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Cells with the Stimulation of Fe304 Nanoparticles
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Through Upregulated miR-21-5p
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Background: Both magnetic nanoparticles (MNPs) and exosomes derived from bone
mesenchymal stem cells (BMSC-Exos) have been reported to improve wound healing. In
this study, novel exosomes (mag-BMSC-Exos) would be fabricated from BMSCs with the
stimulation of MNPs and a static magnetic field (SMF) to further enhance wound repair.
Methods: Mag-BMSC-Exos, namely, exosomes derived from BMSCs preconditioned
with Fe;O,4 nanoparticles and a SMF, together with BMSC-Exos were both first isolated
by ultracentrifugation, respectively. Afterwards, we conducted in vitro experiments,
including scratch wound assays, transwell assays, and tube formation assays, and
established an in vivo wound healing model. The miRNA expression profiles were
compared between BMSC-Exos and mag-BMSC-Exos to detect the potential mechan-
ism of improving wound healing. At last, the function of exosomal miR-21-5p during
wound healing was confirmed by utilizing a series of gain- and loss-of-function
experiments in vitro.

Results: The optimal working magnetic condition was 50 pg/mL Fe;O4 nanoparticles
combined with 100 mT SMF. In vitro, mag-BMSC-Exo administration promoted prolifera-
tion, migration and angiogenesis to a greater extent than BMSC-Exo administration. Local
transplantation of mag-BMSC-Exos into rat skin wounds resulted in accelerated wound
closure, narrower scar widths and enhanced angiogenesis compared with BMSC-Exo trans-
plantation. Notably, miR-21-5p was found to be highly enriched in mag-BMSC-Exos and
served as a critical mediator in mag-BMSC-Exo-induced regulatory effects through inhibi-
tion of SPRY?2 and activation of the PI3K/AKT and ERK1/2 signaling pathways.
Conclusion: Mag-BMSC-Exos can further enhance wound healing than BMSC-Exos by
improving angiogenesis and fibroblast function, and miR-21-5p upregulation in mag-BMSC-
Exos might be the potential mechanism. This work offers an effective and promising
protocol to improve wound healing in clinic.
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Introduction

The skin, consisting of an outer epidermal layer and an inner dermal layer, play a key
role in shielding internal tissues from mechanical damage, microbial infection, ultra-
violet radiation, and extreme temperature."> The healing of skin wounds requires
a well-orchestrated integration of cell migration and proliferation, collagen synthesis
and deposition, angiogenesis, re-epithelialization and wound remodeling.** Patients
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with diabetes, the elderly, and patients with very large sur-
face wounds are especially predisposed to abnormal wound
healing leading to long-term sequelae.” Thus, it is very
important to improve wound healing and recover the barrier
function of skin.

Stem cells are an attractive potential therapeutic agent
for promoting cutaneous wound healing and have several
distinct advantages, such as no risk to donors, easy acces-
sibility, and a low incidence of graft-versus-host disease.®’
However, the direct use of stem cells for therapeutic pur-
poses remains limited by many risk factors, such as tumor
formation,  thrombosis, and unwanted immune
responses.®” Exosomes are 50—150 nm-sized small mem-
brane vesicles of endosomal origin that play crucial roles
in intercellular communication by delivering miRNAs,
mRNAs and proteins to recipient cells.'®'!" Treatment of
exosomes from stem cells, which exhibit stem cell-like
pro-regenerative properties, can overcome the previous
described

therapy.'> Additionally, exosomes from stem cells can

limitations of stem cell transplantation
accelerate wound healing by promoting angiogenesis and
fibroblast function.'® Recently, magnetic nanoparticles
(MNPs), such as Fe;04 nanoparticles and y-Fe,Os3 nano-
particles, have drawn more and more attentions for their
potentials in tissue regeneration.'* They can impart con-
tinuous weak magnetic force on cells to improve tissue
regeneration with a static magnetic field (SMF)."”
Additionally, the combination of MNPs and SMF can
further enhance the wound healing process by modulating
the phenotypic polarization of fibroblasts.'®

Therefore, we sought to fabricate novel exosomes
derived from bone mesenchymal stem cells (BMSCs) by
stimulating with Fe;O4 nanoparticles and SMF (mag-
BMSC-Exos), in order to improve the effect of exosomes
derived from BMSCs (BMSC-Exos) for wound healing in
this study. Meanwhile, the potential mechanisms of their
promotion for wound healing would also be assessed by

in vitro and in vivo experiments.

