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Abstract
Diabetic wound therapy faces significant challenges due to the complexity of the wound microenvironment, 
especially dysregulated immune cell responses and persistent pro-inflammatory sate. Targeting immune cells 
to reverse pathological wound conditions has increasingly become a promising strategy to promote diabetic 
wound healing. It has been reported that prolonged memory to acute inflammation sensitizes epidermal stem 
cells (EpSCs) to tissue damage. The increasing importance of interactions between immune cells and tissue 
stem cells has raised interest in the potential of EpSCs to induce inflammatory adaptations in diabetic wounds, 
and meanwhile, the inflammation memory patterns also provide new insight in EpSCs for tissue repair. Here, 
bioinspired cell-derived mimetic nanovesicles (MNVs) were obtained from inflammation memory-activated EpSCs. 
LPS treatment could trigger acute inflammation response and activate inflammation memory. MNVs derived from 
LPS-pretreated EpSCs (LEM) can effectively promote diabetic wound healing by manipulating crucial neutrophil 
regulatory mechanisms. The in vitro and in vivo studies demonstrated that LEM could stimulate neutrophil 
mitochondrial metabolic reprogramming, overcome phenotypic switching deficiency of neutrophils, and skew 
neutrophils toward N2 anti-inflammatory phenotype via regulating miR-193a-5p/TLR4/ JNK/P38 MAPK pathways in 
diabetic models. Our findings highlighted the great potential of inflammation memory in EpSCs, and also provided 
an alternative for diabetic wound treatment.
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Introduction
Chronic wounds, as a common complication of diabe-
tes, pose lifelong risks of developing into diabetic foot 
ulcers, which put patients at the danger of amputation 
and impose a great financial burden on patients and the 
healthcare system [1, 2]. Persistent inflammation and 
disrupted immunoregulation are the main pathological 
characteristics of diabetic wounds, and they can initiate 
a series of harmful effects such as excessive inflammatory 
cytokines, aggravated reactive oxygen species, increased 
white blood cell counts, and an elevated risk of bacte-
rial infection, finally leading to delayed wound healing 
or nonhealing [3]. High levels of glucose and the result-
ing advanced glycation end products (AGEs) in diabetic 
wound microenvironments could impair the plasticity 
of immune cell (e.g. macrophage and neutrophils) and 
impede the phenotypic transition of macrophage and 
neutrophils, leading to pro-inflammatory immune cells 
abounding in diabetic wound [4]. For example, our pre-
vious work has reported that inflammation dysregulation 
observed in diabetic wounds causes more neutrophils 
infiltrating to the wound but less N2 anti-inflammatory 

subtype, leading to prolonged inflammation and poor 
healing [5]. Then, introducing more N2 neutrophils to 
the wound site could significantly accelerate the wound 
healing process and mitigate the excessive inflamma-
tory response [5]. In addition, long-term enrichment of 
N1 pro-inflammatory subtype neutrophils and inhibi-
tion of neutrophil N2 polarization also exhibited exac-
erbated neutrophil extracellular traps (NETs) activation 
and release (NETosis), as well as angiogenesis inhibition 
[6–8], and all these have been reported to greatly hin-
der diabetic wound healing. These results highlighted 
the importance of neutrophil phenotypic transition in 
chronic wound treatment, and restoring neutrophil plas-
ticity may be an effective therapeutic strategy.

EpSCs, as one type of skin epithelial stem cells, are of 
great importance to skin homeostasis and wound heal-
ing. Crosstalk within the epidermal niche between epi-
dermal stem cells (EpSCs) and immune cells is vital for 
successful cutaneous wound repair [9, 10]. One example 
is that EpSCs confronting harsh inflammatory envi-
ronments orchestrate the recruitment of regulatory T 
(Treg) cells and neutrophils during wound healing [11, 
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12]. Recent researches described the “inflammatory 
memory” in EpSCs, and that is, prior exposure to inflam-
matory mediators results in a quicker and more robust 
repair response of EpSCs upon subsequent tissue dam-
age [13, 14]. Under inflammatory stimuli, EpSCs sensed 
and “trained” by environmental assaults, and exhib-
ited enhanced repair ability [13, 15]. Another example 
of “inflammatory memory” in is EpSCs that temporary 
exposure of the skin to imiquimod could result in a sud-
den inflammatory and type 17 immune response, which 
also enhanced the capacity of EpSCs for tissue repair in 
subsequent damage [13, 14, 16, 17]. In addition to EpSCs, 
inflammatory memory also confers healing advantages to 
other cells, such as corneal epithelial cells [18], mucosal 
epithelial cells [19], and muscle stem cells [20]. Inflam-
matory memory-acitivated epithelial cells have enhanced 
interactions with immune cells in tissue repair [19]. This 
unique biological trait that injury experienced EpSCs 
retained long-term enhanced regenerative ability due to 
inflammatory memory activation brings new clues for 
exploring effective treatment of chronic wounds. The 
therapeutic strategy based on inflammatory memory-aci-
tivated EpSCs may present a promising to reverse patho-
logical wound conditions and promote healing. However, 
it has been reported the harsh wound environments 
could impede the ability of EpSCs to repair the injury 
[11]. Besides, EpSCs transplantation also faces immuno-
logical and ethical concerns. Therefore, there is the need 
to develop the novel therapeutic strategy independent of 
cell implantation.

Exosome vesicles (EVs) have exhibited great potential 
in tissue repair [21]. However, current exploitation of EVs 
is limited due to time-consuming extraction procedures 
and low output quantities. Reportedly, the quantity of 
proteins found in the EVs released by dendritic cells after 
24 h of culture can be as little as 500 ng from a million 
cells [22]. In contrast, cell-derived mimetic nanovesicles 
(MNVs), which possess biomimetic properties akin to 
EVs, have attracted increasing attention recently. They 
can be acquired by extrusion of donor cells. This makes 
them a potential alternative to address the technical 
obstacles linked to EVs therapy [23]. Moreover, MNVs 
can be produced at a significantly reduced cost compared 
to EVs, amounting to only 10% of the expense. Neverthe-
less, MNVs have the capacity to produce significantly 
more material than exosomes, up to 100 times as much in 
terms of quantity [24]. MNVs have been as the therapeu-
tic application in various diseases [25, 26]. Thus, MNVs 
derived from inflammatory memory-activated EpSCs 
have great advantages, and may offer a novel approach to 
diabetic wound healing.

Here, LPS was utilized to establish inflammatory mem-
ory in EpSCs (L-EpSCs) [16]. MNVs from EpSCs with 
and without LPS pretreatment, also named EpSCs-MNVs 

(EM) and L-EpSCs-MNVs (LEM), respectively, were 
obtained by mechanical extrusion. Our results revealed 
LEM have the strong ability to restore the plasticity of 
neutrophils, further reduce inflammation, augment 
wound cell proliferation, accelerate re-epithelialization, 
and promote diabetic wound regeneration. Mechani-
cally, LEM achieved high efficient neutrophil phenotypic 
transition from N1 pro-inflammatory subtype to N2 
anti-inflammatory subtype, and reversed persistent pro-
inflammatory sate in diabetic wounds. Additionally, LEM 
initiated mitochondrial metabolic recalibration in neu-
trophils at the wound site by delivering miR-193a-5p and 
further manipulating TLR4/JNK/P38 MAPK pathways. 
Comprehensively, LEM drove metabolic reprogram-
ming and phenotypic transition in neutrophils, improved 
inflammation microenvironment of diabetic wounds, and 
contributed to wound regeneration. Our work is the first 
to utilize MNVs derived from inflammatory memory-
activated EpSCs for tissue repair, in which the impor-
tance of neutrophil plasticity was also underscored. As 
the high-yield biomimetic nanovesicles, LEM present 
significant promising in diabetic wound treatment, which 
provide a novel alternative for tissue repair.

