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Abstract The promise of regeneration therapy for restoration of damaged myocardium after cardiac

ischemic injury relies on targeted delivery of proliferative molecules into cardiomyocytes whose healing

benefits are still limited owing to severe immune microenvironment due to local high concentration of

proinflammatory cytokines. Optimal therapeutic strategies are therefore in urgent need to both modulate

local immunity and deliver proliferative molecules. Here, we addressed this unmet need by developing

neutrophil-mimic nanoparticles NM@miR, fabricated by coating hybrid neutrophil membranes with arti-

ficial lipids onto mesoporous silica nanoparticles (MSNs) loaded with microRNA-10b. The hybrid mem-

brane could endow nanoparticles with strong capacity to migrate into inflammatory sites and neutralize

proinflammatory cytokines and increase the delivery efficiency of microRNA-10b into adult mammalian

cardiomyocytes (CMs) by fusing with cell membranes and leading to the release of MSNs-miR into
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cytosol. Upon NM@miR administration, this nanoparticle could home to the injured myocardium, restore

the local immunity, and efficiently deliver microRNA-10b to cardiomyocytes, which could reduce the

activation of Hippo-YAP pathway mediated by excessive cytokines and exert the best proliferative effect

of miR-10b. This combination therapy could finally improve cardiac function and mitigate ventricular

remodeling. Consequently, this work offers a combination strategy of immunity modulation and prolif-

erative molecule delivery to boost cardiac regeneration after injury.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adult mammalian cardiomyocytes (CMs) almost lose their ca-
pacity for proliferation so that they could not regenerate in
response to the external injury, which is the major reason for the
heavy burden of the cardiovascular diseases nowadays1. Recently,
a promising strategy to improve the outcome is to restore the
impaired myocardium by promoting endogenous CMs prolifera-
tion2. The Hippo-YAP pathway, a highly conserved intracellular
axis, plays a crucial role in fetal heart growth and the progression
of cardiac diseases by regulating the proliferation and death of
CMs3. Several studies have demonstrated that activation of YAP
induces CM proliferation in mice4,5 suggesting the potential
possibility to manipulate Hippo-YAP pathway to improve the
treatment of cardiac ischemic injury. Notably, several microRNAs
(miRNAs), have been reported to play important roles in the
regulation of the Hippo-YAP pathway in the heart6e9. We previ-
ously reported that miRNA-10b-5p (miR-10b) could promote
proliferation of human embryonic stem cell-derived car-
diomyocytes (hESC-CMs) by targeting LATS1 in the Hippo
pathway and increasing nuclear entry of YAP, suggesting its po-
tential role in cardiac regeneration therapy by regulating Hippo-
YAP pathway8.

Despite these promising benefits, several drawbacks have
restrained further progress of miRNA therapy to regulate Hippo
signaling pathway in clinical translation. A rapid inflammatory
response is triggered and massive proinflammatory cytokines are
released in injured myocardium after cardiac ischemic injury. These
redundant proinflammatory cytokines may lead to the degradation
of YAP protein and activate Hippo-YAP pathway, which may
impair endogenous CM proliferation under cardiac injury3,5,10,11.
Simply delivering miRNAs to regulate Hippo-YAP pathway may
not bring about expected therapeutic results in myocardial ischemia
injury. Neutralization of local proinflammatory cytokines may be
beneficial to improving the outcome of cardiac injury. Both basic
research and clinical studies have witnessed the preliminary
improvement of myocardial infarction by utilizing U.S. Food and
Drug Administration (FDA)-approved anti-IL-1b monoclonal anti-
body (Canakinumab) as anti-inflammatory therapy12,13. However,
since several proinflammatory cytokines play important roles after
acute cardiac injury, neutralizing or removing a single specific
cytokine may have a limited effect due to some latent compensation
mechanisms. Recently, cell membrane-coated nanoparticles have
emerged as a promising therapeutic platform for the sponging of
multiple cytokines, such as neutrophil and macrophage membrane-
based therapy14e17. Nonetheless, such nanodecoys in these research
are composed of pure cell membranes with negative charge, which
is not the best approach for increasing interaction between nano-
particles and the recipient cells. Moreover, miRNAs are unstable
due to degradation by ribonucleases in vivo. Therefore, it’s of great
need to develop novel strategies that could both absorb local
proinflammatory cytokines to regulate microenvironment and
deliver therapeutic miRNAs efficiently to target cells.

To address those issues, we aimed to employ the neutrophil-
like nanoparticle (NM@miR) which simultaneously restores the
immune microenvironment and delivers miR-10b to regulate the
Hippo-YAP pathway and promote the proliferation of pre-existing
CMs. Specifically, we developed NM@miR by coating hybrid
biomimetic nanovesicles composed of neutrophil membranes and
artificial cationic lipids DOTAP onto mesoporous silica nano-
particles (MSNs) loaded with the therapeutic miR-10b to regulate
Hippo pathway (Fig. 1). The addition of cationic lipids DOTAP,
which has been proved to mediate the membrane fusion process
between nanomaterials and the target cells18e21, endows the
neutrophil-like membrane the ability to fuse with the target cell
membranes and let the release of inner parts. MSNs, with a large
capacity of carrying nucleic acids, are suitable for delivering
miRNAs22e24. Combination of the hybrid biomimetic membrane
and MSNs core helped protect microRNA from degradation and
presented a well-behaved long circulation profile due to the
neutrophil membrane camouflage. The as-prepared NM@miR
inherited most membrane receptors from neutrophils with a right-
side-out receptor orientation on the surface, enabling them to
migrate into inflammatory site and act as traps to neutralize in-
flammatory cytokines. In a mouse model of myocardial ischemic
reperfusion (I/R) injury, this neutrophil membrane vesicle (NMV)-
camouflaged nanosponge could mimic recruited neutrophils to
home to the infarcted myocardium after transmigrating across the
endothelial cells and have a strong capacity to absorb cytokines
in vivo, which otherwise would mediate degradation of YAP
protein and activation of Hippo pathway to impair endogenous
CM proliferation. Meanwhile, NM@miR could be uptake by CMs
and membrane fusing of NM@miR and CMs allows release of
therapeutic payload miR-10b, which could promote CMs prolif-
eration by negatively regulating Hippo pathway (Fig. 1). This
combination of immune microenvironment reconstruction and
regeneration therapy could make the best use of therapeutic miR-
10b and prevent severe cardiac modelling and eventual heart
failure. We suppose that this combination therapy will provide
new insights for regeneration therapy after cardiac ischemic
injury. The potency of this biomimetic nanosponge to modulate
immune microenvironment by absorbing proinflammatory cyto-
kines and to promote the CMs proliferation was carefully
investigated.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic illustration of preparation process of NM@miR and how it performs effect of cytokine absorption and cardiomyocyte

proliferation in a mouse model of myocardial ischemia/reperfusion injury.
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2. Materials and methods
2.1. Neonatal mouse ventricular CMs isolation and culture

Neonatal mouse ventricular CMs were isolated by enzymatic
digestion of postnatal 1.5 C57BL/6 mice. Briefly, neonatal mice
were killed via 2% isoflurane inhalation. Hearts were dissected
and cut into 1 mm3 pieces using the razor. Then the tissues were
digested in collagenase buffer [0.08% Collagenase Type I (Wor-
thington, NJ, USA) diluted in Hank’s balanced salt solution
(Solarbio, Beijing, China)] 5 min at 37 �C for 5e6 times. Each
time the cell suspension supernatant was collected and neutralized
in equal volume of culture media and filtered through 70 mm cell
strainer (BD Falcon, Corning, NY, USA). Then the supernatant
was centrifuged, and the pellet was resuspended Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
and 100 � penicillin/streptomycin (P/S), followed by seeding into
10 cm dishes for 1 h 30 min at 37 �C. After that, the supernatant
containing neoCMs was then pelleted, resuspended in fresh
DMEM plus 10% FBS and P/S in the gelatin-coated dishes.