Materials and Methods
Cell Culture

Human BMSCs were obtained from American Type
Culture Collection (ATCC; Manassas, VA, USA).
BMSCs were cultured in basal medium (HUXMA-
90011, Cyagen, Santa Clara, CA, USA) with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, and glu-
tamine at 37 °C in saturated humidity at 5% CO,. Early

passage BMSCs (passages 3—5) were used for the in vitro
study. The human umbilical vein endothelial cells
(HUVECs), human skin fibroblasts (HSFs) and HEK-293
cells used in our present study were obtained from the cell
bank of the Chinese Academy of Medical Sciences
(Beijing, China). HUVECs and HSFs were cultured in
high-glucose Dulbecco’s modified Eagle medium
(DMEM, Gibco BRL, Grand Island, USA) with 10%
FBS and 1% penicillin-streptomycin. All cells were pas-
saged every 2-3 days when they reached approximately
90% confluence.

Preparation of Fe3O4 and the SMF

A total of 20 mg Fe;O4, (Nanjing Nanoeast Biotech,
Jiangsu, China) powder was soaked in 50 mL basal med-
ium (400 pg/mL) and shaken at 37 °C for 24 h. The size of
Fe;04 was 100 nm, with high magnetic responsiveness
and uniform particle size distribution. Also it is biocom-
patible and water solubile. Then, the basal medium con-
taining Fe;04 was diluted two-fold up to 1/16 (200, 100,
50 and 25 pg/mL). According to the cell viability of
BMSCs treated with different concentrations of Fe;Oy
nanoparticles, we chose the optimal concentration.

To investigate the effect of the SMF, BMSCs precondi-
tioned with the optimal concentration of Fe;O,4 were cul-
tured under a SMF or no SMF environment. In the SMF
group, three subgroups, SMFsy, SMF,o9, and SMFs,
were tested using different magnetic field strengths (50,
100, and 150 mT, respectively). In brief, magnetic sheets
(1 mm thick x 15 mm in diameter; Shenzhen Strong
Magnets, Guangdong, China) were placed below the
wells to expose the cultures to a north magnetic field.
The desired field intensities were established by control-
ling the distance between the magnet and the culture
dishes. A Gauss meter (TM-701, Kanetec, Tokyo, Japan)
was used to measure the SMF intensity. According to the
cell viability of BMSCs treated with optimal concentration
of Fe;04 and different magnetic strengths of SMF, the
optimum magnetic condition was chosen. Then we used
this optimum magnetic condition to stimulate BMSCs, and
two types of cultural supernatants were used for the isola-
tion of exosomes derived from BMSCs and BMSCs
exposed to a magnetic environment (Fe3;O4 nanoparticles
and SMF).

Cell Proliferation Assay
The proliferation of BMSCs in response to Fe;04 nano-
particles and SMF was measured by the Cell Counting
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Kit-8 assay (CCK-8; Dojindo, Tokyo, Japan). Briefly,
5x10° cells/well (four replicates per group) were seeded
into 96-well plates and then treated with different concen-
trations of Fe;0,4 nanoparticles (400, 200, 100, 50 and 25
pg/mL). A group without nanoparticles served as the con-
trol. After culturing for 1, 3, and 5 days, CCK-8 solution
(10 pL) and 90 pL of culture medium were added to each
well and incubated at 37 °C for 1 h. The absorbance was
observed at 450 nm by using a microplate reader
(Varioskan Flash, Thermo Scientific™, USA), and the
optical density was recorded for cell viability. Then, we
cultured the BMSCs at the optimal concentration of Fe;04
nanoparticles combined with different SMF strengths (50,
100, 150 mT), to measure cell viability as above.

