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ABSTRACT: Macrophages play a crucial role in cardiac remodeling
and prognosis after myocardial infarction (MI). Our previous studies
have built a scalable method for preparing scaled stem cell
nanovesicles (NVs) and demonstrated their remarkable reparative
effects on ischemic heart disease. To further enhance the targeted
reparative capabilities of the NVs toward injured myocardium, we
employed a dual modification strategy involving platelet membrane
coating and miR-181a-5p loading, creating a nanovesicle termed P-
181-NV. This study aimed to investigate the efficacy of P-181-NV in
targeted reparative interventions for damaged myocardium and to
reveal the underlying mechanisms involved. After successful
construction and characteristic analysis of P-181-NV, the in vivo
tracking techniques demonstrated a significant enhancement in the
targeting capacity of P-181-NV toward the injured myocardium. Moreover, P-181-NV showed marked improvements in cardiac
function and remodeling as observed through ultrasound echocardiography and Masson’s trichrome staining. Furthermore, P-181-
NV significantly augmented myocardial cell viability, angiogenic potential, and the polarization ratio of the anti-inflammatory
macrophages. The findings of this study underscore the pivotal role of platelet-membrane-coated and miR-181a-5p modified stem
cell nanovesicles in facilitating postmyocardial infarction cardiac repair. By modulating macrophage polarization, P-181-NV offers a
promising approach for enhancing the efficacy of targeted reparative interventions for damaged myocardium. These results
contribute to our understanding of the potential of nanovesicles as therapeutic agents for cardiac repair and regeneration, presenting
avenues for future research and clinical applications.
KEYWORDS: MiR-181a-5p loaded nanovesicles, platelet membrane modification, macrophage polarization, cardiac repair,
anti-inflammatory effect

1. INTRODUCTION
Myocardial infarction (MI), commonly known as a heart attack,
remains a major global health concern due to its high morbidity
and mortality rate.1 Following MI, immune-inflammatory
responses play a crucial role in the reparative processes,
particularly the conversion of macrophages from a pro-
inflammatory to a reparative phenotype.2,3 Despite current
research showing that stem cells enhance post-MI cardiac
function through immune modulation mechanisms,4 the
therapeutic efficacy of stem cell transplantation is hindered by
low retention rate.5−7 Stem-cell-derived nanovesicles (NVs)
exhibit substantial promise in the next frontier in cell-free
therapy.8−10 We have made significant progress in developing a
scalable methodology for the preparation of these nanovesicles,
demonstrating their remarkable reparative effects in cardiac
ischemia.11,12 Stem-cell-derived NVs offer unique advantages
over traditional stem cells and exosomes, such as high yield, easy

storage, reduced lung retention, and extended circulation
time.13−19 However, the primary challenge lies in efficiently
targeting the damaged myocardium to achieve superior
myocardial repair, improved cardiac function, and reduced
heart failure incidence. To address this, there is a pressing need
to develop a highly efficient targeted therapeutic approach for
mending the injured myocardium.
Several studies have previously highlighted the beneficial

effects of platelets in increasing the homing rate of nanovesicles
to the heart.20−22 The active homing of platelet-membrane-
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optimized exosomes (P-EVs) to the site of injury is initially
facilitated by their targeting interaction with endothelial vWF
(vonWillebrand factor) and the platelet membrane glycoprotein
GPIbα. Once recruited, these P-EVs are capable of traversing the
compromised endothelium to access the injury site. It has been
demonstrated that extracellular vesicles coated with platelet
membranes exhibited enhanced homing capabilities toward
damaged myocardial tissue, resulting in a significant enhance-
ment of cardiomyocyte viability and a substantial reduction in
cardiac fibrosis.23 The elevated surface expression of CD62P on
platelet-derived extracellular vesicles (P-EVs) facilitated their
engulfment by inflammatory macrophages, thereby mitigating
inflammatory responses.24 By harnessing the potential of the
targeting capacity of the platelet membrane, we aim to increase
the biodistribution of nanovesicles to the injured heart.
Additionally, research has demonstrated that extracellular
vesicles derived from mesenchymal stem cells, which over-
express miR-181a-5p, can enhance the activation and polar-
ization of Treg cells by inhibiting c-FOS expression.25

Consequently, this ameliorates the extent of myocardial injury
resulting from ischemia-reperfusion.
Building upon these findings, we propose a hypothesis for

creating a novel type of stem-cell-derived nanovesicle doubly
optimized with both platelet membrane and miR-181a-5p
named P-181-NV. We anticipate that P-181-NV will exhibit a
remarkable reparative effect on injured myocardium. The
efficacy of these nanovesicles in providing myocardial protection
and reducing fibrosis will be validated using a mouse model of
MI in vivo and a cellular oxidative stress model in vitro. By
demonstrating the feasibility of the P-181-NV preparation
method, this study aims to enhance the targeted and specific
reparative effects of nanovesicles. It also provides valuable
insights into the potential clinical translation and exploration of
the underlying repair mechanisms of stem-cell-based therapeutic
approaches for ischemic heart disease and other related
conditions.