2.2. Transfection

Mir-10b mimics and their negative controls (GenePharma,
Shanghai, China) were transfected into CMs using Lipofectamine
RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to the
instructions at a final concentration of 50 mmol/L. Six hours after
transfection, CMs were changed with fresh medium.

2.3. Luciferase reporter assay

The psiCHECK plasmid was constructed by inserting the binding
area fragment of miR-10b and the 30 UTR of Lats1, into the
backbone plasmid by Gibson Assembly. The fragment was
amplified from the mouse genome. The mutant plasmid was also
constructed using specific primers. 293T cells were passaged into
24-well plates. Twelve hours later, the cells were co-transfected
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with the plasmids and mimics or related controls by using Lip-
ofectamine 2000 (Invitrogen, Carlsbad, CA, USA). 48 h after
transfection, the luciferase levels were measured and calculated
according to manufacturer’s protocol using the Dual-Luciferase
Assay Kit (Promega, Madison, WI,USA).

2.4. Western blot analysis

CMs were first washed with phosphate buffer saline (PBS) before
scratched off from the plates and lysed with RIPA buffer with
complete protease inhibitor cocktail (Takara, Japan). After boiling
together with 6 � SDS loading buffer, samples were loaded onto
4%e15% Mini-PROTEN Precast protein gels (BioRad, Hercules,
CA, USA). The separated proteins were transferred onto nitro-
cellulose membranes (BioRad, Hercules, CA, USA) for about
1.5 h. Next, blocking buffer, Tris buffered saline with Tween
(TBST) with 5% bovine serum albumin (BSA), was added to
block non-specific interaction of the membranes for 1 h at room
temperature, followed by overnight incubating with different pri-
mary antibodies at 4 �C. The next day, after washing with TBST
by 3 times, 10 min for each time, the membranes were incubated
with related secondary antibodies for 1 h at room temperature.
After another three times TBST washing, membranes were
emerged with SuperSignal chemiluminescence solutions (Ther-
moFisher, Carlsbad, CA, USA) and images were obtained with
BioRad Imaging System.

2.5. Immunofluorescence

CMs were first washed with PBS for 3 min three times and then
fixed with 4% paraformaldehyde (PFA) for 15 min followed by
another three times PBS washing. Cells were then permeabilized
by 0.1% Triton X-100 in PBS for 15 min. Next, cells were blocked
with 3% BSA in PBS for 1 h at room temperature and then
incubated with the following primary antibodies at 4 �C: Ki67
(CST, Danvers, MA, USA), cTnT (Proteintech, Rosemont, IL,
USA), and PH3 (Abcam, Waltham, MA, USA). After overnight
incubation, CMs were incubated with fluorescence conjugated
secondary antibodies (Alexa Fluor 488, 568, Abcam, Waltham,
MA, USA) for 1 h at room temperature. Finally, to visualize
nuclei, the cells were stained with DAPI (Sigma, Burbank, CA,
USA) diluted in PBS. For EdU staining, 5 mmol/L 5-ethynyl-2ʹ
deoxy uridine was added to the culture medium 24 h before the
start of immunofluorescence staining. The proliferative cells were
imaging with the Click-IT EdU Imaging Kit (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s protocol, before DAPI
staining.

2.6. RNA extraction and qRT-PCR

Total RNA was extracted by Trizol (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. RNA was then
synthesized into complementary DNA (cDNA) with Super-
Script™ IV VILO™ Master Mix (Invitrogen, Carlsbad, CA,
USA). qRT-PCR was performed to quantitatively measure mRNA
levels using SYBR Green Master Mix (Invitrogen, Carlsbad, CA,
USA) on the Applied Biosystems qPCR machine, and b-Actin was
chosen as the housekeeping gene in the following experiments. To
measure the expression level of miRNA, the miScript Reverse
Transcription Kit (QIAGEN, Hilden, Germany) and the miScript
SYBR Green PCR Kit (QIAGEN, Hilden, Germany) were used.
The U6 gene was chosen as a negative control.
2.7. Neutrophil collection, activation, and membrane derivation

Mouse neutrophils were collected from bone marrow of C57BL/6
mice using a mouse neutrophil isolation kit (Solarbio, Beijing,
China) according to the manufacturer’s instructions. Briefly, after
removal of muscle, murine femurs and tibias were immersed in
RPMI 1640 medium (Gibco, Carlsbad, CA, USA). Then the bone
marrows were flushed form bone with the medium, centrifuged at
13,000 rpm (Eppendorf 5425, Hamburg, Germany) for 5 min at
4 �C and resuspended in buffer B. The suspension was added into
buffer A and buffer C in sequence, followed by centrifugation at
800�g for 20 min at 25 �C. The cell contents between the interface
of buffer A and buffer C were collected. The collected neutrophils
were then washed with ice-cold PBS and were then activated after
incubation in RPMI medium with recombinant mouse TNF-a
(50 ng/mL, Peprotech, NJ, USA) for 6 h at 37 �C. Activated neu-
trophils were washed with cold PBS and resuspended in hypotonic
lysis buffer (30 mmol/L Tris-HCl, 225 mmol/L D-mannitol,
0.2 mmol/L ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0

-tetraacetic acid (EGTA) and 75 mmol/L sucrose with protease and
phosphatase inhibitor cocktail). The suspensions were homogenized
using a Dounce homogenizer for about 20 times, followed by
centrifugation at 20,000�g for 25 min at 4 �C. After that the cell
debris was discarded and further centrifugated at 100,000�g for
35 min. The pellet in the bottom of the centrifuge tube was
resuspended with ethylene diamine tetraacetic acid (EDTA) buffer.

