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A B S T R A C T

Aims: Naturally secreted extracellular vesicles (EVs) play important roles in stem-mediated cardioprotection. This
study aimed to investigate the cardioprotective function and underlying mechanisms of EVs derived from HIF-1α
engineered mesenchymal stem cells (MSCs) in a rat model of AMI.
Methods and results: EVs isolated from HIF-1α engineered MSCs (HIF-1α-EVs) and control MSCs (NC-EVs) were
prepared. In in vitro experiments, the EVs were incubated with cardiomyocytes and endothelial cells exposed to
hypoxia and serum deprivation (H/SD); in in vivo experiments, the EVs were injected in the acutely infarcted
hearts of Sprague-Dawley rats. Compared with NC-EVs, HIF-1α-EVs significantly inhibited the apoptosis of car-
diomyocytes and enhanced angiogenesis of endothelial cells; meanwhile, HIF-1α-EVs also significantly shrunk
fibrotic area and strengthened cardiac function in infarcted rats. After treatment with EVs/RGD-biotin hydrogels,
we observed longer retention, higher stability in HIF-1α-EVs, and stronger cardiac function in the rats. Quanti-
tative real-time PCR (qRT-PCR) displayed that miRNA-221–3p was highly expressed in HIF-1α-EVs. After miR-
221–3p was inhibited in HIF-1α-EVs, the biological effects of HIF-1α EVs on apoptosis and angiogenesis were
attenuated.
Conclusion: EVs released by MSCs with HIF-1α overexpression can promote the angiogenesis of endothelial cells
and the apoptosis of cardiomyocytes via upregulating the expression of miR-221–3p. RGD hydrogels can enhance
the therapeutic efficacy of HIF-1α engineered MSCs-derived EVs.
1. Introduction

Ischemic heart disease is one of the leading causes of death all over
the world [1]. Apoptosis of myocardial cells are the molecular and
cellular basis of progressive heart failure. The damaged myocardium is
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usually replaced by fibrotic scar tissue due to the negligible regenerative
ability of cardiomyocytes, which will eventually lead to congestive heart
failure [2].

Accumulating evidence shows that mesenchymal stem cells (MSCs)
transplantation can promote tissue repair, regulate immunity and
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promote angiogenesis after myocardial infarction. MSCs function
through releasing paracrine, especially extracellular vesicles (EVs) [3].
EVs are vesicles with a diameter of 50–200 nm, responsible for the
communication between cells and cells [4]. Studies have shown that EVs
derived from different types of stem cells, such as MSCs, embryonic stem
cells, hematopoietic stem cells or induced pluripotent stem cells, have
cardioprotective effects [5]. EVs exhibited similar beneficial effects,
including promoting angiogenesis and inhibiting apoptosis and fibrosis,
as their mother cells [6]. For example, MSCs transplantation can promote
tissue repair, regulate immunity and promote angiogenesis after
myocardial infarction through releasing paracrine, especially EVs [3].
MSCs-derived EVs (MSCs-EVs) can reduce cardiac ischemia-reperfusion
injury and protect heart function in ischemic heart disease [7]. More-
over, MSCs-EVs have been shown to have little side-effects, including
immunogenicity, tumorigenicity and teratoma formation [8]. Therefore,
EVs-based therapy has become one of the most promising strategies to
restore cardiac function after myocardial infarction.

Our previous studies demonstrated that hypoxia-conditioned hMSCs-
derived exosomes protected cardiomyocyte from apoptosis. Moreover,
four weeks after intramyocardial injection of MSCs-EVs, the infarct size
and number of apoptotic cells in the infarct border area were significantly
reduced, and the cardiac function was improved [9]. Hypoxia inducible
factor-1α (HIF-1α) regulates cells' adaptation to hypoxia through acti-
vating a variety of angiogenic factors [10]. HIF-1α-overexpressed exo-
somes could rescue the impaired angiogenic ability, migration, and
proliferation of hypoxia-pretreated HUVECs in vitro and mediate car-
dioprotection by upregulating proangiogenic factors and improving
neovascularization [11]. In this study, we studied the effects of HIF-1α
engineered MSCs-EVs on infarcted heart and analyzed their molecular
mechanism.

However, EVs functions rely on their concentrations, administration
routes, retention and target tissues. EVs injected into the body will be
quickly removed in the body [12]. The application of EVs in tissue repair
is still restricted by its low stability and short retention. This problem can
be overcome by using biomaterials, such as RGD-functionalized hydro-
gels [13]. Gallagher et al. reported the incorporation of the RGD peptide
(arginine-glycine-aspartate, Arg-Gly-Asp) into biomaterials to promote
cell adhesion to the matrix [14]. Zhang et al. also used RGD hydrogels
which bind to integrins on the membrane of EVs to enhance the stability
and retention of MSCs-EVs in kidney repair [12]. However, it is not clear
whether it can be used to load HIF-EVs and be injected into the heart.
Thus, our second hypothesis was to further improve the therapeutic
ability of MSCs-EVs for heart by using RGD peptides.

