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cell culture on agarose gel, to induce 3D aggregation growth. In this 
process, 8-PEG-RGD provided cell-cell junction due to highly 
expression of integrin on aMSC surface (23), an RGD-specific binding 
ligand (24). Surface modification with RGD was able to inhibit cell 
adhesion to matrix/culture substrate by blocking integrin interactions 
(25). Furthermore, the agarose gel also guaranteed free migration 
of the cells by destroying cell attachment to substrate. Confocal 
microscopy was used to assess preferential cell growth toward 
aggregation, and 3D structure was further confirmed by analyzing 
the Z-stack reconstructed images along x-axis rotation (Fig. 1B). 
Quantification analysis revealed that the size distribution of the 
resulting SSPs was mainly in the range of 70 to 130 m.

Hypoxic microenvironment of 3D SSPs promoted CF 
secretion for improved revascularization
We next sought to explore the advantages of CF secreted from 
3D SSPs. The schematics for culture design for preparation of CF-
containing medium secreted from 2D cultured aMSCs (2D-CF) and 
3D-CF is summarized in Fig. 2A. Briefly, plating cells for 2D or 3D 
culture were performed in serum-free medium. After 5 days of culture, 
the medium was collected for further analysis. SDS–polyacrylamide gel 
electrophoresis (PAGE) of conditioned medium taken from each 
culture model revealed enriched protein abundance in 3D-CF 
compared to 2D-CF, and the stem cell culture medium used did not 
affect this result. Given that there was no observed significant 
difference in cell number between 2D and 3D cultures (fig. S3), the 
results demonstrated that stem cells in 3D structure promoted CF 
secretion. To further evaluate different cell structure–induced changes 
in protein composition of CF, we performed liquid chromatography–
mass spectrometry (LC-MS) proteomic analysis and compared 
differences in protein content between 2D-CF and 3D-CF. Differ-
entially expressed proteins were defined as those in which the average 
label-free quantification (LFQ) intensity for each group exceeded a 
twofold change, with a P value of less than 0.05. Furthermore, an 
unsupervised enrichment analysis between the two groups of differ-
entially expressed proteins was examined using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway database. The results showed 
a significant enrichment of 14 signaling pathways, and the hypoxia-
inducible factor–1 signaling pathway (i.e., hypoxia related) was the 
third most significantly enriched signaling pathway (Fig. 2B and fig. 
S4). It has been reported that hypoxia is a key regulator for master-

ing the secretion of angiogenesis factors (26, 27). Hypoxic condi-
tions commonly afflict the inner cells of 3D cell spheroids, due to 
limited oxygen diffusion (28). Thus, we explored whether 3D SSPs 
generated by stem cell aggregation had hypoxic status, and subse-
quently, the slices from 3D SSPs were stained using a hypoxyprobe 
(pimonidazole), which is reductively and specifically activated in 
hypoxic cells, allowing for immunofluorescent visualization. Figure 2C 
confirms hypoxia occurrence according to the presence of green 
fluorescence (pimonidazole-stained hypoxia) within centralized cells 
of the spheroids. Following analysis of factors involved in several 
key stem cell–mediated functions (angiogenesis, inflammation, and 
apoptosis), vascular regeneration–associated proteins were the 
topmost elevated proteins identified in 3D-CF compositions, in 
comparison to 2D-CF (Fig. 2D). These proteins included vascular 
endothelial growth factor (VEGF), epidermal growth factor 
(EGF), hepatocyte growth factor, platelet-derived growth factor, 
angiopoietin-1, and erythropoietin. This was especially true for 
VEGF, as the secreted amount by 3D SSPs was 12.9-fold higher than 
that of 2D-cultured aMSC (2D-aMSC) cultures. Vessel formation is 
a sequential process that is highly controlled via numerous factors, 
and thus, we further confirmed the difference of the mRNA expres-
sion in 2D cells and 3D SSPs. The representative factors contained 
in 3D SSPs were higher than that of 2D cells, as shown by analysis 
of mRNA expression levels of factors involved in revascularization 
(P < 0.01) (Fig. 2E).

The above results provide a rationale for use of 3D-CF as an 
amalgamation of effector molecules for proangiogenesis therapy. 
Therefore, we next assessed and compared the capacity for 2D-CF 
and 3D-CF in stimulating human umbilical vein endothelial cell 
(HUVEC) migration. Transwell assays were set up, and CF secreted 
from equivalent numbers of stem cells was added to the bottom well 
(Fig. 2F). Compared to the cells with an absence of CF and cells 
presented with 2D-CF, there was a noticeable improvement in the 
migration ability of HUVECs from the top well to the bottom well 
observed when cells were presented with 3D-CF (P < 0.01). Further-
more, according to the tube formation assay, the vessel formation 
capacity of the HUVECs treated with 2D-CF and 3D-CF were 
significantly elevated in comparison to untreated cells (P < 0.01), 
and the HUVEC-lined vessels after treatment with 3D-CF were 
11.5 ± 1.6– and 3.2 ± 0.7–fold longer than that of untreated and 
2D-CF–treated cells, respectively (Fig. 2G).

