Fig. 4E and F; Fig. S1B and C) that compared with the control
group, CD86" (M1-type) macrophages were less than 75 % in the NPs/
MLN4924 group and only 61.4 % in the M-NPs/MLN4924 group, which
significantly inhibited the LPS-induced M1 polarization. The results
suggested that the sustained release of MLN4924 from PLGA nano-
particles could inhibit the M1 polarization of RAW264.7 macrophages
and reduce the expression and secretion of pro-inflammatory cytokines,
while the biomimetic membrane system further reduced inflammatory
cytokines levels and neutralized them.

2.5. Human umbilical vein endothelial cells proliferation, migration, and
angiogenesis induced by nanoparticles

We further evaluated the effects of M-NPs/MLN4924 on HUVEC
proliferation, migration, and angiogenesis. The proliferation of HUVECs
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Fig. 4. M-NPs/MLN4924 can inhibit inflammation, reduce ROS damage, and enhance HUVEC function. (A) HUVECs were co-cultured with classically acti-
vated M1-type macrophages. (B, C) ELISA was used to determine the levels of TNF-a and IL-6 in the supernatant of the cell culture. (D) RAW 264.7 cells were
stimulated with LPS for 24 h and subjected to various treatments, and the expression of iNOS, IL-6, and TNF-a was determined using RT-PCR. (E, F) The FACS
histogram depicted the flow cytometry findings of RAW264.7 macrophages that were cultured for 24 h with LPS and then with various treatments for 24 h, with or
without NPs/MLN4924 and M-NPs/MLN4924. The results show the proportions of cells expressing CD86; *p < 0.05; **p < 0.01; and ***p < 0.001.
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was detected by EAU incorporation and calcein-AM staining (Fig. 5A, B,
I, J). NPs/MLN4924 and M-NPs/MLN4924 were co-cultured with
HUVEGs for 1 and 3 days, and cell morphology was analyzed by calcein-
AM staining. The findings showed that both NPs/MLN4924 and M-NPs/
MLN4924 enhanced cellular growth, with M-NPs/MLN4924 resulting in
the most significant increase in cell proliferation. The control group and
the nanoparticle treatment group had a higher number of EdU positive
cells compared to the hyperglycemia group, with the M-NPs/MLN4924
group showing the highest count of EAU positive cells. In order to assess
the impact of nanoparticles on the movement of HUVECs, we conducted
both a transwell migration assay and a wound healing assay. The find-
ings indicated that both NPs/MLN4924 and M-NPs/MLN4924 enhanced
the speed of HUVEC movements, which were initially suppressed by
hyperglycemia. The wound healing assay results (Fig. 5C-F) showed
that the wound closure in the high glucose group was significantly lower
compared to the other three groups. The wound healing in the NPs/
MLN4924 group was comparable to that in the control group. M-NPs/
MLN4924 group showed the strongest promoting effect on wound
healing. Compared with the hyperglycemia group, HUVECs in the M-
NPs/MLN4924 group showed the fastest cell migration and about 2
times the wound healing rate compared to the hyperglycemia group.
Furthermore, the transwell findings (Fig. 5E-G) indicated a notable in-
crease in cell numbers for both the NPs/MLN4924 and M-NPs/MLN4924
groups compared to the control and hyperglycemia groups. Moreover,
the M-NPs/MLN4924 group exhibited approximately threefold higher
cell counts than the hyperglycemia group. The repair of traumatic tissue
defects heavily relies on angiogenesis. HUVECs were subjected to a tube
formation assay using Matrigel to evaluate the development of capillary
networks. Under hyperglycemia conditions, it was observed that NPs/
MLN4924 and M-NPs/MLN4924 augmented the tube formation capac-
ity of HUVECs. Notably, M-NPs/MLN4924 exhibited the most significant
enhancement in tube formation, as depicted in Fig. 5D-H. In summary,
the above in vitro results revealed the dual effects of M-NPs/MLN4924
on macrophages and HUVEC cells. In the presence of hyperglycemia, it
has a notable ability to suppress macrophage polarization and the
release of inflammatory substances, while enhancing the growth,
movement, and formation of tubes by HUVECs.

