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Abstract 

Background: Despite the benefits of mesenchymal stromal cell (MSC) transplantation in cardiac 
tissue, detailed in vivo observations have shown that MSCs only survive for a brief period after 
transplantation due to harsh microenvironmental conditions, including ischemia, inflammation and 
anoikis, in the infarcted myocardium. Thus, new strategies are needed to enhance MSC survival 
and inhibit cardiac remodeling. Studies have now demonstrated that chemokine [C-C motif] ligand 
2 (CCL2) and its cognate receptor C-C chemokine receptor 2 (CCR2) promote excessive Ly6Chigh 

inflammatory monocyte infiltration at the infarct in response to ischemic myocardial injury. 
Therefore, decreasing the activities of these monocytes immediately after acute myocardial in-
farction (AMI) could be beneficial for AMI patients. Objectives: This study tested the hypothesis 
that therapeutic siRNA-loaded photoluminescent mesoporous silicon nanoparticles (PMSNs) 
targeting CCR2 expression in Ly6Chigh inflammatory monocytes decrease the accumulation of 
these cells in the infarct, improve the efficacy of MSC transplantation and attenuate myocardial 
remodeling.  
Methods: PMSNs carrying therapeutic siCCR2 were first synthesized without the inclusion of 
fluorescent materials or dyes. After AMI BALB/c mice were established, 105 5-ethynyl-2’- deox-
yuridine (EdU)-labeled MSCs suspended in 100 µl of phosphate buffered saline (PBS) were injected 
into the border zone of the infarct of each mouse. PMSNs-siCCR2 (25 µg/g) were also intrave-
nously injected via the tail vein immediately following AMI induction. Control mice were injected 
with an equal amount of PMSNs without siCCR2. PMSNs-siCCR2 were examined in vivo using 
near-infrared imaging technology. The therapeutic effects of PMSNs-siCCR2 for MSC transplan-
tation were determined at the mRNA, protein and functional levels.  
Results: PMSNs-siCCR2 circulated freely in vivo and were cleared in a relatively short period of 
time (t½=37 min) with no evidence of toxicity. The therapeutic PMSNs-siCCR2 showed higher 
levels of cellular accumulation in Ly6Chigh monocytes in the spleen and more efficient degradation 
of CCR2 compared with the control (8.04%±2.17% vs. 20.02%±4.55%, p<0.001). Subsequently, the 
PMSNs-siCCR2 decreased the accumulation of CD11b-positive monocytes at the infarct 
(49.3%±17.34% vs. 61.32%±22.43%, p<0.001) on day 1. Increased survival of transplanted MSCs 
(13±3/mm2 vs. 4±1/mm2, p<0.001) and significantly decreased TdT-mediated dUTP nick end la-
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beling (TUNEL)+ cardiac myocytes (17.44%±6.26% vs. 39.49%±13.28%, p<0.001) were then 
identified in the infarct zone three days after AMI induction in the PMSNs-siCCR2 group. Three 
weeks after MSC injection, significant increases were observed in the vascular density 
(235.5±39.6/mm2 vs. 147.4±20.3/mm2, p<0.001) and the cardiac myosin-positive area (21.7%±8.4% 
vs. 13.2%±4.4%, p<0.001) of the infarct border zone. In addition, significant amelioration of left 
ventricular (LV) remodeling (thickness of the LV posterior walls) (0.84±0.11 mm vs. 0.61±0.08 
mm, p<0.001) was also observed at the same time compared with the control group.  
Conclusions: PMSNs-siCCR2-mediated CCR2 gene silencing in Ly6Chigh monocytes improved 
the effectiveness of MSC transplantation and selectively ameliorated myocardial remodeling after 
AMI. These results suggest that PMSNs-siCCR2 could potentially be used to develop an an-
ti-inflammatory therapy for post-AMI MSC transplantation. 

Key words: AMI, PMSNs, siCCR2, MSCs, Ly6Chigh monocytes 

Introduction 
Acute myocardial infarction (AMI) is the most 

frequent cause of heart failure, which is an incapaci-
tating disease with a high prevalence and broad so-
cioeconomic impact [1]. The need for an effective 
treatment for myocardial remodeling after AMI is 
rapidly increasing. Therapeutic strategies to prevent 
heart failure in the first 2 weeks after AMI are pivotal 
because the infarct is still biologically active during 
this period. Infarct expansion mainly depends on the 
extent and the quality of the inflammatory response 
after AMI. Recent recognition of physiological and 
pathological Ly6Chigh/low monocyte deployment from 
the spleens of AMI mice provided a fundamental ba-
sis for the treatment of inflammation. Proinflamma-
tory Ly6Chigh monocytes are predominant on days 1 to 
4 after AMI and promote digestion of the infarcted 
tissue and removal of the necrotic debris, whereas 
reparative Ly-6Clow monocytes are predominant dur-
ing the resolution of inflammation over the next few 
days [2]. Spleen-derived monocytes, particularly the 
Ly6Chigh subsets, mainly oppose wound healing and 
contribute to left ventricular dilatation. In the setting 
of AMI, hematopoietic tissues in the bone marrow 
and spleen produce excessive numbers of these cells, 
which then enter the circulation [3]. Once these mon-
ocytes are recruited to the infarcted myocardium, they 
will release many inflammatory mediators, such as 
TNF-α, IL-1/6, INF-γ, inducible nitrous oxide syn-
thase (iNOS) and matrix metalloproteinases (MMPs) 

[4]. Subsequently, the excess inflammatory monocytes 
and the potent inflammatory microenvironment in 
the infarct cause a decrease in microvessel generation 
and collagen deposition, thereby contributing to heart 
failure.  