2. MATERIALS AND METHODS
2.1. Cell Culture. The mouse bone-marrow-derived mesenchymal

stem cells (BM-MSCs) were purchased from Procell Life Science &
Technology Co., Ltd. (catalog CP-M131), and they were cultured in
Procell Mouse BM-MSC specialized medium (catalog CM-M131-
100). The THP-1 cells were obtained from BeNa Culture Collection
(catalog TCHu 361), and they were cultured in RPMI 1640 medium
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) at
37 °C with 5% CO2. The T293 cells were obtained from BeNa Culture
Collection (catalog TCHu 101), and they were cultured in high-glucose
DMEM (Gibco) supplemented with 10% FBS (Gibco) at 37 °C with
5% CO2.

2.2. Transfection. When the mouse bone marrow mesenchymal
stem cell density reaches 60%, according to the instructions of
Lipo3000 (Invitrogen), transfection of miR-181a-5p mimics (se-
quence, aaca ttcaacgctg tcggtgagt) or inhibitor and siRNA of c-FOS
(sense 5′-3′, GCUGACUGAUACACUCCAATT; antisense 5′-3′,
UUGGAGUGUAUCAGUCAGCTT) into the cells occurs. After
transfection, the cells were placed back into the incubator and cultured
for 24 h. The cells were collected for PCR validation and preparation of
vesicles loaded with miR-181a-5p.

2.3. Preparation of Platelet Membrane. To prepare the platelet
membrane fragments, 10 mL of mouse blood was collected and
centrifuged at 2000 × g for 20 min at room temperature. The upper
layer was transferred to a collection tube, and the centrifugation step
(2000 × g, 20 min) was repeated. Then, 2 mL of the supernatant was
mixed with an equal volume of PBS buffer containing 1 mM EDTA and
2 mM PGE1. The mixture was gently inverted and centrifuged at 800×

g for 20min at room temperature. Approximately 3/4 of the upper layer
was discarded. The remaining bottom layer was resuspended in PBS
containing protease inhibitors and phosphatase inhibitors and
subjected to three cycles of freezing and thawing at −80 °C. After
complete thawing of the platelet extract at room temperature,
centrifugation was performed at 4000 × g for 3 min, and this step
was repeated five times. Finally, after centrifugation at 4000 × g for 3
min, the supernatant was discarded, and the pellet was resuspended in
PBS containing protease inhibitors and phosphatase inhibitors. The
resuspended pellet was washed three times with PBS and then
resuspended in PBS. The platelet membrane fragment mixture was
prepared by ultrasound treatment (power, 15%; ultrasound for 5 s,
pause for 10 s, repeated for 20 cycles). The morphology of the platelet
membrane fragments was examined by electron microscopy.

2.4. Preparation of Nanovesicles. When the fusion degree of
BM-MSCs reached 80%, the cells were collected by trypsin digestion.
After washing twice with PBS, the cells were collected for nanovesicle
preparation. The cells were then sequentially passed through 5, 1, and
0.4 μmfilters (Whatman) using LiposoFast LF-50 (Avestin, York, UK).
Each filter was pressed three times, and the nanovesicles were finally
obtained by passing through a 0.22 μm filter and stored at−80 °C. The
protein concentration of the nanovesicles was determined using the
BCA protein assay kit. The nanovesicles were mixed with platelets at a
ratio of 2:1 (platelets:nanovesicles) and thoroughly mixed. The mixture
was then passed through the three filters again to prepare the platelet-
coated nanovesicles.

2.5. Characterization of Vesicles. The morphology, size, particle
size distribution, andmembrane potential of the vesicles were examined
using transmission electron microscopy (TEM), nanoparticle tracking
analysis, and a zeta potential analyzer. The expression level of the
exosome protein marker Alix (Proteintech, 12422-1-AP), platelet
membrane marker P-selectin (Proteintech, 60322-1-Ig), and the
internal reference protein β-actin (Abbkine, A23910, A23720) were
determined using Western blot analysis.

