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ARTICLE INFO ABSTRACT

Keywords: Currently, stem cell transplantations in cardiac repair are limited owing to disadvantages, such as immunological
Artificial stem cells rejection and poor cell viability. Although direct injection of exosomes can have a curative effect similar to that
Exosomes

of stem cell transplantation, high clearance hinders its application in clinical practice. Previous reports suggested
that induction of coronary collateralization can be a desired method of adjunctive therapy for someone who had
missed the optimal operation time to attenuate myocardial ischemia. In this study, to mimic the paracrine and
biological activity of stem cells, we developed artificial stem cells that can continuously release Tf4-exosomes
(Tp4-ASCs) by encapsulating specific exosomes within microspheres using microfluidics technology. The results
show that Tp4-ASCs can greatly promote coronary collateralization in the periphery of the myocardial infarcted
area, and its therapeutic effect is superior to that of directly injecting the exosomes. In addition, to better un-
derstand how it works, we demonstrated that the TB4-ASC-derived exosomes can enhance the angiogenic ca-
pacity of coronary endothelial cells (CAECs) via the miR-17-5p/PHD3/Hif-1a pathway. In brief, as artificial stem
cells, TB4-ASCs can constantly release functional exosomes and stimulate the formation of collateral circulation
after myocardial infarction, providing a feasible and alternative method for clinical revascularization.

Myocardial infarction
Coronary collateralization

1. Introduction

Myocardial infarction (MI) is a focal necrosis caused by prolonged
myocardial ischemia and hypoxia due to coronary obstruction that
breaks off the bloodstream [1]. Timely percutaneous coronary inter-
vention (PCI) can remove obstacles from the infarct-related artery,
restore local myocardial blood perfusion and reduce the accumulation of
harmful metabolites; thereby alleviating cardiomyocyte injury [2,3].
However, due to lack of medical equipment, limited surgical indications,
and/or delay in consultation, some patients with MI miss the optimal
PCI therapeutic time window, which is closely correlated with prog-
nosis. Effective establishment of collateral circulation after MI can
promote the recovery of heart function and shorten hospital stay as well

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.

** Corresponding author.

*** Corresponding author.

as reduce the incidence of heart failure and death after PCI treatment
[4]. At this point, it has attracted great efforts to improve collateral
circulation to ameliorate the cardiac function of patients with MI.
Various methods for stimulating angiogenesis and improving coro-
nary collateral circulation, such as stem cell transplantation, biological
induction agents, and tissue engineering have been explored in recent
years [5-7]. Although the above-mentioned heart regeneration strate-
gies have achieved some success, some problems still exist in clinical
practice. For example, immunological rejection, short residence time, or
poor cell viability after stem cell transplantation, may greatly hinder its
application [8,9]. Moreover, the injection of biological induction agents
can cause pathological angiogenesis and allergic reactions [10]. A single
delivery of cytokines has also been tested for cardiac therapeutic effects
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in clinical trials. Thymosin p4 (Tp4), a key pro-angiogenic factor, can
induce epicardial ancestor cells to differentiate into endothelial cells,
improving the formation of new blood vessels [11,12]. A single infusion
of intramyocardial Tp4 can reduce tissue damage and improve cor-onary
collateralization after MI [13,14]. However, this approach cannot ach-
ieve the desired effect because of its inability to deliver nucleic acid
molecules and proteins to target cells for angiogenesis.

Recently, genetically modified stem cell-derived exosomes have been
receiving increasing attention in the biomedical field because of their
unique advantages in stimulating angiogenesis [15]. Such engineered
exosomes can regulate the gene expression of angiogenesis-related
pathways in target organs by delivering bioactive substances, such as
microRNAs (miRNAs) [16-18]. This regulation has a positive effect on
the state and function of endothelial cells, in terms of cell viability,
migration, and tube formation capacity, which can enhance angiogen-
esis in the infarction zone [19]. Thus, there are grounds to believe that
Tp4 gene-transfected mesenchymal stem cell-derived exosomes
(TB4-EXO) can promote coronary collateralization and have great
application prospects in cardiac repair. In addition, due to high inci-
dence of cardiovascular diseases, there is an urgent need to improve
continuous transmission of exosomes to cardiomyocytes. However, to
significantly promote angiogenesis with the help of exosomes is chal-
lenging because of poor retention in the myocardial infarcted area.
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Encapsulating exosomes within hydrogels, that can be easily injected
because of their low viscosity, might be a good way to achieve sustained
release [20,21]. However, the release rate of exosomes in this way is
usually rapid and uncontrollable, and hence, cannot meet the re-
quirements of continuous administration. Hydrogels with high viscosity
might show higher retention of exosomes, but it would be rather difficult
to inject them. Therefore, searching for another drug supporter that can
achieve the purpose of sustained release of exosomes is essential. Mi-
crospheres produced by microfluidic technology have aroused great
interest for their multiscale structures, functional characteristics, and
injectable capability [22,23]. They have been widely used to deliver
drugs, growth factors, and nanophase materials in the medical field [22,
24]. What’s more, a previous report showed that monodisperse micro-
spheres can continuously release kartogenin over five weeks to repair
articular cartilage degeneration, which may make it an ideal exosome
carrier [25].

In this study, we attempted to fabricate injectable Tp4-exosome-
releasing artificial stem cells (Tp4-ASCs) using microfluidics technology
to integrate photo-cross-linkable gelatin methacryloyl (GelMA)/poly-
ethylene (glycol) diacrylate (PEGDA) matrix with Tp4-EXO (Fig. 1). Tp4-
ASCs can continuously release Tp4-EXO in the infarcted area for treat-
ment, which are attributed to the sustained release capacity of the mi-
crospheres. In addition, such artificial stem cells can greatly reduce the

TB4-ASCS TB4-MSCs
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Fig. 1. Schematic diagram illustrating the assembly of engineered artificial stem cells (Tp4-ASCs) and cardioprotective effect for their sustained release of Tf4-

exosomes in myocardial infarcted area.
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risk of tumorigenesis and immunogenicity associated with the trans-
plantation of stem cells. Although there are many studies on how exo-
somes work, their mechanisms remain unclear. Some studies have
shown that the hif-la signaling pathway plays an important role in
coronary collateralization [26,27]. Based on this, we speculated that the
therapeutic effects of Tp4-EXO may have an intimate connection with
that signaling pathway. Collectively, functional artificial stem cells,
called TP4-ASCs, which can repair ischemic tissue, have great potential
for application in the biomedical field, especially in myocardial
regeneration.