Monocytes and macrophages are key cells in the 
initiation and progression of AMI. Mature Ly6Chigh 
monocytes reside in the subcapsular red pulp of the 
spleen, from which they can be rapidly deployed in 
response to inflammatory signals when AMI occurs. 

The excessive infiltration or prolonged accumulation 
of Ly6Chigh monocytes impairs the resolution of in-
flammation and leads to infarct expansion [5]. Ly6Chigh 
monocytes are known to express the CCR2 receptor, 
the adhesion molecule L-selectin, and low levels of the 
chemokine receptor CX3CR1 [6-8]. In addition, the 
immobilized chemokine responsible for Ly6Chigh 
monocyte recruitment from the spleen and bone 
marrow mainly depends on CCL2/CCR2. Many pre-
vious studies have demonstrated the beneficial effects 
of CCR2 deficiency on left ventricular remodeling at 7 
and 28 days after AMI in CCR2-/- mice generated by 
gene targeting [9-11]. Therefore, therapeutic targeting of 
CCR2 in monocytes could prevent the exaggerated 
activation and mobilization of the cells and the sub-
sequent severe inflammation in response to AMI, thus 
leaving the impaired cardiomyocytes, myofibroblasts, 
and endothelial cells unaffected. Therefore, decreas-
ing the availability of the Ly6Chigh monocytes via 
CCR2 silencing immediately after AMI could be fa-
vorable for these AMI patients. 

Nanomaterials that can circulate in the body 
hold great potential for the diagnosis and treatment of 
diseases. In the past decade, mesoporous silica nano-
particles (MSNs) have attracted increasing attention 
due to their potential biomedical applications [12]. Ad-
ditionally, RNA interference (RNAi) is widely re-
garded as a promising technology for disease treat-
ment. However, one major obstacle to its clinical ap-
plication is the lack of efficient siRNA delivery vehi-
cles. Here, we used newly synthesized photolumi-
nescent mesoporous silicon nanoparticles (PMSNs) [13] 
as a delivery material for small interfering RNA 
(siCCR2) [14] to decrease Ly6Chigh monocyte recruit-
ment during AMI and subsequent MSC transplanta-
tion to aid in the healing of the infarcted myocardium. 
Near-infrared fluorescence imaging revealed that 
PMSN-encapsulated siCCR2 rapidly redistributed 
from the blood pool to the spleen. Highly efficient 
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CCR2 knockdown in Ly6Chigh monocytes was con-
firmed at the mRNA, protein and functional levels. 

Methods 
Synthesis of PMSNs  

PMSNs were synthesized and prepared as pre-
viously described [13]. Briefly, meso-HSiO1.5 was first 
synthesized in a series of processes using Pluronic-123 
surfactant (P123 triblock copolymer, BASF Corpora-
tion), NaCl, HCl (aq, 0.1 M), n-butanol (99.9%, ACP), 
triethoxysilane (HSi (OEt) 3, 95%, Sigma Aldrich). 
Solid meso-HSiO1.5 was then heated to 1000°C at 
20°C/min in a slightly reducing atmosphere (5% 
H2/95% Ar), and the temperature was maintained for 
1 h. After cooling to room temperature, 100-200 nm 
PMSNs containing 5-10 nm periodic mesopores were 
obtained.  

Preparation, delivery and monitoring of 
PMSNs-siRNA-PEI 

The capacity of siRNA adsorption by the PMSNs 
was first determined. PMSNs (1 mg) were placed in 
125 µl ethanol and incubated under sonication (100 w) 
for 1 hour. Then, 75 µl siRNA dissolved in water (40 
µmol/l) [15] and 40 µl guanidine hydrochloride solu-
tion (4 mol/l) were added to a 0.5 ml centrifuge tube 
with the PMSNs. The mixture was well dispersed by 
vortexing for 2 minutes and then was continuously 
shaken at 100 × g at room temperature for an addi-
tional 1 hour. The final solution was centrifuged at 
1000 × g for 10 min to completely separate PMSNs 
from the supernatant. The siRNA entrapment effi-
ciency was determined by calculating the differences 
in the siRNA concentration in solutions before and 
after the adsorption process using a NanoDrop 2000 
BioSpectrometer (Thermo Scientific NanoDrop). 

The siRNA-loaded PMSNs isolated above were 
then dispersed in 250 µl ethanol. After sonication in 
water for 30 minutes, an equal volume of an ethanol 
solution of polyethylenimine (PEI 1.5 µg/ul) [16, 17] was 
added. The mixture was then oscillated lightly for 2 
minutes, incubated at room temperature for 30 min, 
and centrifuged at 1000 × g for 10 min. After remov-
ing the supernatant, the PMSN-siRNA-PEI aggregates 
were placed in water (pH 4.5) and sonicated again for 
30 minutes. Finally, the particles were separated out 
by centrifugation once more and finally dispersed in 
200 µl DMEM containing 10% serum to prepare them 
for use. The final Nano-siRNA particle size and zeta 
potential were determined using a Malvern Zetasizer 
NanoZS (Malvern, UK). The loading amount of siR-
NA in the delivery formulation was approximately 
1.77 nmol siRNA/mg PMSNs. For each AMI mouse, 
the dose of PMSNs-siRNA-PEI delivered was 25 

mg/kg. The PMSNs-siRNA-PEI was infused via tail 
vein injection immediately following AMI. The con-
trol was injected with an equal amount of PMSNs 
without siRNA. The mice were imaged using 
near-infrared technology (Maestro In Vivo Imaging 
Systems, Thermo Fisher) every 10 minutes for 2 hours 
and then at 4 hours, 6 hours, 12 hours, and 24 hours 
post-injection. 