Overall, the aim of our study was to evaluate whether the combina-
tions of gene engineered MSCs-EVs and RGD peptide hydrogels could
provide a promising therapy for ischemic heart diseases.

2. Methods

2.1. Human umbilical cord MSCs culture and lentiviral transduction

Human umbilical cord MSCs were obtained from healthy donors (n ¼
3, ages 20–25 yrs) and cultured in α-MEM with 10% FBS and 100 U/mL
penicillin-streptomycin (Gibco). MSCs in passages 3–6 were used for
experiments. MSCs were incubated at 37 �C in humidified air with 5%
CO2.

MSCs were transduced with a HIF-1α-overexpressing lentivirus (Ubi-
MCS-3FLAG-SV40-EGFP-IRES-puromycin) or a control lentivirus, named
as HIF-1α-MSCs or NC-MSCs, respectively (Genechem, Shanghai, China).
72 h after transduction, these cells were further confirmed by western
blot analysis and fluorescence microscope.

2.2. Culture of neonatal rat cardiomyocytes and human umbilical vein
endothelial cells

One-day-old (P1) S/D rats were prepared for isolation of primary
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cardiomyocytes. Heart ventricles were removed from neonatal pups,
minced into 1-mm3 pieces, then digested with a solution containing
0.25% trypsin and 0.1% collagenase II. The dissociated cells were pre-
plated at 37 �C for 1.5–2 h. Afterwards, cardiomyocytes were separated
from fibroblasts through differential adhesion, followed by culture with
Dulbecco's modified Eagle's medium (DMEM; Gibco, New York, USA)
containing 5% fetal bovine serum (FBS, Gibco, New York, USA) and 10%
horse serum (HS, Gibco, New York, USA) at 37 �C in 5% CO2 air.

Human umbilical vein endothelial cells (HUVECs) were cultured in
DMEM mixed with 10% FBS, 100 U/mL penicillin, 100 μg/mL strepto-
mycin and 110 mg/mL sodium pyruvate at 37 �C in 5% CO2 air.

2.3. Western blot

The experiments were performed as previously described [9]. Brad-
ford assay (BioRad, CA, USA) was carried out to quantify the protein
concentration. The antibodies used in the experiments including HIF-1α
(Cell Signaling Technology, MA, USA), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Cell Signaling Technology, MA, USA), TSG101
(Proteintech, Chicago, USA), CD63 (Proteintech, Chicago, USA) and
CD81 (Proteintech, Chicago, USA).

2.4. Isolation of EVs

EVs were prepared through differential ultracentrifugation, allowed
to grow in the EV-free medium to a 70–80% confluency for 48 h. Cell
debris was eliminated from the conditioned medium through centrifu-
gation at 300g for 10 min, at 2000g for 10 min, and at 10,000g for 30
min. Then the EVs were filtrated with a 0.22 μm filter and harvested
through ultracentrifugation at 100,000g for 70 min at 4 �C. Having been
washed and resuspended in PBS, the EVs were ultracentrifuged at
100,000g for 2 h to eliminate the contaminated proteins. After this
treatment, the EVs were resuspended in PBS and stored at �80 �C. The
content of protein in the EVs was measured through a BCA protein assay
kit (Promega, WI, USA). The structure of EVs was exhibited by trans-
mission electron microscope (TEM), and their size by nanoparticle
tracking analysis (NTA).

2.5. Internalization of EVs in vitro

The EVs were labeled by DiR (Beyotime, Nanjing, China). The car-
diomyocytes and HUVECs were seeded and co-cultured with DiR-labeled
EVs at different concentrations. After 24 h, the cells were washed with
PBS and observed using IVIS Lumina Imaging Systems. The density of BLI
signals was measured as average radiance from regions of interest (ROIs).

Moreover, the EVs were also labeled by Dil (Beyotime, Nanjing,
China) and co-cultured with receptor cells at 2 time points (2 h and 24 h).
Then the cells were washed with PBS and observed under fluorescence
microscope.

2.6. PI staining

To assess the effects of EVs on the survival of cardiomyocytes, EVs
were co-cultured with cardiomyocytes for 24 h under H/SD condition
and then stained with Hoechest33342 and PI, followed by fluorescence
microscopy to observe the stains of red (PI) and blue (Hoechest33342)
fluorescence.