2.8. Nanoparticle preparation

MSNs were prepared following the previous reported method25.
Briefly, 150 mL of triethanol amine and 3 g hexadecyl trimethyl
ammonium bromide were both added into 60 mL distilled H2O
and the mixture was heated at 60 �C for 1 h. 4 mL of tetraethyl
orthosilicate and 16 mL of cyclohexane were further added into
the reaction mixture and stirred continuously for 24 h. Then the
mixture was centrifuged at 13,000 rpm (Eppendorf 5810R,
Hamburg, Germany) for 5 min to obtain the products which were
redispersed using ethanol. To remove the remaining CTAB,
ethanol was added to the dispersed MSNs and stirred for 3 h. The
final products were dissolved in PBS. PEI-functionalized MSNs
(PEI-MSNs) were synthesized by mixing with MSNs and poly
(ethylene imine) (PEI) in distilled water for 2 h. After the syn-
thesis of MSNs, they were redispersed and stirred with deionized
water containing 0.3 g PEI for about 2 h. After that, the products
were washed by absolute ethyl alcohol for several times. Extra PEI
was removed by washing with absolute ethyl alcohol. 500 nmol/L
miRNA mimics were mixed with PEI-MSNs for 6 h at 4 �C.
MSNs@miR were obtained after centrifugation and resuspended
in PBS in order to remove excessive miRNA mimics. For hybrid
neutrophil membrane coating, lipids including DMPC, DOTAP,
and DSPE-PEG2000-NHS (Avanti Polar Lipids, Canada) at the
molar ratio of 76.2:20:8 were weighed and dissolved in chloro-
form. Then the lipid layers were prepared by thin film hydration
method as previously reported and rehydrated using PBS con-
taining MSNs@miR followed by sonication for 10 min. To pre-
pare hybrid membrane, the lipid solutions were mixed with
aqueous solution of neutrophil membranes at different weight
ratios and sequentially extruded using polycarbonate porous
membranes of different size (1 mm, 400 and 200 nm). The final
NM@miR was collected by centrifugation at 13,000 rpm for
5 min after removing of excess lipid, neutrophil membrane and
resuspended in PBS for use.
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2.9. Nanoparticle characterization

Transmission electron microscope (TEM) images were acquired
by JEOL 1200 EX II TEM. The size and zeta potential of nano-
particles were measured by dynamic light scattering (DLS) using
a Malvern Zetasizer Nano ZS. For verification of the colocaliza-
tion of neutrophil membrane protein and lipid, we used fluores-
cence lipid DiD-DSPE-PEG (Xi’an Ruixi Biological, Xi’an,
China) for synthesizing the nanoparticles, and NMV was labeled
with commercial protein label kit from ThermoFisher Scientific
(CA, Carlsbad, USA), which can react with exposed N-terminal a-
amino groups of lysine residues to form stable amide bonds. After
that, samples prepared by either simply pipetting or serial extru-
sion were imaged using Olympus FV3000. The colocalization
analysis was performed by using the ImageJ-Fiji Software (Na-
tional Institute of Health, USA). Texas Red-X-conjugated WGA
(Invitrogen, Carlsbad, CA, USA) was utilized to investigate the
orientation of membrane proteins on the nanoparticles. Briefly,
Nanoparticles (MSNs@miR and NM@miR) were incubated with
10 mg/mL of fluorescent WGA in PBS for 30 min and unbound
WGA was washed away by dialysis. NMVs were regarded as
positive control. Then the fluorescence intensity was quantified
under the microplate reader. To investigate the protection of
hybrid lipid on miRNA degradation from surrounding environ-
ment, 5 mL RNase A (Beyotime, Shanghai, China) was added into
the 100 mL of miRNA solution in the form of NM@miR or in the
free form. After incubation at 37 �C for different time points (0,
0.5, 1 and 2 h), the samples were loaded into 1% agarose gel
followed by running for 20 min at 120 V. The gel was further
visualized by Bio-Rad Image Lab. To examine the uptake of
nanoparticles by macrophages, murine RAW 264.7 macrophages
were incubated with NM@miR and MSNs@miR (with DiD-
labeled Lipid) for 24 h before washing with PBS. Then cells
were fixed with 4% PFA, blocked with 3% BSA in PBS and
stained with anti-F4/80 primary antibody (Abcam, Waltham, MA,
USA) at 4 �C overnight. The next day, Alexa Fluor488
conjugated-secondary antibody was used after washing with PBS
for 3 times. Cells were imaged under confocal microscope after
another three times washed and staining with DAPI for 15 min.

2.10. Construction of myocardial ischemia/reperfusion injury
model

All mice were housed in a specific pathogen-free experimental
animal center at Zhongshan Hospital Fudan University. All
experimental procedures were executed according to the protocols
approved by The Animal Ethics Committee of Zhongshan Hos-
pital Fudan University. 6e8 weeks old C57BL/6 mice were
habituated to the animal facilities for 1 week before surgery. After
anesthesia with 2% isoflurane, mice were intubated, ventilated
with a RoVent Jr. Standard Ventilator. The heart was exposed by
dissecting the intercostal muscle and then the left anterior
descending (LAD) artery was temporally ligated for 40 min with a
7-0 silk suture. Then the chest was closed, mice were allowed to
recover on the heating pad.

2.11. Quantification of cytokines concentration

Quantification of IL-1b, IL-6 and TNF-a was performed in
different conditions. For cytokine binding with nanoparticles, re-
combinant cytokines were mixed with NM@miR, RM@miR,
MSNs@miR, and NM@miR plus inhibitor of certain cytokine
receptor at different concentrations. The mixtures were incubated
for 2 h at 37 �C and then centrifugated at 20,000 rpm
(Eppendorf 5424R, Hamburg, Germany) for 20 min at 4 �C. The
supernatant was collected for further measurement. For binding
capacity of nanoparticles with cytokines in the serum, 6e8 weeks
old C57BL/6 mice were subjected to mouse myocardial I/R injury
model and serum was isolated 6 h after the surgery, followed by
mixing with NM@miR, RM@miR, MSNs@miR, and NM@miR
plus inhibitor of certain cytokine receptor at different concentra-
tions immediately. The mixtures were incubated for 2 h at 37 �C
and then centrifugated at 20,000 rpm for 20 min at 4 �C. The
supernatant was collected for further measurement. For binding
capacity of nanoparticles with cytokines produced by damaged
CMs and ECs, a Transwell model was built by seeding CMs onto
the lower layer and ECs onto the upper layer. This Transwell
system was treated with oxygen-glucose deprivation (OGD) for
12 h. Then NM@miR, RM@miR, MSNs@miR, and NM@miR
plus inhibitor of certain cytokine receptor at different concentra-
tions were added in the medium alone for 2 h. Then the medium of
lower chamber was collected and centrifugated at 20,000 rpm for
20 min at 4 �C. The supernatant was collected for further mea-
surement. For binding capacity of nanoparticles with cytokines
in vivo, 6e8 weeks old C57BL/6 mice were subjected to mouse
MI/R injury model. PBS, NM@miR, RM@miR, or MSNs@miR
was systemically administrated 24 h after the injury. Mice were
executed 48 h after injection. The blood was collected from the
left ventricle and centrifuged at 3000 rpm for 10 min at 4 �C to
collect serum. And the serum was centrifuged at 3000 rpm for
20 min at 4 �C. The supernatant was collected for further analysis.
For quantification of the concentration of cytokines, the above-
mentioned samples were measured using murine IL-1b, IL-6
and TNF-a ELISA Kit (Biolegend, San Diego, CA, USA).