Cytotoxicity evaluation 
The toxicity of PMSNs-siCCR2-PEI to CD11b 

monocytes in vitro was determined using a modified 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazol
ium bromide (MTT) assay kit. Briefly, monocytes 
were seeded in 96-well plates at a density of 104 
cells/well in complete growth medium and incubated 
with PMSNs-siCCR2-PEI for 48 hours. The cells were 
washed with PBS, and 10 μl MTT was added to each 
well at a concentration of 0.5 mg/ml. Then, the me-
dium in each well was discarded and replaced with 
dimethyl sulfoxide (DMSO, 150 μl) to dissolve the 
formazan crystals. The absorbance was read at 490 nm 
in a microplate reader. The experiment was repeated 
at least three times. The cell viability was determined 
in comparison to control cultures that did not include 
PMSNs-siCCR2-PEI. In vivo investigations to deter-
mine the hepatic and renal function of mice treated 
with or without PMSNs-siCCR2-PEI at 24 hours were 
also proposed. 

Migration assay 
Migration assays of cultured Ly-6Chigh mono-

cytes were performed in 24-well transwell plates (8.0 
µm pore size) (Millipore). After incubation with 
PMSNs-siCCR2-PEI for 48 hours, the cells were 
seeded into the upper chamber of the transwell sys-
tem at a concentration of 104 cells/well in 100 µl me-
dium, and the lower chamber was filled with CCL2 
(10 ng/ml, Peprotech) in 500 µl medium. After 6 
hours of incubation at 37°C with 5% CO2, the upper 
sides of the filters were carefully washed with PBS, 
and the remaining cells were removed with a cotton 
wool swab. The cells that migrated to the bottom side 
of the filter were fixed with 4% paraformaldehyde 
and stained with DAPI. The migrated cells were 
manually counted in three random fields per filter at 
×200 magnification using a phase contrast micro-
scope. 

AMI mouse model 
BALB/c male mice (6–8-weeks-old) were used. 

An anterior wall MI was induced by direct ligation of 
the left anterior descending (LAD) artery, as previ-
ously described [18]. After being anesthetized with 
pentobarbital sodium (50 mg/kg), the mice were en-
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dotracheally intubated and ventilated with room air 
at 110 breaths per minute using a rodent ventilator 
(Harvard Apparatus). A left thoracotomy was per-
formed to expose the LV of the heart. The LAD coro-
nary artery was visualized and ligated just below the 
left auricular level with an 8-0 nylon suture. Blanching 
and dysfunction of the anterior wall verified the LAD 
ligation. The animal procedures were carried out ac-
cording to a protocol approved by the Institutional 
Animal Care and Use Committee (IACUC) at South-
east University. 

MSC Preparation, labeling and delivery 
The MSCs were isolated and cultured following 

standard protocols [19]. The femurs and tibias of 7- to 
10-week-old mice were flushed with standard PBS 
(HyClone) to collect the bone marrow cells. FACSTM 
Lysing Solution (BD Biosciences) was used to deplete 
the erythrocytes. After centrifugation at 1000 rpm for 
5 minutes, the cells were washed 3 times and then 
resuspended in minimal essential medium supple-
mented with 10% FBS (DMEM, Gibco) at a density of 
5×106 cells/cm2. Non-adherent cells were removed at 
day 3, and the cells reached confluence 2 weeks later. 
Trypsin (0.25%) with EDTA (HyClone) was used for 
the subsequent passaging. Monoclonal antibodies 
(Sca-1, CD105, CD90, CD31, CD34, CD45) conjugated 
to FITC were used to label the cells for flow cytometry 
(Becton Dickinson Inc., USA). MSCs from passages 5 
to 6 were used for the experiments. Two days before 
infusion, the cells were freshly plated at a ratio of 1:3 
and incubated in complete medium with 10 μM/l [20-21] 
EdU (5-ethynyl-2-deoxyuridine, Invitrogen) for 48 
hours to label the cells. Incorporation of EdU was de-
tected by the reaction with azide-conjugated Alexa 
Fluor 488. The AMI mice, prepared as described 
above, received 105 MSCs suspended in 100 µl PBS by 
intramyocardial injection. 

Real-time PCR  
Three days after AMI, the hearts of the mice 

were perfused with saline, and the infarcted left ven-
tricles were cut at a level just below the ligation. Total 
RNA was extracted from the infarct using TRIzol re-
agent according to the manufacturer’s instructions 
(Invitrogen). The QuantiTect Reverse Transcription 
Kit (Fermentas) was used for reverse transcription. 
PCR was performed using Platinum SYBR Green 
qPCR SuperMix UDG (Invitrogen) in a BIO-RAD MJ 
Mini Opticon Real-Time PCR System. The primer 
sequences were as follows: SDF-1 (NM_021704), 
5’tgcccttcagattgttgcac3’ and 5’ccacggatgtcagccttcc3’; 
Angiopoietin-1 (NM_001286062.1), 5’cattcttcgctgcca 
ttctg3’ and 5’gcacattgcccatgttgaatc3’. 

Immunostaining 
The animals were sacrificed 3 days or 3 weeks 

after AMI. The tissues were fixed in formalin and 
embedded in paraffin blocks according to established 
protocols. The fixed hearts were serially cut at 8 µm 
from the apex to the level just below the coronary 
artery ligation site. After antigen retrieval, the speci-
mens were incubated with 1% normal blocking serum 
in PBS for 60 min to suppress the nonspecific binding 
of IgG. The slides were then incubated for 30-60 min 
with each mouse antibody or fluorescent reagent. 