The nanoscale morphology of the Fe;O,4 nanoparticles
taken up by BMSCs was observed by transmission elec-
tron microscopy (TEM) (Hitachi, Tokyo, Japan).
According to the results of cell viability, we selected the
best synergistic magnetic environment (concentration of
Fe;0,4 nanoparticles and strength of SMF) to stimulate
the secretion of mag-BMSC-Exos.

Exosome Isolation

When BMSCs reached 70—80% confluence, they were
washed and incubated for another 48 h in complete med-
ium supplemented with 10% exosome-depleted FBS
(Umibio, Shanghai, China). The cellular supernatant was
collected and subjected to a series of low-speed centrifu-
gation steps (300 xg for 10 min, 2000 xg for 20 min) to
discard the cell debris. The exosome suspension was fil-
tered through a 022 pm filter (Merck-Millipore,
Darmstadt, Germany) to remove the residual cellular deb-
ris. Next, the supernatant was centrifuged at 10,000 xg for
30 min followed by ultracentrifugation for 70 min at
100,000 xg. The pelleted exosomes were washed twice
with a large volume of PBS and centrifuged at 100,000 xg
for 70 min. Then, the exosomes at the bottom of the tube
were resuspended in PBS. All procedures were performed
at 4 °C. Exosomes were stored at —80 °C or used in further
experiments.

Identification of Exosomes

The size distribution of exosomes was measured by nano-
particle tracking analysis (NTA) with a NanoSight NS500
instrument (Malvern Instruments, Malvern, UK). Then, the
exosome size was analyzed using NTA software version
3.0 (Malvern), and the exosome morphologies were

observed with TEM as described previously in detail."

Western blotting was used to determine the presence of
specific exosomal surface markers, such as CD9, CD63,
CDS81 and TSG101. The residual Fe;O,4 nanoparticles in
mag-BMSC-Exos were evaluated based on the concentra-
tion of Fe by inductively coupled plasma (ICP; Varian,
Palo Alto, CA, USA).

Exosome Internalization

To determine exosome uptake by HUVECs and HSFs,
exosomes were labeled with the red fluorescent dye
PKH26 (Sigma-Aldrich, St. Louis, MO, USA) according
to the manufacturer’s protocol'” and then incubated with
HUVECs and HSFs at 37 °C. At 4, 8, 12, 16 and 24 h, the
cells were fixed in 4% paraformaldehyde for 15 min and
then blocked with PBS containing 1% BSA for 20-30 min,
followed by staining with PKH26 in PBS for 20 min at
room temperature. The nuclei were dyed with DAPI (0.5
pg/mL; Invitrogen, Carlsbad, CA, USA) for 10 min, and
the specimens were observed by confocal microscopy
(Nikon, Tokyo, Japan). Then, the fluorescence intensity
of PKH26 was measured at different time points in each

group.

Migration Assay

For the scratch wound assay, HUVECs were cultured on
6-well plates at a density of 1 x 10° cells per well and
incubated to reach confluence. The monolayer was
scratched using 200 pL pipette tips and washed with
PBS to remove detached cells. Then, the cells were cul-
tured in serum-free medium with negative control (PBS,
200 pL/well), BMSC-Exos (100 pg/mL, 200 uL/well) or
mag-BMSC-Exos (100 pg/mL, 200 pL/well). HUVECs
were imaged 0 and 24 h later. The wound closure area
was calculated as follows: migration area (%) = (Ay
—An)/Ag x 100%, where A, represents the area of the
initial wound and An represents the remaining area of
the wound at the measurement point.

For the transwell assay, 1x10* cells/well were sus-
pended in serum-free medium and seeded into the upper
chamber of 24-well transwell plates (Corning, NY, USA)
with 8 um pore filters. Then the lower chamber was filled
with DMEM supplemented with 10% exosome-depleted
FBS and mixed with negative control (PBS, 200 pL/well),
BMSC-Exos (100 pg/mL, 200 pL/well) or mag-BMSC-
Exos (100 pg/mL, 200 pL/well). After incubation at 37 °C
for 24 h, the cells attached to the upper surface of the filter
membranes were removed, and the migrated cells on the
lower surface were stained with 0.1% crystal violet for
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several minutes. The level of migration was observed
under an optical microscope (Leica, Solms, Germany).
The transwell assay of HSFs followed the same protocol
as the one with HUVECs. All experiments were performed
in triplicate.