2. Materials and methods
2.1. Cell culture

Mouse bone marrow—derived MSCs were isolated and cultured as
described previously [28]. Briefly, bone marrow was harvested via
repeated washing of the tibia cavity; then, the aspirate was centrifuged
at 1000 rpm for 5 min. The cell containing pellets were resuspended in
DMEM/F12 (Gibco, USA), supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Gibco, USA), plated on 6-well cell
culture clusters, and cultured at 37 °C in a 5% CO5 constant-temperature
incubator (Thermo, USA). Coronary endothelial cells (CAECs) were
purchased from the Procel life science Laboratory (Wuhan, China), and
cultured in endothelial cell medium (Sciencell, USA) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco,
USA) at 37 °C in a 5% CO; constant-temperature incubator (Thermo,
USA).

2.2. Exosome isolation, identification, and labeling

After culturing MSCs in exosome-free medium for 48 h, the super-
natant was collected. First, the sample was centrifuged at 300xg for 10
min. This was followed by ultracentrifugation at 2000xg for 10 min.
This was followed by ultracentrifugation at 10,000xg for 30 min. The
cells, membranes, and debris were discarded. The supernatant was then
filtered through a 0.22 pm filter (Merck Millipore). Finally, 120,000xg
ultracentrifugation was performed for 90 min. The exosomes were
resuspended in PBS and washed at 120,000xg for 90 min. The micro-
structure of the exosomes was observed using transmission electron
microscopy (TEM). Nanoparticle tracking analysis (NTA) was used to
measure the diameter and number of particles in exosomes. The zeta
potentials of exosomes were measured using a Zetasizer Nano ZS90
analyzer (Malvern, UK). The protein content of exosomes was measured
using bicinchoninic acid (BCA) protein assay (Thermo Scientific, USA),
and exosome markers were detected using Western blot (1:1000,
Abcam). The labeled PKH-26 exosomes were washed at 120,000xg for
60 min to remove unlabelled PKH-26 exosomes. The PKH-26 kit was
used in accordance with the manufacturer’s instructions (Sigma-
Aldrich).

2.3. Oxygen-glucose deprivation (OGD) model in CAECs

CAECs were cultured in a 37 °C hypoxic (1% O, 5% CO») incubator
in sugar-free DMEM (Gibco, USA) for 6 h to induce ischemic injury. For
treatment, CAECs were treated with exosomes for 12 h at 50 pg/mL.

2.4. Immunohistochemistry

For 30 min, the cells were fixed in 4% paraformaldehyde. The cells
were rinsed three times with PBS and permeabilized for 10 min with
0.5% Triton-100. After completing the aforementioned protocols, the
cells were washed three times with PBS and incubated with 3% BSA for
30 min. The primary antibodies were incubated at 4 °C overnight. The
following primary antibodies were applied: Tf4 (1:500 dilution, Affin-
ity), Hif-1a (1:500 dilution, CST), VEGF-A (1:500 dilution, CST), CD31
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(1:500 dilution, Abcam), and a-SMA (1:500 dilution, CST). Next, the
cells were rinsed five times in PBS before being titrated with an appro-
priate secondary antibody (1:800 dilution, Abcam) and incubated at
room temperature for 1 h. At last, the cells were stained with DAPI for 5
min following rinse with PBS and laser confocal microscopy was used to
examine the images.

2.5. Tube formation on Matrigel

80 pL Matrigel (Corning, USA) was added to each well of a 24-well
plate and incubated for 30 min in a common incubator. 80 pL of the
cell suspension was added to each well after coagulation. There was
approximately 3 x 10* cells in total. After 6-8 h, the cells were examined
under a microscope. The length of the capillary structure was measured
using ImageJ software to determine tube formation.

2.6. Migration assay

In a 6-well plate, 5 x 10° cells/well were planted and cultured to
confluence for the wound healing assay. The core monolayer of CAECs
was scraped with a pipette tip and rinsed with a serum-free solution to
remove unattached cells. CAECs were imaged at 0, 12, and 24 h after
injury. The migration area to calculate wound closure was calculated as
follows: migration area (%) = (A0-An)/A0 x 100%, where AO repre-
sents the initial wound area and an represents the wound area at the
time of measurement. Cells (3 x 10* cells/well) were suspended in a
low-serum (0.5% FBS) mixture and inserted with a pore size of 8 pm
(FALCON, USA) in a 24-well plate for the transwell assay. The cells that
adhered to the upper surface of the filter were removed after 24 h, and
the cells that migrated were stained with 0.1% crystal violet on the
lower surface. Cell migration was determined using an optical
microscope.

2.7. RNA extraction and real-time PCR

Total RNA was isolated from samples using TRIzol reagent (AG,
China) and reverse transcribed to first-strand cDNA using conventional
methods (AG, China). RT-qPCR was also carried out under the following
conditions: initial denaturation at 95 °C for 30 s, denaturation at 95 °C
for 5 s, and annealing/extension at 60 °C for 30 s for 40 cycles. Primers
sequences used for qRT-PCR were showed in supporting information
Table S1.

2.8. Western blot analysis

The expression of the following proteins was detected using Western
blot: Alix (1:1000 dilution, Abcam), CD9 (1:1000 dilution, Abcam),
Syntenin-1 (1:1000 dilution, Abcam), Tf4 (1:1000 dilution, Affinity),
GAPDH (1:1000 dilution, Bioworld), Hif-1a (1:1000 dilution, Abcam),
VEGF-A (1:1000 dilution, Abcam), ANG I (1:1000 dilution, Abcam), and
ANG II (1:1000 dilution, Abcam). A suitable amount of protein sample
was obtained for electrophoresis at constant pressure, transferred to a
polyvinylidene difluoride membrane (Millipore, USA), and placed in a
protein-blocking solution (Beyotime, China) at room temperature for 1
h. The membrane was incubated overnight with a primary antibody at
4 °C. On the second day, the membrane was incubated with horseradish
peroxidase (HRP)-labeled secondary antibody (1:5000 dilution, Bio-
world), agitated gently at room temperature for 1 h, washed, and
developed with an enhanced fluorochemiluminescent system, after
repeated washing. Images were observed and captured using the color
fluorescence imaging technology.