2.6. GelMA@M-NPs/MLN4924 enhanced the rate of wound closure,
repaired the epithelial tissue, and promoted the formation of granulation
tissue in mice with diabetes

The process of wound healing is intricate and consists of various
stages including inflammation, proliferation, and remodeling. It re-
quires the involvement of numerous cells, growth factors, and extra-
cellular mesenchyme. Diabetic wounds often suffer from poor wound
healing, bacterial infection, vascular lesions, and oxidative damage,
leading to chronic ulcers [37,38]. GelMA hydrogel has been used as a
tissue repair material by many researchers due to its superior biocom-
patibility, antibacterial ability, degradability, and mechanical proper-
ties [39,40]. The porous GelMA with reticular pores size of 100-200 pm
is advantageous to cell proliferation by providing the 3D network for cell
adhesion and effective transport of nutrients [41]. The swelling curve of
the hydrogel exhibited a marked increase in swelling ratio during the
first 2 h followed by a plateau (Fig. S3A), while the degradation curve
showed a gradual degradation trend (Fig. S3B). We added
M-NPs/MLN4924 to the porous GelMA hydrogel during hydrogel for-
mation (Fig. 6A). The transmission electron microscope (TEM) images
revealed that the pore size of the porous hydrogel remained unchanged
before and after loading of the nanoparticles (approximately 100-200
pm) (Figs. S3C and D). To evaluate the efficacy of M-NPs/MLN4924 on
diabetic wound healing, we established a mouse model of chronic dia-
betic wounds and the hydrogel of each group was applied around the

wound by injection. The results showed that both Gel-
MA@NPs/MLN4924 and GelMA@M-NPs/MLN4924 accelerated wound
closure compared with the hyperglycemia group.
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GelMA@M-NPs/MLN4924 had the best results at 3, 10, and 14 days
after surgery (Fig. 6B and C). Small animal doppler examination showed
that both GelMA@NPs/MLN4924 and GelMA@M-NPs/MLN4924 could
significantly enhance wound blood flow, among which
GelMA@M-NPs/MLN4924 had the greatest effect (Fig. 6D and E).

Evaluation of the development of fresh epithelial and granulation
tissue using HE staining demonstrated the degree of granulation tissue
formation was significantly higher in GelMA@M-NPs/MLN4924-treated
diabetic wounds when compared to hyperglycemia groups (Fig. 7A-F).
Masson’s trichrome staining showed more extensive collagen deposition
in the GelMA@M-NPs/MLN4924 group, indicating that GelMA@M-
NPs/MLN4924 had superior ECM remodeling capacity (Fig. 7B-E).
The thickness of granulation tissue and collagen deposition in the Gel-
MA@NPs/MLN4924 group were higher than in the hyperglycemic
group, but lower than those in the GelMA@M-NPs/MLN4924 group and
the control group. Immunohistochemistry (IHC) of CD31, a marker of
vascular endothelial cells, was used to analyze microvascular density. In
comparison to the high-glucose group, the GelMA@M-NPs/MLN4924
and GelMA@NPs/MLN4924 groups exhibited increased CD31 expres-
sion, indicating an amelioration of angiogenesis in diabetic wound
healing (Fig. 7C and D). The Western blot results revealed higher levels
of neddylation in the hyperglycemia and GelMA groups, whereas the
GelMA@M-NPs/MLN4924 and GelMA@NPs/MLN4924 groups exhibi-
ted reduced neddylation and enhanced expression of VEGF-A protein
(Fig. S5). These results suggest that GelMA@M-NPs/MLN4924 promotes
angiogenesis and collagen synthesis in the wound area and accelerates
diabetic wound healing.