Fig. 1. Construction of 3D SSPs. (A) Scheme of preparation of 3D SSPs via use of 8-PEG chemical modification strategy. (B) Representative images of 3D SSPs (left image) 
and size distribution of 3D SSPs (right-hand graph). Z-stack reconstructed confocal images of 3D SSPs at different angles along x-axis rotation (bottom). Scale bar, 100 m.
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Fig. 2. Properties of 3D SSPs and its secretion factors. (A) SDS-PAGE analysis of secreted factors from aMSCs and 3D SSPs. The secreted factors from aMSCs (i.e., 2D-CF) 
and 3D SSPs (i.e., 3D-CF) cultured in serum-free medium were collected as described in the scheme (left). MW, molecular weight. (B) Increased fold change of 3D-CF in the 
related functions compared to that of 2D-CF by an unsupervised enrichment analysis of KEGG pathway based on LC-MS proteomic method. HIF-1, hypoxia-inducible 
factor–1; HGF, hepatocyte growth factor; PDGF, platelet-derived growth factor; Ang-1, angiopoietin-1; EPO, erythropoietin; TGF-, transforming growth factor–; 
TNF-, tumor necrosis factor–; IL-1, interleukin-1. (C) Representative images of hypoxic cells (green) in 3D SSPs by immunostaining of cryosections with hydroxyprobe 
(pimonidazole). Scale bar, 50 m. (D) Heat map of proteins differentially expressed in 2D-CF and 3D-CF, based on LC-MS proteomic analysis. (E) Comparison of mRNA 
expression level of various proangiogenesis factors in 2D cells and 3D SSPs. **P < 0.01. (F) Transwell assay analysis of migration capacity of human umbilical vein 
endothelial cells (HUVECs). HUVECs were plated onto upper wells, and the medium containing CF was added into bottom wells. Scale bar, 100 m. **P < 0.01. (G) Tube 
formation assay of HUVECs with or without 2D-CF and 3D-CF treatments. Scale bar, 100 m. **P < 0.01. All data are presented as means ± SEM. A two-tailed, unpaired 
Student’s t test was used to compare between any two groups. One-way analysis of variance (ANOVA) was used to compare between three or more groups.
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Reconstruction of artificial 3D SSP using 
PLGA microparticles
As illustrated in Fig. 3A, the conceptual design of ASSP preparation 
was the loading of 3D-CF into PLGA microparticles (ASSP-MPs), 
followed by coating with cell membrane extracted from 3D SSPs. 
Scanning electron microscopy and fluorescence imaging confirmed the 
successful coating of SSP cell membrane on the microparticle sur-
face and that protein was loaded into the microparticles (Fig. 3, B and C). 
The size of ASSP-MPs was slightly increased compared to blank 
PLGA-MP alone and similar to the size of aMSCs (Fig. 3D). Flow 
cytometry analysis showed that the surface marker expression of 
ASSP-MPs was comparable to those of aMSCs, whereas the PLGA-MPs 
were negative for the markers (Fig. 3E and fig. S5, A and B). In 
addition, the CF loading efficiency into ASSP-MPs was approximately 
49% of the total input CF. Sustained release kinetics of CF was ob-
served by time-course analysis of ASSP-MPs incubated in phosphate-

buffered saline (PBS) solution (Fig. 3F). To further understand the 
differential release dynamics of ASSP-MP–loaded components, three 
typical proangiogenesis factors [VEGF, EGF, and insulin-like growth 
factor (IGF)] were analyzed for their release into solution by enzyme-
linked immunosorbent assay (ELISA). Figure 3G showed that the 
three factors are detectable, with slow release kinetics more than 
6 days. Furthermore, it was apparent that a considerably higher 
concentration of IGF had been loaded into ASSP-MPs than both 
VEGF and EGF according to the release curves.

We next sought to explore the advantages of ASSP-MPs over living 
stem cells. The unresolved issue of manufacturability of living stem 
cell products is the low storage/shipping stability of the cells. We, 
thus, studied the stability of ASSP-MPs following freezing/thawing 
process. Cryopreservation did not significantly alter the size, the 
membrane coating, surface marker expression, or the dynamic re-
lease of CF (fig. S6, A to D). The survival/retention of aMSCs in 

Fig. 3. Preparation and characterization of ASSP-MPs. (A) Schematic illustration of preparation of ASSP-MPs. ASSP-MPs were fabricated by loading CF secreted from 
SSPs into PLGA-MPs, and then PLGA-MPs were coated with cell membrane fragments of SSPs to form ASSP-MPs. (B) Scanning electron microscopy images of PLGA-MPs 
(top) and ASSP-MPs (bottom). Scale bars,10 m. (C) Representative images of the structure of ASSP-MPs; bovine serum albumin (BSA)–fluorescein isothiocyanate (FITC) 
was loaded into PLGA-MPs (green), and cell membranes were labeled with DiD dyes (red). Scale bar, 20 m. (D) Quantification analysis of mean diameter and (E) quantification 
analysis of expression of aMSC surface markers of PLGA-MPs (negative control), aMSCs, and ASSP-MPs. (F) CF release kinetics from PLGA-MPs and ASSP-MPs incubated in 
PBS solution. (G) Release kinetics of three typical proangiogenesis factors from ASSP-MPs over time based on ELISA analysis.
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engraftment sites determines therapeutic index due to their paracrine 
mechanisms. Next, we compared the survival/retention of aMSCs 
and ASSP-MPs following local administration into ischemic tissue 
in a mouse acute HI model. This was determined by assessing signal 
decay of luciferase-expressing aMSCs and Cy5-labeled bovine serum 
albumin (BSA)–loaded ASSP-MPs (Fig. 4, A and B). Quantification 
analysis indicated a marked signal decrease in both aMSCs and 
ASSP-MPs at 1 day, and there was a subsequent continuous decline 
in signal from aMSCs, whereas the signal from ASSP-MPs remained 
relatively steady over time. At 14 days, 39.4 ± 3.5% of the initial 
ASSP-MPs signal still remained within the ischemic site; in contrast, 
the signal of aMSCs was negligible at this time point.

ASSP-MPs therapy for acute HI
We next sought to test whether ASSP-MPs were capable of promoting 
in vivo regeneration of vascular networks and blood perfusion 
using an acute HI model. The following five interventions were 
analyzed by one-dose intramuscular administration: (i) PBS, (ii) 
BSA-loaded PLGA-MPs (PLGA-MP-BSA), (iii) 3D-CF, (iv) 2D-
aMSCs, and (v) ASSP-MPs. Blood perfusion of ischemic muscle 
was determined by using a laser Doppler perfusion imaging system 
(Fig. 4C). No obvious signal changes of blood perfusion were seen 
in normal limbs (right legs) over time, but there were marked 
decreases for those of the limbs subjected to ischemic surgery within 
2 hours. Quantification analysis revealed that the regional blood 
flow had abruptly declined to approximately 20% of normal levels 
under all conditions following ischemic surgery, as expected (Fig. 4D). 
The mice treated with PBS led to a slow increase in blood flow to the 
tissue over time. The injection of other controls, PLGA-MP-BSA 
and 3D-CF, resulted in no significant differences, compared to the 
PBS group. In contrast, ASSP-MPs led to the recovery to nearly 
100% blood perfusion compared to normal limbs and a 1.5 ± 0.4–
fold increase in blood perfusion compared with 2D-aMSC treatments, 
at the experiment end point (P < 0.05). The level of hindlimb loss 
and tissue necrosis at 21 days was also quantified by visual observation 
(Fig. 4E). HI resulted in severe necrosis and foot loss of all animals 
in PBS and PLGA-MP-BSA treatment groups but treatment with 
3D-CF, 2D-aMSCs, and ASSP-MPs protected the limbs from necrosis. 
In particular, animals treated with ASSP-MPs showed impressive 
tissue regeneration capacity, with more than 80% salvaged HI and 
less than 20% necrosis observed.