2.12. Pharmacokinetics of NM@miR

8 weeks mice were tail vein injected with MSNs@miR or
NM@miR, with miRNA was fluorescence conjugated. At different
time points (0, 5, 15 and 30 min; 1, 3, 6, 18, 24, 48 and 72 h) the
blood samples of each group were obtained through submandibular
veins, and the fluorescence intensity was measured by microplate
reader. To figure out the distribution of nanoparticles in major or-
gans, mice were performed MI/R surgery and systematic adminis-
trated with MSNs@miR or NM@miR 24 h post-surgery. The mice
were sacrificed and perfused with 4% PFA at 3 h, 1, 3, and 7 days
after administration. All the major organs (liver, spleen, brain,
kidney, and lung) were removed and immediately kept in 4% PFA.
In vivo IVIS spectrum imaging system (PerkinElmer lnc, Germany)
was used to obtain images of major organs presenting fluorescence
distribution. The excitation and emission wavelengths were set at
552 nm and 570 nm. After that the above hearts were then per-
formed paraffin embedding and sections (5 mm) Then the paraffin
sections were subjected to dewaxing and antigen retrieval, followed
by permeabilization, blocked, and incubated with anti-cTnT anti-
body (Proteintech, Rosemont, IL, USA) overnight. The slides were
incubated with secondary antibody (Invitrogen, Carlsbad, CA,
USA) and imaged with confocal microscope.

2.13. Measurement of long-term therapeutic benefit of
NM@miR

To measure cardiac function, transthoracic echocardiography was
conducted using Visual Sonics Vevo 2100 at 4 h and 4 weeks after



Figure 2 Fabrication and characterization of NM@miR. (A) Cryo-Transmission electron microscopy (Cryo-TEM) image of MSNs and

NM@miR. (B) Diameters of MSNs@miR and NM@miR measured by dynamic light scattering (DLS) (nZ 3). (C) Zeta potential of MSNs@miR

and NM@miR (nZ 3). (D) Western blots for neutrophil membrane protein (IL-1R1, IL-6R, TNF-R1 and LFA-1) in NMVor NM@miR. (E) Total

protein profiles of NMVs and NM@miR stained with Coomassie Brilliant Blue. (F) Confocal images of NM@miR after extrusion (left) or simple

pipetting (right) of NMV and MSNs@miR (Green, DiO-labeled NMVs; red, Cy3-labeled MSNs). (G) Qualitative analysis of the fluorescence

colocalization between DiO-labeled NMVs and Cy3-labeled MSNs by image J software either after extrusion or after simple pipetting. (H) The
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surgery. Two-dimensionally guided M-mode images of the short
axis at the papillary muscle level were recorded. LVEF, LVFS,
LVEDV, and LVESV were calculated in at least three consecutive
cardiac cycles. After that, hearts were extracted, and subjected to
paraffin embedding and section (7 mm). Masson’s Trichrome
staining was performed according to manufacturer’s protocol
(Abcam, Waltham, MA, USA) and analyzed for the infarct size
and viable myocardium area using ImageJ-Fiji Software (National
Institute of Health, USA).

2.14. Statistical analysis

Statistical analysis was performed using Graphpad Prism 8.0. The
data was presented as mean � SD, unless specific indication. Data
following normal distribution was compared using the unpaired 2-
tailed Student’s t-test (2 groups). Comparisons between multiple
groups were compared using One-way ANOVA. P < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. miR-10b expression decreases during heart development
and affects CM proliferation in vitro

Though previous study has proved that miR-10b could promote
proliferation of human embryonic stem cells-derived car-
diomyocytes (hESC-CMs) by regulating the Hippo-YAP pathway,
the effect of miR-10b on mouse CM has not yet been investigated.
To confirm the regulatory effect of miR-10b on CM proliferation,
we first evaluated the expression level of miR-10b in the mouse
hearts at the time points of P1, P3, P5, P7, and P28 using quanti-
tative real-time polymerase chain reaction (qRT-PCR) and found
that miR-10b expression gradually decreased with the age increased
(Supporting Information Fig. S1A), which is accompanied with the
decreased proliferation capacity of neonatal mice hearts after
birth26. Moreover, we also examined the expression changes of
miR-10b after myocardial infarction (MI). As the results showed,
miR-10b expression was downregulated in the border area of the
injured heart (Fig. S1B). These results above may suggest that miR-
10b might be a positive controller for CM proliferation. Next,
neonatal mouse ventricular cardiomyocytes (neoCMs) were trans-
fected with miR-10b mimic or negative control mimic using Lip-
ofectamine RNAiMAX. After 48 h, immunofluorescence images
revealed that miR-10b transfection led to an increase of EdUþ (for
DNA synthesis) and pH3þ (for mitosis) neoCMs (Fig. S1C and D)
and increased CMs numbers Fig. S1E, suggesting positive regula-
tory role of miR-10b on neoCMs proliferation. We previously re-
ported that has-miR-10b-5p targets LATS1 in hESC-CMs, the major
component of Hippo pathway8. Herein, we identified that miR-10b
is conservative between Homo sapiens and Mus musculus by bio-
informatic prediction (Fig. S1F). The binding of miR-10b and 30

UTR of Lats1 in neoCMs was verified by dual-luciferase assay
(Fig. S1G). Both mRNA and protein expression of Lats1 in neoCMs
were downregulated after transfection of miR-10b mimic (Fig. S1H
and I). Furthermore, Lats1 could promote phosphorylation of YAP
orientation of membrane protein in MSNs@miR, NMVs and NM@miR m

microRNA under the protection of biomimetic membrane or in the free f

Representative confocal images of Raw 264.7 macrophages incubated with

Cy3-labeled MSNs). (K) Quantification of nanoparticles uptake by macrop

vs. indicated, ns, no significance. Scale bar Z 50 mm.
protein in the cytoplasm, the important downstream component27.
Here, treatment of miR-10b mimic could also decrease the phos-
phorylation of YAP protein in neoCMs (Fig. S1I and J). Taken
together, the above data suggested that miR-10b could positively
regulate neoCMs proliferation by targeting Hippo pathway.
3.2. Preparation and characteristic of NM@miR

To load with miR-10b, PEI-functionalized MSNs were first syn-
thesized, which had positive charges. The Nitrogen adsorption-
desorption isotherms and pore size distribution diagrams of MSN
and PEI-MSN are shown in Supporting Information Fig. S2.
Fluorescence labeled-miR was used to determine the loading ef-
ficiency of MSNs. It was demonstrated that miRNA could be
encapsulated with high efficiency as the concentration of miRNA
increased (Supporting Information Fig. S3). For the following
study, 500 nmol/L miR-10b was chosen to constitute NM@miR.
The membrane of TNF-a stimulated neutrophils were extracted
following a previously reported method28. Next, the neutrophil-
like hybrid membranes were prepared by the traditional hydra-
tion and extrusion method with artificial lipid and coated onto the
MSNs@miR by co-extruded through porous membranes of
decreasing sizes. To investigate the proper weight ratio between
NMVs, artificial lipid and MSNs core, the hydrodynamic diameter
and polydispersity index (PDI) were measured at different ratios.
As the results showed, with the increasement ratio of NMVs,
NM@miR presented enlarged size and reduced uniformity (Sup-
porting Information Fig. S4AeC). We chose the NMVs-lipid-
MSNs weight ratio 1:2:1 in the following study. Transmission
electron microscopy (TEM) images (Fig. S4D) and Cryo-TEM
images (Fig. 2A) confirmed the membrane layer onto the sur-
face of MSNs. Consistent with this, dynamic light scattering
measurements also revealed about 20 nm increase of diameters
after membrane coating (Fig. 2B). The zeta potential of NM@miR
exhibited a similar tendency with NMVs (Fig. 2C). These results
above indicated the successful packaging of NM@miR. Western
blot results showed that several main cytokine ligands (IL-1R1,
IL-6R, and TNF-R1) and chemokine ligand (LFA-1) expressed
onto the surface of NM@miR, similar to those which expressed on
NMV (Fig. 2D), suggesting successful translocation of NMVonto
the MSNs@miR, which was further proved by Coomassie Bril-
liant Blue staining (Fig. 2E). Furthermore, the colocalization of
NMV fluorescence signal (DiO) and lipid fluorescence signal
(DiD) through our extrusion method rather than simple pipetting
also confirmed the successful fusion of NMVand MSNs@miR by
confocal imaging (Fig. 2F and G). The colloidal stability of the
MSNs@miR and NM@miR were also investigated and results
revealed that both of them hold good colloidal stability in PBS
with or without 10% FBS (Supporting Information Fig. S5A and
B). More importantly, the prerequisite for maintaining
inflammation-targeting properties is the right-side-out orientation
of those membrane proteins. We then performed wheat germ
agglutinin (WGA) staining to verify the sidedness of neutrophil
membrane protein coating. NM@miR represented a similar fluo-
rescence profile with natural NMV while bare MSNs@miR did
easured by Texas red conjugated WGA (n Z 3). (I) Degradation of