2.9. Preparation of GelMA/PEGDA hydrogel

GelMA was synthesized via the reaction of gelatin with methacrylic
anhydride (MA), as described in our previous study [29]. In brief, gelatin
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was completely dissolved in DPBS at a concentration of 10% (w/w) at
60 °C. MA was then added to the gelatin solution at a rate of 0.5 mL/min.
The mixture solution was allowed to react for 3 h at 50 °C, followed by
dialysis (Mw = 5000 Da) against distilled water for several days. The
solution was then lyophilized for 3 days to obtain a white porous GelMA
foam maintained at —80 °C. The structure of GelMA was characterized
by HNMR as seen in Fig. S2. To prepare the GelMA/PEGDA hydrogel,
GelMA and PEGDA were completely dissolved in DPBS solution to
obtain a GeIMA/PEGDA solution with a final concentration of 75 mg/mL
each. LAP (0.2% w/v) was added to the solution as the photoinitiator.
Polyethylene (glycol) diacrylate (PEDGA) (Mw = 700 Da) was pur-
chased from Sigma-Aldrich (Lot: 455008) and used without further
purification.

2.10. Fabrication of microfluidic chip

On a glass slide, the microfluidic chip had two inlets and a single
outflow. A round capillary glass tube and a square quartz tube with inner
diameters of 150 and 500 pm, respectively, were used as inlets. The
internal diameter of the conical tip on the round capillary glass tube was
fixed at 30 pm. A centrifuge tube was used to collect microspheres at the
exit.

2.11. Preparation of Tp4-EXO GelMA/PEGDA microsphere

Tp4-EXO loaded GelMA/PEGDA microspheres were prepared on the
above-mentioned microfluidic chip. Tp4-EXOs were mixed with GelMA/
PEGDA precursor solution at a ratio of 1:4 to obtain a water phase so-
lution containing Tp4-EXO at a final concentration of 1 mg/mL. The oil
phase solution was prepared using mineral oil containing 5% (v/v) Span
80. The water phase solution and the oil phase solution were injected at
the I1 and I2 inlets, respectively; the complex solution droplets (water-
in-oil) were formed at the conical head and came from the O outlet. The
TpP4-EXO loaded microspheres were formed after exposure to 365 nm UV
irradiation in the middle of the silicone tube. Subsequently, the T4-EXO
loaded microspheres thus formed were collected in a tube and centri-
fuged to collect them (see Movie 1). To visualize the distribution of
EXOs, the TP4-EXOs were pre-stained with PKH26 (red), and the
GelMA/PEGDA precursor solution was pre-treated with FITC (green).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.01.029

2.12. Sustained release of Tf4-ASCs in vitro

To determine the release kinetics of PKH26 labeled exosomes from
TpP4-ASCs, Tp4-ASCs were incubated in test tubes containing 1 mL of
PBS. The tubes were gently shaken in a rotating incubator at 37 °C. The
mixture was centrifuged at 3000 xg for 5 min. Next, 500 pL supernatant
was sampled from the tubes and supplemented with the same amount of
PBS. The concentration of PKH26-labeled exosomes was measured using
a fluorescence spectrophotometer. PKH26-labeled exosomes packed in
microspheres were injected in vivo, into the infarcted myocardial border
zone. Frozen sections were used to detect exosome retention in the
hearts on day 1, 4, 7, 14, and 21 after microsphere injection. Fluores-
cence microscopy was used to view and analyze cells.

2.13. MI model in mice

The Animal Research Committee at Southern Medical University
approved the animal care and experimental techniques. C57BL/6 mice
(18-25 g, 6-8 weeks) were anesthetized with a 50 mg/kg sodium
pentobarbital intraperitoneal injection and ventilated by tracheal intu-
bation. The thoracic cavity was opened to expose the heart after shaving
and cleaning. 8-0 nylon sutures were used to ligate the left anterior
descending coronary arteries of the mice. ST-segment elevation on the
ECG verified the MI model.
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2.14. MR imaging of coronary artery flow

Gadopentetic acid (Gd-DOTA), a contrast agent, was injected
through tail vein. T1 flash and PCA sequence were used to scan contrast-
enhanced coronary artery under respiration and ECG gating (TR 21.7
ms; TE 5.7 ms). Finally, the post-image processing was analyzed by using
the software 3D slicer.

2.15. Retrograde perfusion of mouse coronary vasculature

Coronary vasculature was conducted as described previously [30].
Briefly, the Microfil® injection conpounds (MV-122) was perfused into
the aortic root and allowed to spread throughout the coronary
vasculature.

2.16. Exosome small RNA sequencing

The purified small RNA fragment of the sample was extracted, and
the 3’ and 5’ connectors were successively connected to reverse tran-
scription into cDNA, following which PCR amplification was performed.
Then, the target fragment library was recovered by glue cutting, and the
qualified library was sequenced by Illumina HiSeq™2500 platform
(Ribobio, China).

2.17. Luciferase reporter assay

293T cells were cultured in 96-well plates to 60% confluence, then co
transfected with either miR-17-5p expression vector or mutant PHD3
3'UTR vector. After 48 h, the Dual-Glo® Luciferase Assay System
(Promega, USA) was used to determine the luciferase activity of each
group.

2.18. Statistical analysis

Data were analyzed using GraphPad Prism 9.0 (GraphPad Software
Inc, USA). Two groups were compared using the t-test analysis, and
three or more groups were analyzed using one-way analysis of variance
(ANOVA). Values with a P value less than 0.05 (P < 0.05) were
considered significant.