2.7. Apoptosis assays

Apoptosis was evaluated by TUNEL based on TUNEL Apoptosis
Detection kit (Yisheng, Shanghai, China). Samples were mounted with
mounting medium containing 40, 60-diamidino-2- phenylindole (DAPI).
The stained nuclei were counted with a Zeiss LSM510 METAmicroscope.
The percentage of apoptotic nuclei ¼the total number of TUNEL-stained
nuclei divided/the total number of DAPI-positive nuclei. Apoptosis was
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also evaluated with caspase-3/7 cell apoptosis detection kit (RiboBio,
Guangzhou, China) according to the manufacturer's instructions.
Caspase-3/7 green fluorescence, PI red fluorescence and hoechst33342
blue fluorescence could distinguish apoptotic cells, dead cells and living
cells, respectively [15,16].
2.8. HUVECs tube formation assay

To assess their angiogenic ability of EVs derived from MSCs, HUVECs
were seeded (10,000 cells/well) in 96-well plates coated with growth-
factor reduced Matrigel (BD Biosciences, CA, USA). Having been chal-
lenged with EVs or PBS for 8 h, photos of capillary-like tube formation
were captured. Tube length and number of branches were measured with
ImageJ software.
2.9. Animal experiments

All procedures were approved by the Animal Care and Use Committee
in Nanjing Medical University. Sprague-Dawley rats (male, 8 weeks old)
were subjected to AMI model after left anterior descending (LAD) coro-
nary ligation as previously described [17]. EVs suspended in PBS or RGD
hydrogels was intramyocardially injected into two sites in the border
area of infarcted hearts. Each rat was injected with 50 μg EV (approxi-
mately 3.6 � 107 Particles per rat). Rats were euthanized by adminis-
tration of pentobarbital at day 3 or day 28 after MI.
2.10. Echocardiography studies

At 28 days after EVs therapy, cardiac function was evaluated through
transthoracic echocardiography (Ultramark 9; Soma Technology,
Bloomfield, CT, USA) with broadband probe (MX 2505; frequency,
14–28 MHz), and dimensions calculated using Vevo 3100 software. Left
ventricular end-diastolic dimension (LVEDD) and left ventricular end-
systolic dimension (LVESD) were measured in at least three consecu-
tive cardiac cycles. Left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFS) were used to evaluate the sys-
tolic function of the hearts. LVEF was calculated as [(LVEDD)3-
(LVESD)3]/(LVEDD)3] � 100% and LVFS was calculated as [(LVEDD-
LVESD)/LVEDD] � 100%.
2.11. Masson's trichrome and Haematoxylin-Eosin staining

Paraffin-embedded slides were stained by Masson's trichrome.
Infarcted area was measured as the percentage of fibrotic area in the total
left ventricular area. The thickness of infarcted cardiac wall was calcu-
lated as the mean of three equidistant measurements on each section.
Fluorescence microscopy (Leica Microsystems, Wetzlar, Germany) was
used to catch images and ImageJ software (NIH) to analyze them. The
inflammation was degreed using Haematoxylin-Eosin (HE) staining.
2.12. Tissue apoptosis analysis

Apoptosis was assessed with TUNEL assay (Thermo Fisher Scientific,
Waltham, USA) in vivo according to related instructions.
2.13. Immunofluorescence

Immunostaining was performed with the primary antibodies
including anti–α-sarcomeric actin (Sigma Aldrich, MO, US); anti–α-
smooth muscle actin (Abcam, Cambridge, United Kingdom); anti-CD31
(Abcam, Cambridge, United Kingdom); anti-connexin43 (Cell Signaling
Technology, MA, USA); wheat germ agglutinin (Thermo Fisher Scientific,
Waltham, USA). DAPI was used for nuclear counterstaining.
3

2.14. Injectable hydrogels

Biotin-GFFYGRGDwas synthesized by Xi'an Qiyue Biotechnology Co.,
Ltd. The amino acids in the sequence were connected from right to left
according to its molecular formula [12] using 2-chlorotrityl chloride
resin as the carrier. After coupling, the resin was washed off, the poly-
peptide was extracted, and purified by high performance liquid chro-
matography (HPLC). The collected samples were identified by mass
spectrometry (MS). Finally, the purified solution was lyophilized as white
powder. The collected samples were stored at �20 �C for subsequent
experiments.

In the mixture of Biotin-GFFYGRGD (1.14 mg) with PBS buffer (1
mL), and the pH value was adjusted to 7.4 by adding 2 μL of 1 M Na2CO3.
Next, the compound in the suspension was completely dissolved at 95 �C,
then cooled (as low as room temperature) till hydrogels formed. EVs were
added to RGD-biotin hydrogels at mass ratios of 1:1 in animal experi-
ments. Biotin-GFFYGRGD was observed under scanning electron micro-
scope (SEM).

2.15. In vivo tracking of EVs

In vivo, rats were LAD-ligated. EVs were stained with DiR, encapsu-
lated in RGD hydrogels (EV/RGD-biotin), intramyocardially injected into
two sites in the border area of infarcted hearts, and tracked by Gluc
signals (IVIS Lumina Imaging Systems, Xenogen Corporation) at the
indicated time points. The signal density of bioluminescence imaging
(BLI) was measured from ROIs.

2.16. Real-time PCR

Quantitative real-time PCR was performed as previous described [9].
RNA was extracted using Trizol reagent (Life Technologies, Carlsbad,
USA). cDNA was synthesized with miRNA First-Strand cDNA Synthesis
Kit (by stem-loop) (Vazyme Biotech, Nanjing, China). Stem-loop
qRT-PCR was accomplished with a FastStart Essential DNA Green Mas-
ter (Roche, CA, USA). The cellular expression of HIF-1α mRNA was
normalized to that of GAPDH. The exosomal level of miR-221–3p was
normalized to that of cel-miR-39 (C39) and calculated with the equation
“relative gene expression¼ 2� (ΔCt sample – ΔCt control)

”. The primers are
listed in Supplementary Table 1.