Three days after the AMI, the infarcted tissue 
was stained with EdU (Invitrogen) to identify the live 
MSCs, and the TUNEL kit (R&D Systems) was used to 
identify the nuclei of the apoptotic cardiac myocytes 
in the infarct border zone. Three weeks after the AMI, 
the infarct border zone was stained with Texas 
Red-X-conjugated wheat germ agglutinin (WGA, 
Invitrogen) and FITC-conjugated CD31 (BD Biosci-
ences) to measure the vessel density. The tissue was 
further stained with anti-myosin heavy chain eFluor 
660 (eBioscience) and 4, 6-diamidino-2-phenylindole 
(DAPI, Roche) to measure the cardiac myosin-positive 
area in the infarct zone with Image Pro Plus software. 
Fluorescence microscopy (Olympus BX61) or a con-
focal laser scanning (CLS) microscopy system 
(Thorlabs, Inc.) was used as necessary to obtain im-
ages of the immunostaining results. 

Flow cytometric analysis, Western blots and 
ELISA  

One and three days after the AMI, mouse blood 
and spleens were obtained, and monocytes were iso-
lated by gradient density centrifugation following 
erythrocyte lysis. After washing twice with cold PBS, 
the cells were resuspended at a concentration of 106 
cells/ml. Single-cell suspensions were then incubated 
with FITC-rat anti-mouse CD11b, PE-rat anti-mouse 
Ly6C (BD Biosciences) or PE-anti-mouse CCR2 (R&D 
Systems). CD11b+Ly6Chigh monocytes or 
CCR2-expressing CD11b+ monocytes were further 
identified using a FACS Calibur flow cytometer 
(Becton Dickinson). Briefly, CD11b monocytes were 
gated in a side scatter; subsequently, subpopulations 
of Ly6Chigh and Ly6Clow monocytes were distin-
guished by their surface expression pattern of Ly6C 
The representative process for determining the dis-
tribution of the subpopulations of the two subtypes of 
monocytes in the peripheral blood and spleens of the 
AMI mice is shown (Supplementary Figure 4).  

The infarcted myocardia were washed twice 
with PBS, lysed in lysis buffer [10 mmol/l Tris- HCl, 
pH 7.4, containing 1% Triton X-100, 100 mmol/l so-
dium chloride, 20 mmol/l sodium pyrophosphate, 2 
mmol/l sodium orthovanadate, 2 mmol/l EDTA, and 
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1% protease inhibitor cocktail (Sigma)] and centri-
fuged at 12,000 g for 30 min at 4°C. The protein con-
centration was determined using a protein assay kit 
(Thermo Scientific, USA), and the samples were 
mixed with SDS-denaturing sample buffer and sepa-
rated on 10% SDS-PAGE gels. The proteins were 
transferred to a PVDF membrane by electrophoresis. 
The membrane was blocked and incubated overnight 
on a rocking platform at 4°C with antibodies against 
CCR2 (Santa Cruz Biotechnology) and GAPDH 
(1:1000; Kangchen Biology Inc., China). The mem-
branes were then incubated with HRP-conjugated 
secondary antibodies for 1 h and exposed using a 
Molecular Imager ChemiDoc XRS System (Bio RAD). 
The relative intensities of the protein bands were an-
alyzed using Image-pro plus 6.0 (Media Cybernetics, 
Silver Spring, MD, USA).  

The concentrations of the inflammatory cyto-
kines IL-1, IL-6, TNF-α and IFN-γ in the serum of the 
AMI mice were measured using a mouse ELISA kit 
(R&D Systems Inc.). The absorbance measurements of 
the test samples were compared with a standard 
curve. The concentrations were determined in dupli-
cate, and the process was performed according to the 
manufacturer’s instructions. 

Echocardiography 
At 1 and 21 days after AMI, 2-dimensional 

echocardiography was performed on mice using the 
Vevo 770○R  high-resolution imaging system (Visual 
Sonic, Canada) and Vevo analysis software (Vevo 
2.2.3), as previously described [22-23]. The LV dimen-
sions and the LV posterior wall thickness were quan-
tified from digitally recorded 2-dimensional clips and 
M-mode images in a short axis view from the mid-LV 
just below the papillary muscles to allow for con-
sistent measurements from the same anatomical loca-
tion in each mouse. Each measurement was repeated 
in each mouse five to six times and taken from 3 ran-
domly chosen m-Mode clips out of the 5 that were 
recorded by the observer, who was blinded to the 
experimental group. Fractional shortening (FS) was 
calculated as (LvEDD-LvESD)/LvEDD×100%. 

Processing of the experiments 
Our experiments were performed based on the 

hypothesis that silencing of CCR2 in Ly6Chigh mono-
cytes (Supplementary Figure 1) would decrease the 
accumulation of the cells in the infarct and improve 
the results of MSC transplantation. The entire in vivo 
experimental procedure is shown in an illustration 
(Supplementary Figures 2 and 3). Briefly, EdU-labeled 
MSCs were injected into the infarct border zone im-
mediately after AMI was induced. Additionally, 
PMSNs-siCCR2 (25 µg/g) were also intravenously 

injected via the tail vein. The therapeutic effects of 
MSCs were further identified at day 1, day 3 and day 
21 using the methods described above. 

Statistical analysis 
Data management and statistical analysis were 

performed with Statistical Package for the Social Sci-
ences software (SPSS 18.0 for Windows, SPSS Inc.). 
The data are expressed as the mean ± standard devia-
tion. Categorical variables were compared using the 
χ2 test or Fisher’s exact test. For continuous data, 
group comparisons were performed using an un-
paired t test or the Mann–Whitney U test. The results 
were considered statistically significant if the 
two-sided P-value was ≤0.05. 