2.6. Flow Cytometry.When the cell density reaches 80%, the cells
are collected using trypsin digestion. The cells were washed with sterile
PBS 2−3 times. The cells were resuspended in 100 μL of PBS per group.
Following the instructions, the flow cytometry antibodies CD206
(Proteintech, 2344972), CD163 (Proteintech, 333606), and CD68
(Proteintech, 333814) were added to the cells and incubated at room
temperature for 20 min. After washing twice with PBS, the cells were
resuspended in 500 μL of PBS and flow cytometry analysis was
performed within 30 min.

2.7. qRT-PCR Test. To extract total RNA, we used the Trizol
method. The RNA concentration was measured at a 260/230 ratio and
a 260/280 ratio of the samples using a nucleic acid spectrophotometer
(NanoDrop, ND1000). Reverse transcription was performed using the
reverse transcription system (R323) from the manufacturer Novogene.
Quantitative real-time PCR (qRT-PCR) was conducted using the qRT-
PCR system (Q711) from the same manufacturer. The relative
expression level of the target gene was calculated by using the 2−ΔΔCt

method.
2.8. Western Blot.To extract total protein from cells or vesicles, the

BCA Protein Assay Kit (Vazyme, E112) was used to determine the
protein concentration. SDS-PAGE (sodium dodecyl sulfate poly-
acrylamide gel electrophoresis) analysis was performed by using a Bio-
Rad electrophoresis system. The proteins were then transferred from
the SDS-PAGE to a PVDF membrane using a semidry transfer system.
After blocking with 5% skim milk, the membranes were incubated with
primary and secondary antibodies. The results were detected by using
the LI-COR Odyssey CLX-0664 imaging system. The primary
antibodies used included Alix (Proteintech, 12422-1-AP, 1:5000), P-
selectin (60322-1-Ig, 1:2000), CD206 (Proteintech, 18704-1-AP),
CD163 (Proteintech, 16646-1-AP), and β-actin (Affinity, T0022). The
antimouse fluorescent secondary antibody (Abbkine, A23910) and
antirabbit fluorescent secondary antibody (Abbkine, A23720) were
diluted at 1:500 and incubated at room temperature in the dark for 1.5
h. After washing three times with TBST, the membranes were scanned
using a LI-COR Odyssey CLX-0664 imaging system. The band
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intensities were quantified using the ImageJ imaging system, and a
statistical analysis was performed on the grayscale values of the bands.

2.9. Preparation of Animal Models for Myocardial Infarction.
SPF-grade C57 mice (6−8 weeks old) were purchased from the Beijing

Figure 1. miR-181a-5p promoted macrophage M2 polarization. (A−D) Flow cytometry was used to analyze the polarization effect of miR-181a-5p
mimics and inhibitor on macrophages, and its statistical diagram is shown. (E−G) Western blot was used to verify the effect of miR-181a-5p mimics
and inhibitor on macrophage polarization, and its statistical diagram is shown. (H and I) qRT-PCRwas utilized to verify the polarization effect of miR-
181a-5p mimics on macrophages (mimics, miR-181a-5p mimics; inhibitor, miR-1181a-5p inhibitor).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c19325
ACS Appl. Mater. Interfaces 2025, 17, 16520−16532

16522

https://pubs.acs.org/doi/10.1021/acsami.4c19325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19325?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c19325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2.Morphological and biological characterization analysis of P-181-NV. (A) qRT-PCR result indicated successful transfection of miR-181a-5p
at the cellular level. (B) qRT-PCR was utilized to verify the successful submission of miR181a-5p in the prepared nanovesicle with or without platelet
membrane. (C) TEM indicated the electronmicrographs of three kinds of vesicles of PM,NV, and P-NV (bar = 200 μm). (D−F) The expression levels
of Alix, p-selectin, and β-actin were detected by Western blots, which respectively indicate the cell membrane marker of exosomes, cells, and platelet.
(G and H) NTA detection showed no significant difference among different NV types. (I) The zeta potential detection showed no significant
difference among different groups. Data are presented as mean ± SD from at least three independent biological replicates (n ≥ 3) (PM, platelet
membrane; NV, nanovesicles; P-NV, PM coated nanovesicles extruded fromMSCs; 181-NV, nanovesicles extruded fromMSCs transfected with miR-
181a-5p; P-181-NV, PM coated nanovesicles extruded from miR-181a-5p modified MSCs; TEM, transmission electron microscopy; NTA,
nanoparticle tracking analysis).
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Figure 3. P-181-NV promotes macrophage polarization in the in vitro experiment. (A and B) Flow cytometry was used to detect the phagocytosis of
181-NV (A) and P-181-NV (B) vesicles bymacrophages at different times. (C−F) Flow cytometry was used to analyze the polarization effect of P-181-
nanovesicles on macrophages, and its statistical diagram is shown. (G−I) Western blot was used to detect the polarization effect of P-181-NV vesicles
on macrophages, and its statistical diagram is shown. (J and K) qRT-PCR was utilized to verify the polarization effect of P-181-NV vesicles on
macrophages (P-NV, PM coated nanovesicles extruded from MSCs; P-181-NV, PM coated nanovesicles extruded from miR-181a-5p modified
MSCs).
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Huafukang Company. The mice were anesthetized with isoflurane gas
and placed in a fixed position. A horizontal incision of approximately 5
mm was made on the left side of the sternum between the fourth ribs.