Tube Formation Assay

The in vitro angiogenesis assay was conducted using the
Matrigel basement membrane matrix (356234, BD
Biosciences, San Jose, USA) according to the manufac-
turer’s instructions. Briefly, the Matrigel was thawed over-
night at 4 °C. Then, Matrigel was added to 96-well plates
at 50 pL per well using cold tips on ice and incubated at
37°C to solidify. Next, 2x10* HUVECs/well were resus-
pended in complete medium supplemented with 10% exo-
some-depleted FBS and treated with negative control
(PBS, 10 pL/well), BMSC-Exos (100 pg/mL, 10 pL/
well), or mag-BMSC-Exos (100 pg/mL, 10 pL/well).
After incubation at 37 °C for 6 h, tube formation was
observed by an inverted microscope. The total tube length
was carefully measured by randomly selecting five fields
per well using ImageJ software (Media Cybernetics,
Bethesda, USA).

gRT-PCR Analysis

Total RNA was extracted from cells and exosomes using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). For
mRNA detection, cDNA was synthesized from 1 pg of
total RNA by using a Revert Aid first-strand cDNA synth-
esis kit (Takara, Shiga, Japan). For the miRNA analysis,
exosomal miRNAs were isolated by using the Exosome
RNA Purification Kit (Umibio, Shanghai, China), and
cDNA of miRNAs was synthesized using the SYBR
Green microRNA assay kit (Applied Biosystems, Foster
City, USA) as described by the manufacturer’s protocol.
All real-time PCR was performed on the ABI PRISM™
7900HT System using the SYBR Green-based real-time
detection method. The relative standard curve method
(274°T) was used to determine the relative mRNA and
miRNA levels in cells, using GAPDH or U6 as the house-
keeping gene, respectively. miRNA levels in exosomes
were normalized with cel-miR-39 levels (Exiqon,
Vedbaek, Denmark). The PCR primer sequences used in
this study are listed in Supplementary Table 1.

Western Blotting
The total protein concentrations in cells and exosomes
were determined using a BCA protein assay kit (Thermo

Scientific, Waltham, MA, USA). The cells and exosomes
were lysed in RIPA lysis buffer (Millipore Corporation,
Billerica, MA, USA), and equal amounts of protein were
separated by SDS-PAGE gels and transferred to PVDF
membranes (Merck Millipore, MA, USA). Blots were
blocked with 5% milk in Tris-buffered saline containing
0.1% Tween-20 for 1 h at room temperature. The mem-
branes were incubated with primary antibodies at 4 °C
overnight, followed by incubation with HRP-linked sec-
ondary antibodies at 37 °C for 1 h. Antibodies against the
exosomal markers CD9, CD63, CD81, and TSG101 and
the negative marker calnexin were obtained from Abcam
(1:1000; Abcam, Cambridge, UK); antibodies against
ANG-1, VEGF, HIF-1a, bFGF, PDGFRa, GAPDH, p-
actin, AKT, p-AKT, ERKI1/2, and p-ERKI1/2 were
obtained from Cell Signaling Technology (1:1000;
Beverly, MA, USA). The immunoreactive bands were
visualized using enhanced chemiluminescence reagent
(Thermo Fisher Scientific, Waltham, USA) and quantified
using Imagel] software.

Rat Skin Wound Model and Treatment
All experimental procedures were approved by the ethics
committee of the Peking Union Medical College Hospital
(XHDW-2020-043). The Guide for the Care and Use of
Laboratory Animals (GB14925-2010; NIH), and the
Laboratory Animal Center of Peking Union Medical
College Hospital were strictly adhered to. Six-week-old
male SD rats (weighing 300400 g) were used in this study.
The rats were anesthetized by intraperitoneal administration
of 50 mg/kg pentobarbital sodium (Sigma-Aldrich, St. Louis,
MO, USA) before surgery. After shaving the rats, a full-
thickness excisional skin wound (20 mmx20 mm) was cre-
ated on the dorsum. Twenty-four rats were randomly divided
into three treatment groups, which were subcutaneously
injected with 100 uL. PBS, BMSC-Exos (100 pg dissolved
in 100 pL PBS), and mag-BMSC-Exos (100 pg dissolved in
100 uL PBS) around the wounds at 4 injection sites (25 uL
per site, Figure S1). Fourteen days after the operation, the rats
were sacrificed, and skin specimens were harvested.