orm at different time points measured by agarose electrophoresis. (J)

MSNs@miR or NM@miR for 24 h (Blue, nuclei; green, F4/80; red,

hages (n Z 3). All data are shown as the mean � SEM. ***P < 0.001



Figure 3 In vitro cytokine absorbing ability and inflammation homing ability of NM@miR. (AeC) binding capacity of NM@miR, RM@miR,

bare MSNs@miR and NM@miR pretreated with IL-1R1, IL-6R, or TNF-R1 antagonist with IL-1b, IL-6, and TNF-a cytokine (500 pg/mL)

(nZ 3). (D) Concentration of proinflammatory cytokines (IL-1b, IL-6, and TNF-a) in the serum samples after mouse cardiac I/R injury incubated

with NM@miR, RM@miR, or MSNs@miR (n Z 3). (E) Schematic illustration of the in vitro model to evaluate the binding capability of
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not (Fig. 2H), indicating the right-side-out neutrophil membrane
protein orientation on the surface of NM@miR. MiRNAs are
prone to be degraded by endogenous RNases, which hampers
therapeutic application to a large extent when it comes to in vivo
delivery29. Here, our combination of hybrid biomimetic mem-
brane and miR-loaded MSNs could overcome this barrier and
realized efficient delivery of miRNAs to the targeted sites.
NM@miR or free miRNA was incubated with RNases for
increasing time points and loaded onto the agarose gel. As the gel
image showed, little degradation was observed under the protec-
tion of biomimetic membrane, indicating the ability of biomimetic
membrane and dendritic MSNs to preserve the integrity of miRNA
(Fig. 2I). We also found that the biomimetic membrane reduced
the uptake of the nanoparticles by macrophages. After 24 h in-
cubation with Raw 264.7 macrophages, fluorescence images
demonstrated that there was much fewer uptake of NM@miR than
MSNs@miR alone, probably owing to our neutrophil-mimicking
strategy, which may imply possible well behavior of NM@miR
in the blood circulation (Fig. 2J and K). Moreover, we constructed
the fluorescence intensity quenching curve at different time points
of the nanoparticles with different concentration of fluorescence
(manipulated by adding different ratio of DiD-DSPE-PEG during
synthesis). As indicated from the quenching curve (Fig. S5C),
when the ratio of DiD-labeled lipid is more than 5%, the chance
for concentration quenching would increase a lot. Therefore, we
always chose less than 5% DiD-DSPE-PEG in the synthesis of
fluorescence-labeled NM@miR.

3.3. In vitro cytokine absorbing and inflammation homing
ability of NM@miR

Next, we sought to test the ability of NM@miR to absorb IL-1b, IL-
6 and TNF-a, which play important roles in the inflammation
process of cardiac ischemic injury. Red blood cell (RBC) mem-
brane coated MSNs@miR (RM@miR) was used as control to
highlight the cytokine absorbing ability mediated by neutrophil
membrane receptors, as there are no such cytokine receptors on the
RBC membrane. In vitro binding assays revealed that NM@miR
could absorb those proinflammatory cytokines with the concentra-
tion increased, and no such results were observed when incubated
with RM@miR and bare MSNs@miR (Fig. 3AeC). The concen-
tration of cytokines was optimized by a series of preliminary ex-
periments and the concentration of 500 pg/mL was used in the
following study (Supporting Information Fig. S6AeS6C). These
cytokine-inhibition effects were vanished when pre-incubated with
inhibitor of certain cytokine receptor (IL-1R1, IL-6R, and TNF-R1)
as control, which confirmed the specific cytokine-binding capacity
mediated by cytokine receptor on the NM@miR. The ability of
NM@miR to eliminate cytokines was further tested with mouse
serum samples after MI/R surgery. Similar results were observed
that proinflammatory cytokines levels in the serum decreased after
incubation with NM@miR (Fig. 3D). To mimic in vivo immune
NM@miR using a transwell assay (0.4 mm pore size). (F) Concentration

chamber of the transwell model under OGD treatment for 12 h (n Z 3).

normal condition and OGD treatment with or without NM@miR preinc

(n Z 3). (I) Representative of ECs incubated with MSNs@miR, NM@m

green, ICAM-1; red, DiD-labeled lipid). (J) Quantification of mean fluore

Representative of CMs incubated with NM@miR after 6 h (Blue, nuclei; g

incubated with Anti-VAMP2 and VAMP3 antibody-pretreated NM@miR a

data are shown as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.0
microenvironment after cardiac ischemic injury, a Transwell model
was constructed as shown in Fig. 3E. After oxygen-glucose depri-
vation (OGD) treatment for 12 h, concentration of IL-1b, IL-6 and
TNF-a in the lower chamber medium elevated. However, concen-
tration of cytokines decreased with NM@miR added to the medium
(Fig. 3F). NM@miR treatment did not elevate the concentration of
those inflammatory cytokines inside the cardiomyocytes as
measured by enzyme linked immunosorbent assay (ELISA) of
intracellular cytokines, which suggested that the adsorbed cytokines
won’t be internalized into the CMs (Fig. S6D). Moreover, tran-
scription factor NF-kB plays a pivotal role in inflammation and
shares a positive-feedback circuit with the synthesis of cytokines30.
Therefore, as shown in the Western blot, protein expression level of
NF-kB in neoCMs indeed lowered after treatment with NM@miR,
which could avoid inflammatory response amplification by
absorbing excessive proinflammatory cytokines (Fig. 3G and H).
Redundant proinflammatory cytokines could also mediate the
recruitment of leukocytes including neutrophils and Ly6CHigh