The subcutaneous tissue was dissected, and the pectoral and intercostal
muscles were carefully separated to expose the intercostal space. The
intercostal space was opened, and the heart was gently compressed with

Figure 4. Biodistribution of nanovesicles and P-181-NV reduced cardiac fibrosis and improved cardiac function after MI induced heart injury. (A and
B) Representative IVIS in vivo imaging data in heart were acquired at a series of time points (1, 3, 7, and 14 days) after the tail vein injection of different
types of nanovesicles. (C and D) Scar size quantitation of cardiac section after Masson’s trichrome staining. (E−K) Representative echocardiography
images were at day 28 after nanovesicle injection. The cardiac function evaluation index including left ventricular ejection fraction (LVEF), fractional
shortening (FS), cardiac output (CO), left ventricular end-systolic volume (LV Vol;s), left ventricular end-diastolic volume (LV Vol;d), and stroke
volume (SV) were respectively quantified in parts (F), (G), (H), (I), (J), and (K). Data are presented as mean ± SD of at least three independent
biological replicates (n ≥ 3). ns means no significance (PM, platelet membrane; NV, nanovesicles; P-NV, PM coated nanovesicles extruded from
MSCs; 181-NV, nanovesicles extruded from MSCs transfected with miR-181a-5p; P-181-NV, PM coated nanovesicles extruded from miR-181a-5p
modified MSCs).
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the left-hand to make it protrude. Using an 8−0 suture, the left atrium
was ligated approximately 5 mm below the left auricle, resulting in
whitening of the myocardium. The chest was then closed rapidly, and
the skin was sutured using a 3−0 suture material.

2.10. In Vivo Imaging and Echocardiography Test of Small
Animals. First, 50 μL nanovesicles (5⊆109 particles/animal) labeled
with DIR dye (D1220A) were injected via the tail vein at 30 min after
model preparation. In vivo imaging using the PerkinElmer instrument
was performed at 1, 3, 7, and 14 days to track the distribution and
migration of the nanovesicles. Additionally, cardiac function was
assessed using ultrasound echocardiography (VisualSonics) at 28 days,
measuring parameters such as left ventricular ejection fraction (LVEF),
fractional shortening (FS), cardiac output (CO), left ventricular end-
systolic volume (LV Vol;s), left ventricular end-diastolic volume (LV
Vol;d), and stroke volume (SV).

2.11. Cardiac Fibrosis Analysis. After injection of the nanovesicle
drug at 28 days, the mouse heart tissues were collected and fixed in 4%
paraformaldehyde. After fixation, the tissues were transferred to ethanol
for dehydration and then embedded in paraffin for preservation.
Paraffin sections were prepared for Masson’s trichrome staining to
visualize the fibrosis area. The fibrosis area was measured by using
ImageJ software.

2.12. Tissue Fluorescence Staining. After the heart tissue was
obtained, the tissue was fixed using 4% paraformaldehyde. Dehydration
was performed using a sucrose gradient solution ranging from 15% to
30%, and then the tissue was embedded in an OCT and stored at −80
°C. For immunostaining, the heart tissue sections were incubated
overnight at 4 °Cwith primary antibodies, including CD31 (Servicebio,
GB113151), α-SMA (Servicebio, GB111364), Sarcomeric Alpha
Actinin (Servicebio, GB11555), CX3CR1 (Servicebio, GB11861),
CCR2 (Servicebio, GB11326), and CD206 (Servicebio, GB113497).
Subsequently, fluorescent secondary antibodies (Servicebio, GB22403,
and GB21303) and TSA amplification (Servicebio, G1222, G1223)
were applied sequentially, followed by antigen retrieval. Finally, the
sections were counterstained with DAPI and mounted on a coverslip.
The slides were observed under a microscope (NIKON Eclipse Ci).