3. Results
3.1. Preparation and characterization of Tp4-ASCs

The separation and identification of bone marrow-derived mesen-
chymal stem cells (MSCs) are illustrated in Fig. S1. The expression of Tp4
was much higher in Tp4-MSCs than in Nor-MSCs after lentiviral trans-
fection, which corresponded to the results of Western blot and immu-
nofluorescence, indicating that Tp4 was successfully transfected into
MSCs (Fig. 2a-b). The required exosomes obtained from different media
were then characterized by transmission electron microscopy (TEM) and
nanoparticle tracking analysis (NTA). The exosomes were typical cup-
shaped membrane vesicles with a diameter of approximately 100 nm,
as seen in the TEM image. TEM results indicated that the overexpression
of T4 did not impair the morphology of exosomes (Fig. 2c). The di-
ameters of Nor-EXO and Tp4-EXO ranged from 50 to 150 nm, which is
consistent with the previously reported exosome size distribution
(Fig. 2d). Moreover, the extracted exosomes were highly enriched with
exosome-specific marker protein (including Alix, CD9, CD81 and
syntenin-1) [31] and overexpression of Tp4 in TB4-EXO according to the
Western blot analysis (Fig. 2e). We then used zeta sizer to examine the
membrane potential of exosomes and the data showed the membrane
potential had no remarkable difference between Nor-EXO and Tp4-EXO
(Fig. 2f-g). The exosomes can be taken up inside cells through direct
fusion and endocytosis pathways and participate in many biological
actions, like immune response, as an essential medium of intercellular
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(d) The average diameter and distribution of Nor-EXO and TP4-EXO was detected via NTA analysis. (e) The expression of exosomal markers (Alix, CD9, CD81,
Syntenin-1) and Tp4 in Nor-EXO and TP4-EXO were detected via Western blot. (f) Images of zeta potential measurements. (g) Quantitative evaluation of zeta po-
tential measurements. (h) PKH-26-labeled exosomes (red) were taken up by CAECs (green) in vitro, as shown by confocal imaging. Scale bar = 50 pym. (i) The
schematic design of TP4-ASCs preparation. (j) The surface morphology of Tp4-ASCs was observed under an optical microscope. Scale bar = 50 pm. (k) Particle size of
TP4-ASCs. (1) Fluorescence image of Tp4-ASCs. Scale bar = 15 pm. (m) SEM photograph of T4-ASCs. Scale bar = 15 pm. (n) 3D fluorescence view of Tp4-ASCs. Scale

bar = 15 pm.

communications. Here, PKH-26, a type of lipophilic dye, was used to
confirm the cellular uptake of specific exosomes. As shown in Fig. 2h,
PKH26-labeled exosomes (red) were found in the cytoskeleton of phal-
loidin + CAECs (green) in confocal images, implying that exosomes can
bring biologically active substances to CAECs for treatment. All these
results suggest that required exosomes were successfully prepared and
proven to be taken up inside cells like cellular uptake of exosomes
secreted by cells under physiological conditions. Next, we prepared
Tp4-exosome-releasing artificial stem cells (Tp4-ASCs) by encapsulating
TP4-EXO within microspheres via microfluidics technology. Fig. 2i
shows the schematic design of the preparation of Tp4-ASCs. Simply put,
the desired microsphere droplets with a diameter of approximately 30
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pm can be acquired with the help of microfluidic technology by
adjusting the ratios of the oil phase flow rate and
Tp4-EXO/GelMA/PEGDA solution (Fig. 2j-k, Fig. S3, Movie 1).
TP4-ASCs were further characterized by fluorescent staining and SEM.
As shown in Fig. 2m-n, the obtained Tp4-ASCs were spherical and
uniform in size with a smooth surface. According to the
three-dimensional (3D) views of the fluorescent staining images
(Fig. 2n), TP4-EXOs (red) were evenly distributed in the microspheres
(green), indicating that Tf4-EXOs have been successfully encapsulated
in the microspheres. These results demonstrate that Tp4-ASCs were
successfully prepared by using microfluidic technology.
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3.2. Improvement in the angiogenic capacity of the coronary endothelial
cells in vitro with the help of exosomes derived from T/4-ASCs

As shown in Fig. S4, the addition of GW4869 inhibitor that can
reduce exosome secretion to the conditioned medium partially reversed
the protective effect. Surprisingly, Tp4-conditioned medium signifi-
cantly reduced apoptosis of CAECs and enhanced cell viability under
oxygen glucose deprivation (OGD). In our study, Tp4-ASCs mainly
exerted a therapeutic effect by releasing exosomes, similar to that of the
paracrine secretion of Tp4-MSCs. Hence, in the following cell experi-
ments, Tp4-EXOs were directly used to intervene with CAECs under OGD
to determine the protective effect of TB4-ASCs. With the pretreatment of
TP4-EXO for 12 h, CAECs presented higher survival rate under OGD
compared to other interventions (Fig. 3a). Cell migration, transwell (8
pm), and tube formation experiments were used to study the effects of