2.7. GelMA@M-NPs/MLN4924 hydrogel reduced inflammation and
ROS levels

In order to further examine the potential of GelMA@M-NPs/
MLN4924 hydrogels in reducing oxidative stress and inflammation
caused by diabetic trauma in mice, we conducted an analysis of intra-
cellular inflammation and ROS levels in vivo using immunofluorescence
staining and dihydroethidium (DHE) staining (Fig. 8A-E). Samples of
wounds were gathered on days 3, 7, and 14 to undergo DHE staining. On
day 3 (Fig. 8B), the findings indicated that the levels of ROS in the hy-
perglycemia group and GelMA group were notably higher compared to
the control group, GelMA@M-NPs/MLN4924 group, and GelMA@M-
NPs/MLN4924 group, which exhibited significantly lower ROS levels.
Following that, the differences mentioned earlier were gradually
diminished on days 7 and 14. However, the levels of ROS in the hy-
perglycemia and GelMA groups remained elevated compared to the
other three groups (Fig. 8C and D). Excessive oxidative stress and
decreased antioxidant capacity of tissues lead to redox imbalance, which
is one of the main reasons for nonhealing diabetic wounds [42].
MLN4924 has been shown to prevent oxidative stress by the accumu-
lation of nuclear factor-erythroid 2 related factor 2 (Nrf2) protein, a vital
transcription factor regulating the cellular response to oxidative stress
[36,43]. Polarization of macrophage activation phenotype (M1 or M2)
was analyzed by evaluating the levels of inducible nitric oxide synthase
(iNOS) (M1 indicator) and arginase 1 (Argl) (M2 indicator). Immuno-
fluorescence staining for ARG1 and iNOS on skin sections revealed that
iNOS expression was significantly lower and ARG1 fluorescence in-
tensity was significantly higher in the GeIMA@M-NPs/MLN4924 group
compared to the hyperglycemia group. The results indicate that
consistent with in vivo experiments, the PLGA nanoparticles loaded with
MLN4924 and the biomimetic membrane system significantly sup-
pressed inflammation in diabetic mouse wounds, inhibited macrophage
M1 polarization, and promoted their transition to the M2 reparative
phenotype (Fig. 8E, F, G). For a recent example, a study showed that
MLN4924 inhibits ROS production by blocking the NF-kB inflammatory
pathway, which is consistent with our observations [44]. Finally, we
evaluated the biocompatibility of the drug delivery platform. H&E
staining of the major organs of healthy mice on the 14th day after
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Fig. 5. Cell proliferation, migration, and angiogenesis were enhanced by M-NPs/MLN4924. (A, J) The proliferation of HUVECs was observed by calcein-AM
staining on days 1 and 3. Scale bar: 100 pm.Scale bar: 100 pm. (B, I) HUVECs proliferation was assessed using the EAU incorporation assay. Scale bar: 100 pm. (C, F)
The wound healing rate of each group was quantitatively evaluated by HUVECs in vitro. Scale bar: 100 pm. (D, H) The assessment of tube formation in the four
categories. (E, G) To measure the migratory capacity of HUVECs following different treatments, a transwell assay was utilized. Scale bar: 100 pm ns not statistically
s‘igniﬁcant; *p < 0.05; **p < 0.01; and ***p < 0.001.
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Fig. 6. GelMA@M-NPs/MLN4924 accelerated diabetic wound healing in vivo. (A) The hydrogel mixed with nanoparticles is applied to the diabetic wound by
injection. (B) Illustrative pictures showing full-thickness injuries in diabetic rats on days 0, 3, 7, 10, and 14 post-administration of PBS (Control), GelMA, Gel-
MA@NPs/MLN4924, and GeIMA@M-NPs/MLN4924. (C) The closure rates of wound healing in each group were computed through the utilization of the ImageJ
software. (D, E) Small animal doppler examination was used to evaluate the blood perfusion of wounds. The blood perfusion results are displayed as the proportion of
the wound area (ROI-1) to the overall area (Tot).

different treatments showed no significant tissue damage in the treated This effect primarily resulted from the accumulation of IxkB-a, which
groups compared to the control group, indicating the excellent inhibited NF-kB activity. Furthermore, at the same concentration,
biocompatibility of GelMA@M-NPs/mlIn4924 (Fig. S6). In conclusion, MLN4924 notably enhanced the migration, proliferation, and tube for-
GelMA@M-NPs/MLN4924 hydrogel showed excellent performance in mation of HUVEC, and also exhibited excellent performance under a