Methods
Cell culture and reagents
The EpSCs were sourced from the Institute of Basic Med-
ical Science (IBMS) of CAMS & PUMC, which were iso-
lated from skin sample and cultured in EpiLife (Gibco) 
medium supplemented with human keratinocyte growth 
supplement (HKGS; Gibco) at 37  °C in a 5% CO2 envi-
ronment. To characterize EpSCs, we performed immu-
nofluorescence assays targeting cytokeratins K5 and K14, 
which serve as distinctive indicators of EpSCs. The pres-
ence of K5 and K14 within the EpSCs is clearly illustrated 
in Fig. S1A. Moreover, upon exposure to a high-calcium 
environment (1.5 mM CaCl2), these K5 + and K14 + cells 
were observed to express involucrin and loricrin—hall-
marks of the final stages of epidermal cell maturation—
as shown in Fig. S1B. This observation underscores the 
capacity of EpSCs to undergo epidermal differentiation. 
Primary neutrophils were isolated from C57BL/6 N mice 
by isolating the femur and tibia. The bones were then 
flushed with HBSS containing 0.38% sodium citrate buf-
fer using a 25-gauge needle. The resulting cell suspen-
sion was passed through a 40 μm Corning cell strainer to 
achieve a uniform single-cell suspension. Red blood cells 
were lysed using Service bio’s (Wuhan, China) red blood 
cell lysis buffer, employing a hypotonic lysis method. 
Neutrophils were then purified using Milteyni Biotec’s 
magnetic-activated cell sorting (MACS) protocol, washed 
in HBSS, and cultured in RPMI-1640 at 37  °C with 5% 
CO2.
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LPS preconditioning protocols and CM collection
EpSCs were cultured until they reached 70% confluence, 
then treated either with PBS (EpSCs group) or 10  µg/
ml LPS for 24  h (L-EpSCs group). To prepare the con-
ditioned medium (CM), EpSCs were first rinsed with 
Dulbecco’s Phosphate-Buffered Saline (DPBS) devoid of 
calcium and magnesium to remove any trace minerals 
that might affect the cells. Following the rinse, the cells 
were incubated for an additional 48  h to allow for the 
accumulation of secreted factors in the culture medium. 
After this incubation period, the supernatant was care-
fully collected to obtain the CM. The collected CM was 
then centrifuged at 1500  rpm for 10  min and filtered 
through a 0.22  μm membrane to pellet any remain-
ing cells and debris. The filtered CM was subsequently 
subjected to ultrafiltration at 3000  g to concentrate the 
secreted factors. The resulting concentrated CM was 
then stored at -20  °C and used for subsequent in vivo 
experiments.

miRNA/siRNA transfection
Small interfering RNAs (TLR4 siRNAs), miR-193a-5p 
mimics, miR-193a-5p inhibitors, and their respective 
control oligonucleotides were obtained from GenePh-
arma. Transfections were conducted using Lipofectamine 
2000 reagent (Invitrogen) following the manufacturer’s 
instructions. The oligonucleotide sequences for TLR4 
siRNAs are detailed in Table S1. Cells were subsequently 
collected for further analysis.

Lentivirus vector constructs and transfection
Lentiviral vectors containing miR-193a-5p mimic (miR-
193aOE), miR-193a-5p inhibitor (miR-193aKD), and their 
respective controls were purchased from GenePharma.

Isolation and identification of EpSCs derived MNVs (EM)
EpSCs were divided into groups and treated with various 
substances: (1) PBS, (2) LPS (10 µg/ml), (3) LPS (10 µg/
ml) combined with miR-193aOE (20µM), (4) LPS (10 µg/
ml) combined with miR-NCOE (20µM), (5) LPS (10  µg/
ml) combined with miR-193aKD (20µM), (6) LPS (10 µg/
ml) combined with miR-NCKD (20µM). This resulted 
in the corresponding MNVs: (1) EM, (2) LEM, (3) miR-
193aOE-LEM, (4) miR-NCOE-LEM, (5) miR-193aKD-
LEM, (6) miR-NCKD-LEM. EpSCs were exposed to LPS 
in serum-free medium for 24 h before being returned to 
complete medium for further incubation. Upon reaching 
80-90% confluence, EpSCs were washed twice with PBS. 
The cell pellets were reconstituted in PBS, and the sus-
pension was extruded three times through 10 μm, 5 μm, 
and 1  μm polycarbonate membrane filters (Whatman, 
United States) using a mini-extruder (Morgec, Shanghai, 
China) to obtain nanovesicles. The compacted nanovesi-
cle suspension was filtered through a 0.22 μm filter and 

subjected to ultracentrifugation at 100,000 g for 70 min, 
repeated twice at 4  °C, and stored at − 80  °C for future 
use.

The size distribution of the nanovesicle was assessed 
using Nanoparticle Tracking Analysis (NTA). Their mor-
phology was evaluated via transmission electron micros-
copy (TEM), and western blotting was used to probe for 
surface markers CD63, CD81, and TSG101.

EM labeling and cellular uptake
EM were labeled with PKH67 green or PKH26 red fluo-
rescent dyes following the Solarbio (China) protocol. This 
involved incubating EM with PKH67 or PKH26 and Dilu-
ent C for 5  min, terminating the reaction with 1% FBS, 
and then removing excess dye by ultrafiltration at 4000 g 
for 30 min. For in vivo studies, labeled EM were injected 
subdermally into mice, and tissues were collected at dif-
ferent time points, stained with DAPI, and examined by 
confocal microscopy. In vitro, mouse primary neutro-
phils were co-cultured with labeled EM, stained with 
Hoechst 33,258, and visualized with an inverted fluores-
cence microscope.

Model for diabetic wounds and its treatment
Eight-week-old C56BL/6  N diabetic mice (db/db, SPF 
Biotechnology Co., Ltd; Beijing, China) were used for 
skin wound experiments according to international regu-
lations outlined in the Guide for the Care and Use of Lab-
oratory Animals. Animal procedures were approved by 
the Institutional Animal Ethics Committee. The wound 
site was prepared with an electric trimmer and 70% eth-
anol, then injured with an 8  mm biopsy punch. Wound 
healing progress was documented with photographs 
every other day. The wound treatments included applica-
tions of PBS, EM, LEM, miR-193aOE-LEM, miR-NCOE-
LEM, miR-193aKD-LEM, or miR-NCKD-LEM. Before 
administration, the MNVs in EM and LEM were concen-
trated to a density of 5.5 × 10^8 per 100 µL via ultrafiltra-
tion. These treatments were administered every other day 
at four distinct sites around the wound, with 100 µL (25 
µL per site) being applied.

Histological analysis
The injured tissues were treated with 4% paraformal-
dehyde, followed by a gradual dehydration process and 
embedding in paraffin. The tissues were then sliced into 
sections with 5 μm in thickness, and the hematoxylin and 
eosin (H&E) staining was conducted according to the 
H&E kit from Solarbio in China. The wound width and 
neoepithelium percentage were measured as described 
previously [27].
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Immunofluorescence
4% paraformaldehyde-fixed, paraffin-embedded tissue 
sections underwent de-waxing, rehydration, and antigen 
retrieval. To block endogenous peroxidase activity, the 
sections were treated with 3% H2O2, followed by blocking 
with 3% BSA for 1 h. The sections were then incubated 
with anti-mouse antibodies targeting Arg-1 (Protein-
tech, 1:400) and Ly-6G (ThermoFisher, 1:1000) for 12 h at 
4 °C. Secondary antibodies were applied for 1 h at room 
temperature, followed by DAPI staining for nuclei. The 
results were captured using an inverted fluorescence 
microscope and analyzed with ImageJ software.