Results 
Characterization of PMSNs-siCCR2-PEI  

For the efficient loading of siRNA, siCCR2 was 
first adsorbed onto PMSNs under a strongly dehy-
drated solution and then mixed with an oppositely 
charged polyelectrolyte (PEI, 10 kDa) solution to form 
a polymer layer on the surface. After sonication under 
acidic conditions, monodispersed PMSNs-siCCR2-PEI 
were obtained (Fig. 1a). The amount of siCCR2 loaded 
in the delivery formulation reached a maximum of 
1.77 nmol siRNA/mg PMSNs, with an equilibrium 
concentration of 0.55 µg/ul (Fig. 1b). Consistent with 
the transmission electron microscopy (TEM) meas-
urements, the mean size of the PMSNs-siCCR2-PEI 
was 246 nm, as measured by a Nanoparticle Sizer, 
with a zeta potential of 17.5±2.2 mV (Fig. 1c). The in-
trinsic photoluminescence of the particle appears at 
wavelengths between 650 and 800 nm under excita-
tion at 350-450 nm (Fig. 1d), which is suitable for in 
vivo imaging using near-infrared technology.  

Biocompatibility of PMSNs-siCCR2-PEI and 
monocytes  

We first tested the biocompatibility of 
PMSNs-siCCR2-PEI in vitro. CD11b-positive mono-
cytes obtained from spleens and cultured in vitro 
were incubated with increasing concentrations of the 
particles for 48 h, and the cell viability was quantified 
using an MTT assay. The results showed that the de-
livery formulation is relatively non-toxic (p=NS) to 
CD11b-positive monocytes (Fig. 2a). We next ana-
lyzed the toxicity of the particles to mice in vivo. 
Consistent with the results obtained in vitro, the he-
patic and renal function of the AMI mice treated with 
or without PMSNs-siCCR2-PEI were not significantly 
different at 24 hours (Supplementary Table 1). The 
phagocytic capacity of Ly6Chigh/low monocytes for the 
particle was subsequently determined by fluorescence 
microscopy and flow cytometry. As shown in Fig. 2b, 
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Ly6Chigh monocytes exhibited greater phagocytosis of 
the particles compared with Ly6Clow monocytes 
(89.2%±17.5% vs. 26.5%±6.4%, p<0.001). After the cells 
phagocytized the PMSNs-siCCR2-PEI, a transwell 
migration assay was introduced to test the migratory 
response of the cells to CCL2 (10 ng/ml). We then 
observed a significant decrease in the migratory re-
sponse of the monocytes compared with the control, 

as shown in Fig. 2c (13±4/mm2 vs. 35±11/mm2, 
p<0.001). Finally, the expression of the chemokine 
receptor CCR2 on the monocytes was examined. 
Consistent with the results of the migratory assays, a 
significant decrease in CCR2 expression was observed 
in the PMSNs-siCCR2 group (Fig. 2d) compared with 
the control (19.6%±8.4% vs. 37.1%±13.5%, p<0.001).  

 
Fig. 1: Characterization of PMSNs-siCCR2-PEI. (a), Flowchart illustrating the preparation of PMSNs-siCCR2-PEI; A, naked PMSNs and free siCCR2 molecules; B, 
PMSNs loaded with siCCR2 in the mesopores; C, aggregated PEI-coated PMSNs-siCCR2; D, disaggregated PMSNs-siCCR2-PEI; A1～D1 are scanning electron 
microscopic images corresponding to A～D. (b), The siCCR2 adsorption capacity of PMSNs with increasing siRNA concentrations in solution. (c), Hydrodynamic 
diameter distribution and zeta potential of the final PMSNs-siCCR2-PEI used in the experiments. (d), The absorption and size-dependent emission spectra of 
PMSN-siCCR2-PEI compound particles at room temperature. 
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Fig. 2: Biocompatibility of PMSNs-siCCR2-PEI and monocytes. (a), Determination of the cell viability of monocytes by the MTT assay after incubation with 
PMSNs-siCCR2-PEI at a concentration of 0.02-0.1 µg/ul; no significant difference was shown at any of the concentrations tested (p=NS). (b), Comparison of the 
phagocytic capacity of Ly6Chigh/low monocytes for PMSNs-siCCR2-PEI, determined by immunofluorescence staining and flow cytometry. (c), Migration assay of 
cultured Ly-6Chigh monocytes using CCL2 (10 ng/ml) as a chemoattractant. Cells were harvested after incubation with PMSNs-siCCR2-PEI for 48 h. (d), Analysis of 
CCR2 expression on Ly-6Chigh monocytes by flow cytometry (n=12). 
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PMSNs-siCCR2-PEI distribution 
The specific siRNA sequence used in this study 

(5′-uGcuAAAcGucucuGcAAAdTsdT-3′, 5′- UUUG-
cAGAGACGUUuAGcAdTsdT-3′) to target CCR2 
(siCCR2/fluorescent dye-labeled siCCR2, synthesized 
by Gene Pharma, China) was previously reported by 
Matthias Nahrendorf et al [24]. After the siRNA was 
scaled up and encapsulated in the particles, the 
PMSNs-siCCR2-PEI were intravenously injected into 

AMI mice. In vivo data were acquired serially for up 
to 24 hours using near-infrared technology. Ten 
minutes after injection, a strong fluorescent signal was 
observed in the cardiac region and the circulation 
(0.0144±0.00214 scaled counts/s), reflecting the pres-
ence of PMSNs-siRNA-PEI in the blood. These nano-
particles accumulate and degrade quickly in the cir-
culation, with a short half-life of 37 minutes (Fig. 3a).  
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Fig. 3: Dynamic fluorescence imaging of the distribution and metabolism of PMSNs-siCCR2-PEI in vivo determined using a near-infrared imaging system (n=12). (a), 
In vivo images of PMSNs-siCCR2-PEI. The mice were imaged at multiple time points after intravenous injection of the compounds (25 mg/kg). The white and red 
arrowheads indicate the liver and spleen, respectively. Imaging the dynamic biodistribution of siCCR2 shows major uptake in the spleen and liver. (b), Fluorescence 
images showing the in vivo biodistribution of PMSNs-siCCR2 in the heart, liver, spleen, kidney and lung over time; the compounds are rapidly cleared from the blood 
in 12 hours and were excreted via the hepatobiliary and renal routes during this time. (c), Confocal laser scanning microscopy of the spleen red pulp shows 
colocalization of PMSNs-siCCR2 (red) and CD11b-expressing monocytes (green). (d), Immunofluorescence microscopy of spleen sections reveals detached siCCR2 
and PMSNs with green fluorescence and red fluorescence, respectively. 