Bioactive Materials 14 (2022) 416-429

TP4-EXO on angiogenesis. As shown in Fig. 3b-c, CAECs migrated to the
scratched region over time, and that co-cultured with Tp4-EXO migrated
faster at 12 and 24 h than those cultured with Nor-EXO. The number of
migrating CAECs increased considerably following incubation with Tp4-
EXO, as validated by the transwell (8 pm) assay (Fig. 3d—e). TB4-EXO’s
angiogenesis-stimulating impact was investigated in vitro using a tube-
like structure creation experiment. As shown in Fig. 3f-h, the inter-
vention group treated with TP4-EXO had a larger number of branch
nodes and tube formations compared to the group treated with Nor-
EXOs, which was consistent with the results of the CAECs migration
assay. The nitric oxide (NO) gas produced by endothelial cells can
regulate tension in blood vessels and inhibit platelet or leukocyte
adhesion [32]. Therefore, we further examined the total content of NO
in conditioned media collected from different treatment groups. As can
be seen from Fig. 3i, when the total NO content in the blank control
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different treatments. (e) Quantitative evaluation of the transwell assay. *P < 0.05; **P < 0.01. f) Tube formation on Matrigel under different treatments. (g, h)
Quantitative assay of tube formation on Matrigel. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar = 250 pm. (i) Total content of nitrogen monoxide (NO) in the
culture media collected from different CAECs treatments. **P < 0.01; ***P < 0.001.
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group decreased sharply under OGD, and treatment with TB4-EXOs
significantly increased the production of NO in CAECs. In addition, flow
cytometry (FCM) analysis showed that treatment with Tp4-EXOs
markedly reduced CAECs apoptosis under OGD, as illustrated in Fig. S5.
To further confirm the capacity of Tp4-EXOs to promote angiogenesis,
gqRT-PCR analysis and immunofluorescence cell staining were also
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performed (Fig. S5). According to qRT-PCR analysis, T4-EXO enhanced
the expression of angiogenic-related genes, including ANG-I, ANG-II,
IGF-1, and HGF, as compared to Nor-EXO. Next, CD31, a marker of
vascular endothelial cells, was labeled by immunofluorescence staining
to observe the formation of microvessels (Fig. S5). These results suggest
that TPp4-EXO helps CAECs form blood vessels against OGD, which
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Fig. 4. The sustained-release ability of TB4-ASCs. (a) The sustained release scheme of exosomes of Tp4-ASCs in vitro. (b, c) TB4-ASCs confocal fluorescent microscopy
images and their overall gray level of each 3D surface plot: From Day 1 to Day 4, Day 7, Day 14, Day 21, the fluorescence intensity dropped as the release time
increased. Scale bar = 15 pm. (d) A fluorescence spectrophotometer was used to measure the cumulative release ratio of Tp4-EXO with PKH26 labelling. (e) The
sustained release scheme of exosomes of Tf4-ASCs in vivo. (f, g) The release behavior of Tf4-ASCs in vivo.
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indicated that exosomes released from T34-ASCs can do this as well.

3.3. The sustained-release of T/}4-ASCs

The exosomes release behavior of T34-ASCs was investigated in PBS
at 37 °C for three weeks to assess the paracrine function of artificial stem
cells (Fig. 4a). As shown in Fig. 4b—c, and Fig. S6, the fluorescence in-
tensity of Tp4-ASCs decreased as time elapsed, indicated by the overall
gray level of each 3D surface plot. This confirms that Tp4-EXO can be
released continuously from the microspheres. Fig. 4d further illustrates
the sustained release ability of Tf4-ASCs for the release curve of Tp4-
EXOs in vitro over a period of 21 days. Next, Tp4-EXOs were specifically
labeled with PKH-26 to investigate the controlled release effect of Tp4-

a

CD31/cTNT/DAPI

a-SMA/cTNT/DAPI

1 Ilgatlon‘_

:_ﬂ_l 4

Collateral

Collateral

Bioactive Materials 14 (2022) 416-429

ASCs in vivo (Fig. 4e). When PKH26-Tp4-EXO was injected directly, the
fluorescence signal of Tp4-EXO disappeared within 14 days. But PKH26-
TP4-EXO encapsulated in Tp4-ASCs remained detectable even after 21
days (Fig. 4f-g). Simultaneously , the vitro imaging showed that the
fluorescence of PKH26-TB4-EXO can be detected in the heart 7 days after
operation, which means effective accumulation of Tp4-EXO in the heart
instead of other organs (Fig. S7). The longer the residence time of exo-
somes in the myocardium, the greater effect of the treatment. Besides,
TP4-ASCs presented a reliable biosafety in vivo base on the decrease of
fluorescence intensity of inflammatory marker CD68 in MI area, which
was further confirmed by the hepatic and renal function examinations
on animal models (Fig. S8). Together, all these data demonstrated that
TP4-ASCs can continuously release functional Tp4-EXOs to tissues such
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Fig. 5. TPp4-ASCs improved coronary collateralization after myocardial injury. (a) Representative of CD31 staining in heart tissues. Scale bar = 75 pm. (b) Quan-

tification analysis of CD31 positive vessel-like structures number. **P < 0.01; ***P < 0.001. (c) Representative of a-SMA staining in heart tissues. Scale bar = 100
pm. (d) Quantification analysis of a-SMA positive vessel-like structures number. **P < 0.01; ***P < 0.001. (e) The whole cross-section of the heart displaying CD31
expression in its entirety. (f) Representative of microfilled hearts. White star-RCA: right coronary artery; White triangle-LCA: left anterior descending; White arrow-

the ligation of LAD.
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as stem cells that secrete cytokines. The stem cell therapy has attracted a
lot of attention mainly because the stem cells from different sources can
release various cytokines, especially exosomes, in response to tissue
injury. Thus, fabrication of artificial stem cells by combining Tf4-EXO
from TP4-MSCs and microspheres provides an effective and stable
strategy for its application as a potential alternative to stem cell therapy.

3.4. MI therapy performance of Tf}4-ASCs

Promoting coronary collateralization is essential to rebuild the sup-
ply of nutrients and oxygen to the ischemic area to increase the survival
rate of cardiomyocytes after MI. In animal experiments, immunofluo-
rescence analysis revealed that Tp4-ASCs treatment greatly increased
the vascular densities compared to just microspheres (MS) treatment or
the mixture of MS and TP4-EXO on day 28 (Fig. 5a-d, Fig. S9). The
whole of horizontal heart sections through a near-infrared laser imager
and immunohistochemistry experiment also confirmed that Tp4-ASCs
therapy raised the expression levels of CD31 (Fig. Se). Cardiovascular
magnetic resonance (CMR) was used to assess endothelial damage and
neovessel formation in injured coronary arteries [33]. Fig. S10 shows
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that the contrast enhancement of vessel was better in the Tp4-ASCs
treatment than that in the Tf4-EXO treatment. The results of CMR cor-
responded well to the cell migration and tube formation of CAECs
(Fig. 3b-f), indicating that Tp4-ASCs can spur further formation of
coronary collateral circulation in vivo. The retrograde perfusion of
coronary vasculature was used to vividly observe coronary collateral
circulation in vivo. Due to the ligation of left anterior descending (LAD),
the vascular density in infarcted region decreased. While T34-EXO and
TP4-ASCs treatment appeared to promote the formation of collateral
circulation between the right coronary arteries (RCA) and LAD,
TP4-ASCs treatment had a better effect (Fig. 5f). Moreover, the results of
TUNEL assay demonstrated that apoptosis-positive cells were scattered
throughout the cardiac tissue slices of mice, and Tp4-ASCs treatment
significantly reduced cell apoptosis at the myocardial injury site, as
shown in Fig. 6a-b. Next, Masson’s trichrome staining was used to
analyze fibrosis staging of the myocardium. The results showed that
both TB4-ASCs and TP4-EXO treatment can help prevent myocardial
fibrosis and cardiac remodeling (Fig. 6¢—€). However, the difference was
that the therapeutic effect of the former was better and more satisfac-
tory. Echocardiography was performed to detect the systolic and
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% Apotpotic cells