The wounds of each group were imaged at 0, 4, 7, 10
and 14 days after surgery. All wounds were measured with
a right-angle ruler, and the area of each wound was eval-
vated using ImageJ software. The reduction in wound size
was calculated as follows: wound size reduction (%) = (Ap
—A)/Ay x 100%, where Ay is the initial wound area, and

A, is the wound area at days 4, 7, 10 or 14 post surgery.
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Microfil Perfusion and Microcomputed
Tomography

Microfil® contrast agent (MV122; Flow Tech, VA, USA)
was prepared according to the manufacturer’s instructions.
Briefly, the hair on the chest was shaved, and the rib cage
was opened with a pair of scissors. Then, 100 mL of
heparinized saline and 20 mL of Microfil was continuously
perfused at a rate of 2 mL/min. After the contrast agent
was perfused, the abdominal aorta and inferior vena cava
were closed by ligation, and the animals were stored at 4 °
C overnight. Then, specimens were fixed in 4% parafor-
maldehyde, followed by micro-CT evaluation of vascular-
ization. Subsequently, 3D reconstruction was performed
for qualitative analysis.

Histological and Immunofluorescence
Analysis

The collected rat specimens containing the wound bed and
surrounding healthy skin were processed for further inves-
tigation. The tissues were fixed in 4% paraformaldehyde
solution, dehydrated with a series of graded ethanol solu-
tions and embedded in paraffin. Sections (5 um thick)
were stained with hematoxylin and eosin (H&E) and
imaged under an optical microscope. Masson’s trichrome
staining was used to evaluate the degree of collagen
maturity.

For the immunohistochemical analysis, the sections
were rehydrated, blocked, and incubated with primary
anti-CD31 antibody (1:100; Abcam, Cambridge, UK) at
4 °C overnight. After incubation with the secondary anti-
body (1:250; Abcam, Cambridge, UK) at room tempera-
ture, the stained sections were visualized using the DAB
substrate and finally counterstained using hematoxylin.
Immunofluorescence staining for CD31 was performed to
estimate the extent of newly formed capillaries. Sections
were incubated with the anti-CD31 antibody overnight at 4
°C and then with the Cy3-conjugated secondary antibody
at room temperature for 1 h away from light. To compare
the number of blood vessels from different groups, five
random fields per section near the wound edges were
counted by using ImagelJ software.

Bioinformatics Analysis

The miRNA expression profiles of BMSC-Exos and mag-
BMSC-Exos were determined by small RNA sequencing.
Briefly, total RNA was extracted from exosomes and
ligated with 3’ and 5’ end adapters. PCR was performed

to synthesize first-strand cDNA and for amplification.
Then, the PCR products were purified, and sequencing
was performed on an Illumina HiSeq 3000 platform. The
expression levels of miRNAs were estimated by compar-
ing the sequencing data to a bioinformatics miRNA data-
base and corrected by the number of reads per million.
Target genes of miRNAs were predicted by the online
tools TargetScan, miRDB, miRTarBase, and miRWalk.
Candidate target genes were determined based on predic-
tion results from multiple software programs. Kyoto
Encyclopedia of Genes and Genomes (KEGGQG) pathway
enrichment analysis was performed for candidate target
genes whose functions were linked with angiogenesis
and fibrogenesis.

Luciferase Reporter Assay

The wild-type and mutant 3'-UTRs of SPRY2 were ampli-
fied by polymerase chain reaction (PCR) and inserted into
the pGL3 plasmid. HEK293 cells (1 x 10*) were seeded in
48-well plates and cotransfected with the wild-type or
mutant luciferase reporter (100 ng) and miR-21-5p mimic
(20nM) or negative controls using Lipofectamine 3000
(Invitrogen, CA, USA) as indicated. After 48 h, the rela-
tive luciferase activity was detected by a luciferase repor-
ter system (Promega, Madison, USA).