We next evaluated multiple parameters of tissue sections isolated 
from muscle tissues at 21 days after surgery. Immunostaining of 
tissue sections for CD31, an endothelial cell marker, showed blood 
vessel distribution in muscle tissue (Fig. 4F). Quantification of 
blood vessel densities revealed that compared to untreated animals, 
significant decreases in vessel densities were observed for the mice 
treated with PBS (P < 0.01), PLGA-MP-BSA (P < 0.05), 3D-CF 
(P < 0.05), and 2D-aMSCs. ASSP-MP treatments increased vessel 
densities by 11.2-, 8.6-, and 5.3-fold, as compared with PBS, PLGA-
MP-BSA, and 3D-CF treatments, respectively (Fig. 4G). Compared 
to the animals treated with PBS and PLGA-MP-BSA, ASSP-MPs 
revealed markedly reduced apoptosis, inflammatory cell infiltration, 
and fibrosis by evaluation with terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
immunostaining assay (Fig. 4H and fig. S7A), hematoxylin and eosin 
(H&E) staining (Fig. 4I and fig. S7B), and Masson’s trichrome staining 
(Fig. 4J and fig. S7C), respectively, with ASSP-MP–treated tissue com-
position being comparable to that seen in normal healthy tissues.

Reconstruction of artificial 3D SSP using PLGA  
nanoparticles (ASSP-NPs)
Cell membranes derived from different cells have shown varied 
benefits in designing biomimetic nanomedicine (29). For example, 
coating red blood cell (RBC) membranes (RCMs) onto nanoparticle 
surfaces effectively camouflaged the nanoparticles and led to their 
prolonged blood circulation (30), whereas the use of platelet mem-
branes (PMs) to coat nanoparticle surfaces enhanced the capability 
of nanoparticles to target sites of vascular injury (31). In addition, 
nanoscale particles were capable of targeted to acute ischemic tissues, 
due to the increased vessel permeability that accompanies ischemic 
conditions (32), in a similar manner to the enhanced permeability 
and retention effect of tumors. To construct an ASSPs capable of 
targeting ischemic tissues via systemic delivery, we further designed 
and synthesized nanosized ASSPs, as outlined in Fig. 5A. For this de-
livery platform, we used both RCMs and PMs to coat onto nanosized 
PLGA particles that encapsulated CF secreted from 3D SSPs (ASSP-
NPs). Transmission electron microscopy (TEM) imaging showed the 
presence of membrane structures on the particle surfaces, accord-
ing to negative staining (Fig. 5B). After cell membrane coating, the 
size of the particles remained stable in solution over time, with an 
approximate average size of 125 nm (Fig. 5C). However, there was a 
change in the measured  potential, which changed from −58 to −29 mV 
(Fig. 5D). Confocal imaging revealed that both RCMs (red) and 
PMs (blue) were present on all fluorescein isothiocyanate (FITC)–
loaded PLGA nanoparticles (PLGA-NPs) (Fig. 5E). SDS-PAGE 
analysis of the extracted cell membranes showed that when the 
membranes were mixed and coated onto nanoparticle surfaces, 
there was an even distribution of proteins that were present in both 
membrane types (Fig. 5F), further confirming the successful dual 
coating of cell membranes onto the nanoparticles. The loading 
efficiency of 3D-CF was approximately 45.7 ± 3.8%. Following 
coating with cell membranes, the ASSP-NPs maintained their CF 
release kinetics, similar to 3D-CF–containing PLGA-NPs (Fig. 5G).

ASSP-NP therapy in an acute MI model
Before evaluation of ASSP-NP therapeutic effects, we assessed whether 
ASSP-NPs could target/home to ischemic tissues when injected 
intravenously in an acute MI model. Ex vivo fluorescent imaging 
revealed that the particles mainly distributed in the liver and kidney 
regardless of sham and MI mice (fig. S8), which were results similar 
to those in a previous study (19). Compared to the sham heart 
(without MI surgery), there was an elevated signal from particles 
that had remained within the MI heart, 1 hour after tail vein injection 
of Cy5-loaded ASSP-NPs (Fig. 6A). When increased to 6 and 
24 hours after injection, the signal intensity of MI heart was 2.8-fold 
(P < 0.01) and 4.5-fold (P < 0.01) higher than sham heart at the same 
time points, respectively. Histology further confirmed significantly 
increased numbers of injected particles in the tissues isolated from 
the heart ischemic region, showing accumulated distribution in the 
ischemic tissues (Fig. 6B).

We next sought to explore the capacity for ASSP-NPs to achieve 
functional recovery in mice with acute MI. Echocardiographic images 
showed left ventricular wall motion in mice with or without the 
indicated treatments at 28 days after surgery (Fig. 6C). Quantification 
analysis revealed that compared to PBS treatment, there was gradual 
improvement in the recovery of heart functionality when mice were 
administered 3D-CF, PLGA-NP-CF (CF loaded into PLGA-NPs without 
membrane coating), and ASSP-NPs, as evidenced by determining 

 on N
ovem

ber 27, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Zhang et al., Sci. Adv. 2020; 6 : eaaz8011     6 May 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 13