Fig. 6. TP4-ASCs improved cardiac function following myocardial injury. (a) TUNEL staining showed apoptosis in the different treatment groups on day 28 after MI.
(b) Quantification of apoptosis in different treatment groups. *P < 0.05; **P < 0.01. (c) Masson’s trichrome staining indicated the degree of cardiac fibrosis in
different treatment groups on day 28 after MI. (d) Quantitative assay of infarct wall thickness. *P < 0.05; **P < 0.01; ***P < 0.001. (e) Quantitative assay of infarct

size. **P < 0.01; ***P < 0.001. (f-j) Representative M-mode images and quantification of EF%, FS%, ESCV and LVID measured via echocardiography of sham, PBS,
microsphere, Tp4-EXO, and T4-ASCs treatment on day 28 after MI. *P < 0.05; **P < 0.01; ***P < 0.001.
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diastolic functions of the heart (Fig. 6f). In contrast to PBS and Tf4-EXO
treatment, treatment with TP4-ASCs significantly improved the ven-
tricular systolic function, as evidenced by higher ejection fraction (EF%)
and fraction shortening (FS%) (Fig. 6g-h). Furthermore, the end-systolic
chamber volume (ESCV) and end-systolic left ventricular internal
diameter (LVID) on echocardiography post treatment with Tp4-ASCs
were better than those of the other two groups, indicating that Tp4-ASCs
can effectively prevent left ventricular remodeling after MI (Fig. 6i-j).
The animals experiment results demonstrated that T$4-ASCs can effec-
tively promote collateralization and improve cardiac function.

3.5. The mechanism of Tf4-ASCs derived exosomes mediated
collateralization and cardiac repair

Further studies are needed to investigate the mechanism of Tp4-ASCs
derived exosomes (Tp4-EXO) in improving collateralization and cardiac
function. The hypoxic environment may cause Hif-1a to dimerize with
Hif-1p, resulting in an increased production of VEGF-A [34]. To explore
the influence of TB4-EXO on the Hif-1a/VEGF-A axis further, immuno-
fluorescence labeling was used to detect Hif-1a and VEGF-A expression
in CAECs (Fig. 7a-b). The ratio of Hif-1a/DAPI in CAECs was
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considerably higher in the Tp4-EXO than in the Nor-EXO treatment, as
shown in Fig. 7c. The ratio of VEGF-A/DAPI was similar to that of
Hif-1a/DAPI (Fig. 7d). These findings suggest that the capacity to induce
CAECs to form small branches of the coronary artery may be related to
the upregulation of Hif-la and VEGF-A genes. This hypothesis was
further validated by qRT-PCR and Western blot analysis, as shown in
Fig. 7e-i. To understand the effect of T4-EXOs on CAECs angiogenesis
better, expression of other angiogenesis-related genes, such as Ang I and
Ang II were also studied. Ang I and Ang II increased slightly in the
TP4-EXO treatment compared to the other groups, as seen in Fig. 7j-k. In
summary, these data suggest that Tp4-EXO can facilitate the expression
of Hif-1a and VEGF-A to promote the formation of coronary collateral
circulation.

Exosomes are a type of secretory extracellular vesicles (EVs) that
deliver biologically active molecules (including microRNAs) to mediate
in cell-to-cell communication. Thus, we hypothesized that Tp4-EXO-
delivered miRNA may be responsible for CAECs angiogenesis in Tp4-
ASCs. A total of 108 differentially expressed miRNAs (P < 0.05; Fig. 8a)
between TP4-EXO and Nor-EXO were detected using Illumina HiSeq
2500 high-throughput sequencing, and analyses of gene expression
profiles suggested that T$4-EXO enhanced CAECs angiogenesis via up-
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Fig. 7. TP4-ASCs derived exosomes promote CAECs angiogenesis by stabilizing Hif-1a and activating VEGF-A after OGD. (a) Hif-1a (green), F-actin (red), and DAPI
(blue) expressions were detected using an immunofluorescence staining technique. Scale bar = 50 pm. (b) The expression of VEGF-A (red) and DAPI (blue) was
detected using an immunofluorescence staining technique. Scale bar = 50 pm. (c) Expression of Hif-1a in CAECs after OGD. *P < 0.05. (d) VEGF-A expression in
CAECs after OGD. *P < 0.05; **P < 0.01.. (e, f) The qRT-PCR analysis of Hif-1la and VEGF-A in CAECs cocultured with different types of EXOs. *P < 0.05; **P < 0.01.
(g) Hif-1a, VEGF-A, ANG I and ANG II protein expression was evaluated via Western blot analysis in CAECs treated with Nor-EXO and Tf4-EXO. (h) Quantitative
assay for Hif-1a protein expression. *P < 0.05. (i) Quantitative assay of VEGF-A protein. *P < 0.05; **P < 0.01. (j) Quantitative assay of ANG I protein. **P < 0.01.