2.17. MicroRNA-inhibitor transfection

HIF-1α engineered MSCs were allowed to grow to 70%–80% conflu-
ence, then transfected with synthetic miR-221–3p inhibitor or negative
control (RiboBio, Guangzhou, China) on the system of Lipofectamine
2000 (Invitrogen, NY, USA). After a 6-h transfection, the cells were added
into EV-free FBS containing α-MEM and kept for 48 h. The conditioned
medium was collected and EVs isolated as HIF-1α-EV-InhibitormiR�221

and HIF-1α-EV-InhibitorNC.

2.18. Statistical analyses

The data were presented as mean � SEM. The quantification was
performed and graphs generated using GraphPad Prism 7 (La Jolla, CA,
USA). One-way ANOVA was implemented for comparison among mul-
tiple groups and t-test for comparison between two groups. P < 0.05 was
considered statistically significant.

3. Results

3.1. Characterization of EVs derived from HIF-1α-MSCs

To verify the efficiency of lentiviral modification, green fluorescence
was observed in both HIF-1α-MSCs or NC-MSCs (Fig. 1A). It is indicated
that mRNA levels of HIF-1α was elevated in HIF-1α-MSCs compared with



Fig. 1. Lentiviral transduction, isolation and characterization of MSCs derived EVs. (A) Successful lentiviral transduction was confirmed by positive fluorescence
signal under microscope. Scale bar ¼ 100 μm n¼ 3 for each group. (B) Western blot images showed HIF-1α protein levels in HIF-1α-MSCs and NC-MSCs groups. n¼ 3
for each group. (C) EVs were isolated from HIF-1α-MSCs and NC-MSCs groups using a standard protocol of serial, differential centrifugation and ultracentrifugation
methods. (D) TEM images of EVs derived from HIF-1α-MSCs and NC-MSCs. n¼ 3 for each group. Scale bar ¼ 100 nm (E) The exosomal protein markers of TSG101,
CD63, and CD81 in EVs isolated from HIF-1α-MSCs and NC-MSCs. n¼ 3 for each group. (F) The particle size distribution and particle concentration were analyzed by
nanoparticle tracking analysis. n¼ 3 for each group. Continuous variables were described by means � SEM. **P < 0.01.
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NC-MSCs (Supplementary Figure 1). Western blot showed that HIF-1α
protein level significantly increased in HIF-1α-MSCs than in NC-MSCs
(Fig. 1B). EVs were then isolated from HIF-1α-MSCs and NC-MSCs by
differential centrifugation (Fig. 1C). TEM showed that the EVs from HIF-
1α-EVs and NC-EVs had a shape of cup and a size of about 100 nm
(Fig. 1D). Specific exosomal markers (TSG101, CD81 and CD63) showed
positivity in HIF-1α-EVs and NC-EVs (Fig. 1E). The size and concentration
of EVs were showed no between-group difference (Fig. 1F).

EVs were tracked in vitro after being labeled with DiR and co-cultured
with cardiomyocytes and HUVECs at different concentrations. After 24 h,
the calibration curves (Fig. 2A and B) presented a linear correlation be-
tween EVs level and fluorescent density.

Having been labeled with Dil (10 μmol/L, 1 μL) for 24 h, the EVs were
4

co-cultured with cardiomyocytes and HUVECs for 6 h and HUVECs for
24 h under H/SD. As shown by confocal images, cardiomyocytes and
HUVECs took up labeled EVs in a time dependent manner (Fig. 2C and
D).
3.2. Biofunctions of HIF-1α-EVs

To explore whether HIF-1α in MSCs regulates the biological functions
of EVs, the cytoprotective and proangiogenic effects of HIF-1α-EVs were
evaluated. HIF-1α-EVs and NC-EVs prevented apoptosis in car-
diomyocytes under H/SD condition (Fig. 3A and Fig. 3D). HIF-1α-EVs
and NC-EVs groups also exhibited weakened caspase3 and caspase7 ac-
tivity in cardiomyocytes (Fig. 3B and E). The percentages of viable cells



Fig. 2. EVs isolated from MSCs could be absorbed by cardiomyocytes and endothelial cells in vitro. (A and B) DiR-labeled EVs with various concentrations was
co-cultured with cardiomyocytes and internalization of EVs was detected. (C) Confocal images showed that red fluorescence of dye Dil labeled EVs were endocytosed
by HUVECs and cardiomyocytes 6 h and 24 h after incubation. Scale bar ¼ 50 μm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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in the HIF-1α-EVs and NC-EVs groups were significantly higher than that
in the control group (Fig. 3C). Cardiomyocytes treated with HIF-1α-EVs
and NC-EVs exhibited lower TUNEL-positive signals than the control cells
(Fig. 3F and G). Next, the angiogenic ability of HUVECs was evaluated
according to the status of microvessels, and more tubular structures
developed in HUVECs as treated with HIF-1α-EVs or NC-EVs (Fig. 3H and
I). Altogether, HIF-1α-EVs exhibited evident anti-apoptosis effects on
cardiomyocytes and proangiogenic effects on HUVECs in vitro.
3.3. HIF-1α-EVs protected cardiac function in a rat MI model