Flow cytometry and gating strategy
Cell suspensions from skin samples (n = 3) were washed 
with PBS and permeabilized using the eBioscience™ 
Foxp3/Transcription Factor Staining Buffer Set for flow 
cytometry, following the manufacturer’s guidelines 
(00-5523-00). Conjugated antibodies were added and 
incubated for 1  h at room temperature. The antibodies 
included Alexa Fluor™ 700-CD11b (eBioscience, 56-0112-
80, 1:100), FITC-Ly-6G (eBioscience, 11-5931-82, 
1:400), and APC-Arg-1 (eBioscience, 17-3697-80, 1:100). 
Fluorescence data were collected using a flow cytom-
etry, analyzed with FlowJo software, and validated using 
appropriate control antibodies. Gating strategy involved 
an initial selection for forward scatter (FSC) and side 
scatter (SSC) to isolate single live cells. This was followed 
by the positive selection of CD11b + cells to enrich for 
myeloid cells. Within this enriched population, we iden-
tified Ly-6G + cells to specifically target neutrophils. The 
expression of Arg-1 within the Ly-6G + neutrophil subset 
was then evaluated to ascertain the fraction of cells dis-
playing an anti-inflammatory phenotype.

Neutrophil isolation by magnetic bead separation
Neutrophils were isolated from the skin wound site using 
a magnetic bead separation technique. Briefly, wound tis-
sue was minced and digested with collagenase and DNase 
to obtain a single-cell suspension. The cells were then 
incubated with anti-Ly-6G magnetic microbeads (Milt-
enyi Biotec, Germany). After incubation, the cell suspen-
sion was passed through a magnetic column to selectively 
capture Ly-6G + neutrophils. The unbound cells were 
removed by washing, and the neutrophils were eluted 
and collected for further analysis.

Western blot analysis
Protein levels in samples were measured using the 
bicinchoninic acid (BCA) protein assay before being 
separated by SDS-PAGE. The proteins were then trans-
ferred to PVDF membranes, blocked with 5% BSA, and 
incubated with primary antibodies at 4 °C. This was fol-
lowed by treatment with HRP-conjugated secondary 

antibodies for 1 h at room temperature. Primary antibod-
ies included CD63 antibody (1:1000, Beyotime, catalog 
no. AF1471), CD81 antibody (1:500, Beyotime, catalog 
no. AG1530), TSG101 antibody (1:500, Beyotime, catalog 
no. AF8259), TLR4 antibody (1:500, Beyotime, catalog 
no. AF8187), P38 antibody (1:500, Beyotime, catalog no. 
AF1111), phospo-P38 antibody (1:500, Beyotime, catalog 
no. AF5884), JNK antibody (1:500, Beyotime, catalog no. 
AF1048), phospo-JNK antibody (1:500, Beyotime, cata-
log no. AF1762), β-Actin antibody (1:50000, Abclonal, 
catalog no. AC038). Detection was carried out using the 
LAS-3000 Luminescent Image Analyzer.

Quantitative reverse transcription PCR
RNA extraction was performed using the RNA Easy 
Fast Tissue/Cell Kit (TIANGEN, DP451). Cell-free total 
RNA concentration was measured with NanoDrop 2000. 
Reverse transcription was conducted using the ReverTra 
Ace qPCR RT Master Mix with gDNA remover (FSQ-
301; Toyobo) kit and the miRNA RT Reagent kit (Accu-
rate Biology, China). Quantitative reverse transcription 
PCR (qRT-PCR) was performed using the SYBR Green 
Kit from Vazyme (Nanjing, China). Primer sequences are 
listed in Table S2.

Enzyme-linked immunosorbent assay (ELISA)
The cell culture supernatants were collected and stored 
at -20  °C for subsequent ELISA testing. The concentra-
tions of various cytokines and proteins, including IL-1, 
IL-6, IL-12, TNF-alpha, IFN-gamma, HMGB1, IL-4, 
IL-10, IL-13, and TGF-beta, were quantified using spe-
cific ELISA kits. The experiment was conducted in strict 
accordance with the manufacturer’s instructions. Initially, 
the cell culture supernatants were thawed and allowed to 
reach room temperature. Each well of a 96-well micro-
plate was loaded with an appropriate volume of the 
supernatant. A primary antibody specific to the target 
cytokine or protein was then introduced into each well 
to allow binding with the antigen present in the samples. 
Following the primary antibody incubation, an enzyme-
labeled secondary antibody was added to each well. This 
step facilitated the formation of an antibody-antigen-
enzyme complex. The plates were then incubated for a 
specified period to allow for the development of the com-
plex. After the incubation, a substrate solution was added 
to each well to initiate the enzyme-catalyzed color reac-
tion. The reaction was allowed to proceed for a defined 
time, after which the absorbance was measured using a 
spectrophotometer (Leica Microsystems, Germany) at a 
wavelength specific for the colored product. The absor-
bance values were then used to calculate the concentra-
tion of each cytokine or protein in the samples according 
to the standard curve provided with the ELISA kits.
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Dual-luciferase reporter assay
The interaction between miRNAs and target genes was 
examined using a dual-luciferase reporter assay, as pre-
viously described [28]. Briefly, PsiCHECK2 vector from 
IGE Biotech (China), containing both the firefly lucifer-
ase gene (hLuc+) and the renilla luciferase gene (hRluc), 
was used. To investigate if miR-193a-5p directly targets 
TLR4, luciferase reporter plasmids with TLR4-wild-type 
(WT) and TLR4-mutant (MUT) sequences were syn-
thesized. The TLR4 3′ UTR sequence was inserted into 
PsiCHECK2-WT-TLR4 and PsiCHECK2-MUT-TLR4 
vectors. These engineered plasmids were co-transfected 
into 293T cells along with miR-193a-5p mimics or miR-
NC mimics using Lipofectamine® 3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). Post-transfection, lucifer-
ase activity was measured using Centro LB960 XS3 (Ber-
thold, Germany).

JC1 staining
1 × 10^6 neutrophils were treated with PBS, EM, LEM 
(MNVs at a concentration of 5.5 × 10^8/ml) for 12 h and 
subsequently stained with JC1 from Solarbio (China) for 
20 min at 37  °C. Fluorescent signals were observed and 
recorded using a fluorescent inverted microscope.

ATP quantification
ATP levels in 1 × 10^6 neutrophils treated with PBS, EM, 
LEM (MNVs at a concentration of 5.5 × 10^8/ml) for 12 h 
were measured using the ATP Assay Kit-Luminescence 
and the Glycolysis/OXPHOS Assay Kit (Dojindo, Japan).

Fatty acid uptake
Fatty acid uptake in 1 × 10^6 neutrophils treated with 
PBS, EM, LEM (MNVs at a concentration of 5.5 × 10^8/
ml) for 12  h was assessed using the Fatty Acid Uptake 
Assay Kit (Dojindo, Japan). Fluorescent signals were 
visualized and captured with a fluorescent inverted 
microscope.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 8 InStat Software (San Diego, CA, USA). Data 
were presented as the mean ± standard error of the mean 
(SEM) from at least three independent experiments. 
Group comparisons were made using the Student’s t-test 
or ANOVA, with a p-value of less than 0.05 considered 
statistically significant. Statistical significance was indi-
cated as *p < 0.05, **p < 0.01, ***p < 0.001.