2.13. Statistical Analysis. In this study, data analysis and graphing
were performed using Prism statistical software. Quantitative data are
presented as the mean ± standard deviation (mean ± SD). For
comparisons between two groups, the t test was used, while for
comparisons among multiple groups, one-way analysis of variance
(ANOVA) was conducted. The significance level was set at α = 0.05,
and differences with a P-value less than 0.05 (P < 0.05) were considered
statistically significant.

3. RESULTS
3.1. miR-181a-5p Promoted the Macrophage Polar-

ization. RAW264.7 cells and THP-1 cells were used in this part
to explore the regulating ability of miR-181a-5p for anti-
inflammatory macrophage polarization. RAW264.7 cells were
divided into three groups (control, mimics, and inhibitor) and
subjected to different treatments. After 48 h of treatment, flow
cytometry showed that a significant increase in the proportion of
anti-inflammatory macrophage in the miR-181a-5p group
(Figures 1A−1D and Figures S1A−S1D). Western blot analysis
and qRT-PCR demonstrated a significant upregulation of the
expression levels of anti-inflammatory macrophages CD163 and
CD206 in the P-181-NV group (Figures 1E−1I, Figures S1E−
S1G, and Figures S1J and S1K). These findings indicate that
miR-181a-5p exerts a promotion effect on the M2 macrophage
polarization. Consequently, based on previous research and our
findings on miR-181a-5p, we aimed to engineer nanovesicles
with highly efficient targeting of damaged myocardium.

3.2. Fabrication and Characterization of P-181-NV.
First, miR-181a-5p was transfected into MSCs to obtain miR-
181a-5p enriched MSCs (Figure 2A), which were then extruded
utilizing the extruder. qRT-PCR results showed a significant

increase of miR-181a-5p in 181-NV (Figure 2B). Following,
platelet membranes were incorporated to establish P-181-NV.
TEM revealed that P-181-NV exhibited a double-layered
membrane structure (Figure 2C). Western blot analysis in
Figures 2D− 2F revealed an increasing expression level of p-
selectins in P-181-NV, indicating the successful preparation of
P-181-NV. NTA revealed that the diameter of the engineered
nanovesicles was approximately 100−200 nm (Figures 2G and
2H). Zeta potential results in Figure 2I showed no significant
differences among the four groups, which varied from 10 to 15
mV. These results demonstrated the successful construction and
production of the P-181-NV.

3.3. Macrophage Polarization after P-181-NV Treat-
ment. The anti-inflammatory macrophage polarization ability
of P-181-NV was evaluated. First, NVs labeled with DiD were
cocultured with macrophages for different time periods, and the
phagocytic efficiency of macrophages was measured using flow
cytometry. The results showed that almost all the vesicles were
engulfed by macrophages 2 h post coincubation, demonstrating
their effective uptake by macrophages (Figures 3A and 3B).
Next, RAW264.7 and THP-1 cells were used to verify the ability
of the vesicles to promote macrophage polarization. RAW264.7
cells were divided into three groups (control, P-NV, and P-181-
NV) and subjected to different treatments. After 48 h of
treatment, flow cytometry showed that a significant increase in
the proportion of anti-inflammatory macrophage in the P-181-
NV group (Figures 3C−3F and Figures S2A−S2D). Western
blot and qRT-PCR results both demonstrated a significant
upregulation of the expression level of CD163 and CD206 after
P-181-NV stimulation (Figures 3G−3K, Figures S2E−S2G, and
Figures S2J and S2K).

3.4. Biodistribution of Nanovesicles after MI Induced
Heart Injury. To assess the targeting ability of the P-181-NV
toward the injured myocardium, we intravenously administered
DiR-labeled nanovesicles to mice 24 h post MI injury. The MI
mice were randomly divided into three groups: sham (PBS),
181-NV, and P-181-NV. The ability of the vesicles to home to
the injured myocardium was evaluated on days 1, 3, 7, and 14
post administration (Figures 4A and 4B). The results
demonstrated a significant increase in the homing rate of
vesicles to the heart in the P-181-NV group on days 1, 3, and 7.
On day 14, the fluorescence signal of vesicles in the heart in all
groups almost disappeared (Figure 4A). Notably, on day 14, the
retention rate of fluorescence signals in the liver, spleen, lung,
and kidney were reduced in the P-181-NV group (Figures S3A−
S3D).
These findings indicated that P-181-NV effectively reduced

the retention rate in the liver while significantly increasing the
retention rate in the heart. This remarkable targeting capability
lays a crucial foundation for further exploring the functional
characteristics of P-181-NV in repairing the injured myocar-
dium.