vivo, which significantly promoted wound healing, vascular growth, hyperglycemia environment for wound healing.
anti-inflammation and anti-oxidative stress in diabetic mice. In our research, we present a drug delivery system that mimics
macrophages, where NPs/MLN4924 is covered with cell membranes
3. Conclusion from macrophages. Macrophage membrane-coated nanoparticles can
efficiently capture and sequester various proinflammatory cytokines and
Currently, medicine faces a significant obstacle in diabetic foot ul- chemokines, crucial for neutralizing inflammation during diabetic
cers. Neddylation, a post-translational modification of proteins, plays a wound healing, due to the existence of membrane antigens like TNFR1
crucial role in governing numerous biological processes through its and IL-6R on macrophages. To summarize, M-NPs/MLN4924 hydrogel
impact on the subcellular distribution, stability, validation, and func- showed great potential for accelerating diabetic wound healing. The
tionality of target proteins [45]. The current investigation discovered microenvironment of diabetic wounds is oxidative and M1-polarized,
that MLN4924, by partially inhibiting neddylation, hindered the pro- and the M-NPs/MLN4924 hydrogel synergistically ameliorates ROS
duction of proinflammatory cytokines in macrophages induced by LPS. damage, induces angiogenesis, enhances proliferation, forms
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Fig. 7. GeIMA@M-NPs/MLN4924 accelerated diabetic wound healing in vivo. Evaluation of wound regeneration on the 14th day after injury was assessed using
(A) H&E and (B) Masson’s trichrome staining for various treatments. Scale bar: 50 pm. (C) Immunohistochemical analysis images of CD31 expression in the wound
tissue. Scale bar: 100 pm. (D) The number of CD31 positive areas was quantified among the various groups. The statistical results of Masson’s trichrome (E) and H&E
staining (F). ns not statistically significant; *p < 0.05; **p < 0.01; and ***p < 0.001.

granulation tissue and collagen accumulation, thus showing great po-
tential to promote diabetic skin remodeling in vivo. Therefore, the M-
NPs/MLN4924 hydrogel represents a multifunctional therapeutic
approach, which can effectively facilitate tissue regeneration while
concurrently mitigating the presence of inflammation.

4. Experimental section/methods

Cell culture: The human umbilical vein endothelial cell line HUVEC,
L1929 mouse fibroblast cell lines and the RAW264.7 cell line derived
from mouse macrophages were acquired from the Cell Bank of the
Chinese Academy of Science in Shanghai, China. These cell lines were
maintained in a complete medium supplemented with 10 % fetal bovine
serum (FBS) obtained from Gibco in the United States. In order to

replicate hyperglycemic conditions in a laboratory setting, HUVECs
were exposed to D-(+)-Glucose (Sigma-Aldrich, USA) at a concentration
of 35 mmol/l. The experimental group (exp) received a treatment of 5.6
mmol/] glucose.

Macrophage collection and cell membrane derivation: Cell membranes
were extracted from RAW264.7 cells using a membrane protein
extraction kit (Beyotime, China). Initially, the cells were submerged in a
refrigerated solution for extracting membrane proteins for a duration of
15 min. Next, the cells were moderately broken down 10 to 20 times
using a Dounce homogenizer. Low-speed centrifugation (800xg, 10
min) was used to remove nuclei and a small amount of intact cells, while
high-speed centrifugation (15,000xg, 30 min) was performed to obtain
cell membrane precipitates. Membrane protein content was measured
using the BCA method. The cell membrane was applied for 15 min using
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Fig. 8. GelMA@M-NPs/MLN4924 ameliorates ROS production in mice.

Bioactive Materials 34 (2024) 366-380

(A) ROS levels in the wound site were assessed using dihydroethidium (DHE) after applying various treatments. Scale bar: 200 pm. (B-D) DHE fluorescence was used
to determine the decrease in ROS levels following treatment with PBS (Con), GelMA, GelMA@NPs/MLN4924, and GelMA@M-NPs/MLN4924. (E-G) Immunoflu-
orescence staining was used to detect the expressions of Argl and iNOS in skin tissue of different groups after 14 days. Scale bar: 100 pm. Differences were assessed
using one-way ANOVA, followed by a Tukey post hoc test for pairwise comparison. The data was presented as mean + SD, with statistical significance denoted as

wxkkp < 0,000, *+*p < 0.001, **p < 0.01, *p < 0.05.
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an ultrasonic bath. In the end, macrophage membrane vesicles were
acquired through 11 extrusions utilizing an Avanti mini extruder
equipped with 400 nm polycarbonate porous membranes from Avanti in
Canada.