Results and discussion
Inflammatory memory activated-EpSCs accelerated 
diabetic wound healing and mitigated excessive 
inflammatory response
In order to assess if an inflammatory trigger could acti-
vate the paracrine activity of EpSCs [13, 14, 16, 17], we 
exposed EpSCs to LPS (L-EpSCs) (Fig. 1A) and examined 
the alterations in the cytokines they secreted. ELISA test-
ing indicated that EpSCs under inflammation pressure 
secreted higher levels of anti-inflammatory cytokines 
and pro-healing factors including IL-4, IL-13, and TGF-β 
(Fig.  1B) [29, 30]. These findings suggested that inflam-
matory memory activated-EpSCs may have the poten-
tial to mitigate the excessive inflammatory response in 
the process of wound healing, particularly in diabetic 
wounds. Further, we evaluated the impact of condi-
tioned media (CM) obtained from EpSCs (EpSCs-CM) 
or L-EpSCs (L-EpSCs-CM) on tissue regeneration in dia-
betic mice with excisional cutaneous wounds. Compared 
with PBS control or EpSCs-CM treated wounds, topical 
administration of L-EpSCs-CM on skin wounds resulted 
in faster wound healing (Fig.  1C). Wound areas were 
time-dependently decreased in all experimental condi-
tions, with the most noticeable decrease occurring on 
day 5 or 7 in L-EpSCs-CM treated group (Fig. 1D). Addi-
tional research was carried out on the chemokine and 
cytokine profile specific to tissues that affect the recruit-
ment and polarization of neutrophils [5]. Administration 
of L-EpSCs-CM was found to significantly reduce the 
levels of CCL2, CCL3, and CCL5, crucial for neutrophil 
recruitment, when compared to control or EpSCs-CM 
treated wounds (Fig. 1E). At the same time, the levels of 
IL-4 and IL-13 in L-EpSCs-CM groups were increased, 
which are important for acquiring N2 neutrophil phe-
notype, and meanwhile, the levels of IFN-gamma, a key 
cytokine for N1 neutrophil differentiation, were reduced 
in L-EpSCs-CM groups (Fig.  1F). To understand the 
effect of EpSCs and L-EpSCs on neutrophils, we co-cul-
tured neutrophils with EpSCs or L-EpSCs and validated 
whether this cell-cell interaction could switch neutro-
phils to N2 anti-inflammatory phenotype (Fig. 1G). The 
mRNA expression profiles by qRT-PCR revealed the 
significant increases of N2 neutrophil markers includ-
ing CD163, CD206 and Arg-1 in the co-culture system 
of L-EpSCs and neutrophils, indicating the potential of 
inflammatory memory-activated EpSCs to manipulate 
neutrophil plasticity (Fig.  1H). These findings suggested 
that inflammatory stress could enhance the repair abil-
ity of EpSCs in diabetic wound, and the activated EpSCs 
have the strong capability of driving the phenotypic tran-
sition of neutrophils into N2 anti-inflammatory subtype.
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Fig. 1  EpSCs under inflammatory pressure promoted diabetic wound healing and induced N2 polarization. (A) Morphological changes in EpSCs activat-
ed by LPS under light microscopy. Scale bar = 100 nm. (B) Heat map showing the relative expression patterns of pro-inflammatory and anti-inflammatory 
cytokines in naïve and active EpSCs, as determined by ELISA. The color intensity represents the expression levels, with darker shades indicating higher 
concentrations. (C) The gross view of wounds in the control group, EpSCs-CM group, and L-EpSCs-CM group was observed on days 1, 3, 5, and 7. (D) Mea-
suring the extent of wound healing in (C). n = 3 per group. (E) qRT-PCR analyzed the levels of chemokines CCL2, CCL3, and CCL5. A sample size of three 
was used in each group for the experiments, with GAPDH serving as an internal control for normalization. (F) Cytokines IL-4, IL-13, and IFN-gamma were 
analyzed using qRT-PCR for their expression levels. A sample size of three was used in each group for the experiments, with GAPDH serving as an internal 
control for normalization. (G) Schematic illustration of the experimental process depicting the co-cultivation of EpSCs and neutrophils. (H) Quantitative 
PCR is used to measure the gene expression of N1 markers (iNOS, IL-1, TNF-α) and N2 markers (Arg-1, CD163, CD206) in neutrophils that are co-cultured 
with EpSCs or L-EpSCs. Data represents the mean ± SEM from three separate experiments. ns indicated no significant difference; *P < 0. 05; **P < 0. 01; 
***P < 0. 001
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Construction and characterization of MNVs derived from 
inflammatory memory activated-EpSCs
The favorable regenerative effect of L-EpSCs inspired us 
to develop nanovesicles with promising clinical prospect. 
Although EVs and MNVs are both promising nanovesi-
cles in the field of tissue regeneration, the amount of cells 
required in the preparation process of EVs is too large, 
in contrast to MNVs, which can be obtained directly by 
gradient mechanical extrusion of cells, with a high degree 
of efficiency [23]. To obtain a pool of EpSCs-MNV (EM) 
and LPS-EpSCs-MNV (LEM), EpSCs and L-EpSCs were 
collected and passed through multiple polycarbonate 
membranes with varying pore sizes (Fig. S2A). Follow-
ing this, the centrifuge was used to concentrate MNVs 
and remove small molecules, finally producing EM and 
LEM with an average size of 135.6  nm and 139.3  nm, 
respectively (Fig. S2B). NTA unveiled a concentration 
of approximately 5.5 × 10^8/ml for these MNVs (Fig. 
S2B). Transmission electron microscopy (TEM) images 
revealed that the composition of EM and LEM closely 
resembled exosomes, displaying a circular cup-like shape 
surrounded by lipid membranes (Fig. S2C). The exosomes 
markers including CD63 and CD81, detected by Western 
blotting (Fig. S2D), provided additional evidences sup-
porting the similarities between EVs and MNVs. To fur-
ther elucidate the uptake of EM and LEM in the skin, we 
used fluorescence microscopy to examine the presence of 
EM and LEM. Four hours post-treatment, a significant 
build-up of PKH67-labeled EM and LEM could be seen 
surrounding the perinuclear regions of skin cells (Fig. 
S2E), which indicated that skin cells can absorb EM and 
LEM internally.

Effect of LEM on diabetic wound healing and neutrophil 
reprogramming
In order to study the pro-healing capabilities of LEM in 
vivo, full-thickness excisional wounds were created on 
the skin back in diabetic models, pictures were taken 
of the wounds, and the changes in wound size were 
documented to visually display the process of healing. 
On postoperative day (POD) 0, the EM or LEM were 
administered intradermally near the wound border. The 
progress of the healing wounds was documented for 
additional analysis on POD 1, 3, 5, and 7. The rapid heal-
ing of wounds in the LEM groups was noticed on POD 5, 
and became even more pronounced on POD 7 (Fig. 2A). 
By POD 7, the average wound size in LEM-treated mice 
had significantly decreased to 7.18 ± 2.16 mm². To express 
the wound healing progress, we calculated the average 
remaining wound area rate (actual wound area/initial 
wound area), which was 8.69% for the LEM-treated group 
(Fig.  2B). In contrast, the control and EM treatment 
groups had average remaining area rates of 38.94% and 
17.86%, respectively, on POD 7 (Fig. 2B). The schematic 