3.5. Therapeutic Effect of P-181-NV in Mice with MI.
Mice were euthanized on day 28 and cardiac pathological
sections were prepared. Masson’s staining demonstrated that P-
181-NV significantly reduced the area of cardiac fibrosis
(Figures 4C and 4D). Moreover, the echocardiography results
revealed that the P-181-NV group exhibited significantly
improved LVEF, FS, and SV when compared to the other
groups, except P-NV (Figures 4E−4K). These findings
collectively indicate a notable capacity of P-181-NV in cardiac
fibrosis inhibition and cardiac function provement in MI mice.
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3.6. Angiogenesis and Inflammation after P-181-NV
Treatment. To investigate the pro-angiogenic ability of P-181-
NV, immunofluorescent experiments were performed which
revealed that P-181-NV significantly increased both the CD31
and α-SMA expression on days 7 and 14 (Figures S4A−S4F),
indicating a significantly pro-angiogenic function of P-181-NV
in the injured myocardium following MI.
The anti-inflammatory macrophage markers of CX3CR1 and

CD206 and the pro-inflammatory macrophage phenotype of
CCR2 were used to explore the immunoregulatory effect of P-
181-NV. The results demonstrated that on days 3 and 7, P-181-
NV treatment significantly increased the percentage of CX3CR1
(Figures 5A−5C and 5D−5F, respectively) and CD206 positive

cells (Figures 6A−6D) compared to the MI and P-NV groups.
On day 14, CD206 was still significantly more highly expressed
in the P-181-NVgroup compared with the MI and P-NV groups
(Figures 6E and 6F), while the CX3CR1-positive cell percentage
showed no significant difference among them (Figures S6A−
S6C). These findings suggest that P-181-NV can significantly
promote the polarization of M2 anti-inflammatory macro-
phages, indicating that P-181-NV can effectively promote M2
macrophage polarization.

3.7. Mechanism of P-181-NV Promoted Macrophage
M2 Polarization. To further investigate the mechanism by
which P-181-NV promotes anti-inflammatory macrophage
polarization, we used bioinformatics tools, including miRDB,
Pictar, Targetscan, and miRwalk to predict the target genes of
miR-181a-5p. The intersection of the predicted target genes and
inflammation genes from the Gene Ontology database was
taken, resulting in seven candidate downstream targets (Figure
7A). Based on literature reports of the regulatory role of miR-
181a-5p/c-FOS in dendritic cells’ anti-inflammatory effects, we
selected c-FOS as the target gene of miR-181 for validation.
Dual-luciferase reporter assays demonstrated that miR-181a-5p
significantly inhibited the wild-type c-FOS level but had no
significant inhibitory effect on the mutant type (Figure 7B),

Figure 5. P-181-NV promotes the differentiation of CX3CR1 positive
anti-inflammatory macrophage on days 3 and 7 post MI. The
fluorescence intensity of CX3CR1 positive anti-inflammatory macro-
phage and CCR2+ positive proinflammatory macrophages were
respectively detected and qualified on days 3 (A−C) and 7 (D−F)
post MI using the immunofluorescence method (bar = 50 μm). Data
are presented as mean ± SD of at least three independent biological
replicates (n ≥ 3). ns means no significance (P-NV, PM coated
nanovesicles extruded fromMSCs; P-181-NV, PM coated nanovesicles
extruded from miR-181a-5p modified MSCs).

Figure 6. P-181-NV promotes the M2 macrophage differentiation on
days 3, 7, and 14 post MI. The fluorescence intensity of the CD206
positive M2 macrophage was respectively detected using immuno-
fluorescence and qualified on day 3 (A and B), 7 (C and D), and 14 (E
and F) post MI (bar = 50 μm). Data are presented as mean ± SD of at
least three independent biological replicates (n ≥ 3). ns means no
significance (P-NV, PM coated nanovesicles extruded from MSCs; P-
181-NV, PM coated nanovesicles extruded frommiR-181a-5pmodified
MSCs).
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Figure 7. P-181-NV promoted macrophage M2 polarization by targeting inhibition of c-Fos mRNA. (A) miRDB, PicTar, TargetScan, and miRWalk
were used to predict the potential target genes of miR-181a-5p. Seven candidate genes were acquired from the intersection of the potential target genes
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indicating that miR-181a-5p can target and suppress c-FOS gene
expression. PCR analysis (Figures 7C and 7D, Figures S1H−
S1I, and Figures S2H−S2I) was inferred that c-FOS may
mediate the anti-inflammatory macrophage polarization regu-
lated by P-181-NV. Then, we verified that P-181-NV could
significantly inhibit the expression level of the c-FOS gene
(Figure 7D). qRT-PCR results further demonstrated that miR-
181a-5p can inhibit the expression level of c-FOS (Figures 7E
and 7F). these results showed that P-181-NV could significantly
decrease the expression of c-FOS on days 3 and 7 (Figures
8A−8F), indicating that P-181-NV could significantly suppress
c-FOS expression in the injured myocardium.
Subsequently, siRNA interference was used to knock down c-