Synthesis and characterization of nanoparticles: The PLGA core was
formed by nanoprecipitation using a carboxy-terminal 50:50 polylactic
acid-glycolic acid copolymer (LAP, USA) as the material. Following the
dissolution of PLGA in acetone at a concentration of 10 mg/mL, a swift
addition of 1 mL of the PLGA solution to 2 mL of deionized water was
made, and subsequently, the mixture was subjected to a vacuum to
eliminate the acetone. MLN4924-loaded nanoparticles were created by
incorporating 10 % (w/w) MLN4924 (purchased from MCE, China) into
the PLGA core synthesis.

To finish the membrane coating, the fusion of macrophage mem-
branes with NPs/MLN4924 was achieved through a mini-extruder for a
minimum of 20 times. Additionally, an ultrasound bath operating at a
frequency of 40 kHz and a power of 100 W was utilized for a duration of
2 min. Pure M-NPs/MLN4924 were obtained after multiple washes with
PBS. Western blotting was used to determine the specific surface
markers on macrophage membranes, NPs/MLN4924, and M-NPs/
MLN4924. After staining with 1 % uranyl acetate, the transmission
electron microscope (Tecnai G2 20, FEI, USA) was used to observe the
morphology of the NPs/MLN4924 and M-NPs/MLN4924. Using a Mal-
vern Zetasizer (Nano ZS, Malvern, U. K.), the NPs/MLN4924 and M-
NPs/MLN4924 were analyzed for their size distribution and ¢ potential.

A certain mass of GelMA@M-NPs/MLN4924 hydrogel (10 mg/g) and
M-NPs/MLN4924 (10 mg) were weighed and placed in a dialysis bag
(5000Da). Each group was immersed in a beaker containing 1 L of PBS
solution and shaken at 37 °C (100 rpm). At the set time points (namely 6,
12, 24, 48,96 h, 7, 14, and 21 days), the dialysis bag was removed from
the beaker, and 10 mL of release medium solution was precisely aspi-
rated (blank PBS was filled back into the dissolution cylinder). The
aforementioned medium solution was dried by evaporation, followed by
the addition of 0.5 mL of pure ethanol and complete dissolution. Sub-
sequently, the supernatant was obtained through high-speed centrifu-
gation at 10000 rpm for 30 min. After filtration, MLN9424 was detected
by liquid chromatography (HPLC), and the drug release rate in each
group was calculated. To determine the encapsulation efficiency (EE)
and drug loading capacity (DLC) of NPs/MLN4924 and M-NPs/
MLN4924 were calculated using the following formulas:

MLNA4924 encapsulated in M — NPs

total MLN4924 x 100%

EE(%) =

MLN4924 encapsulated in M — NPs
weight of MLN4924

DLC(%) = x 100%

Synthesis of hydrogels: The porous GelMA (EFL, China) was dissolved
in PBS at 37 °C and then filtered using a 0.22 pm filter. By employing
magnetic stirring, the solution was thoroughly mixed after the addition
of the nanoparticles. The composite hydrogel was obtained after 15s
photo-crosslinking by 405 nm blue laser radiation.

Swelling/degradation ratio of GelMA hydrogel: The GelMA hydrogel
(300 pl) was placed onto cell culture dishes, and then soaked in PBS for
24 h. After removing the surface water, the swelling samples were
weighed at specific time intervals (0.5/1/2/6/12/24 h). The swelling
ratio was calculated using the formula: swelling ratio = (Wt — Wd)/Wd
x 100 %, where Wd represented the dry weight of the hydrogel, and Wt
represented the swollen weight of the hydrogel. We also assessed the
degradation of the hydrogel at specific time points (day 2, 5, 7, 8, 14,
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21). The weight of the hydrogel was measured after removing the sur-
face supernatant, and the degradation ratio was calculated using the
formula: degradation ratio = W1/WO0 x 100 %, where WO represented
the initial wet weight of the hydrogel, and W1 represented the wet
weight of the hydrogel at a given time point.

Cell safety evaluation: Assessment of cell safety involved the use of the
CCK-8 kit (Beyotime, China) to detect cell viability. HUVECs were
placed in 24-well dishes with a density of 5 x 105 per well and exposed
to various MLN4924 concentrations for specified durations. Afterwards,
the cells were incubated in a solution with 10 % CCK-8 for 2 h at a
temperature of 37 °C. A microplate reader was used to measure the
absorbance of the samples at a wavelength of 450 nm (BioTek, USA).