diagram in Fig. 2A depicted the dynamic healing process 
of each group at various time points for visualization 
purposes. In order to further evaluate the in vivo efficacy 
of LEM in promoting wound healing, the regenerated 
skin wounds were subjected to H&E staining on POD 7 
for further analysis (Fig. 2C). The wound specimens were 
evaluated according to the method described [27]. Analy-
sis of the newly formed epidermis over the wound dem-
onstrated that treatment with LEM not only accelerated 
newly formed epithelium (NFE), but also led to a notable 
expansion in hyperproliferative epidermis (HPE) (Fig. 2D 
and E). Similarly, a reduction in wound size (Fig. 2F) and 
a notable increase in wound closure rate (Fig. 2G) were 
observed in LEM-treated mice, indicating a beneficial 
impact of LEM on facilitating quick re-epithelialization 
and enhancing skin wound regeneration in vivo. Build-
ing on prior research, we delved deeper into the unique 
chemokine and cytokine patterns in tissues that impact 
the recruitment and polarization of neutrophils. The 
findings indicated that wounds topically treated with 
LEM exhibited decreased levels of CCL2, CCL3, CCL5, 
and IFN-gamma, while significantly increased levels of 
IL-4 and IL-13 (Fig.  2H and I). With the aim of clarify-
ing the effect of LEM on neutrophil recruitment and 
polarization, we employed flow cytometry for further 
quantitative analysis. The results showed that the quan-
tity of infiltrating neutrophils in the wound site was simi-
lar across all groups on POD 1 and 3. Nevertheless, the 
number of neutrophils in the EM and LEM group started 
to decline on POD 5 and 7, whereas it remained elevated 
in the control group (Fig. S3). We additionally confirmed 
the percentage of N2 subtype among all neutrophils. 
During the first 7 days of wound healing, we observed a 
gradual rise in the percentage of N2 subtype neutrophils 
in wounds treated with LEM, peaking at 75.81% on POD 
7. However, their proportions in control and EM treated 
wounds were 8.23% and 48.62%, respectively (Fig. 2J and 
K). Taken together, these findings emphasized the ben-
eficial impact of LEM on promoting skin repair and con-
trolling an overactive inflammatory response in diabetic 
wounds.

LEM initiated mitochondrial metabolic reprogramming to 
induce N2 anti-inflammatory phenotype in neutrophils
N2 neutrophils, due to their substantial energy needs, 
are dependant on the mechanisms of elevated oxidative 
phosphorylation (OXPHOS) and lipid oxidation. The 
enhanced activity of fatty acid uptake and fatty acid oxi-
dation (FAO) serve as a primary energy source to meet 
the metabolic requirements for N2 polarization [5]. In 
an attempt to determine if LEM trigger metabolic repro-
gramming in neutrophils, we exposed neutrophils to EM 
and LEM and observed metabolic alterations (Fig.  3A). 
During coculture, EM and LEM could be intake easily by 
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Fig. 2  EpSCs under inflammatory pressure promoted diabetic wound healing and induced N2 polarization. (A) The overall observation of injuries in the 
control group, EM group, and LEM group was conducted on days 1, 3, 5, and 7. (B) Measuring the extent of wound healing in (A). n = 3 per group. (C) 
Hematoxylin and eosin (H&E) stained sections of untreated and wounds treated with EM or LEM on day 7 were analyzed for the length of newly formed 
epithelium (NFE, Green line), area of hyperproliferative epidermis (HPE), wound width (Red dotted line), percentage of wound closure (NFE/NFE + wound 
width × 100%), and wound contraction (distance between wound border hair follicles (HFs), blue dotted line). This analysis was conducted as described 
previously. (D-G) Statistics of wound sections for (D) re-epithelialization, (E) area of HPE, (F) wound width and (G) wound closure in control, EM or LEM 
treated mice (n = 3). (H) qRT-PCR was used to analyze the levels of chemokines CCL2, CCL3, and CCL5. A sample size of three was used in each group for 
the experiments, with GAPDH serving as an internal control for normalization. (I) qRT-PCR was used to analyze the levels of IL-4, IL-13, and IFN-gamma 
cytokines. A sample size of three was used in each group for the experiments, with GAPDH serving as an internal control for normalization. (J) Flow cy-
tometry was used to examine the percentage of N2 phenotype neutrophils (Ly-6G + Arg-1+) in diabetic wounds that were treated with PBS, EM, or LEM. 
(K) Quantitative evaluation of the findings in (J) with a sample size of 3. Data represents the mean ± SEM from three separate experiments. ns indicated 
no significant difference; *P < 0. 05; **P < 0. 01; ***P < 0. 001

 



Page 10 of 20Fan et al. Journal of Nanobiotechnology          (2025) 23:115 

Fig. 3  LEM promoted metabolic recalibration in neutrophil mitochondria and induced N2 polarization. (A) Schematic diagram of the experimental pro-
cedure showing EM and LEM activated mitochondrial metabolic activity in mouse primary neutrophils. (B) Fluorescent images showing PKH26-tagged 
EM, as well as LEM taken in by mouse primary neutrophils stained with DAPI; scale bar: 50 μm. (C) Changes in the expression of Arg-1 in N2 polarization by 
immunofluorescence. (D) Transcription levels of genes related to fatty acid oxidation (Cpt1b, Acadm, and Acadl) were measured in mouse primary neutro-
phils following treatment with EM and LEM. (E) Fatty acid uptake of mitochondria was examined in mouse primary neutrophils following treatment with 
EM and LEM. Scale bars, 100 μm. (F) Mouse primary neutrophils’ cellular ATP levels. (G) ATP levels in oxidative phosphorylation and glycolysis in mouse 
primary neutrophils. (H) Representative pictures showing JC-1 staining in primary neutrophils from mice. JC-1 produces red fluorescent aggregates when 
mitochondrial potentials are high and retains green fluorescent monomers when mitochondrial potentials are low. Scale bars, 100 μm. Data represents 
the mean ± SEM from three separate experiments. ns indicated no significant difference; *P < 0. 05; **P < 0. 01; ***P < 0. 001
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neutrophils, as shown in Fig. 3B, PKH26-labeled EM and 
LEM are internalized by neutrophils and concentrated 
in the perinuclear area. After that, EM and LEM skewed 
neutrophils to an N2 phenotype, and as shown in immu-
nofluorescence, EM and LEM primed neutrophils to 
express N2 markerArg-1 (Fig. 3C). Notably, more neutro-
phils expressing Arg-1 were observed in LEM treatment 
group compared with the ones in EM treatment group 
(Fig. 3C).

Our prior studies indicated that lipid metabolism, 
specifically fatty acid oxidation (FAO), is crucial for N2 
polarization [5]. In the present research, we found that 
LEM caused a surge in the expression of FAO genes 
(Cpt1b, Acadm, and Acadl) at the mRNA level, as shown 
in Fig. 3D. Furthermore, following treatment with LEM, 
neutrophil mitochondria enhanced its cellular uptake of 
fatty acid, as shown in Fig. 3E. This enhancement was also 
associated with changes in ATP generation [31]. The ATP 
quantitative analysis indicated that the increased FAO in 
L-MNVs-EpSCs treated neutrophils was associated with 
a notable rise in ATP levels, emphasizing a shift in energy 
metabolism (Fig.  3F). Our metabolic study supported 
the change in energy levels, showing notable alterations 
in OXPHOS and glycolysis caused by L-MNVs-EpSCs 
(Fig.  3G). Furthermore, the mitochondria in neutro-
phils treated with LEM displayed an elevated membrane 
potential, as indicated by a greater amount of red-Fluo-
rescent aggregates from JC-1 staining, in contrast to the 
control or EM treated cells with low membrane potential 
in their mitochondria (Fig. 3H). These results suggested 
that LEM triggered mitochondrial metabolic recalibra-
tion in neutrophils, supplying more “fuel” for phenotypic 
switching to an anti-inflammatory subtype.