MiRNA Transfection and SPRY?2

Inhibition/Overexpression

MiR-21-5p mimic, miR-21-5p inhibitor and their negative
controls were purchased from RiboBio (Guangzhou,
China). Briefly, the cells were cultured in 6-well culture
plates and transfected with miR-21-5p mimic, miR-21-5p
inhibitor or their negative controls using Lipofectamine
3000. After 48 h of incubation, subsequent experiments
were performed.

To assess whether SPRY2 knockdown can achieve simi-
lar effects on angiogenesis and fibroblast function as miR-21-
5p, SPRY2 siRNA obtained from RiboBio (Guangzhou,
China) was used to knock down the expression of SPRY?2
in HUVECs and HSFs. Briefly, cells were transfected with si-
SPRY2 or siRNA (si-NC) using
Lipofectamine 3000 according to the manufacturer’s instruc-

negative control
tions. Forty-eight hours later, the knockdown efficiency was
verified by qRT-PCR. The sequences of si-SPRY2 were as
follows: forward: 5-AUAAACAAGGCAAAAAGAGGG
-3" and reverse: 5-CUCUUUUUGCCUUGUUUAUGG-3".
Overexpression of SPRY2 was achieved by transfecting

International Journal of Nanomedicine 2020:15

submit your manuscript

7983

Dove


http://www.dovepress.com
http://www.dovepress.com

Wu et al

Dove

SPRY2 cDNA (Wei Zheng, Shandong, China) and using
Lipofectamine 3000.

Statistical Analysis

All experiments were performed with at least three repli-
cates per group. Data are representative of these experi-
ments and are shown as the means + standard deviation
(SD). Two treatment groups were compared by Student’s
t-test. Multiple group comparisons were performed by
two-way analysis of variance with Tukey’s post hoc test.
Statistical analysis was conducted using GraphPad Prism
7.0 software, and statistical significance was declared as
(*) p < 0.05, (**) p <0.01 and (***) p < 0.001.

Results

Magnetic Environment Characterizations
To analyze the optimal working concentration of Fe;Oy4
nanoparticles and magnetic strength of SMF without
impacting cell viability in our study, BMSCs were incu-
bated with media at concentrations of 0, 25, 50, 100, 200
and 400 pg/mL Fe;04 nanoparticles. The CCK-8 results
showed that BMSCs treated with 50 pg/mL Fe;O4 nano-
particles had remarkably increased cell viability (Figure
1A). Similarly, BMSCs were cultured with media at the
optimal working concentration of Fe;0,4 nanoparticles (50
pg/mL) under different SMF strengths, and the CCK-8
results revealed that BMSCs treated with 50 pg/mL
Fe;04 nanoparticles combined with 100 mT magnetic
field showed the most optimal cell viability (Figure 1B).
The nanoscale morphology of the FesO4 nanoparticles
taken up by BMSCs was observed by TEM, and the results
revealed that these magnetic nanoparticles were swallowed
by cells and distributed in the cell nucleus and cytoplasm
(Figure 1C).

Isolation and Characterization of

Exosomes

Next, we isolated, characterized and quantified exosomes
derived from BMSCs and mag-BMSCs by using TEM
analysis, NTA analysis and Western blotting. As shown
in Figure 1D and E, TEM revealed that exosomes exhib-
ited a cup- or sphere-shaped morphology, and NTA mea-
surements showed that the diameters of these particles
predominantly ranged from 50 to 150 nm (average 118.1
nm and 116.2 nm) in both the BMSC-Exo and mag-BMSC
-Exo groups. No morphological difference between the
two groups was observed with regard to their size, shape,

or electron density. Moreover, the exosome concentration
of the mag-BMSC-Exo group was significantly higher
than that of the BMSC-Exo group (Figure S2, P<0.001).
Western blotting analysis showed the presence of exoso-
mal surface markers, including CD9, CD63, CD81 and
TSG101 and the absence of negative control Calnexin
(Figure 1F). The residual Fe;O,4 nanoparticles in mag-
BMSC-Exo was about 7.48nmol/mL (Fe:1256.71ng/mL).