HIF-1α-EVs, NC-EVs or PBS (AMI control group) were intra-
myocardially injected into the border of infarcted hearts at post-MI 30
min. Distribution of Dil-labeled HIF-1α-EVs (EVs-Dil) in infarcted hearts
was observed on post-MI Day 3. The area with positive EVs-Dil increased
in the myocardium (Fig. 4A). In addition, HIF-1α-EVs were superior to
NC-EVs in improving systolic function (Fig. 4B). On post-MI Day 28, the
HIF-1α-EVs and NC-EVs groups showed significant enhancement in LVEF
and LVFS, compared to the PBS group (Fig. 4C and D). Echocardiographic
parameters between the three groups are listed in Supplementary
Table 2. Furthermore, we observed lower level of inflammatory infil-
tration in the HIF-1α-EVs group than in other groups (Fig. 4E). Histo-
logical analysis exhibited smaller scars in HIF-1α-EVs group than in PBS
and NC-EVs groups (Fig. 4F and G). In addition, HIF-1α-EVs inhibited the
5

elevation of IL-6 in the peri-infarct region (Fig. 4H). These results sug-
gested that HIF-1α overexpression in MSCs enhanced the protective ef-
fects of MSCs-derived EVs on infarcted hearts.

3.4. HIF-1α-EVs promoted the survival and angiogenesis in cardiomyocytes

According to TUNEL results at post-MI 4 weeks, the number of
apoptotic cells was lowered in the myocardial boarder zone after EVs
treatment, compared to that after PBS treatment. The number of TUNEL
positive cells was the lowest in the HIF-1α-EVs group (Fig. 5A and
Fig. 5B). As demonstrated by immunofluorescence at 4 weeks after
infarction, arteriole density was higher in the HIF-1α-EVs group than in
NC-EVs and PBS groups (Fig. 5C and D). Capillary density showed similar
changes (Fig. 5C and E). Conx43 expression decreased in HIF-1α-EVs
group (Fig. 5F). HIF-1α-EVs played their reparative role through
enhancing the angiogenesis and increasing cell survival.

3.5. EVs/RGD-biotin hydrogels increased the retention and stability of HIF-
1α-EVs and improved cardiac function

RGD-biotin molecules were generated through covalently attaching
Biotin-GFFYG (Fig. 6A). HPLC analysis showed that the purity of the
samples obtained was more than 95% (Supplementary Figure 2). The
RGD-biotin hydrogels were identified by mass spectrometry (MS). The



Fig. 3. HIF-1α-EVs exhibited an anti-apoptosis effect in cardiomyocytes and a pro-angiogenesis effect in HUVECs in vitro. (A) Hoechest33342/PI double
staining was used to observe the survival of cardiomyocytes treated with PBS, MSCs-EVs or HIF-1α-EVs under H/SD condition. Scale bar ¼ 100 μm. (B) Caspase3/
caspase7 activity of cardiomyocytes treated with PBS, MSCs-EVs or HIF-1α-EVs under H/SD condition. Scale bar ¼ 100 μm. (C) HIF-1α EVs improved cell viability of
cardiomyocytes under H/SD condition. (D) Quantitative analysis of viable cells treated with PBS or EVs. (E) Quantitative analysis of caspase3/caspase7 positive cells
between the three groups. (F) Quantitative analysis of TUNEL-positive cells between the three groups. (G) Representative photographs showing the TUNEL-positive
cells in cardiomyocytes among the different groups. Green, TUNEL-positive nuclei; red, α-actin; blue, DAPI-stained nuclei. Scale bar ¼ 100 μm. (H) Representative
images showing tube formation in HUVECs treated with PBS, MSCs-EVs or HIF-1α-EVs. Scale bar ¼ 100 μm. (I) Quantification of tube length in each group. Continuous
variables were described by means � SEM. *P< 0.05, **P< 0.01, ****P< 0.0001 vs. PBS group; #P< 0.05, ##P< 0.01 vs. NC-EVs group; NS, not significant. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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characteristic molecular weight of 1144.686 in MS analysis, indicated
that the compound biotin-GFFYGRGD was successfully synthesized
(Supplementary Figure 3). In order to further explore whether the
addition of EVs had an impact on the mechanical properties of hydro-
gels, rheological tests were performed on hydrogels with different mass
ratios (1:1, 2:1) of EVs. Rheological results showed that when the mass
6

ratio of EVs to hydrogels was 2:1, the mechanical properties of hydro-
gels would be weakened (Supplementary Figure 4). SEM images of the
RGD hydrogels exhibited disarranged nanofibers formed by RGD-biotin
molecules (Fig. 6B). The biotin-GFFYGRGD was completely dissolved at
95 �C, till the formation of RGD hydrogels as it gradually fell to the
room temperature (Fig. 6C). We also compared the properties of RGD