Fig. 4. Retention ability and therapeutic effect of ASSP-MPs in an acute HI model. (A) Bioluminescence and fluorescence imaging and (B) quantification analysis of 
signal changes of aMSCs and ASSP-MPs after administration into the HI muscle tissues over time (n = 3 for each group). *P < 0.05 and **P < 0.01. (C) Representative laser 
Doppler perfusion images of mice subjected to HI following different treatments at the indicated time points. The left limbs of mice were subjected to ligation for ischemic 
surgery, and the right limbs were normal. (D) Quantification analysis of limb perfusion at different time points determined by laser Doppler imaging as a percentage of 
the perfusion before subjection to limb ischemia (n = 6 for each group). *P < 0.05 (ASSP-MPs versus other treatments). (E) Ischemic hindlimbs with different treatments 
were visually examined to determine the severity of HI at 21 days after ligation. (F) Confocal imaging and (G) image-based quantification analysis of blood vessels in 
ischemic muscles by immunostaining with anti-CD31 antibody at 21 days after treatment (n ≥ 3 for each group). Scale bar, 50 m. *P < 0.05 and **P < 0.01. Image-based 
quantification analysis of (H) apoptosis, (I) inflammation, and (J) fibrosis of the isolated muscles with or without treatments based on the corresponding histostaining 
assays. *P < 0.05 and **P < 0.01. All data are presented as means ± SEM. A two-tailed, unpaired Student’s t test was used to compare between any two groups. One-way 
ANOVA was used to compare between three or more groups.
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the parameters of left ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVFS) (Fig. 6D). Following 28 days 
of treatment, heart functionality levels in the ASSP-NP treatment 
group had almost recovered to those measured in sham animals. 
Next, the hearts were isolated for further evaluation by histological 
analysis. Masson’s trichrome staining displayed the distribution of 
healthy myocardium (red) and scar (blue) tissue in hearts 28 days 
after treatment. Figure 6E shows a certain degree of heart damage 
after acute MI surgery in all mice, especially for PBS group; the left 
ventricular wall thinned and had a high distribution of scar tissue. 
Further quantification analysis of infarct thickness and scar area 
demonstrated that 3D-CF treatments had protective effects, compared 
to the PBS group, and a similar effect was observed in the PLGA-
NP-CF treatment group (Fig. 6F). Moreover, the greatest protective 
effects were observed in the mice treated with ASSP-NPs, suggesting 
that membrane coating of nanoparticles could enhanced the delivery 
of 3D-CF to infarcted hearts. Immunostaining of isolated heart 
ischemic regions revealed that blood vessel density in the PBS group 
had decreased to 29.5 ± 3.6% of sham mice (Fig. 6, G and H). 
Compared to other treatments, ASSP-NP treatments resulted in the 
significant occurrence of revascularization (P < 0.05). Furthermore, 
H&E staining of major organs suggested that there was no apparent 
accumulation toxicities or damage to the organs evaluated (fig. S9).

DISCUSSION
In this study, we investigated the benefits of 3D SSPs in improved 
secretion of proangiogenic CF. On the basis of the advantages of 
3D-CF, we introduced biomimetic ASSPs, with readily controllable 
sizes, which took advantage of the integration of encapsulated CF 
and cell membrane coatings into PLGA particles. Our developed 
ASSPs were used to treat two different ischemic diseases, through 
facile adjustment of size and particle coating. Unlike common 2D 
culture of stem cells, the CF secreted from 3D SSPs showed signifi-
cantly superior proangiogenic capacity, and this was mainly due to 
prosecretion mechanisms regulated by the hypoxic microenvironment 
contained within spheroid cultures. Our ASSPs have similar func-
tionality and benefits of CF-secretion from 3D SSPs, with the addi-
tional advantages provided by surface-coated membrane profiles that 
are biomimetic to cells suited for disease therapy. Overall, our versatile 
ASSPs provided (i) adjustable size, dependent on the requirement of 
medical indication and delivery route, (ii) long-term cryostorage 
after lyophilization, (iii) prolonged retention/survivability after local 
transplantation, and (iv) preferential accumulation and targeting 
to ischemic tissues after systemic delivery. Undoubtedly, not all of 
these properties are available for stem cells themselves, and thus, our 
system expands the prospects of stem cell–based therapeutics. Our in-
vestigation showed that these benefits combined to provide potent 

Fig. 5. Preparation and characterization of ASSP-NPs. (A) Schematic illustration of the fabrication process of ASSP-NPs. ASSP-NPs were prepared by encapsulating CF 
secreted from SSPs into PLGA-NPs and the subsequent coating of nanoparticles with RCMs and PMs (i.e., ASSP-NPs). (B) TEM imaging of ASSP-NPs after negative staining 
of the specimen with 1% uranyl acetate. Scale bar, 100 nm. (C) Size changes of noncoated PLGA-NPs and membrane-coated ASSP-NPs in PBS solution over time. (D) Surface 
charge change of PLGA-NPs before coating and ASSP-NPs after membrane coating, by measurement of  potential. **P < 0.01. (E) Fluorescent images of the distribution 
of PLGA-NP core (FITC, green) and membranes (RCMs; DiD, red; PMs, Dil, blue). Scale bar, 5 m. (F) Representative gel image of the protein contents extracted from different 
cell membranes by SDS-PAGE analysis. (G) CF release kinetics from PLGA-NPs and ASSP-NPs incubated in PBS solution. All data are presented as means ± SEM. A two-
tailed, unpaired Student’s t test was used to compare between any two groups.
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therapeutic efficacy in animal models of HI and MI, with outcomes 
including enhanced blood perfusion and recovery of heart functionality.

The controlled release of bioactive factors from micro-/nanoparticles 
in a localized and gradient-style manner can offer strategies to mimics 
the paracrine communication of cells (33). The delivery of bioactive 

factors alone (e.g., VEGF) has been proven to be an effective strategy 
to induce angiogenesis. However, drawbacks include unregulated 
growth factor administration, such as increased vascular leakiness, 
the induction of proinflammatory reactions, and the promotion of 
tumor growth (34–37). A major reason for these outcomes can be 