 
Interestingly, the biodistribution pattern of the 

PMSNs-siCCR2-PEI was different in the organs. 
Compared with the liver (0.00113±0.000437 scaled 
counts/s) and kidney (0.00156±0.00049 scaled 
counts/s), the spleen contained many more particles, 
with a peak fluorescence of 0.00606±0.000758 scaled 
counts/s at 12 hours (p<0.001) (Fig. 3b). An extremely 
weak fluorescent signal was observed in the lungs 
(0.000509±0.000217 scaled counts/s) at 12 hours. Dy-
namic in vivo imaging showed that the particles were 
removed via hepatobiliary and renal clearance. The 
distribution of PMSNs-siCCR2-PEI in the spleen was 
further detected by confocal laser scanning micros-
copy. We found that most of the particles resided in 
CD11b-monocytes and accumulated in the subcapsu-
lar red pulp (Fig. 3c). Importantly, independent green 
or red dots in the cytoplasm, labeling the naked 
PMSNs (red) and free siCCR2 (FAM-labeled, green), 
respectively, were observed, which implies the suc-
cessful release of siCCR2 into the cell cytoplasm from 
the delivery particles (Fig. 3d). 

Silencing of CCR2 ameliorates inflammation 
after AMI 

Ly6Chigh monocytes are potent inflammatory 
mediators and are believed to be the dominant source 
of inflammation after AMI; therefore, we tested the 

deployment of Ly6Chigh monocytes after AMI and 
PMSN-siCCR2 administration. Flow cytometric anal-
ysis showed a significant reduction in the number of 
inflammatory Ly6Chigh monocytes (43.62%±11.32% vs. 
67.95%±17.04%, p<0.001) in the circulation one day 
after AMI in mice treated with PMSNs-siCCR2-PEI 
compared with the control group. The number of cells 
present in the spleen also changed significantly be-
tween the groups (29.78%±4.38% vs. 20.06%± 4.25%, 
p<0.001) (Fig. 4a). CD11b-positive monocytes in the 
infarcts were further examined at the same time, and 
the results revealed that PMSNs-siCCR2-PEI could 
significantly reduce the levels of the cells compared 
with the groups not given siCCR2 (49.3%±17.34% vs. 
61.32%± 22.43%, p<0.001) (Fig. 4b). These findings 
were further confirmed by the decreased levels of 
CCR2 protein expression on spleen monocytes, as 
examined by flow cytometry (8.04%±2.07% vs. 
20.02%±4.55%, p<0.001) and Western blot (1.78±0.47 
vs. 2.71±0.69, p<0.001) (Fig. 4c), and the decreased 
expression of inflammatory cytokines (pg/ml), in-
cluding IL-1 (157.49±62.36 vs. 233.37±45.78, p<0.001), 
IL-6 (207.88±73.3 vs. 298.62±75.5, p<0.001), TNF-α 
(105.74±33.87 vs. 161.09±50.24, p<0.001) and IFN-γ 
(131.07±40.34 vs. 197.98±49.77, p<0.001), in the serum, 
as detected by ELISA kits (Fig. 4d). 
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Fig. 4: The effect of PMSNs-siCCR2 on in-
flammatory infiltration post-AMI (n=12). (a), 
Flow cytometry reveals a different pattern of 
CD11b+Ly6Chigh in the circulation and the 
spleen of AMI mice one day after treatment 
with PMSNs-siCCR2. Significantly reduced 
counts of the cells were shown in the siCCR2 
group. (b), Flow cytometry revealed reduced 
CD11b-positive cells in the infarct zones of 
AMI mice one day after treatment with 
PMSNs-siCCR2. The expression of CCR2 in 
the infarction was further determined by 
Western-blot (A1~3 in the PMSNs-siCCR2 
group, B1~3 in the control). (c), FACS analysis 
of the CCR2 protein levels on the spleen 
CD11b+Ly6Chigh monocytes of the AMI mice 
confirmed the decreased levels of CCR2 in the 
PMSN-siCCR2 group. (d), Levels of the in-
flammatory cytokines IL-1, IL-6, TNF-α and 
IFN-γ in the serum of AMI mice after treatment 
with PMSNs-siCCR2 were determined using 
immunosorbent assays (ELISAs), *p<0.05 vs. 
the corresponding control group. 
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Silencing of CCR2 benefits MSC transplanta-
tion 