Fig. 4. HIF-1α-EVs effectively preserved cardiac function in a rat MI model. (A) Dil-labeled exosomes were injected into the infarcted heart of rats for 6 h.
Representative images of post-MI heart sections stained with Dil-labeled Exo (red), α-actin (green), and DAPI (blue). Scale bar ¼ 50 μm (B) Representative echo-
cardiogram of rat heart in different groups at 28 days post-MI. (C and D) Significantly enhanced LVEF and LVFS in rats transplanted with MSCs-EVs and HIF-1α-EVs
compared with control groups. (E) HE staining at the border zone on Day 28 after MI. (F) Masson Trichrome staining at the border zone on Day 28 after MI. (G)
Quantitative data for the fibrotic area. (H) Quantification of IL-6 expression level in the infarct border zone of rat heats. Continuous variables were described by means
� SEM. n¼5–6 for each group. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 vs. PBS group; #P< 0.05, ##P< 0.01 vs. NC-EVs group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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hydrogels with those of biotin hydrogels without the integrin-targeting
tripeptide RGD. Next, EVs and EVs adhered to RGD hydrogels (EV/RGD-
biotin) were injected in the AMI rat model (Fig. 6D). The stability of
injective EVs was then assessed. The fate of EVs in vivo was traced by
bioluminescence imaging. 14 days after injection, the signal could still
be detected in HIF-1α-EVs RGD-Biotin group and NC-EVs RGD-Biotin
group. However, little fluorescence signal was detected in the naked
EVs group 14 days after injection (Fig. 6E and F). These results indi-
cated that EVs/RGD-biotin hydrogels increased the retention and sta-
bility of EVs.
7

At post-AMI Day 28, LVEF and LVFS increased in the presence of RGD-
Biotin in HIF-1α-EVs group (Fig. 7A–C). Echocardiographic parameters
between the two groups are listed in Supplementary Table 3. The infil-
tration of inflammatory cells reduced in the presence of RGD-Biotin in
HIF-1α-EVs group. Masson's trichrome staining also showed the attenu-
ation in cardiac fibrosis (Fig. 7D and E). These results showed that EVs/
RGD-biotin hydrogels exert stronger cardiac function protection
compared to EVs alone.



Fig. 5. HIF-1α-EVs inhibited apoptosis and promoted angiogenesis in a rat MI model. (A)TUNEL staining at the border zone on Day 28 post-MI with TUNEL-
positive cells. Red, TUNEL-positive nuclei; Green, α-actin; blue, DAPI-stained nuclei. Scale bar ¼ 50 μm (B) Quantification of TUNEL-positive cells in each group. (C)
Neovascularization at the border zone on Day 28 post-MI was identified by staining with a-SMA (red) and CD31 (green) and nuclei (blue). Scale bar ¼ 50 μm (D and E)
Quantification of a-SMA-positive cells, CD31-positive cells among different groups. (F) Border zone sections obtained 4 weeks after MI were immunofluorescent
stained for Con43 expression. Red, Conx43; Green, α-actin; blue, DAPI-stained nuclei. Continuous variables were described by means � SEM. n¼5–6 for each group.
*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 vs. PBS group; #P< 0.05, ##P< 0.01 vs. NC-EVs group. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Q. Wang et al. Materials Today Bio 12 (2021) 100171
3.6. Inhibition of miR-221–3p countered the effects of EVs on apoptosis
and angiogenesis

To explore the molecular mechanisms of HIF-1α-EVs, we then
assessed the mRNA and protein expression in HIF-1α-EVs. We found that
there were no significant differences in mRNA and protein expression
between NC-EVs and HIF-1α-EVs (Supplementary Figure 5). We hy-
pothesized that overexpression of HIF-1α in MSCs altered the ingredient
of MSCs derived EVs, and therefore mediating its cardiac repair effects. It
is indicated in a study that miR-221 were upregulated in exosomes
derived from HIF-1α-MSCs [18]. We then evaluated the miR-221
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expression in HIF-1α-EVs. As shown by qRT-PCR experiments (Fig. 8A),
miRNA-221–3p was overexpressed in HIF-1α-EVs. To identify the
responsible signaling pathways, miR-221–3p inhibitor and miR-221–3p
inhibitor NC were transfected into HIF-1α-MSCs. Subsequently,
HIF-1α-EVs-inhibitormiR�221 and HIF-1α-EVs-inhibitorNC were incubated
with cardiomyocytes and HUVECs under H/SD condition (Fig. 8B). The
number of apoptotic cells and the activity of caspase 3/7 rose in
HIF-1α-EVs-inhibitormiR�221 group, compared with those in
HIF-1α-EVs-inhibitorNC group (Fig. 8C–F). HIF-1α-EVs-inhibitormiR�221

curbed the construction of endothelial network compared with
HIF-1α-EVs-inhibitorNC, as shown by the data of endothelial tube length