Fig. 6. Accumulation and cardiac repair of ASSP-NPs in a mouse MI model following intravenously administration. (A) Representative ex vivo fluorescent imaging 
of mouse hearts and quantitative analysis of fluorescence intensities at different time points after tail vein injection of ASSP-NPs into sham and MI mice (n = 3 for each 
group). (B) Representative images of distribution of ASSP-NPs in nonischemic or ischemic cardiac tissues of the mice following intravenous injection at different time 
points. Scale bar, 100 m. (C) Representative echocardiographic images of the left ventricular wall motion of mice with or without treatments following MI surgery at 
28 days (n = 5 for each group). (D) Quantification analysis of cardiac function recovery of (C) by determining the parameters of left ventricular ejection fractions (LVEFs) 
and left ventricular fractional shortening (LVFS). *P < 0.05, **P < 0.01. (E) Representative images of midpapillary regions of the hearts, 28 days after MI using Masson’s trichrome 
staining (blue, collagen-rich scar tissue; red, viable myocardium). (F) Quantitative analysis of (left) infarct wall thickness and (right) scar area of the infarcted hearts with or 
without treatments (n ≥ 3 for each group). **P < 0.01. (G) Representative images and (H) image-based quantification analysis of blood vessels in cardiac ischemic regions by 
immunostaining with anti-CD31 antibody at 28 days after treatments (n ≥ 3 for each group). *P < 0.05. Scale bar, 50 m. a.u., arbitrary units. All data are presented as means ± 
SEM. A two-tailed, unpaired Student’s t test was used to compare between any two groups. One-way ANOVA was used to compare between three or more groups.
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explained by growth factor overload, which is not conducive to 
the sequential process of blood vessel formation, wherein neo-
vascularization is not mediated by only one specific factor but by 
the synergistic actions of various angiogenesis factors (i.e., CF). The 
stress response to hypoxia serves as a major upstream driving power 
of endogenous angiogenesis (38, 39) and is a status associated with 
ischemic tissues (40). Typically, hypoxic cells secrete various factors 
to initiate angiogenesis by inducing tip cell formation for new 
vascular sprouts. This process is dependent on gradients of soluble 
proangiogenic factors secreted by hypoxic cells. Thus, the factors 
secreted from hypoxic cells make an appropriate choice when devising 
biomimetic approaches to inducing angiogenesis. In this work, our 
constructed 3D SSPs exhibited internal hypoxic microenvironments 
(Fig. 2, B and C), and thus, the production of angiogenic factors by 
the hypoxic core cells (Fig. 2, D and E) was an effective and well-
controlled guarantee to ensure that gradients of growth factor 
production induced by hypoxic conditions were within the physio-
logical range required to induce neoangiogenesis. When 3D-CF was 
released from ASSPs in a controlled manner, the CF was readily able 
to meet the requirements to stimulate the sequential stages of 
new vessel formation. In vitro results further demonstrated that the 
resulting 3D-CF promoted revascularization through a positively 
modulating endothelial cell behavior (Fig. 2, F and G). Reconstructed 
ASSPs conveyed these revascularization effects when used in in vivo 
ischemic disease models (Figs. 4F and 6G). The protein factors 
released by stem cells in a paracrine fashion have been shown to 
modulate complex therapeutic actions, including, but not limited 
to, angiogenesis (41, 42). Compared to 2D cell culture, hypoxia-
induced CF secreted by our constructed 3D SSPs mainly included 
proangiogenic factors, as evidenced by proteomics analysis, although 
inflammation- and apoptosis-related factors also had increased 
production (Fig. 2D). Our results suggested that the culture conditions 
of SSPs used in this study are more inclined to result in a CF secretion 
that is proangiogenic. However, the increased inflammation- and 
apoptosis-related proteins present in 3D-CF and their controlled 
release from ASSP particles may have conveyed additional beneficial 
effects that we did not explore in the current investigation. In addi-
tion, given the broad range of biological and physiological functions 
that stem cell secretory profiles can regulate, it can be speculated 
that modification of culture conditions (e.g., inclusion of a cell or 
biomaterial feeder layer) may be conducive to priming SSPs to 
secrete CF more beneficial to a broader range of disease conditions, 
such as the forced induction of anti-inflammatory or prosurvival 
factors.

An ideal biomimetic therapeutic agent is one that is capable of 
capturing the tailored and optimized biological profiles according 
to the requirement of the targeted disease. In the present study, we 
addressed two demands that were determined by the feasibility of 
local injection for the sustained treatment of acute HI and systemic 
delivery for the targeted treatment of acute MI. The reasons that 
stem cell delivery is ineffective for these applications include the 
following: (i) The limited delivery efficacy of stem cells remains a 
bottleneck issue in the progression of cellular approaches, owing to 
inevitable entrapment of stem cells within lung tissue following 
systemic administration (10, 11, 19); (ii) direct injection into the 
myocardium is a high-risk procedure, where noninvasive delivery is 
more preferential; and (iii) poor retention of stem cells and their 
low engraftment survival rate within the myocardium limit direct 
cell injection as an option for MI (18). Reconstructed ASSPs with 

cell membrane coatings resolved the above shortfalls of stem cell 
delivery, particularly through the freely adjustable size of ASSPs 
(Figs. 3A and 5A). The use of membrane coatings on particles granted 
the improved potential to stimulate ASSP-resident cell interactions, 
to be camouflaged against rapid blood clearance and to target 
damaged and activated endothelium. For example, ASSP-NPs fused 
with RBC/platelet hybrid membranes significantly improved MI 
heart accumulation, mainly resulting from RBC properties of enhanced 
circulation half-life and platelet-mediated binding to injured 
endothelium through recognition of various surface receptor–ligand 
interactions such as glycoproteins: (GP)VI, GPIV, GPIb, GPIX, GPV, 
and GPIIb/IIIa (18, 43, 44). Thus, the use of various types of cell 
membrane for different types of tailored regenerative treatments is 
an exciting field that warrants further investigation in conjunction 
with future ASSPs and biomaterial development. The therapeutic 
efficacy of these kind of biomimetic artificial cells was similar to the 
engraftment of stem cells themselves (16, 17) and, in some cases, 
improved revascularization, when compared to aMSC treatment, 
especially following engraftment into HI models (Fig. 4). Our versatile 
artificial cell systems offer an expansion to stem cell–based approaches 
by linking material science with regenerative medicine.

MATERIALS AND METHODS
Synthesis and purification of PEG-RGD
A typical synthesis procedure of PEG-RGD was used and was 
described as follows. Briefly, 100 mg of eight-armed PEG-COOH 
(molecular weight, 10,000 JenKem Technology), 23 mg of 1-ethyl-
3-(3′-dimethylaminopropyl)carbodiimide, and 13.8 mg of N-
hydroxysuccinimide were dissolved into 5 ml of dimethylformamide 
(DMF) and stirred overnight in an ice bath. RGD molecules (27.7 mg; 
Shanghai Top-peptide Biotechnology) was then added at a 8:1 molar ratio 
of RGD:PEG-COOH and stirred for an additional 24 hours at room 
temperature. Unreacted RGD and DMF were removed by dialysis 
using CelluSepH1-membrane (molecular weight cutoff, 3500 Da; 
Beijing GENIA Biotechnology) against deionized water for 12 hours. 
PEG-RGD was lyophilized to obtain the final product. The conjuga-
tion efficiency of RGD was analyzed using an elemental analyzer 
(Elementar), and it was demonstrated that two to three RGDs were 
conjugated into each of the eight-armed PEG molecules.