FOS, and qRT-PCR results showed that c-FOS-siRNA-3
significantly inhibited the elevation of c-FOS level (Figures 7G
and 7H and Figure S5H). Flow cytometry showed that with a
significant increase in the proportion of anti-inflammatory
macrophage in the c-FOS-siRNA group, the expression level of
CD163 was significantly decreased in the OE-c-FOS group
compared to the control group (Figures 7K−7N and Figures
S5A−S5D). Knock-down of c-FOS using siRNA remarkably
promotes the expression level of CD163 and CD206 either
compared to the control group or the OE-c-FOS group, while
the OE-c-FOS-miR-181a-5p group effectively rescued their
expression compared to theOE-c-FOS group (Figures 7I and 7J,
Figures 7O−7Q, Figures S5E−S5G, and Figures S5I and S5J).
These results indicate that P-181-NV can significantly inhibit c-
FOS expression in macrophages, and the decrease in the c-FOS
level is associated with anti-inflammatory macrophage polar-
ization. In summary, P-181-NV can promote anti-inflammatory
macrophage polarization through the targeted regulation of c-
FOS, thereby exerting an anti-inflammatory regulatory effect.

4. DISCUSSION
Currently, immune regulation plays an increasingly important
role in the acute injury and repair processes of ischemic heart
disease.26 Therefore, exploring effective intervention strategies
for the inflammatory response in the acute phase of ischemic
heart disease is an important issue that needs to be urgently
addressed. In this work, we effectively generated platelet-coated
nanovesicles with a high expression level of miR-181a-5p. Unlike
P-NV or 181-NV groups, P-181-NV has a high targeting
efficiency and the capacity to mend the heart. Via targeting c-
FOS, P-181-NV controlled the anti-immune inflammatory
response and macrophage polarization, resulting in their evident
cardiac repair effect. These results provide a crucial basis for its
clinical translational use.
The preparation of P-181-NV includes three steps: MSC

transfection with miR-181a-5p, manufacture of platelet
membranes, and production of doubly modified nanovesicles.
According to clinical research, stem cell transplantation can

greatly improve heart function and LVEF with no obvious
negative adverse effects.27,28 MSCs derived extracellular vesicles
could significantly elevate LVEF, reduce infarct size, and
improve ventricular wall thickness with no significant immune
response, hematological profiles, and abnormal liver and kidney
function, indicating the safety and effectiveness of exosomes
treatment in bothmouse and pigMImodels.29 Furthermore, the
components of MSC extruded nanovesicles closely resembled
the extracellular vesicles, and no negative effects presented in the

Figure 7. continued

and inflammation genes from the Gene Ontology Resourse database. (B) The relationship between miR-181a-5p and c-Fos was verified by a double
luciferase report experiment. (C and D) qRT-PCR was utilized to verify the successful submission of miR-181a-5p in the prepared nanovesicle with or
without platelet membrane and evaluate the effect of P-181-NV and P-NV on the expression of c-Fos in Raw cells. (E and F) qRT-PCR indicated the
transfection efficiency of mimics and inhibitor in Raw cells and evaluated the effect of mimics and inhibitor on the expression of c-Fos in Raw cells. (G)
The inhibitory effect of different types of c-Fos-siRNA were detected. (H) qRT-PCR was used to assess the impact of c-Fos-siRNA and OE-c-Fos on
the expression of c-Fos in Raw cells. (I and J) qRT-PCR was utilized to verify the polarization effect of c-Fos-siRNA and OE-c-Fos on macrophages.
(K−N) Flow cytometry was used to analyze the polarization effect of c-Fos-siRNA and OE-c-Fos on macrophages, and its statistical diagram is shown.
(O−Q) Western blot was used to verify the effect of c-Fos-siRNA and OE-c-Fos on macrophage polarization, and its statistical diagram is shown
(mimics, miR-1181a-5p mimics; inhibitor, miR-1181a-5p inhibitor; c-Fos-siRNA, inhibition of c-Fos expression; OE-c-Fos, overexpression of c-Fos).