ELISA: Following a 24-h incubation period with various treatments,
the culture medium was gathered from 24-well plates in the diverse
groups and subsequently subjected to centrifugation. ELISA kits (Boster,
China) were used to detect cytokine levels (TNF-a and IL-6) in the su-
pernatant, as per the guidelines provided by the manufacturer.

Characterization of membrane proteins: Analysis of membrane proteins
involved isolating membrane proteins from LPS-induced RAW 264.7
macrophages through the utilization of a membrane protein extraction
kit (Beyotime, China) following the guidelines provided by the manu-
facturer. Western blotting was used to detect the presence of numerous
membrane surface proteins, including TNFR1 and IL-6R.

Flow cytometry: RAW 264.7 cells were induced to differentiate into
the M1 phenotype by LPS (100 ng/mL) for 24 h. Subsequently, they
were further cultured for 24 h using PBS (Control) and other different
treatments. After treatment and culture for 24 h in each group, RAW
264.7 was scraped off, washed, and sub-packed into flow tubes. Blocking
was performed with blocking buffer (Biolegend, USA) for 15 min, fol-
lowed by allophycocyanin (APC) conjugated anti-CD86 antibody
(1:100, BioLegend, USA), PE-conjugated anti-F4/80 antibody (1: 100,
BioLegend, USA) and FITC conjugated anti-CD206 antibody (1:100,
BioLegend, USA) for 1 h. Cells were analyzed using a BD flow cytometer
with FlowJo software.

Wound healing assay: In the wound healing experiment, HUVECs
were enzymatically digested and then placed in six-well plates. Once the
cell culture reached 90 % confluence, a sterile 200 pl micropipette tip
was used to create a perpendicular scratch on the well plate. The liquid
in the cell culture was removed, and the plates in the wells were rinsed
three times using PBS. Photographs were taken at regular intervals to
document the addition of serum-free medium. ImageJ (Media Cyber-
netics, USA) was utilized to evaluate the extent of wound closure.

Tube formation assay: The formation of capillary networks by HUVEC
was assessed using the tube formation assay in Matrigel (Corning, USA).
After different treatments, cells were seeded in 96-well Matrigel-coated
plates and incubated at 37 °C for 6 h. The formation of capillary-like
structures was observed by a light microscope (Olympus, Japan) and
ImageJ (Media Cybernetics, USA) was used to count the number of
capillaries formed.

EdU incorporation assay: Cell proliferation was observed through the
EdU (5-ethynyl-2'-deoxyuridine) incorporation assay. The cells were
treated with EAU for a duration of 2 h and subsequently immobilized
using 4 % PFA. The HUVECs were stained using an EdU incorporation
assay following the guidelines provided by the manufacturer.

Transwell assay: Migration assays were performed using 24-well
Transwell chambers equipped with filters of 8 pm pore size (Corning,
USA). HUVECs cultured in medium without serum were placed in the
upper chamber, while the lower chamber was filled with complete
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medium. Following a 24-h period, the cells situated at the filter’s upper
section were eliminated by delicately scrubbing using a cotton swab,
while the cells located at the filter’s lower section were dyed for 60 min
in a crystal violet solution (Sigma, USA) with a concentration of 0.5 %
(w/v). The cells that had migrated were observed using an optical mi-
croscope (Olympus, Japan).

ROS assay: To evaluate the levels of intracellular ROS, the ROS probe
DHE (5 pm) was used for staining, followed by three washes with PBS
after 10 min. Fluorescent microscopy was used to capture the images.

Quantitative real-time polymerase chain reaction: The manufacturer’s
protocol was followed to isolate total RNA from cell samples using
TRIzol in a quantitative real-time polymerase chain reaction. The 1st
Strand ¢cDNA Synthesis Kit was used to produce initial cDNA, followed
by cDNA amplification using SYBR Premix Ex Taqll. The thermocycling
process consisted of an initial denaturation at 95 °C for 3 min, followed
by 40 cycles at 95 °C for a duration of 5 s, and subsequently at 60 °C for a
duration of 30 s. ACTB mRNA levels were used as the internal control to
normalize the levels of mRNA. Supporting Table 1 contains the primer
sequences for RT-qPCR. Relative levels of transcripts were normalized
by the 2—AACq method.