aMSC culture and identification
Adipose tissue, from the peritoneal and inguinal sites, was extracted 
from healthy BALB/c mice (Vital River) of approximately 8 weeks 
of age and was rinsed three times with PBS solution containing 
2% penicillin/streptomycin (Thermo Fisher Scientific). Under sterile 
conditions, adipose tissue was minced and digested with 0.075% type 
I collagenase for 10 min at 37°C. The samples were then neutralized 
with complete medium and centrifuged at 1600 rpm for 5 min. The 
supernatant including floating adipocytes was discarded. The pellet 
containing the aMSC fraction was resuspended and seeded with 
culture medium, which consisted of 80% -modification minimum 
essential medium (Thermo Fisher Scientific), 20% fetal bovine 
serum (Gibco), and 1% penicillin/streptomycin. The aMSCs were 
incubated at 37°C with 5% CO2, and half of the medium was replaced 
every 3 days. After three passages, the aMSCs were harvested for 
identification. Approximately 3 × 105 cells were suspended in PBS 
and incubated with fluorescence-conjugated antibodies [CD29-FITC, 
CD31-FITC, CD34-FITC, CD44–phycoerythrin (PE), CD45-PE, 
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CD73-PE, CD90-PE, CD105-PE, and Sca-1–PE] at 37°C for 1 hour 
(all antibodies were purchased from BioLegend). After two washes 
with PBS, the cells were analyzed by flow cytometry (BD Biosciences). 
For adipogenic and osteogenic differentiation, the cells were cultured 
with adipogenic differentiation medium (Invitrogen) for 2 weeks 
and with osteogenic differentiation medium (Invitrogen) for 3 weeks, 
respectively. After fixation with 4% paraformaldehyde, the cells 
were stained with Oil Red O (Sigma-Aldrich) for 15 min at room 
temperature to assess adipogenic differentiation and with Alizarin 
Red S (Sigma-Aldrich) for 30 min at 37°C to visualize osteogenic 
differentiation, respectively. The cells were washed three times with 
PBS, and the images were captured using light microscopy (Olympus).

Preparation of 3D SSPs and CF
To prepare 3D SSPs, an optimal condition was determined by add-
ing different concentration (0 to 5 mg/ml) of 8-PEG-RGD into the 
culture medium containing aMSCs (5 × 105/ml), corresponding to 
the relative control treatments. The cell suspension was incubated 
using gentle rotational stirring at 37°C for 1 hour. The formation of 
aggregates was observed in the cells treated with 8-PEG-RGD. The 
cell suspension were then plated onto six-well plate containing 
1% agarose gel (Thermo Fisher Scientific) and cultured overnight. 
The medium was subsequently replaced with serum-free medium 
(2 ml per well) and continued to culture for CF collection. The op-
timized concentration of 8-PEG-RGD was determined as 5 mg/ml 
by evaluating the morphology and diameter of the resulting spheroids 
under microscopy observation (fig. S2). To evaluate 3D structure of 
SSPs, the cells involved in SSPs were labeled with CellTracker Probes 
(Thermo Fisher Scientific) for 30 min, followed by 4′,6-diamidino-
2-phenylindole (DAPI; Solarbio) for 15 min. The Z-stack imaging 
of SSPs was performed using confocal laser scanning microscopy 
(Zeiss). 3D structure of SSPs was determined by the reconstructed 
3D images under the corresponding Zeiss software. For the micro-
scopic observation of hypoxia in SSPs, pimonidazole HCl (200 M; 
Hypoxyprobe) was added to the SSPs and incubated for 2 hours 
before cryosection and immunostaining using the Hypoxyprobe-1 
Kit (Hypoxyprobe), following the manufacturer’s instruction. For 
analysis of mRNA expression level of various proangiogenesis factors, 
the samples extracted from aMSCs and 3D SSPs were evaluated by the 
semiquantitative real-time polymerase chain reaction (Eppendorf). 
The sequences of primers for proangiogenic factors assessed are 
listed in table S1.

The same number of aMSCs (5 × 105/ml) was seeded into 2D 
and 3D culture system containing 2 ml of serum-free medium. 
Under serum-free medium culture condition, the cell number was 
monitored over time by cell counting analysis. Given no significant 
difference in cell number (fig. S3), the medium with CF secreted 
from aMSCs or 3D SSPs (i.e., conditioned medium) was collected 
5 days after culture in serum-free medium. The medium was filtered 
through a 0.22-m filter into a sterile centrifuge tube to remove any 
cell debris and contaminants. The protein concentration of the final 
CF from 2D and 3D culture was ~0.35 and ~1.1 mg/ml, respectively. 
Sterile CF was stored at −80°C until further experimentation. The 
resulting CF was analyzed using proteomic technology by the 
service of PTM Biolab Inc. (Hangzhou, China). The differences in 
protein content between 2D-CF and 3D-CF were compared by LC-MS 
proteomic analysis. Differentially expressed proteins were defined 
as those in which the average LFQ intensity for each group exceeded 
a twofold change, with a P value of less than 0.05. For function com-

parison, an unsupervised enrichment analysis between the two groups 
of differentially expressed proteins was examined using the KEGG 
pathway database.

In vitro functional vascularization assays using HUVECs
To assess the impacts of the SSPs on paracrine actions, the migration 
and tube formation capacity of SSPs on HUVECs were analyzed. 
The CF-containing conditioned medium (i.e., CF) of 3D SSPs and 
2D-aMSCs cultures was collected. For HUVEC transwell migration 
assays, 2 × 105 HUVECs were cultured in the upper chamber that 
had 8-m pore size (Corning). The collected conditioned medium 
was directly added into the lower chamber. HUVECs were cultured 
under normal conditions and, with no additional CF treatment, 
were used as controls. After 12-hour incubation time, migrated cells 
were fixed, stained, and counted by ImageJ (National Institutes of 
Health). Tube formation was evaluated by culturing HUVECs in a 
confocal plate coated with Matrigel (BD Biosciences) with the direct 
addition of CF-conditioned medium. After 6-hour incubation time, the 
formed capillary-like structures were stained with FITC-labeled phalloidin 
(Solarbio) and observed using laser confocal scanning microscopy.

Preparation and characterization of ASSP-MPs
CF-loaded PLGA microparticles (ASSP-MPs) were fabricated using 
a water/oil/water (w/o/w) emulsion technique. Briefly, the frozen 
powder of CF was dissolved in 500 l of 0.1% polyvinyl alcohol (PVA) 
as the internal aqueous phase [containing 3D-CF (~1.1 mg/ml)], 
and this was mixed in 6 ml of methylene chloride containing 100 mg 
of PLGA, which was the oil phase. The mixture was then sonicated 
on ice at a steady power of 500 W for 25 s. Next, the primary emulsion 
was immediately introduced into 40 ml of water with PVA to 
produce a w/o/w emulsion. The secondary emulsion was emulsified 
at 1500 rpm for 7 min. The w/o/w emulsion was continuously stirred 
at room temperature for solvent evaporation. The solidified PLGA-
MPs were then centrifuged, washed three times with water, lyo-
philized, and stored at −80°C. The cryopreservation stability was 
determined by analyzing the fresh and postfreezing/thawing samples.