monocytes after cardiac ischemic injury which could release more
inflammatory cytokines to amplify inflammation. The upper
chamber of the constructed Transwell model was plated with neu-
trophils or LPS-stimulated Raw 264.7 macrophages rather than ECs
to simulate the inflammation chemotaxis in vitro (Supporting In-
formation Fig. S7A). As predicted, the number of migrated neu-
trophils increased a lot after OGD treatment of CMs in the lower
chamber. However, pre-incubation with NM@miR inhibited this
effect, which implied that NM@miR might reduce leukocytes
recruitment by absorbing proinflammatory cytokines (Fig. S7B and
C). After confirming the proinflammatory cytokines neutralization
and ability of NM@miR, we began to explore its inflammation-
homing ability, as there is a concentration gradient of cytokines
between the infarcted myocardium and the normal region. The
Transwell model with endothelial cells in the upper layer and
smaller pore size (0.4 mm) was utilized and fluorescence labeled
NM@miR was added to the upper chamber. As presented in the
immunostaining results, NM@miR exhibited an inflammation-
homing tendency and adhered to the ECs, probably mediated by
the interaction between LFA-1 on the surface of NM@miR and
ICAM-1 on the activated endothelium, which was further verified
by blocking this interaction with anti-LFA-1 antibody (Fig. 3I and
J). After successfully migrating the endothelial barrier, the fusion of
hybrid membrane and the cardiomyocyte membrane, which
attributed to the addition of cationic artificial lipid DOTAP, let the
release of miRNA loaded MSNs into the cytosol, as shown in
Fig. 3K, after incubating with NM@miR (DiD labeled lipid;
Fluorescein isothiocyanate (FITC) labeled MSNs) for 6 h. Red DiD
fluorescence signals of lipid mostly appeared on the surface of
cardiomyocyte while green FITC signals of MSNs appeared in the
cytoplasm. Soluble N- ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins were previously reported to play
a key role in the process of membrane fusion, such as vesicle-
associated membrane protein 2 and 3 (VAMP2 and VAMP3)31,32.
of proinflammatory cytokines (IL-1b, IL-6, and TNF-a) in the lower

(G) Western blotting analysis of NF-kB expression of neoCMs in the

ubated. (H) Quantification of relative protein expression of NF-kB

iR or NM@miR pretreated with anti-LFA-1 antibody (Blue, nuclei;

scence intensity (MFI) of DiD lipid in different groups (n Z 3). (K)

reen, FITC-MSNs; red, DiD-labeled lipid). (L) Representative of CMs

fter 6 h (Blue, nuclei; green, FITC-MSNs; red, DiD-labeled lipid). All

01 vs. indicated; ns, no significance. Scale bar Z 50 mm.



Figure 4 Roles of NM@miR on CMs proliferation under inflammation in vitro by regulating Hippo pathway. (A) Relative expression of miR-

10b in neoCMs after 48 h treatment of PBS, NMs, MSNs@miR or NM@miR compared with internal control U6 (n Z 3). (B) Relative mRNA

expression of cell cycle-related genes (CCND, CDK1, CCNB, PCNA in neoCMs after 48 h treatment of PBS, NMs, MSNs@miR, NM@miR

compared with internal control b-actin (n Z 3). (C) Representative immunofluorescence images of neoCMs stained with cTnT (green) and EdU

(red), and quantitative analysis of EdUþ CMs (nZ 3). (D) Representative immunofluorescence images of neoCMs stained with cTnT (green) and

Ki67 (red), and quantitative analysis of Ki67þ CMs (n Z 3). (E) Representative immunofluorescence images of neoCMs stained with cTnT
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To further prove the presence of membrane fusion, we pretreat
NM@miR with VAMP2 and VAMP3 antibody and then incubated
the nanoparticles with neoCMs. Immunofluorescent images sug-
gested that the membrane fusion process may be impaired under the
treatment of specific antibody as the red fluorescence signals of
lipid, emerged on the cell surface, almost colocalized with green
fluorescence signals of MSNs, which indicated different way of
CMs to uptake NM@miR (Fig. 3L). Taken together, these data
suggest that NM@miR holds the inflammation home ability and
can migrate across the endothelium, followed by membrane fusion
with cardiomyocytes and release of miRNA loaded MSNs into the
cytosol.

3.4. Roles of NM@miR on CMs proliferation under
inflammation in vitro by regulating Hippo pathway

Upon confirming the cytokine absorbing and inflammation tar-
geting ability of NM@miR, the effect of therapeutic payload miR-
10b was evaluated. We first measured the expression level of miR-
10b after incubating neoCMs with NMs (neutrophil membrane
coated MSNs without loading miR) MSNs@miR, or NM@miR
for 48 h without OGD treatment. qRT-PCR results revealed that
NM@miR treatment elevated the expression level of miR-10b in
the CMs, indicating successful delivery of payload into the cells
by our nanocarrier (Fig. 4A). Moreover, mRNA expression of cell-
cycle related genes (Ccnd, Cdk1, Ccnb, Pcna) upregulated in the
group of NM@miR, which represented high capacity of prolif-
eration for neoCMs (Fig. 4B). This was further verified by co-
immunostaining of EdU (for DNA synthesis), Ki67 (for cell
cycle activity) and pH3 (for mitosis) with cTnT, the specific
marker for CMs. We found that the percentage of double positive
CMs increased a lot after NM@miR treatment (Fig. 4CeE).
Importantly, the percentage of binucleated CMs increased while
there was a percentage decrease of multinucleated CMs (Fig. 4F),
demonstrating that percentage of CMs with proliferative capacity
increased, which was consistent with our previous research8. Next,
we examined the effects of nanoparticles on Hippo pathway in
neoCMs. The mRNA expression of Lats1 was downregulated as
confirmed by qRT-PCR (Supporting Information Fig. S8A).
Western blotting results further revealed that NM@miR lower the
expression of LATS1 at the protein level (Fig. 4G), while NMs
and MSNs@miR showed no effect on the expression of LATS1,
suggesting that our biomimetic nanocarrier could successfully
deliver miR-10 into the CMs and promote proliferation through
Hippo pathway by targeting Lats1 without inflammatory condi-
tion. We next investigated the impact of cytokine absorbing on the
NM@miR’ s proliferative capacity under inflammation to measure
the advantage of our combination strategy. In the Transwell model
with endothelial cells in the upper layer, neoCMs were treated
OGD and preincubated with NM@miR, RM@miR or
(green) and pH3 (red), and quantitative analysis of pH3þ CMs (n Z 3). (F

cTnTþ cells were analyzed per replicate (n Z 3). (G) Western blotting ima

treatment of PBS, NMs, MSNs@miR, or NM@miR. (H) Quantification o

PBS, MSNs@miR, RM@miR, or NM@miR (n Z 3). (I) Representative

cubation with PBS, MSNs@miR, RM@miR or NM@miR (Blue, nuclei; g

YAP, and NF-kB p-p65 subunit expression of neoCMs under incubation o

treatment, compared with b-actin as internal control (n Z 3). (K) Schem

proliferation through Hippo pathway and NF-kB pathway. All data are sh

indicated; ns, no significance. Scale bar Z 50 mm.
MSNs@miR. It has been reported that proinflammatory cytokines
(IL-1b or TNF-a) could stimulate YAP/TAZ degradation and
activate Hippo pathway3,10. Here, with elevated level of proin-
flammatory cytokines by OGD treatment, immunostaining results
of EdUþ or pH3þ CMs indicated that OGD treatment led to
impaired proliferative effect of miR-10b, further resulting in
proliferation of CMs without any intervention, and only under
neutralization effect mediated by biomimetic neutrophil mem-
brane rather than erythrocyte membrane, the proliferative capacity
of miR-10b could be partly recovered (Fig. 4H and I). We further
confirmed decrease expression of total YAP protein and increased
phosphorylation in neoCMs under inflammation (Fig. 4J and
Fig. S8B and C), as elevated inflammatory cytokines trigger the
degradation of YAP and activation of Hippo pathway. This change
was partly reversed under the treatment of NM@miR (Fig. 4J).
Moreover, we also found that under NM@miR, recovery of Yap
protein could attenuate NF-kB signaling, as shown in western
blotting data of phosphorylation of p65 subunit (Fig. 4J and
Fig. S8D). These data together suggested positive feedback might
exist after our NM@miR treatment to restrain excessive inflam-
mation and promote neoCMs proliferation (Fig. 4K), which is
likely to present well therapeutic effect in vivo.