Fig. 6. EVs/RGD-biotin hydrogels enhanced the retention and stability of HIF-1α-EVs. (A) Chemical structure of the RGD-biotin molecule. (B) SEM image of
RGD-biotin hydrogel revealed the formation of entangled nanofibers formed by the RGD-biotin molecule. (C) Biotin-GFFYGRGD was dissolved in PBS. After that, the
suspension was heated to about 95 �C in order to dissolve the compound completely, and hydrogels formed after cooling back to room temperature. (D) EVs were
incorporated in Biotin-GFFYGRGD and then injected into infarcted rat hearts. (E) The fate of EVs in vivo was tracked by bioluminescence imaging. Representative
images are from rats receiving EVs incorporated in RGD hydrogels (EV/RGD-biotin) and naked EVs. (F) Quantification of bioluminescence imaging after injection.
Continuous variables were described by means � SEM. n¼3 for each group.
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and branching points (Fig. 8G and H). Together, miR-221–3p inhibited
the apoptosis of cardiomyocytes and boosted the angiogenesis in
HUVECs. The pharmacological effects of HIF-1α-EVs were at least partly
induced by miR-221–3p.

4. Discussion

We have previously demonstrated that exosomes derived from human
umbilical cord blood MSCs can inhibit the apoptosis of cardiomyocytes
under H/SD condition [9]. HIF-1α, always upregulated under hypoxic
condition, can mediate cellular adaptation to hypoxia and trigger
9

angiogenesis [19,20]. In the present study, we found that EVs derived
from HIF-1α engineered MSCs can exert anti-apoptotic and angiogenic
effects in a rat model of AMI. Moreover, we boosted the cardiac repair
effects of EVs derived from HIF-1α engineered MSCs using a biocom-
patible and EVs-conjugating RGD hydrogel. Mechanistically, we identi-
fied miR-221–3p as a mediator in EVs of HIF-1α engineered MSCs
(Fig. 9).

MSCs may serve as therapeutic agents for ischemia-related diseases
[21–24]. In the present study, human umbilical cord MSCs were used for
cell culture and EVs isolation. MSCs canmainly extracted from four tissue
sources: bonemarrow, umbilical cord, fat and amniotic membrane. There



Fig. 7. EVs/RGD-biotin hydrogels improved Cardiac function after AMI. (A) Representative echocardiogram of rat heart between HIF-1α-EVs group and HIF-1α-
EVs RGD-Biotin group at 28 days post-MI. (B and C) Significantly enhanced LVEF and LVFS in rats transplanted with MSCs-EVs and HIF-1α-EVs compared with control
groups. (D) HE staining and Masson Trichrome staining at the border zone on Day 28 after MI. (E) Quantitative data for the fibrotic area. Continuous variables were
described by means � SEM. n¼4–6 for each group. *P< 0.05, **P< 0.01.
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are four main reasons that we chose umbilical cord for MSCs extraction:
1) The MSCs abundance of in umbilical cord was the highest among the
four. 2) Umbilical cord MSCs and amniotic MSCs had better cell prolif-
eration ability compared with the rest two sources. 3) Compared with
bone marrow MSCs, MSCs from umbilical cord, amniotic membrane and
fat had better performance in immunomodulatory ability. 4) Umbilical
cord, amniotic membrane and fat can be obtained easily and therefore
were suitable for cell therapy and EVs therapy. As MSCs from different
sources may show functional heterogeneity, we must be cautious about
the results and conclusions of current study [25]. The cardiac benefits of
MSCs come through their paracrine of EVs, soluble proteins, etc [26,27].
Exosomal secretion involves various environmental factors [28]. Under
hypoxia, more exosomes are secreted, and HIF-1α may mediate this
process [29]. In this study, we found that EVs secreted by MSCs with
overexpressed HIF-1α exhibited angiogenic and anti-apoptotic function.
The mechanism remains unclear; however, several strains of molecules
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may be responsible, including Rab proteins, SNARE complex, and
ceramides [30]. HIF-1α interacts with Rab22A in the development of
microvesicles, shedding light into the nature of HIF-1α-mediated secre-
tion [31].

To explore the function of HIF-1α MSCs derived EVs on ischemic
hearts, we co-cultured EVs with HUVECs and cardiomyocytes. We found
that EVs could be absorbed by both HUVECs and cardiomyocytes. As
compared with MSCs-EVs, HIF-1α-EVs facilitated the development of
tube-like structures and prolongated the survival of cardiomyocytes. In
the rat AMI model, HIF-1α-EVs quickened the recovery of cardiac func-
tions, reduced infarcted size and inhibited cardiomyocyte apoptosis, as
compared to MSCs-EVs. In addition, HIF-1α-EVs stimulated angiogenesis
in the peri-infarct region.