LEM transferred miR-193a-5p to inhibit the TLR4/MAPK 
pathway in neutrophils
Several research studies have verified the impact of miR-
193a in inhibiting inflammation [32, 33]. A recent study 
has shown that miR-193a-5p could potentially regulate 
the balance between N1 and N2 phenotypes in neutro-
phils, reducing neuroinflammation-induced ischemic 
damage [34]. In psoriasis, miR-193a expression in EpSCs 
had been reported to regulate inflammatory process, and 
loss of miR-193a in EpSCs showed increased skin lesions 
and higher inflammation activity [35]. Our research also 
found an increased miR-193a-5p expression in L-EpSCs 
and LEM, as well as in neutrophils exposed to LEM 
(Fig. 4A-C). These results indicated that LEM can trans-
port more miR-193a-5p into neutrophils.

In order to investigate how miR-193a-5p in LEM con-
tribute to N2 polarization, we utilized miRWalk and 
miRBase database to predict the target genes of miR-
193a-5p [36]. Based on the Venn diagram analysis, a 
total of 28 genes were identified through the utilization 

of R software (Fig. 4D). TLR4 was identified as a poten-
tial target of miR-193a-5p through bioinformatic analysis 
and review of existing literature, as shown in Fig. 4E. To 
validate this hypothesis, a luciferase assay was utilized to 
detect the relationship between miR-193a-5p and TLR4. 
Luciferase reporter plasmids containing either wild-type 
(WT) or mutant (Mut) 3′ UTR sequences of TLR4, with 
potential binding sites, were cloned and co-transfected 
with miR-193a-5p mimic or miR-NC mimic into 293T 
cells. The findings indicated that increased expression 
of miR-193a-5p greatly inhibited the luciferase reporter 
activity of the vector containing the wild-type binding 
site, while having no effect on the mutant binding site 
(Fig. 4F). Furthermore, qRT-PCR findings indicated that 
the mRNA levels of TLR4 in neutrophils were suppressed 
by the introduction of miR-193a-5p mimic, while miR-
193a-5p inhibitor resulted in an increase expression of 
TLR4 (Fig. 4G and H). These results suggested that miR-
193a-5p may partially involved in the biological functions 
of LEM. We further investigated whether EM or LEM 
could induce similar inhibition in neutrophils, and miR-
193a-5p inhibitor was used. The findings indicated that 
a notable decrease in TLR4 mRNA levels in neutrophils 
treated with LEM, but this effect was reversed by adding 
miR-193a-5p inhibitor (Fig. 4I). In addition, Western blot 
analysis indicated that both EM and LEM significantly 
reduced TLR4 protein expression, with LEM being more 
effective. However, inhibition of miR-193a-5p impeded 
this response (Fig.  4J). These results suggest that miR-
193a-5p targets the gene expression of TLR4.

There are growing evidences showing that the the acti-
vation of the mitogen-activated protein kinase (MAPK) 
pathway, which includes c-JUN N-terminal Kinase (JNK) 
and P38, may play the essential role in regulating immune 
cell plasticity [37–39]. Analysis of KEGG pathways indi-
cated that miR-193a-5p may control the MAPK signal-
ing pathway (Fig.  4K and L). Therefore, we conducted 
a more in-depth investigation to observe the levels of 
phosphorylated JNK (p-JNK) and phosphorylated P38 
(p-P38) in neutrophils following exposure to EM and 
LEM. The findings suggested the notable decrease in 
the p-JNK level and p-P38 level both in EM-treated and 
LEM treated neutrophils, and lower levels of the p-JNK 
and p-P38 were observed in LEM-treated cells (Fig. 4M-
O). Notably, this effect was dampened by miR-193a-5p 
inhibitor (Fig. 4M-O). These results suggested that LEM 
delivered miR-193a-5p into neutrophils and induced 
downregulation of TLR4-JNK/P38 MAPK signaling path-
way, which may be responsible for LEM-induced switch-
ing on N2 polarization.
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Fig. 4  LEM transferring miR-193a-5p downregulated the TLR4/MAPK pathway in vitro. (A) qRT-PCR measured the expression level of miR-193a-5p in 
EpSCs and L-EpSCs. (B) qRT-PCR measured the expression level of miR-193a-5p in EM and LEM. (C) qRT-PCR measured the expression level of miR-193a-5p 
in neutrophils after exposure to engineered EM and LEM. (D) The potential target genes of miR-193a-5p were identified through miRWalk and miRBase 
database analysis. The Venn diagram revealed that R software identified 28 genes. (E) Anticipated interaction site of miR-193a-5p with TLR4. (F) Lucifer-
ase reporter assay confirmed the interaction of miR-193a-5p with TLR4. (G) miR-193a-5p expression in neutrophils was measured using qRT-PCR after 
transfection with either a miR-193a-5p mimic or inhibitor. (H) TLR4 mRNA levels in neutrophils were measured by qRT-PCR following transfection with 
either a miR-193a-5p mimic or inhibitor. (I) TLR4 mRNA levels were measured in neutrophils following treatment with EM, LEM, and LEM plus miR-193a-5p 
inhibitor using qRT-PCR. (J) TLR4 protein, P38, p-P38, JNK, and p-JNK expression levels in neutrophils were analyzed using Western blot after treating with 
EM, LEM, and LEM plus miR-193a-5p inhibitor. (K-L) Analysis of KEGG pathways revealed the participation of the MAPK signaling pathway downstream of 
miR-193a-5p. (M-O) Protein expression levels of TLR4, p-P38/P38, and p-JNK/JNK were quantified using Image J software. Data represents the mean ± SEM 
from three separate experiments. ns indicated no significant difference; *P < 0. 05, **P < 0. 01; ***P < 0. 001
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LEM skewed N2 neutrophil polarization through 
manipulating miR-193a-5p/TLR4/JNK/P38 MAPK pathways
Lentiviral infection was utilized to establish miR-193a-5p 
overexpression (miR-193aOE) and knockdown (miR-
193aKD) in L-EpSCs to investigate the direct impact of 
miR-193a-5p on N2 polarization, along with the respec-
tive negative controls (miR-NCOE and miR-NCKD). qRT-
PCR confirmed the transfection efficiency in EpSCs 
(Fig. 5A). Subsequently, MNVs were isolated from these 
engineering L-EpSCs and designated as miR-193aOE-
LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-
NCKD-LEM, according to their parent cells. Furthermore, 
the miR-193a-5p expression level was measured in these 
MNVs, showing a comparable pattern to that observed 
in EpSCs (Fig.  5B). Following administration of these 
MNVs, there was a notable increase in miR-193a-5p 
levels in the miR-193aOE-LEM-treated neutrophils com-
pared to the miR-NCOE-LEM-treated cells. Conversely, 
the introduction of miR-193aKD-LEM led to a notable 
reduction of miR-193a-5p levels in neutrophils when 
compared to miR-NCKD-LEM (Fig.  5C). Significantly, 
treating neutrophils with miR-193aOE-LEM led to a 
decrease in TLR4 expression, while the neutrophils in 
miR-193aKD-LEM group showed the opposite outcome 
(Fig. 5D and E). Subsequently, the MAPK signaling path-
way was also assessed in neutrophils following the intro-
duction of these MNVs. Our observation showed that 
increased levels of miR-193a-5p led to a notable decrease 
in the levels of p-JNK and p-P38 (Fig.  5D, F and G). In 
contrast, the levels of p-JNK and p-P38 were higher 
in the miR-193aKD-LEM group compared to the miR-
NCKD-LEM group (Fig.  5D, F and G). After incubating 
for 12  h, we analyzed the levels of N1 and N2-related 
markers in neutrophils using qRT-PCR. The findings 
showed that miR-193aOE-LEM treatment caused a nota-
ble change in neutrophils towards the N2 phenotype, 
with reduced expression of N1 markers (iNOS, IL-1, and 
TNF-α) (Fig. S4A-C), but a high expression level of N2 
markers (CD163, CD206, and Arg-1) (Fig. 5H-I, Fig. S4D-
F). These findings suggest that miR-193a-5p in MNVs 
plays a crucial role in inhibiting TLR4/MAPK pathway 
and affecting neutrophil plasticity.