3.5. Apoptosis of neoCMs could be reduced by NM@miR

MiR-10b was reported to protect hESCs-CMs from apoptosis8.
Here, TUNEL staining suggested that NM@miR could reduce
apoptosis of CMs more effectively than RM@miR (Supporting
Information Fig. S9A and B) mainly because of combinational
function between the anti-apoptosis effect of miR-10b and
improved microenvironment resulted from absorbing of proin-
flammatory cytokines. Furthermore, protein expression of
apoptosis-related genes (BCL-2, BAX, CASPASE 3) validated
above-mentioned results (Fig. S9CeF). These results demon-
strated that NM@miR could protect neoCMs from apoptosis.

3.6. In vivo targeting profile of NM@miR

Next, we evaluated the in vivo behavior of NM@miR by using
fluorescence-labeled nanoparticles. Firstly, blood circulation pro-
file of NM@miR was investigated. As shown in the Supporting
Information Fig. S10A, NM@miR exhibited longer circulation
time within 72 h than bare MSNs@miR, possibly because this
hybrid biomimetic membrane coating could reduce elimination by
the monocytes/macrophage system. After that, the biodistribution
of NM@miR in the major organs (heart, liver, spleen, lung, kid-
ney, and brain) was quantified by using Ex Vivo Imaging System in
a mouse cardiac I/R injury model. The injury model was con-
structed by a traditional method with minimal adjustment33. Like
most of other nanoparticles, NM@miR and RM@miR were found
) Quantification of nucleus after treatment of PBS or NM@miR. 500

ges and Quantification of relative LATS1 expression of neoCMs under

f EdUþ CMs with or without OGD treatment under incubation with

confocal images of neoCMs with or without OGD treatment, and in-

reen, cTnT; red, EdU). (J) Western blotting images of relative YAP, p-

f PBS, MSNs@miR, RM@miR, or NM@miR, with or without OGD

atic Illustration of NM@miR to elevate inflammation and promote

own as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs.



Figure 5 In vivo targeting profile of NM@miR. (A) Ex vivo fluorescent imaging of major organs 3 h after intravenous injection with PBS,

fluorescence labeled RM@miR or NM@miR. (B) Quantification of nanoparticles accumulation in major organs 3 h after intravenous admin-

istration (n Z 3). (C) Representative ex vivo fluorescent images of the hearts at different time points after intravenous injection with PBS,

RM@miR, NM@miR. (D) Represent ex vivo fluorescent images of thick heart sections 3 h after different treatments. (E) Quantification of

nanoparticles accumulation in the injured hearts at different time points (3 h, 1 d and 7 d) after systemic administration with RM@miR or
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to preferentially accumulate in the liver with the increase of time
(Fig. 5A and B). However, hybrid neutrophil-like membrane
coating could reduce accumulation in the liver and increase the
possibility of targeting to the injured heart. As shown in Fig. 5C
and D, NM@miR treatment showed more nanoparticles and
longer time retention in the injured heart. Specifically, cross sec-
tions of the hearts in the NM@miR group presented the same
tendency of infarcted area targeting (Fig. 5E). Following that, we
performed immunofluorescent assay on frozen sections of the
hearts. Co-staining images of cTnT (for CMs) indicated that
fluorescence-labeled NM@miR first mainly distributed in the
border region between the infarct and intact myocardium 3 h after
intravenous injection, compared with little distribution of
RM@miR (Fig. 5F and G). We observed further uptake of
NM@miR by local CMs 12 h after injection (Fig. 5H). Flow
cytometry analysis of percentage of cTnTþ DiDþ (Fig. S10B and
C) cells revealed that after being recruited into the infarcted area,
NM@miR could be uptake by endogenous CMs to exert the
following effect. These data demonstrated that NM@miR could
be recruited to the inflammation sites, transmigrated over the
activated endothelium, and uptake by CMs, on account of
inflammation-targeting property endowed by “parental”
neutrophils.

3.7. Reconstruction of post-injury immune microenvironment
and enhancement of CMs proliferation by NM@miR in vivo

After confirming the in vivo targeting profile, we evaluated the
in vivo therapeutic effect of NM@miR using the same mouse
cardiac I/R injury model. NM@miR was administered intrave-
nously one day after injury (D1). We found out both the serum
level and the myocardium concentration of IL-1b, IL-6, and TNF-
a were indeed elevated within 3 days after cardiac ischemic injury
(Supporting Information Fig. S11A and B), indicating the ratio-
nality of our study. RM@miR and NMs was selected as controls to
highlight the advantage of cytokine neutralization mediated by
neutrophil membrane fusion and the proliferative capacity of miR-
10b. Other controls were omitted due to their poor potency for
therapy in vitro studies. Short-term (within a week) and long-term
(4 weeks) benefits were both evaluated to assess the potential
therapeutic effect of NM@miR. For the short-term benefits, the
ability of proinflammatory cytokine absorbing was first evaluated.
48 h after the administration, the level of three major cytokines
(IL-1b, IL-6, and TNF-a) in the serum and in the tissue, both
decreased in the NM@miR group, which was not observed under
treatment of RM@miR (Fig. 6A and B). In accordance with
decrease of those proinflammatory cytokines, the protein level of
transcription factor NF-kB downregulated, which suggested suc-
cessful blockade of intense inflammation cascade (Fig. 6C and D).
Infiltration of CD45þ leukocytes was alleviated as shown in the
flow cytometry data (Fig. 6E). These results mentioned above
proved that NM@miR surely could restrain excessive inflamma-
tion and restore local immune microenvironment, which was
based on absorbing proinflammatory cytokines. Next, anti-
apoptosis effect of NM@miR was investigated. Five days after
injury, NM@miR treatment led to a reduction of apoptotic cells in
NM@miR (nZ 3). (F) Confocal images of NM@miR or RM@miR in the

labeled nanoparticles). (G) Quantification of nanoparticles retention in the b

Confocal images of NM@miR or RM@miR in the infarcted hearts 12 h afte

All data are shown as the mean � SEM. *P < 0.05, **P < 0.01, ***P <
the border zone as revealed by immunofluorescence TUNEL
staining (Fig. 6F). NM@miR provided much more protection
effect against apoptosis than RM@miR and NMs, probably
because of combination of cytokine absorption and miR-10b’s
itself anti-apoptosis effect. Upon confirming the immunity mod-
ulation ability of NM@miR mediated by neutrophil membrane,
the proliferative capacity mediated by the therapeutic payload
miR-10b was further evaluated. The expression level of markers
for CMs proliferation including EdU, Ki67 (co-stained with cTnT,
marker for CMs) was measured in groups receiving different
treatment. Immunofluorescence staining images showed that
NM@miR led to a much higher (around 3-fold) level of CMs
proliferation than PBS and NMs treatment, and fairly higher
(around 2-fold) level than RM@miR group (Fig. 6G and H),
which demonstrated the combinational effect between cytokines
neutralization and miRNAs’ proliferative function to enhance
therapeutic benefits of our nanoparticles.
3.8. Improvement of cardiac function and alleviation of fibrosis
after NM@miR treatment