The Differential Uptake of Exosomes by
HUVECs and HSFs

To examine whether BMSC-Exos and mag-BMSC-Exos
were differentially taken up by HUVECs and HSFs,
PKH26 was used to label the exosomes, and the exosomes
were then cocultured with HUVECs and HSFs for 24
h. Fluorescence microscopy was used to monitor the rate
of exosome uptake by HUVECs and HSFs in real time. As
shown in Figure 1G, the number of exosomes taken up by
HUVECs and HSFs was significantly higher in the mag-
BMSC-Exo group compared to the BMSC-Exo group.
Figure 1H demonstrated a clear statistically significant
difference between the two groups after 16 h (P<0.05) or
20 h (P<0.001), suggesting that mag-BMSC-Exos are
taken up more easily by HUVECs and HSFs.

Exosomes Promote Proliferation,
Migration, and Tube Formation in
HUVECs and HSFs

To determine the activities of exosomes released from
BMSCs and mag-BMSCs, we cultured HUVECs and
HSFs in vitro with PBS, BMSC-Exos or mag-BMSC-
Exos at a concentration of 100 pg/mL. Using scratch
wound (Figure 2A and B) and transwell assays (Figure
2C and D), we found that both BMSC-Exos and mag-
BMSC-Exos increased the migration of HUVECs when
compared to the PBS group. Furthermore, as shown in
Figure 2E and F, both BMSC-Exos and mag-BMSC-
Exos significantly enhanced tube formation compared to
the PBS group, as evidenced by an increased tube length
(P<0.001). However, mag-BMSC-Exo treatment greatly
enhanced the migration and tube formation capability of
HUVECs compared to BMSC-Exos alone (P<0.01).
both  BMSC-Exos and mag-BMSC-Exos
increased the migration rate of HSFs (Figure 2G and H).

Similarly,

Next, we analyzed the expression levels of pro-
angiogenic and pro-fibrogenic genes at both the mRNA and
protein levels. The qRT-PCR results indicated that the
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Figure | Magnetic stimulation promoted exosome release from BMSCs. (*) p < 0.05, (**¥) p < 0.001. (A) CCK-8 assay measuring the proliferation of BMSCs cultured in
different concentrations of Fe304 nanoparticles. (B) Proliferation of BMSCs treated with the optimal working concentration (50 pug/mL) of Fe3O4 nanoparticles and exposed
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mRNA expression of VEGF, HIF-1a, PDGFRa and bFGF
was substantially upregulated in the mag-BMSC-Exo and
BMSC-Exo groups compared to the PBS group (Figure 21—
L). Similarly, the Western blotting assay confirmed that the
protein expression levels of VEGF, HIF-1a, PDGFRa and
bFGF were markedly increased after treatment with mag-
BMSC-Exos and BMSC-Exos (Figure 2M). Collectively,
these findings revealed that mag-BMSC-Exos and BMSC-

Exos could promote a greater increase in proliferation,
migration and tube formation compared to PBS treatment
in vitro, simultaneously leading to the substantial upregula-
tion of critical pro-angiogenic and pro-fibrogenic genes
in vitro. More importantly, mag-BMSC-Exos had a greater
effect than BMSC-Exos, which further proved that magnetic
exosome-mediated angiogenesis and fibroblast function was
mainly attributed to the combined effect of Fe;04 and SMF.
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Figure 2 In vitro assay of cells treated with PBS, BMSC-Exos or mag-BMSC-Exos. (*) p < 0.05, (*¥) p < 0.01, (***¥) p < 0.001. (A) Representative images showing the
migration ability of HUVECs at 24 h by scratch wound assay; the yellow dashed lines are the edges of the cell migration. Scale bar = 200 um. (B) Quantitative analysis of the
wound size recovery rate of HUVECs. (C) Representative images showing migrated HUVECs using the transwell assay. Scale bar = 200 um. (D) Quantitative analysis of the
migration rate of HUVECs. (E) Representative images showing tube formation in HUVECs. Scale bar = 200 um. (F) Quantitative analysis of the tube formation assay. The
values of the average tube length were measured. (G) Representative images showing migrated HSFs using the transwell assay. Scale bar = 200 pm. (H) Quantitative analysis
of the migration rate of HSFs. (I and J) qRT-PCR analysis of the angiogenesis-related genes VEGF (I) and HIF-la (J) at days 4 and 7. (K and L) qRT-PCR analysis of the
fibrogenesis-related genes PDGFRa (K) and bFGF (L) at days 2 and 4. (M) Western blotting assay for the protein expression of VEGF, HIF-10, PDGFRa and bFGF.