To further investigate the mechanism by which MNVs 
miR-193a-5p induces N2 polarization through targeting 
TLR4, we conducted a rescue experiment. We found that 
knockdown of TLR4 could partially reverse the regula-
tory effect of MNVs miR-193a-5p on the MAPK signaling 
pathway (Fig. S5A-E). Additionally, the expression of N1 
markers induced by miR-193aKD-LEM was inhibited after 
TLR4 silencing (Fig. S5F-G), while the expression of N2 
markers exhibited the opposite trend (Fig. S5I-K). These 
results indicated that MNVs miR-193a-5p can induce N2 
polarization of neutrophils by downregulating the TLR4/
JNK/P38 MAPK pathway.

miR-193a-5p overexpression enhanced the repair ability 
of LEM and significantly facilitated diabetic wound 
regeneration
In order to more accurately ascertain the function of 
LEM miR-193a–5p in controlling N2 polarization in vivo, 
miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, 
or miR-NCKD-LEM were administered intradermally 
near the edge of the diabetic wound every other day. 
The miR-193aOE-LEM treated mice showed a notable 
increase in wound healing speed compared to the control 
groups, as indicated by both macroscopic measurements 
and morphometric analysis (Fig. 6A and B). Additionally, 
a morphometric assessment was conducted on wound 
samples on POD 7 to assess the progression of wound 
healing at both the tissue and cellular levels (Fig.  6C). 
Analysis of the newly formed epidermis over the injury 
skin indicated that increased levels of miR-193a–5p in 
LEM not only led to quicker re-epithelialization (NFE) 
but also a notable expansion in regions of hyperprolifera-
tive epidermis (HPE) (Fig. S6A and B). Similarly, a reduc-
tion in wound size (Fig. S6C) and a notable enhancement 
in wound healing speed (Fig. S6D) were observed in mice 
treated with miR-193aOE-LEM, while miR-193aKD-LEM 
exhibited a contrasting pattern. In addition, the find-
ings from the chemokine and cytokine profile in miR-
193aOE-LEM-treated wounds revealed the reduced levels 
of CCL2, CCL3, and CCL5, as well as IFN-gamma, while 
notably increased levels of IL-4 and IL-13 in wound site 
(Fig. 6D-I). These results illustrated the beneficial effects 
of miR-193a–5p on enhancing the healing of skin wounds 
and improving the inflammatory dysregulation in vivo.

Since LEM induced neutrophil polarization to N2 
phenotype (as depicted in Fig.  2J), we investigated if 
upregulation of miR-193a–5p in LEM improved the func-
tionality of LEM. Flow cytometry was used to measure 
the N2 phenotype proportion of neutrophils in wounds, 
revealing that the overexpression of miR-193a-5p in LEM 
primed more neutrophils to the N2 phenotype compared 
to naïve LEM (Fig. 7A and B). Of note, at POD 7, the pro-
portion of N2 neutrophils in miR-193aOE-LEM treated 
wounds surged significantly to 91.18 ± 4.17%, compared 
to the naïve LEM treated wounds of 74.80 ± 4.63%. 
Expectedly, knockdown of miR-193a-5p in LEM led to 
an opposite trend, in which the proportion of N2 neu-
trophils was 37.18 ± 4.63%, compared to 71.53 ± 5.72% 
of corresponding negative controls (Fig. 7B). We further 
validated this results by tissue immunofluorescence on 
wound sections. Immunofluorescence staining revealed 
increased N2 marker Arg-1 expression in neutrophils 
(labeled Ly-6G) at the wound site, indicating a higher 
number of neutrophils transitioning to the N2 pheno-
type in wounds treated with miR-193aOE-LEM compared 
to the miR-NCOE-LEM group on POD 7. Conversely, 
administering miR-193aKD-LEM resulted in a lower 
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Fig. 5  The upregulation of miR-193a-5p in LEM inhibited the TLR4/MAPK pathway and promoted N2 polarization. (A) qRT-PCR measured the expression 
level of miR-193a-5p in EpSCs that were either overexpressing miR-193a-5p (miR-193aOE), knocking down miR-193a-5p (miR-193aKD), or in the respective 
negative control groups. (B) The miR-193a-5p expression levels were assessed using qRT-PCR in miR-193a-5p overexpressed and knockdown LEM, as well 
as its control groups. (C) miR-193a-5p expression levels were assessed in neutrophils following exposure to miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-
LEM, and miR-NCKD-LEM using qRT-PCR. (D) Western blot was performed to analyze the expression levels of TLR4 protein, P38, p-P38, JNK, and p-JNK 
in neutrophils following treatment with miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM. (E-G) Protein expression levels of TLR4, 
p-P38/P38, and p-JNK/JNK were quantified using Image J software. (H) Representative immunofluorescence images of N2 neutrophils (Ly6G + Arg-1+) in 
miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM treated group. Scale bars, 50 μm. (I) Quantitative evaluation of the findings in (H) 
with a sample size of 3. G1, G2, G3, G4 indicate the miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM, respectively. Data represents 
the mean ± SEM from three separate experiments. ns indicated no significant difference; *P < 0. 05; **P < 0. 01; ***P < 0. 001
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Fig. 6  miR-193a-5p overexpression in LEM promoted diabetic wound healing and regulated inflammatory environment. (A) The gross view of wounds 
after administration of miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM at day 1, 3, 5 and 7. (B) Measuring the extent of wound 
healing in (A). n = 3 per group. (C) H&E stained sections of miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM treated wounds on day 7 
displayed morphometric analysis including the newly formed epithelium (NFE, Green line), area of hyperproliferative epidermis (HPE), wound width (Red 
dotted line), percentage of wound closure (NFE/NFE + wound width × 100%), wound contraction (distance between wound border hair follicles (HFs), 
blue dotted line). (D-F) qRT-PCR was used to analyze the levels of chemokines CCL2, CCL3, and CCL5. A sample size of three was used in each group for 
the experiments, with GAPDH serving as an internal control for normalization. (G-I) qRT-PCR was used to analyze the levels of IL-4, IL-13, and IFN-gamma 
cytokines. A sample size of three was used in each group for the experiments, with GAPDH serving as an internal control for normalization. G1, G2, G3, 
G4 indicate the miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM, respectively. Data represents the mean ± SEM from three separate 
experiments. ns indicated no significant difference; *P < 0. 05; **P < 0. 01; ***P < 0. 001
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Fig. 7  miR-193a-5p overexpression in LEM induced N2 polarization during diabetic wound healing. (A) Flow cytometry examined the percentage of N2 
phenotype neutrophils (Ly-6G + Arg-1+) in diabetic wounds that were treated with miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM. 
(B) Quantitative evaluation of the findings from (A) with a sample size of 3. (C) Representative immunofluorescence images of N2 neutrophils (Ly6G + Arg-
1+) in wound sections of miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM treated mice. Scale bars, 50 μm. (D) Quantitative evalu-
ation of the findings in (C) with a sample size of 3. G1, G2, G3, G4 indicate the miR-193aOE-LEM, miR-NCOE-LEM, miR-193aKD-LEM, and miR-NCKD-LEM, 
respectively. Data represents the mean ± SEM from three separate experiments. ns indicated no significant difference; *P < 0. 05; **P < 0. 01; ***P < 0. 001

 



Page 17 of 20Fan et al. Journal of Nanobiotechnology          (2025) 23:115 

presence of the N2 phenotype compared to the miR-
NCKD-LEM group, as shown in Fig.  7C. Additionally, 
quantification of Ly-6G+Arg-1+ cells also showed a simi-
lar trend in immunofluorescence analysis (Fig.  7D). The 
findings further confirmed the beneficial impact of LEM 
miR-193a-5p on addressing the phenotypic switching 
deficiency of neutrophils in diabetic wound.