The low stability and short retention have restricted the reparative
abilities of MSCs-EVs. Regarding that RGD peptides are highly attachable
to integrins rich on the surface of EVs [32–34], we used RGD hydrogels to



Fig. 8. Inhibition of miR-221-3p Reversed the Protective Effects of EVs on Apoptosis and Angiogenesis. (A) Expression values for miR-221–3p in MSCs-EVs and
HIF-1α-EVs by qRT-PCR. (B) Experimental design. To inhibit miR-221–3p in HIF-1α-EVs. HIF-1α-EVs-inhibitormiR�221 and HIF-1α-EVs-inhibitorNC were incubated with
cardiomyocytes or HUVECs under H/SD condition. (C and D) TUNEL staining at the border zone 4 weeks after MI, and quantification analysis of percentage of
apoptotic cardiomyocytes between two groups. Scale bar ¼ 100 μm (E–F) Caspase3/caspase7 activity and quantification analysis in cardiomyocytes treated with HIF-
1α-EVs-inhibitormiR�221 and HIF-1α-EVs-inhibitorNC under H/SD condition. Scale bar ¼ 100 μm (G) Representative images showing tube formation in HUVECs treated
with HIF-1α-EVs-inhibitormiR�221 and HIF-1α-EVs-inhibitorNC. Scale bar ¼ 100 μm (H) Quantification of tube length in each group. Continuous variables and cate-
gorical variables were described by means � SEM and percentages. n¼6 for each group. *P<0.05; **P < 0.01; ***P < 0.001.
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load HIF-1α-EVs, thus enhancing their retention in the rats' hearts and
improving therapeutic effects of HIF-1α-EVs. Biotin serves as a hydro-
genator with biocompatibility and close interactions with cell receptors,
including proteins on EV membranes [35]. Therefore, biotin can increase
the stability and retention of EVs. In this study, biotin-GFFYG was
covalently attached to the N-terminal of RGD to make RGD-biotin mol-
ecules (biotin-GFFYGRGD). The EVs/RGD-biotin hydrogels fortified the
cardiac function after AMI.
11
The combined application of bioactive nanomaterials and EVs shed a
light for ischemic heart diseases. A variety of other biomaterials are also
reported for EVs delivery and heart regeneration application [36], such
as Self-assembling peptides [37], growth hormone releasing peptides
[38], gelatin [39] and so on. However, there are still some bottlenecks
that need to be solved. For example, 1) How to keep more EVs in the
heart tissue after injection, so as to maximize the therapeutic effects; 2)
Can bioactive materials load more EVs; 3) Some bioactive materials may



Fig. 9. Schematic of the working hypothesis. EVs released by MSCs with stabilized overexpression of HIF-1α contribute to angiogenesis and anti-apoptosis in part
via enhanced expression of miR-221–3p. RGD hydrogels increased the therapeutic efficacy of HIF-1α engineered MSCs-derived EVs at a functional, histopathological
and molecular level.
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have adverse effects on cell proliferation; 4) Can bioactive materials safe
enough for body. Some materials may have adverse effects on kidney or
liver function. And such questions need to be solved in future studies.

It is indicated in a study that several miRNAs (including miR-15, miR-
16, miR-17, miR-31, miR-126, miR-145, miR-221, miR-222, miR320a,
and miR-424) were upregulated in exosomes derived from HIF-1α-MSCs
by qRT-PCR analysis [18]. And among these miRNAs, some have been
reported to be related to angiogenesis [40–42]. We also found that
miR-221 exerted an anti-apoptic effects in cardiomyocytes [43]. Another
study has verified the pro-survival effects of miR-221 in a cocktail of
three miRNAmimics, on the engrafted stem cells. Therefore, we detected
the expression level of miR-221 in HIF-1α-MSCs and EVs derived from
HIF-1α-MSCs. However, the mechanisms remain underlying. A study has
proved that miR-221 targets PUMA to protect cardiomyocytes [44].
Another study showed that overexpression of miR-221 represses auto-
phagy through targeting the p27/mTOR pathway [45]. In our previous
study, we have found that miR-221 expression level is higher in young
MSCs than it in aged MSCs and therefore exosomes from young MSCs
exerted a better cardioprotection effects via PTEN/akt pathway [46].
However, other molecules in HIF1α-EVs may also exert cardioprotective
effects, which should be explored in future studies.

During post-MI cardiac repair, tissue regeneration is a key step.
Combination of HIF-1α-EVs with cardiomyocyte inducible stem cells, or
EVs with cell fate reprogramming factors, is expected to achieve this goal.
Moreover, the efficacy and safety of RGD-biotin hydrogels should be
validated with preclinical studies.

5. Conclusion

EVs released by MSCs with stabilized overexpression of HIF-1α can
exert angiogenic and anti-apoptotic effects through increasing the
expression of miR-221–3p. RGD hydrogels can strengthen the thera-
peutic efficacy of HIF-1α engineered MSCs-derived EVs on functional,
histopathological and molecular levels.
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