To extract cell membrane, SSPs were collected from a well of 
six-well plate in 10 ml of hypotonic lysing buffer consisting of 1 mM 
NaHCO3, 0.2 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride 
at 4°C. Then, the suspension was sonicated for 20 min to obtain the 
membrane fragments. After centrifugation at 3200g for 5 min at 
4°C, the resulting supernatant was collected and centrifuged again 
at 15,000g for 30 min at 4°C. The isolated membranes were dispersed 
in 100 l of PBS (pH 7.4) at 4°C for subsequent experiments. The 
protein concentration of the membrane sample was ~70 g/ml. 
For cell membrane coating, SSP cell membrane (4.2 g, 60 l) 
was mixed with 2.5 mg of PLGA-MPs and sonicated for 20 min. 
The mixture was centrifuged and washed three times to obtain 
ASSP-MPs. The particle numbers in PBS solution were observed by 
microscopy and calculated by cell-counting method, with ASSP-MPs 
(~8 × 105 particles/mg). The surface morphology of PLGA-MPs 
and ASSP-MPs was observed by scanning electron microscopy 
(Hitachi). In addition, FITC-labeled BSA was loaded into PLGA-
MPs, and cell membranes stained with 1,1’-Dioctadecyl-3,3,3’,3’-
Tetramethylindodicarbocyanine (DiD) (Solarbio) were coated onto 
PLGA-MP surfaces. Subsequently, the resulting samples were visual-
ized under confocal laser scanning microscopy. To characterize 
aMSC, PLGA-MP, and ASSP-MP surface expression of markers, flow 
cytometry analysis was performed. Briefly, the samples were incubated 
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with dye-labeled antibodies (CD29-FITC, CD44-PE, CD73-PE, 
CD90-PE, CD105-PE, and Sca-1–PE) at 37°C for 1 hour. After three 
washes with PBS, each group was analyzed by flow cytometry.

To determine encapsulation efficiency of CF, the particles were 
pelleted by centrifugation, and then the nonencapsulated amount 
of CF in the supernatant was measured using a bicinchoninic acid 
(BCA) protein assay (Solarbio). The encapsulation efficiency was 
calculated according to the following equation

	​ Encapsulation efficiency (%) = ​ (B − A) ─ B   ​ × 100%​	

where A is the amount of CF in the supernatant and B is the theo-
retical loading of CF in the PLGA particles, as calculated from the 
input amount during the preparation.

In vitro release kinetics
For release assays, particles (4 mg/ml) were incubated in 20 ml of 
PBS buffer (pH 7.4) at 37°C under gentle stirring at 150 rpm. At the 
specified time intervals, 100 l of sample was collected and centri-
fuged at 4000 rpm for 5 min, and the same amount of fresh PBS was 
added to replenish the volume. The supernatant was analyzed for 
protein release as determined by BCA protein assay.

The components in the released solution from ASSP-MPs were 
evaluated by standard procedures using ELISA kits (Shanghai 
Enzyme-linked Biotechnology Co. Ltd.). Briefly, the released solution 
was collected from the particles (20 mg/ml) incubated in 5 ml of PBS 
buffer. Samples solution (100 l) was added into precoated 96-well 
plates with primary antibody and incubated for 1 hour. After washing, 
the secondary antibodies (i.e., anti-VEGF, anti-IGF, and anti-EGF 
antibodies) were added for 15-min incubation. The color reactions 
were subsequently performed, and the absorbance value was acquired 
by microplate reader at 450 nm.

Acute HI model
All animal studies were approved by the Animal Ethics Committee 
of Nankai University and followed the Tianjin Committee of Use 
and Care of Laboratory Animals. Male BALB/c nude mice (20 to 25 g, 
8 to 10 weeks old) were used to establish HI models, according to 
our previously described protocols (22). Briefly, mice were anesthe-
tized, and a skin incision was made. The left femoral artery and vein 
were ligated using 6-0 silk, and a cut was made just above the deep 
femoral artery to the popliteal artery and vein.

For evaluation of the survival/retention of aMSCs and ASSP-MPs, 
the luciferase-expressing aMSCs and Cy5-labeled BSA-loaded 
ASSP-MPs were imaged following local administration into ischemic 
tissue in an HI model, respectively. Briefly, 100 l of aMSCs (1 × 106 cells) 
and ASSP-MPs (1 × 106 particles) were injected into ischemic tissue 
after the above surgery procedure, respectively. Following the indi-
cated time points, the fluorescence imaging of ASSP-MPs was directly 
acquired via an in vivo imaging system (IVIS Lumina II Xenogen), 
whereas the imaging of aMSCs was performed after tail vein injected 
with d-luciferin for 15 min. The decayed signal intensity was analyzed 
by comparison with the initial time point.

Following the above surgical procedure, the mice were randomly 
assigned to five groups to receive intramuscular injections with 100 l 
of solution, containing PBS, PLGA-MP-BSA (1 × 106 particles), CF 
(containing the equivalent amount of CF as the ASSP-MP group), 
2D-aMSCs (1 × 106 cells), or ASSP-MPs (1 × 106 particles). Laser 
Doppler imaging (PeriCam PS24 System, Perimed AB) was conducted 

to quantitatively detect the subcutaneous blood flow within hindlimbs 
at the designated time points. The average values of blood perfusion 
were subsequently calculated using the PeriCam PSI System. The 
score of limb salvage, necrosis, and loss in treatment groups was 
also quantified by visual observation following previously method 
(45). Tissue damage in the ischemic limb (limb salvage score) was 
graded as salvage (grade 6), necrosis (grade 2 to grade 5), and loss 
(grade 1). The percentage of salvage, necrosis, and loss for ischemic 
limb was quantified, respectively.

Muscle tissues were harvested from the mice subjected to acute 
HI at the designated time points. Histochemical and histopathological 
staining assays were performed following standard procedures. 
Briefly, apoptosis and angiogenesis of tissues were performed by 
staining of cryosections using TUNEL staining method (Roche) and 
anti–CD31-PE antibody (BioLegend), respectively. Inflammatory 
infiltration of muscle and fibrosis formation was examined by H&E 
and Masson’s trichrome staining, respectively. The images of the stained 
tissues from different treated mice (n ≥ 3, at least five cryosections 
each mouse) were acquired, and image-based quantification analysis 
was performed on ImageJ software. The blood vessel, apoptosis, and 
fibrosis in muscle samples were quantified by evaluation of their 
positive area percentage in the stained muscle tissues. The inflam-
matory infiltration was determined by calculating inflammatory 
cell number/area in the stained tissue.