LEM overexpressing miR-193a-5p triggered neutrophil 
metabolic reprogramming in diabetic wound
In our in vitro study, we found that both TLR4/MAPK 
pathway and mitochondrial metabolism, which is trig-
gered by LEM, play essentials role in N2 polarization 
of neutrophils. To determine the impact of LEM miR-
193a–5p in on neutrophils in vivo, we isolated neutro-
phils from diabetic wounds by using using MACS cell 
sorting kits, checking alterations in the TLR4/MAPK 
pathway and mitochondrial metabolism (Fig.  8A). Flow 
cytometry was used to assess the purity of the isolated 
cell clusters, revealing a high purity of 98. 6% based on 
the MACS Cell Sorting Kit (Fig. 8A). Then, western blot 
analysis was performed and the results showed that, 
compared to miR-NCOE-LEM treated group, neutrophils 
from diabetic wounds treated with miR-193aOE-LEM 
had less expression of TLR4 (Fig.  8B and C). However, 
an opposite result was found following miR-193aKD-
LEM administration (Fig.  8B and C). We further eluci-
dated the MAPK pathway in metabolic reprogramming 
in vivo. Expectedly, the results showed that following 
miR-193aOE-LEM treatment, neutrophils from diabetic 
wounds had less activation of MAPK pathway, with 
lower phosphorylation of P38 and JNK, whereas neutro-
phils from miR-193aKD-LEM group showed an opposite 
trend (Fig. 8B, D and E). Additionally, the expression of 
FAO genes (Cpt1b, Acadm, and Acadl) at the mRNA 
level were examined in neutrophils isolated from wound 
tissues after treatment with miR-193aOE-LEM, miR-
193aKD-LEM, and its corresponding controls. As shown 
in Fig.  8F-H, decreased expression levels of Cpt1b, 
Acadm, and Acadl were observed in neutrophils from 
wound site treated with miR-193aKD-LEM, and in con-
trast, utilization of miR-193aOE-LEM obviously induced 
upregulated expression level of these three FAO genes 
compared to its control group. Furthermore, neutrophils 
were harvested for further measurement of changes in 
fatty acid uptake in cell mitochondria. The results sug-
gested that neutrophils mitochondria from miR-193aOE-
LEM-treated wounds showed enhanced fatty acid uptake, 
which was characterized by an increased number of 
green fluorescent aggregates around the mitochondria. 
However, the miR-193aKD-LEM-treated group, showed 
a lower number of fatty acids around the mitochon-
dria of neutrophils (Fig. 8I). Overall, these findings sug-
gested that miR-193a–5p in LEM can enhance the N2 

polarization of neutrophils in diabetic wound healing by 
inhibiting the TLR4/JNK/P38 MAPK pathway and pro-
moting mitochondrial metabolic reprogramming.

Conclusion
Based on the great potential of inflammatory memory in 
tissue repair, the novel biomimetic nanovesicles for rapid 
diabetic wound healing were developed in this study. 
These MNVs, which derived from inflammatory memory 
activated EpSCs, could rescued the phenotypic switching 
deficiency of neutrophils in diabetic wounds, stimulating 
mitochondrial metabolic recalibration and priming neu-
trophils to a N2 phenotype, finally accelerating diabetic 
wound regeneration.

In addition to their therapeutic effects, our biomimetic 
nanovesicles have lots of advantages over other synthetic 
materials or native EVs, including faster production time, 
higher yields, good biocompatibility and lower costs 
[23, 40]. Unlike traditional methods that require cells to 
secrete vesicles or use expensive EVs-free medium, our 
MNVs can be produced directly from confluent cells 
through extrusion. That means they are suitable for large-
scale production. It has been reported that the produc-
tion of MNVs exceeded that of EVs by over 100 times 
from an equivalent cell count [23]. Furthermore, MNVs 
can be conveniently freeze-dried and kept as a powder 
at room temperature for more than 6 months without 
affecting their physical, morphological, and inherent bio-
logical characteristics [41]. Freeze-drying MNVs could 
eliminate the need for refrigeration and make sample 
management easier. Furthermore, MNVs applications 
have lower ethical concerns compared to cell-therapy.

In our work, bioinformatic tools were utilized to ana-
lyze the effects of miR-193a–5p overexpression in LEM 
and recipient neutrophils, revealing that the TLR4/
JNK/P38 MAPK signaling pathway is regulated by 
miR-193a–5p. After being identified as a target of miR-
193a–5p through database prediction and dual-luciferase 
reporter gene assay, the TLR4/JNK/P38 MAPK axis was 
chosen for additional investigation. Overexpression of 
miR-193a–5p led to an increase in N2 polarization and a 
reduction in TLR4 expression and MAPK pathway phos-
phorylation in neutrophils, indicating the involvement of 
the miR-193a–5p/TLR4/JNK/P38 MAPK axis in N2 neu-
trophil polarization.

MiR-193a–5p loaded LEM were used in vivo in diabetic 
wounds to assess their potential in controlling inflamma-
tion and promoting healing. The findings indicated that 
miR-193a–5p carried by LEM significantly altered the 
inflammatory conditions in diabetic wounds, induced a 
shift in mitochondrial metabolism towards N2 polariza-
tion, ultimately facilitating re-epithelization and wound 
healing.
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Fig. 8  LEM overexpressing miR-193a-5p in vivo induced inhibition of TLR4/MAPK pathway and activation of mitochondrial metabolic recalibration. (A) 
A diagram illustrating the experimental process of isolating neutrophils from diabetic wounds using the MACS cell sorting kit and detailing their charac-
teristics. (b) Western blot analysis was performed to assess the expression levels of TLR4 protein, P38, p-P38, JNK, and p-JNK in neutrophils isolated from 
diabetic wounds. (C-E) Protein expression levels of TLR4, p-P38/P38, and p-JNK/JNK were quantified using Image J software. (F-H) Transcription levels of 
genes involved in fatty acid oxidation (Cpt1b, Acadm, and Acadl) were measured in neutrophils extracted from diabetic wounds. (I) Fatty acid uptake of 
mitochondria was analyzed in neutrophils isolated from diabetic wounds. Scale bars, 100 μm. G1, G2, G3, G4 indicate the miR-193aOE-LEM, miR-NCOE-LEM, 
miR-193aKD-LEM, and miR-NCKD-LEM, respectively. Data represents the mean ± SEM from three separate experiments. ns indicated no significant differ-
ence; *P < 0. 05; **P < 0. 01; ***P < 0. 001
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Overall, our work emphasized LEM as an efficient 
bioengineered approach to treating diabetic wound and 
further identified that miR-193a–5p/ TLR4/JNK/P38 
MAPK pathway mediated the biological function of LEM 
by regulating neutrophil plasticity and metabolic repro-
gramming, which provided a new alternative for wound 
repair and tissue regeneration. Additionally, while our 
study primarily focused on the effects of MNVs on neu-
trophil polarization, the potential influence of MNVs 
on macrophage polarization towards an M2 phenotype, 
which is also crucial for wound healing, cannot be dis-
counted. This possibility is supported by the broader 
implications of the cytokines and chemokines involved, 
which are known to affect macrophage behavior. There-
fore, future research will be directed towards exploring 
the dual effects of MNVs on both neutrophil and macro-
phage polarization to gain a comprehensive understand-
ing of their role in wound healing.
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