A current limitation of MSC therapy is the im-
pact of the inflammatory microenvironment on cell 
behavior [25]. We next tested the therapeutic potential 
of MSCs in the context of PMSN-siCCR2 treatment. 
After infarction, the hearts were harvested and em-
bedded in paraffin, and the sections were incubated 
with azide-conjugated Alexa Fluor 488. We then ob-

served a significant difference in the number of 
EdU-positive cells (Fig. 5a) in the infarction 
(13±3/mm2 vs. 4±1/mm2, p<0.001) between the two 
groups three days after MSC transplantation. In addi-
tion, increased levels of SDF-1 (0.047±0.023 vs. 
0.025±0.014, p<0.001) and Ang-1 (1.05±0.51 vs. 
0.54±0.29, p<0.001) mRNA were identified in the in-
farct zone of the siCCR2 group (Fig. 5b).  
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Fig. 5: PMSNs-siCCR2-PEI enhanced the efficiency of MSC transplantation and attenuated myocardial remodeling (n=12). (a), The surviving MSCs in the infarct zone 
following cell therapy are shown by representative immunofluorescent staining for EdU (5-Ethynyl-2’-deoxyuridine, green) and visualization of the nuclei (DAPI, blue) 
within the infarct zone 3 days after cell transplantation. Scale bar=50 μm. (b), SDF-1 and Ang-1 mRNA levels in the infarct zone after MSC transplantation. The data 
represent the mean±SD, *p<0.05 vs. the corresponding group at 1 day post-AMI; #p<0.05 vs. the control group at 3 days after cell transplantation. (c), Representative 
image of immunofluorescent staining for TUNEL (Alexa Fluor 488, green) and DAPI in the infarct border zone 3 days after AMI; the number of TUNEL-positive 
cardiomyocytes was calculated. Scale bar=50 μm. (d), The vascular density was determined by immunofluorescent staining for wheat germ agglutinin (WGA, red), 
endothelial cells (staining of CD31, green) and DAPI (blue) in the infarct zone at 21 days after MSC transplantation. (e), Confocal image of representative immu-
nofluorescent staining for cardiac myosin heavy chain (eFluor® 660, red) and DAPI (blue) staining of the nuclei within the infarct zone at 21 days after MSC trans-
plantation. (f), Infarct size at baseline and at 21 days after MSC transplantation, Arrowheads (blue) indicate the diastolic thickness of the LV posterior walls (0.84±0.11 
mm vs. 0.61±0.08 mm, p<0.001) over time in the two groups. *p<0.05 vs. the corresponding 1-day-post-AMI group; #p<0.05 vs. the control group at 21 days after cell 
transplantation. 
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These results further suggested that the presence 
of PMSNs-siCCR2 decreased the inflammation in 
AMI mice and restored the MSCs in the heart. Con-
sistent with the restored MSCs, we also observed a 
significant reduction in the number of TUNEL+ car-
diac myocytes (17.44%±6.26% vs. 39.49%±13.28%, 
p<0.001) within the infarct zone compared with the 
control at three days post-AMI (Fig. 5c).  

Three weeks after MSC infusion, the vascular 
density in the border zone of the infarction was ex-
amined using WGA and CD31 (Fig. 5d). A significant 
increase in the number of capillaries and small arteri-
oles was observed in the siCCR2 group 
(235.5±39.6/mm2 vs. 147.4±20.3/mm2, p<0.001). Con-
sistent with the increased vascular density, a signifi-
cant increase in the myosin-positive cardiac area 
within the infarct zone in the siCCR2 group 
(21.7%±8.4% vs. 13.2%±4.4%, p<0.001) was shown 
(Fig. 5e). Finally, the infarction size (%) (16.04±5.01 vs. 
19.17±4.6, p<0.001) and LV remodeling (thickness of 
the LV posterior wall) (0.84±0.11 mm vs. 0.61±0.08 
mm, p<0.001) were measured three weeks after MSC 
infusion; both were greatly ameliorated in the siCCR2 
group compared with the control (Fig. 5f, Supple-
mentary Table 1). Taken together, these data demon-
strated that silencing CCR2 in Ly6Chigh monocytes 
played a critical role in MSC transplantation 
post-AMI. 

Discussion 
Numerous studies have attempted to utilize 

MSCs or other stem cells as a cell therapy to treat 
AMI; however, only modest improvements in patient 
outcomes have been reported in meta-analyses, and 
none of the therapies have become a standard of care 

[26-27]. In fact, increasing evidence suggests that acute 
inflammation caused by AMI impairs the function of 
the transplanted marrow-derived cells [28-29]. Thus, a 
method to reduce the rate of apoptosis of the trans-
planted cells is needed to allow the use of these cells 
as a myocardial reparative therapy. Thus, additional 
work is required to improve our understanding of the 
different patterns of inflammation after AMI that 
promote the decreased survival of transplanted cells. 

The involvement of inflammation in the patho-
physiology of AMI and subsequent MSC transplanta-
tion has been described in recent years. Ly6Chigh 
monocytes have been shown to be key players in this 
process [30], as they aggravate inflammation and ex-
pand in AMI. MSC transplantation has resulted in 
improved wound healing, but it is limited by 
sub-optimal cell survival and engraftment due to the 
harsh microenvironment of the cells. Therefore, con-
trolling the deployment of Ly6Chigh monocytes from 
the spleen is essential during AMI and stem cell 

therapy. Researchers are now working to apply 
methods that modulate inflammation during AMI. 
The inflammatory effects of Ly6Chigh monocytes on 
MSC transplantation have not been previously inves-
tigated. Here, using an siCCR2 delivery formulation, 
we investigated the effects of silencing CCR2 in 
Ly6Chigh monocytes on MSC transplantation after 
AMI. The present study demonstrated that (1) the 
PMSNs used as a delivery vehicle can be loaded with 
siCCR2 with high efficiency, and the siRNA delivery 
system was phagocytized by Ly6Chigh monocytes in 
the spleen and showed little cytotoxicity to the cells; 
(2) AMI induced a local or systemic inflammatory 
response that could be inhibited by the formulation of 
PMSNs-siCCR2-PEI by silencing the receptor CCR2 
on Ly6Chigh monocytes in the spleen; (3) Marked im-
provements in the outcome of MSC transplantation 
were observed after administration of 
PMSNs-siCCR2-PEI, as evidenced by the increased 
survival of EdU-positive cells, the reduced apoptosis 
of cardiomyocytes at three days, the increased regen-
eration of capillaries and the amelioration of LV re-
modeling at three weeks post-AMI. 