Western Blotting: Cells were lysed using a lysis buffer (Byotime,
China) that contained 1 % protease inhibitors (Byotime, China).
SDS-PAGE was used to apply proteins, which were then electroblotted
onto a membrane made of polyvinylidene difluoride. Next, the poly-
vinylidene difluoride membranes were obstructed using 5 % milk
without fat and left to incubate overnight at a temperature of 4 °C with
particular antibodies for ACTB, NEDDS8, IkBa/p-IkBa, VEGF-A, Cyclin
D1, and Cyclin D3 (1:1000, Cell Signaling, USA). Following incubation
and rinsing, the membranes were treated with a goat anti-rabbit IgG
antibody conjugated with horseradish peroxidase (1 1000, Cell
Signaling, USA) for 1 h at a temperature of 23 °C. Detection of chem-
iluminescence was carried out utilizing a Western Blotting Detection kit
for ECL (Tanon, China). The manufacturer’s instructions were followed
to visualize the proteins.

Generation of Diabetic Mice Wound Model: Approval for all animal
studies was granted by the Institutional Animal Care and Use Committee
(IACUC) of Tongji Medical College, Huazhong University of Science and
Technology, for the generation of a wound model in mice with diabetes.
To induce diabetes in male C57BL/6J mice (6 weeks old), a high-fat diet
was given for 6 weeks, followed by daily intraperitoneal injections of
streptozotocin (STZ; 40 mg kg~ ! day 1) for 7 days. Mice with a fasting
blood glucose level exceeding 15.9 mmol/L in two consecutive mea-
surements were classified as diabetic and utilized for subsequent ex-
periments. In addition, the control group of normal mice received daily
intraperitoneal injections of PBS for seven consecutive days. Sodium
pentobarbital (50 mg/kg; Sigma Aldrich) was used to anesthetize the
mice, and then full-thickness excised skin wounds measuring 1.0 x 1.0
cm were created on the mice’s back. Multiple site subcutaneous in-
jections received a total of 100 pL of drug or PBS around the wound. A
transparent dressing (3 M, USA) was used to cover the wounds. Wounds
were photographed using a digital camera on days 0, 3, 7, 10, and 14.
ImageJ (Media Cybernetics, USA) was utilized to measure the extent of
wound closure.

IHC Staining: 14 days after the operation, the wound tissue of mice
was collected for paraffin embedding and CD31 staining. The antigens
were fixed in citrate buffer for a duration of 15 min and subsequently
obstructed using goat serum for a period of 30 min. The sections were
subjected to treatment with an anti-CD31 antibody (1:100; Abcam,
ab28364) overnight at 4 °C. Afterwards, they were stained and coun-
terstained using DAB and hematoxylin. The number of CD31" cells was
counted under a microscope to evaluate micro-vascularization at the
wound sites.

Immunofluorescence: After 14 days, mouse wound tissues were
embedded in paraffin and sectioned. Immunofluorescence staining was
conducted to detect the expression levels of iNOS and Argl proteins
(1:200, Abcam). The influence of the nanoparticle drug delivery system
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on the macrophage phenotype was evaluated.

Histological Analysis: Samples of wound tissue were obtained on days
3, 7, and 14 for histological analysis. The samples were then treated with
4 % paraformaldehyde, dehydrated, and embedded in paraffin sections.
After removing the paraffin, the sections were subjected to staining
using hematoxylin and eosin (H&E) as well as Masson’s trichrome (MT)
dye.

Small Animal Doppler: The small animal Doppler was used to evaluate
the blood circulation of the wounds 10 days post-surgery. In short, mice
were administered sodium pentobarbital for anesthesia. Doppler ex-
amination (ROI 1) was used to measure the average blood perfusion in
the mice’s wound region. Mean perfusion rates were calculated by
comparing ROI-1 values with mean blood perfusion values in the sur-
rounding skin.

Statistical analysis: The statistical analysis involved expressing the
quantitative data as the mean + standard deviation (SD) and conducting
the analysis using SPSS 19.0.0 software. The data was examined using
either a two-tailed student’s t-test or a one-way ANOVA. The difference
was considered significant at P < 0.05. A minimum of three repetitions
were conducted for all experiments.
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