Long term benefits of NM@miR therapy were figured out 4 weeks
after injury. Noninvasive transthoracic echocardiography was used
to measure the cardiac function of mice receiving different
treatments, and the cardiac function at 4 h post injury was
measured as baselines. Echocardiography results revealed
improved left ventricular (LV) ejection fractions (LVEF) and LV
fractional shortening (LVFS) as well as decreased LVend-diastolic
volume (LVEDV) and LV end-systolic volume (LVESV) in the
NM@miR group, reflecting recovery of cardiac function
(Fig. 7AeD). What’s more, Masson’s trichrome-staining of the
hearts showed that more viable myocardium and fewer fibrosis
area were observed after NM@miR treatment, in keeping with
ameliorated cardiac function (Fig. 7EeG). These data indicated
that combination therapy of immunity modulation and CMs pro-
liferation in the short term could result of decent therapeutic effect
in the long term.
3.9. Biosafety evaluation of NM@miR therapy

The in vitro and in vivo biosafety issues of NM@miR were
investigated. NeoCMs and ECs were incubated with NM@miR
for 24 h and cell viability/toxicity were measured under Confocal
microscope. As showed in Supporting Information Fig. S12A and
12B, viability of cells was not affected, and no significant toxic
reaction was observed after NM@miR treatment. NM@miR was
also administered to healthy C57 mice to evaluate in vivo
biocompatibility. The expression level of inflammatory cytokines
(IL-1b, IL-6, and TNF-a) did not elevated in the serum of mice
injected of NM@miR, compared to mice injected of PBS, sug-
gesting no obvious inflammation response caused by this bio-
mimetic nanosponge (Fig. S12Ce12E). Hematoxylin-eosin (HE)
staining of the major organs also revealed negligible systemic
toxicity, suggesting good biosafety of NM@miR (Fig. S12F).
infarcted hearts 3 h after injection (Blue, nuclei; green, cTnT; red, Did-

order area of the infarcted myocardium 3 h after injection (nZ 3). (H)

r injection (blue, nuclei; green, cTnT; red, DiD-labeled nanoparticles).

0.001 vs. indicated. Scale bar Z 50 mm.



Figure 6 Reconstruction of post-injury immune microenvironment and enhancement of CMs proliferation by NM@miR in vivo (A, B)

Concentration of proinflammatory cytokines (IL-1b, IL-6, and TNF-a) in the serum and injured myocardium of mice injected with PBS,

RM@miR, NM@miR after cardiac I/R injury (n Z 3). (C) Western blotting assay of phosphorylation NF-kB p65 subunit expression of injured

myocardium. (D) Quantification of relative protein expression of phosphorylation NF-kB p65 compared with b-actin as internal control (n Z 3).

(E) Flow cytometry analysis of CD45þ leukocytes infiltration in the myocardium after systemic administration of PBS, NMs, RM@miR, or

NM@miR (stained with APC-anti-CD45 antibody). (F) Representative images and quantitative measurement of CMs apoptosis in the injured

myocardium as stained with TUNEL staining (n Z 3). (G, H) Representative images and quantitative measurement of CMs proliferation in the

injured myocardium as stained by EdU and Ki67 staining (nZ 3). All data are shown as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001

vs. indicated; ns, no significance. Scale bar Z 50 mm.
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Figure 7 Improvement of cardiac function and alleviation of fibrosis after NM@miR treatment. (AeD) LVEF, LVFS, LVEDD, and LVESD

measured by echocardiography at baseline (4 h) and 4 weeks after I/R injury, treated with PBS, NMs, RM@miR, or NM@miR (n Z 6). (E)

Masson’s Trichrome staining of the mice hearts 4 weeks after I/R injury. (FeG) Quantitative assessment of the percentages of viable myocardium

or scar tissues in the Masson’s trichrome staining images (n Z 6). All data are shown as the mean � SEM. **P < 0.01, ***P < 0.001 vs.

indicated; ns, no significance.
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3.10. Discussion

Here, we developed neutrophil membrane-coated nanosponges that
were able to neutralize excessive proinflammatory cytokines and
deliver regenerative molecules to manipulate Hippo pathway at the
same time. In the research, we chose MSNs, which are biode-
gradable and hold large volume to deliver nuclei acids, as carriers
for miR-10b, a therapeutic microRNA reported to promote CMs
proliferation. The degradation of MSNs undergoes a two-stage
process that can last around 72 h, with rapid degradation for the
outside shells in the first stage and a slow degradation process in the
second stage25. What’s more, MSNs are cleared mainly by liver and
kidney after injection34e36. However, redundant proinflammatory
cytokines in the acute stage of cardiac ischemic injury may impair
CMs proliferation mediated by miR-10b, which is led by increase
degradation of Yap protein10,11. Traditional methods targeting a
single specific cytokine or chemokine may have a limited effect as
several cytokines and chemokines may share compensation
mechanisms after cardiac injury. Thus, we introduced neutrophil-
mimicking strategy to absorb multiple proinflammatory cytokines
by taking advantage of receptor proteins expressed on the neutro-
phil membrane. Our work also has some limitations. Although
excessive proinflammatory cytokines constitute the microenviron-
ment after cardiac ischemic injury and may cause more severe
cascade harm to the surrounding tissue, too much neutralization of
cytokines may bring about unwanted outcomes. Therefore, opti-
mized density of neutrophil membrane protein on the biomimetic
membrane should be determined to get the best therapeutic effect
without leading to secondary harm. What’s more, the underlying
mechanisms need to be further explored as neutrophils membrane
may serve as sources of pro-resolving lipid mediators, which may
represent an alternative possible mechanism by which neutrophil
membrane coated silica nanoparticles suppress inflammation.
Moreover, to prove our concept of combinational therapy, human
samples and large animal models are supposed to be included in the
study to broad the translational potential of our work.

4. Conclusions

In summary, we use a nanoparticle-based method to reconstruct
the immune microenvironment after cardiac I/R injury and to
promote endogenous CMs proliferation. This neutrophil-mimic
NM@miR can home to the injured myocardium, deliver miRNAs
of proliferative capacity, neutralize excessive inflammatory cyto-
kines, to promote heart regeneration by regulating Hippo-YAP
pathway, thus mitigate fibrosis, and improve cardiac function. This
work offers a biomimetic nanosystem to modulate local immunity,
targeted delivery of therapeutic microRNA, and improved com-
bined therapeutic efficacy. Our nanosponges show promising in
overcoming challenges in current cardiac regeneration therapy and
hold bright field for future clinical translation.
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