Previous reports have shown that spleen 
Ly6Chigh monocytes infiltrate the ischemic heart and 
express proteases in response to AMI [31-33], thereby 
promoting adverse myocardial remodeling and car-
diac rupture. Inflammatory CCL2/CCR2 signaling is 
known to be a key regulator of the recruitment and 
infiltration of Ly6Chigh monocytes in the ischemic 
heart. This emphasizes the need to control 
pro-inflammatory monocytes by targeting 
CCL2/CCR2. RNA interference through siCCR2 was 
introduced in this study, and the effects of siCCR2 
treatment on splenic reservoir monocytes were par-
ticularly intriguing in AMI mice for at least three 
reasons. First, CCR2 expression in Ly6Chigh monocytes 
was shown to be decreased at the protein level, which 
implies that siCCR2 provided cellular specificity for 
the therapeutic target in this study. Second, consistent 
with a previous report in CCL2/CCR-2-double- 
deficient mice [31], acute inflammation caused by 
Ly6Chigh monocytes derived from the spleen was de-
creased greatly, as evidenced by reduced numbers of 
CD11b-positive monocytes infiltrating the infarct and 
decreased inflammatory cytokines present in the se-
rum. Third, the therapeutic effects of MSC transplan-
tation were extremely encouraging, as shown by in-
creases in the SDF-1 and Ang-1 mRNA levels and the 
cardiac myosin-positive area. These results further 
confirmed previous reports that MSC engraftment 
leads to a significant increase in cardiac myocyte 
preservation in the context of gene or protein modifi-
cation[34-35]. Taken together, these data directly 
demonstrated the efficiency of MSC transplantation 
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when CCR2 was silenced in Ly6Chigh monocytes by 
PMSNs-siCCR2-PEI. 

Notably, the therapeutic effects of siCCR2 in this 
study were based on delivery by PMSNs. The current 
challenge for the application of RNA interference in 
vivo is the development of an efficient and nontoxic 
delivery vector. For efficient loading of siCCR2 in the 
mesoporous PMSNs, we used strongly dehydrated 
conditions and increased siRNA equilibrium concen-
trations, as described in other studies [36-37], and we 
then determined the siRNA adsorption capacity using 
a BioSpectrometer. Near-infrared imaging technology 
and confocal microscopy imaging revealed that in-
travenously injected PMSNs distributed siCCR2 to 
monocytes in the spleen, resulting in efficient and 
specific CCR2 knockdown. In addition, after the 
PMSNs-siCCR2-PEI were injected intravenously, the 
particles accumulated mainly in monocyte-related 
organs (such as the spleen); furthermore, they were 
removed from these organs in vivo via renal and 
hepatobiliary clearance. In summary, for use in vivo, 
PMSNs-siCCR2-PEI exhibit a high siRNA loading 
efficiency and provide an attractive chemical alterna-
tive to traditional nanoparticles, particularly because 
they have been shown to be nontoxic in biological 
environments by MTT assays. 

Lipid nanoparticles, carbon nanotubes and gold 
nanoparticles have all been used previously as siRNA 
vectors by researchers [38-39]; in contrast to these tradi-
tional nanoparticles, PMSN-based materials provide 
more opportunities for on-demand biological therapy 
and pave the way for the development of simple 
treatments for challenging diseases [13,40]. PMSNs offer 
a high surface area and pore volume as well as the 
capacity for surface charge control. The versatility, 
non-toxicity, biocompatibility, biodegradability, and 
homogenous distribution of siCCR2 into the porous 
space and free dispersal throughout the particle are 
also beneficial features. In addition, the acceptable 
stability of PMSNs ensures resistance to mechanical 
stress and harsh pH conditions in vivo. Furthermore, 
the intrinsic brightly photoluminescent properties of 
PMSNs enable the non-invasive monitoring of their 
biodistribution and degradation in vivo due to their 
near-infrared emission (650–800 nm) when excited at 
350–450 nm. 

The PMSNs used in this study ranged in size 
from 100 to 200 nm, which may not only prevent their 
rapid clearance from circulation but may also allow 
for an increased siRNA loading capacity. In addition, 
the intrinsic luminescence of PMSNs at 100–200 nm 
enabled the non-invasive monitoring of their biodis-
tribution and degradation in mice. Here, we present 
the first example of biodegradable photoluminescent 
mesoporous silicon nanoparticles for biological ap-

plications after AMI. This system exhibited consider-
able potential for MSC transplantation. It should be 
noted that the PEI coating on the external surface of 
the siRNA-loaded PMSNs is critical; this coating pre-
vents the detachment of siCCR2 from the particles 
during biological applications. In addition, PEI has a 
high buffering capacity in the endosomal pH range 
and can efficiently deliver nucleic acids by overcom-
ing lysosomal sequestration via the proton sponge 
effect [41-42]. However, recently, much more efficient 
polycations and fusogenic peptides have been re-
ported for the coating of nanocarriers [43-44]; thus, the 
PMSNs used in the study as delivery vehicles can still 
be optimized for greater efficiency in the future. 

In conclusion, we showed that photoluminescent 
mesoporous silicon nanoparticles represented a suit-
able delivery vehicle for siCCR2, which can then be 
applied to target inflammatory monocytes during 
AMI and MSC transplantation. Further, we confirmed 
the therapeutic effect of the particles in the context of 
MSC transplantation in AMI mice at the gene, protein 
and functional levels. We believe these findings using 
PMSNs-siCCR2-PEI provide a promising pathway for 
clinical translation in AMI patients and subsequent 
MSC transplantation. In view of the findings in this 
paper, we hope that this strategy will contribute to the 
development of new treatment methods or drugs for 
AMI patients.  
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