Preparation of PLGA-NPs
PLGA-NPs were prepared following the below procedure. Briefly, 
the conditioned medium was used as internal aqueous phase 
[containing 3D-CF (~2.2 mg/ml)] and was mixed in 5 ml of methylene 
chloride containing 100 mg of PLGA oil phase. The mixture was 
then sonicated on ice at a steady power of 200 W for 40 s using 
a microtip probe. Next, the primary emulsion was immediately 
introduced into 10 ml of 1% sodium cholate hydrate, emulsified 
under sonication at 200 W for 120 s, and then mixed with 15 ml of 
0.5% sodium cholate hydrate, which resulted in the final PLGA-NP 
emulsion. The emulsion was continuously stirred at room temperature 
for 5 hours for solvent evaporation. The solidified nanoparticles were 
then centrifuged (12,000 rpm for 10 min) and washed with water.

Cell membranes isolation and coating of PLGA-NPs to  
form ASSP-NPs
The membrane from RBCs and platelets were isolated following 
previous procedures (30, 31). Whole blood from C57 mice was 
isolated and centrifuged at 200g for 20 min at 4°C. The platelet rich 
plasma was located in the supernatant, the white blood cells within 
the middle layer and the RBCs were in the bottom layer. Platelets 
were then collected from the platelet rich plasma by centrifugation 
at 800g for 20 min at 4°C, and the resulting pellet was resuspended 
in PBS containing 1 mM EDTA∙2Na. The resulting platelet suspension 
was sonicated for 10 min using a sonicator at a power of 40% to 
obtain the PM fragments. RBC membrane was extracted from the 
bottom layer. Briefly, the bottom layer was centrifuged at 800g for 
5 min at 4°C and washed three times with ice-cold PBS to remove 
the residual plasma and the buffy coat. To remove the intracellular 
contents of RBC, the washed RBC was suspended in water with 1 mM 
EDTA∙2Na in an ice bath overnight and subsequently centrifuged at 
6000g for 10 min. After removing the hemoglobin, the pink pellet 
(i.e., RBC membrane) was collected. The membrane fragments were 
obtained by sonication for 10 min using a sonicator at a power of 40%.
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To coat cell membrane onto PLGA-NPs, RCMs (containing 12.5 g 
of protein) was added to PMs at a membrane protein weight ratio of 1:1; 
this was followed by sonication for 10 min using a water bath sonicator 
and stirring at 37°C for 10 min to facilitate membrane fusion. The mixture 
was added into 1 ml of PLGA-NPs (4 mg/ml) and, subsequently, was 
extruded 20 times through a 400-nm polycarbonate porous membrane 
using an Avanti mini extruder to form the final coated nanoparticles 
(i.e., ASSP-NPs). The encapsulation efficacy of 3D-CF was calculated 
by the same formula as ASSP-MPs. The membrane structures on ASSP-
NPs were observed by TEM (Hitachi) after negative staining of the 
specimen with 1% uranyl acetate. In addition, PLGA-NPs, RCMs, and 
PMs were labeled with FITC, DiD, and 3,3’-Dioctadecyloxacarbocyanine 
(DIO), respectively, for observation with confocal microscopy. 
Nanoparticle size and  potential were measured by dynamic light 
scattering using a Zetasizer (Mastersizer 2000, Malvern).

Acute MI model
The method to induce MI in mice was followed as in our previous 
reports (46). Briefly, female C57 mice were anesthetized (3% isofluorane 
combined with 2% oxygen) without mechanical ventilation. Under 
sterile conditions, a small skin cut was operated over the left chest 
for exposure of the heart, by minimally invasive left thoracotomy. 
The acute MI model was made by permanent ligation of the left 
anterior descending coronary artery. After ligation, the heart was 
immediately put back into the intrathoracic space, and then the skin 
was stitched together with suture. The mice were closely monitored 
until recovery of consciousness.

For imaging of ASSP-NPs accumulation into MI hearts, fluorescent 
dye–loaded ASSP-NPs were first prepared by replacing CF with 
Cy5 dyes (0.02 mg/ml). After 24 hours of acute MI induction, the 
mice subjected to sham and MI received intravenous injections of 
Cy5-loaded ASSP-NPs (40 mg/kg). At the designated time points, 
the hearts and other organs were isolated, and ex vivo imaging was 
acquired using an IVIS Spectrum imaging system (Xenogen). Next, 
hearts were frozen in optimum cutting temperature compound in 
preparation for cryosection. The slices were stained using the nuclear 
stain DAPI and then were observed by confocal microscopy.

For the therapeutic evaluation, the mice were randomly assigned 
in five groups: sham, PBS, 3D-CF (1.2 mg/kg per dose), PLGA-NP-
CF (equivalent amount of CF to the 3D-CF group), and ASSP-NPs 
(containing equivalent amount of 3D-CF). The treatments were admin-
istrated by tail vein injection 24 hours after surgery. The additional 
three doses were injected every 1 week. Heart function was evaluated 
28 days after injection. Cardiac functions were evaluated by trans-
thoracic echocardiography using the VisualSonics Vevo 2100 Imaging 
System (RMV-707B). Hearts were imaged in long-axis views at the 
level of the greatest left ventricular diameter. The cardiac functional 
parameters, including the LVEFs and LVFS, were quantified by the 
imaging system and built-in software (Vevo770 V3.0.0). Next, hearts 
were collected for histological analysis following standard staining 
procedures. Briefly, angiogenesis of tissues was visualized by immuno
staining with anti–CD31-PE antibody. Scar formation of all the hearts 
(n = 5) was examined by Masson’s trichrome staining. Images were 
acquired by light microscopy and image-based analysis related to 
infarct thickness, and scar size was performed on ImageJ software.

Statistical analysis
A two-tailed, unpaired Student’s t test was used to compare between 
any two groups. One-way analysis of variance (ANOVA) was used 

to compare between three or more groups. Differences were consid-
ered statistically significant at P < 0.05. Results were shown as the 
means ± SEM.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaaz8011/DC1

View/request a protocol for this paper from Bio-protocol.
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