Figure 8. P-181-NV suppresses the expression of c-FOS on
macrophages on days 3 and 7 post MI. The fluorescence intensity of
c-FOS positive cell and CD68 positive cell were respectively detected
and qualified on days 3 (A−C) and 7 (D−F) post MI using the
immunofluorescence method (bar = 50 μm). Data are presented as
mean ± SD of at least three independent biological replicates (n ≥ 3).
ns means no significance (P-NV, PM coated nanovesicles extruded
from MSCs; P-181-NV, PM coated nanovesicles extruded from miR-
181a-5p modified MSCs).
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NV injection group post MI using a blood biochemical test.11,12

Additionally, it has been demonstrated that the microparticles
with platelet membrane and IL-1β antibody greatly reduce the
inflammatory response at cardiac injury sites, preventing
irreversible cardiac remodeling and the development of heart
failure.30 Consequently, given the established safety profile of
platelet membrane-modified nanoparticles31,32 and the effective
immunomodulatory function of miR-181a-5p,25 the platelet
membrane andmiR-181a-5p doublymodified nanovesicles were
established here to repair the damaged cardiac.23 Thus, P-181-
NV has dramatically positive safety and feasibility to treat MI,
which will lay a strong basis for P-181-NVs’ future application.
Additionally, in vivo distribution data in Figures 4A and 4B

indicated P-181-NV peaked in the heart on day 1, gradually
decreased on the third and seventh days following injection, and
were completely metabolized on day 14. More importantly, the
cardiac retention rate of P-181-NV showed a more significant
enhancement than the other groups (Figures 4A and 4B).
Nonetheless, the higher distribution rate of P-181-NV in the
liver and lung tissue still exist (Figures S3A−S3D). Nanovesicles
either modified by cardiac targeted peptides (CTP) or by
biochemical material could not avoid the high liver and lung
retention rate also including the inhaled administration
techniques application.33−36 So, the liver and lung retention
rate in the nanomedicine field still remains a challenging
scientific problem deserving further exploration.
P-181-NV also displayed a strong repair effect toward injured

myocardium in addition to its safety. miR-181a has been
validated across numerous studies in enhancing the immunor-
egulation role of ischemic heart disease. For example, miR-181a
delivered by extracellular vesicles of MSCs could curb oxLDL-
induced dendritic cell activation, mitigate inflammatory
responses, and activate Treg cells through inhibiting c-FOS
activity.37 miR-181a could upregulate FoxP3 expression and IL-
10 secretion to dampen immune responses and downregulate
TNF-α and IL-6 levels, thereby increasing the proportion of
Treg cells.38,39 Moreover, miR-181a could promote Treg cell
polarization by blocking the TGF-β/Smad7 pathway, resulting
in better immune reparative effects on ischemic heart disease.40

Therefore, the promotion effect of miR-181a-5p on M2
macrophage polarization (Figure 1) was strongly proved in
this study. Then, bioinformatics analysis (Figure 7A) and dual-
luciferase reporter assays (Figure 7B) showed that c-FOS could
be targeting inhibited by miR-181a-5p. Figures 7H−7Q showed
an obvious promotion phenomenon of anti-inflammatory
macrophage polarization after c-FOS knock down, which was
consistent with the previous study about the c-FOS-siRNA
modulated anti-inflammatory action.41 However, we did not
conduct an in-depth analysis on the detailed downstream
mechanism of c-FOS, which will be conducted in our future
study.
In summary, P-181-NV, characterized by platelet coating and

high expression of miR-181a-5p, has demonstrated exceptional
cardiac tropism and reparative efficacy. P-181-NVwas capable of
modulating macrophage polarization, thereby dampening the
immune response associated with ischemic heart disease. P-181-
NV demonstrated a favorable safety profile with a minimal risk
of adverse reactions in ischemic myocardial repair. In
conclusion, our findings may pave the way for novel applications
of stem cell vesicles, offering innovative avenues for the
utilization of stem cell nanovesicles in cardiac disease manage-
ment.

5. CONCLUSIONS
Based on our previous stem cell nanovesicle technology, we
successfully prepared highly efficient targeted nanovesicles P-
181-NV modified by platelet membrane and miR-181a-5p
displaying higher targeted retention rate and strong repair effects
toward injured myocardium. miR-181a-5p delivered by P-181-
NV could significantly promote the polarization of anti-
inflammatory macrophages via targeting inhibition of c-FOS
to repair damaged myocytes following MI. This study will
establish an important theoretical foundation for the future
clinical application of MSC-derived nanovesicles.
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