(k) Quantitative assay of ANG II protein. *P < 0.05.
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Fig. 8. miR-17-5p transferred by Tp4-EXO mediating in angiogenesis. (b) A comparison of seven differently expressed miRNAs in Nor-EXO and Tp4-EXO using qRT-
PCR. Data were normalized to spiked cel-miR-39. *P < 0.05; **P < 0.01. (c) The transwell assay. Scale bar = 250 pm. (d) The transwell assay quantitative evaluation.
*P < 0.05; **P < 0.01; ***P < 0.001. (e) Tube formation on Matrigel. Scale bar = 250 pm. (f, g) Tube formation on Matrigel in a quantitative experiment. *P < 0.05;

**P < 0.01;

“P < 0.001. (h) A bioinformatics investigation revealed that PHD3 is a possible miR-17-5p target gene. (i) The luciferase assay system was used to

determine the luciferase activity of each group. ***P < 0.001. (j, k) The expression of PHD3 protein was detected via Western blot. *P < 0.05. (I, m) The expression of
Hif-1a protein was detected via Western blot. *P < 0.05. (n, o) The expression of VEGF-A protein was detected via Western blot. **P < 0.01. (p) The scheme of T(4-

EXO-miR-17-5p on angiogenesis in hypoxic conditions.

regulating the VEGF-A pathway activity (Fig. S11). As shown in Fig. 8b,
three of the seven differentially expressed miRNAs were upregulated in
the Tp4-EXO group compared to that in the Nor-EXO group. Next, three
miRNAs selected above were detected by miRNA-specific qRT-PCR
analysis. The findings demonstrated that MSCs transfected with
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lentivirus-mediated Tp4 elevated miR-17-5p expression levels as
compared to controls, but there were no significant differences in miR-
7a-5p or let-7d-5p expression in MSCs between the two groups.
Furthermore, after Tp4-EXO therapy, miR-17-5p expression in CAECs
increased considerably (Fig. S12). Collectively, Tp4-EXOs may mediate
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in CAECs angiogenesis by transferring miR-17-5p. We used inhibitor
transfection to knock down miR-17-5p in MSCs to further investigate the
promotion of angiogenesis effect of miR-17-5p delivered by exosomes
and detected the angiogenesis ability of exosomes isolated from miR-17-
5p knockdown MSCs in CAECs. CAECs treated with exosomal-miR-17-5p
knockdown showed dramatically decreased migratory potential in
transwell assays and wound healing assays (Fig. 8c—d, Fig. S13). The
tube formation assay revealed that exosomal-miR-17-5p knockdown
decreased both the number of branching points and the formation of
tube structures (Fig. 8e-g). Collectively, the Tp4-EXO transfer of miR-
17-5p affects angiogenesis.

In addition, potential downstream targets of miR-17-5p that
contribute to endothelial cell angiogenesis, especially under hypoxic
conditions, were predicted using bioinformatics and online prediction
databases. These results suggest that prolyl hydroxylase 3 (PHD3), a
hydroxylase of Hif-la proteasomal degradation, may be a potential
target for its 3’-untranslated region (UTR) with miR-17-5p binding sites
(Fig. 8h). Next, a luciferase assay system was used to further determine
the binding sites for miR-17-5p in the 3’-UTR of PHD3. The data suggest
that miR-17-5p mimic reduced luciferase activity for PHD3 of wild-type
3'-UTR rather than PHD3 of mutant-type 3'-UTR (Fig. 8i), which con-
firms that PHD3 was the downstream target of miR-17-5p. The previous
research has shown that reduced PHD3 activity under hypoxic condi-
tions can enhance Hif-1a stabilization, nucleocytoplasmic translocation,
and dimerization with the Hif-1a subunit, to initiate the transcription of
certain angiogenic genes (e.g., VEGF) [35]. Next, as shown in Fig. 8j-k,
we found an obvious increase in PHD3 expression at the protein level
following the transfection of CAECs with suppressed miR-17-5p. In
addition, Western blot analysis confirmed that miR-17-5p elevated the
expression of Hif-1a and VEGF-A (Fig. 81-0). These findings implied that
Tp4-EXOs may promote CAECs angiogenesis through PHD3 repression
to facilitate Hif-1a stability and VEGFA expression (Fig. 8p).

4. Discussion

There are many collateral branches between the coronary artery and
its branches, which are regarded as potential conduits. The early
development of collateral coronary artery, also known as collateral
circulation, is closely related to the improvement of survival rate in
patients with MI [36,37]. In the present study, we developed a strategy
to promote coronary collateralization by constructing artificial stem
cells (TP4-ASCs), which are capable of continuously releasing
Tp4-exosomes. Our results demonstrated that TB4-ASCs can constantly
release functional exosomes and effectively stimulate the formation of
collateral circulation via the miR-17-5p/PHD3/Hif-1a pathway after ML
The construction of such “artificial stem cells” has great potential for
application in the biomedical field, especially in myocardial regenera-
tion, as it offers an alternative method to induce coronary collaterali-
zation. Moreover, to our knowledge, there have been very few reports on
the construction of artificial stem cells to repair ischemic myocardial
tissue and the effects of Tp4-EXO on the formation of coronary collateral
circulation.

Stem cell therapy faces many challenges in clinical applications [8,
38]. First, the viability of transplanted stem cells in the host is very low;
second, there is a potential risk of immune rejection in cell trans-
plantation, and direct intramuscular injection or intravenous adminis-
tration of stem cells could increase the risk of thromboembolism.
Nevertheless, experimental and clinical studies have shown that stem
cell transplantation still has an obvious therapeutic effect on MI.
Increasing evidence shows that adult stem cells play a therapeutic role
mainly through their paracrine biological effects rather than by direct
differentiation [39,40]. Among them, exosomes have cardioprotective
functions similar to stem cells, which can promote angiogenesis and
improve cardiac function. However, by further study, the pitfalls of
exosome therapy for myocardial injury are being gradually exposed
[41-43]. They are as follows: 1) poor tissue targeting, 2) low quantity of
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effective therapeutic components, and 3) low concentration of effective
therapeutic components. To address these shortcomings, researchers
have prepared customized exosomes artificially to achieve therapeutic
goals. Here, we found that preparation of artificial stem cells which can
simulate the paracrine behavior of adult stem cells and achieve sus-
tained release of exosomes would be advisable and possible. Driven by
this, we applied microfluidic technology to prepare injectable
Tp4-exosome-releasing artificial stem cells (TB4-ASCs) with a diameter
of 30 pm. PEGDA has been widely used to produce microspheres for
sustained drug delivery owing to its excellent mechanical strength, and
drug loading, and release ability [44,45]. GelMA segments were added
to obtain microspheres with improved mechanical properties and
biodegradability [46,47]. The sustained release of Tp4-EXO in the mi-
crospheres was achieved by free diffusion and degraded release at the
same time, similar to the paracrine function of stem cells; we called it
Tp4-Exosome-Releasing Artificial Stem Cells (Tp4-ASCs). More impor-
tantly, Tp4-ASCs can continuously release exosomes in the infarction
zone in vivo for more than 21 days.

In animal experiments, we demonstrated that Tp4-ASCs significantly
enhanced blood flow in the ischemic heart on day 28. At the same time,
we also evaluated the level of neovascularization after MI. The results
showed that TP4-ASCs can significantly increase the number of new
small branches of the coronary artery, which further confirmed that Tp4-
ASCs can promote the formation of coronary collateralization to restore
blood supply to the myocardial infarcted area. What’s more, the result of
Masson’s trichrome staining proved that Tp4-EXO released from Tp4-
ASCs can reduce the myocardial fibrosis, and the cardiac function was
improved with the treatment of TP4-ASCs, which was validated by
echocardiography.

In our study, the customized exosomes were isolated from Tp4 gene-
transfected MSCs through differential ultracentrifugation in accordance
with the previously described methods. In EXOs, the quantity of mature
miRNAs is approximately 41.7% of the total RNA [48]. EXOs containing
miRNAs can be transported to recipient cells and used to regulate gene
expression post-transcriptionally [49]. To explore which miRNAs are
involved in TP4-EXO-mediated angiogenesis, we performed a miRNA
profiling assay to compare the differences between TP4-EXO and
Nor-EXO using Illumina HiSeq 2500 high-throughput sequencing. Seven
(miR-7a-5p, let-7d-5p, miR-17-5p, miR-19a-3p, miR-19b-5p,
miR-20-5p, and miR-125b-5p) of the 108 differentially expressed miR-
NAs were further confirmed via qQRT-PCR analysis. We found that Tp4
lentiviral transfection notably upregulated miR-17-5p expression in
MSCs, and then this particular miRNA was transferred into exosomes
with the secretion of stem cells. Previous studies have demonstrated that
the miR-17-92 cluster can improve the angiogenic capacity of endo-
thelial cells [50], and miR-17-5p, a component of the miR-17-92 cluster,
can activate the angiogenic ability of endothelial cells in vitro in
cell-autonomous manner [51]. The miR-17-5p knockdown was accom-
plished by transient transfection to further test the angiogenic ability of
Tp4-EXO transferred miR-17-5p on angiogenesis. The suppression of
miR-17-5p drastically inhibited tube formation and migration of CAECs,
as well as the expression of angiogenic-related genes, indicating that
miR-17-5p was closely related to Tp4-EXO-mediated angiogenesis.
Hif-1a is the main transcription factor involved in the adaptive response
to hypoxic condition [52]. Concurrently, Prolyl-4 Hydroxylase Domain
(PHDs) are the key molecules that regulate Hif-1a levels, especially
PHD3 [53]. PHD3 can hydroxylate the specific proline residues in
amino-terminal ODD region of Hif-1a, and then the hydroxylated
modified Hif-1a quickly binds to the pVHL (von Hippel-Lindau) protein,
which finally can be degraded by ubiquitin-proteasome system [54,55].
In hypoxic conditions, reduced PHD activity promotes Hif-1u stabiliza-
tion, translocation to the nucleus and dimerization with the Hif-1la
subunit, triggering the transcription of several angiogenic genes [56]. In
our study, Tp4-EXO can enhance the expression of exosomal-miR-17-5p
which can reduce Hif-1a ubiquitination by targeting PHD3. Simulta-
neously, this suppressive effect of miR-17-5p on PHD3 is beneficial for
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conditions. Hence,
angiogenesis  via

the accumulation of Hif-la in hypoxic
Tp4-ASCs-derived exosomes can stimulate
miR-17-5p/PHD3/Hif-1a pathway.

There are a few things to note. The location of T4 in exosomes was
not explored in this study due to conditionality. Thus, we don’t know
whether Tp4 located in exosomes lumen or outer membrane or both. If
we want to further clarify the expression of Tf4 in exosomes, the
immunogold TEM analysis would be recommended to detecte [57,58].
Besides, we used just adult bone marrow mesenchymal stem cells
(BM-MSCs) derived exosomes for T4-ASCs preparation. Although MSCs
appear to be well tolerated and have unique immunologic characteris-
tics, the restricted capacity for proliferation and impaired differentiation
potency that will increase batch-to-batch variation of MSCs-derived
exosomes with culture passages will hinder its further application [59,
60]. Recently, a clinical study has shown that GMP-grade MSCs derived
from induced pluripotent stem cells (iPSCs) (CYP0O1) are associated
with better outcomes in refractory graft-versus-host-disease (GVHD)
[61]. Although much more needs to complete the human clinical trials
of iPSC-derived cells, their capacity for multilineage differentiation and
indefinite proliferation possibly make them to be ideal alternative
sources of MSCs, especially in exosomes production. This will be one of
the works we are going to carry out next.

5. Conclusions

To mimic the paracrine and biological activity of stem cells, we
successfully developed artificial stem cells (Tp4-ASCs), which can
continuously release Tp4-exosomes, by combining microspheres and
treated exosomes. TP4-EXOs released constantly from TP4-ASCs can
greatly enhance the angiogenic capacity of CAECs, playing a vital role in
coronary collateralization. In an experiment conducted on mice, we find
that Tp4-ASCs have a superior therapeutic effect and can safely improve
cardiac function by inducing the formation of branches of the coronary
artery. Moreover, in mechanistic studies, we demonstrate that Tp4-ASC-
derived exosomes improved collateralization via the miR-17-5p/PHD3/
Hif-1a pathway under hypoxic conditions. Hence, with the sustained
release of functional exosomes in situ, Tp4-ASCs can effectively induce
the formation of collateral circulation after MI, providing a feasible
alternative method for clinical revascularization.
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