Exosomes Accelerate Cutaneous Wound

Healing in Rats

To determine the effects of BMSC-Exos and mag-BMSC-
Exos on cutaneous wound healing, we evaluated wound
healing in three groups of animals that were treated with
PBS, BMSC-Exos or mag-BMSC-Exos in and around the
wound sites. Rats treated with mag-BMSC-Exos showed
greater wound closure than rats in the PBS and BMSC-Exo
groups at days 4, 7, 10 and 14 post wounding (Figure 3A).
Microfil perfusion was performed to evaluate the blood
vessels in the wound sites. The reconstructed 3D images
after micro-CT scanning showed a significantly increased
density of blood vessels after administration of mag-BMSC
-Exos and BMSC-Exos compared to that in the PBS group
(Figure 3B). As shown by H&E and Masson’s trichrome
staining (Figure 3C and D), treatment with both BMSC-
Exos and mag-BMSC-Exos significantly enhanced re-
epithelialization compared to that observed in the PBS

group. The highest rate of wound closure, greatest degree
of formation of blood vessels, narrowest scar widths and
largest collagen deposition areas were observed in the mag-
BMSC-Exo group at day 14 post wounding compared to the
PBS and BMSC-Exo groups (Figure 3E-G). We also
observed increased formation of sebaceous glands and hair
follicles in the mag-BMSC-Exo and BMSC-Exo groups
relative to the PBS group (Figure 3D). Vascularization of
newly formed tissues is an essential step in the wound-
healing process. Newly formed vessels at wound sites
were characterized by immunohistochemical staining for
CD31 (Figure 3H) and immunofluorescence staining for
CD31 (Figure 31I), from which vessel densities were quan-
tified (Figure S3). These data showed that the number of
newly formed vessels increased during the healing process
in all groups. The mag-BMSC-Exo group showed the high-
est vessel densities at day 14 compared with the control and
BMSC-Exo groups.
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Figure 3 Mag-BMSC-Exos further accelerate cutaneous wound healing in rats. (¥) p < 0.05, (**) p < 0.01, (***) p < 0.001. (A) Gross view of wounds treated with PBS,
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Masson’s trichrome staining for the evaluation of collagen maturity; yellow dashed lines for the magnification. Scale bar = 100 um (top) or 50 um (bottom). (E) The wound
closure rates of the three groups on days 0, 4, 7, 10 and 14 after wounding. (*) p < 0.05. (F) Quantitative analysis of the number of blood vessels in the three groups. (G)
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MiR-21-5p is Upregulated in Mag-BMSC-
Exos and Transferred to HUVECs and
HSFs by Exosomes

Both in vitro and in vivo analyses revealed that mag-BMSC-
Exos enhanced angiogenesis compared to BMSC-Exos. It has
been well recognized that miRNAs are one of the main func-
tional components of exosomes and may play a crucial role in
cell communication eventually regulating biological functions.
We selected miR-21-5p as a candidate miRNA according to
the miRNA sequencing data and KEGG pathway enrichment
analysis, as well as based on reports in the literature showing
that miR-21-5p not only enhances angiogenic activities but
also promotes fibroblast proliferation, migration and collagen

. 13,18,19
synthesis,'*'*

all of which are beneficial for wound healing
(Figure 4A). As Figure 4B shows, miR-21-5p levels increased
remarkably in mag-BMSC-Exos compared with BMSC-Exos

(P<0.001). To confirm that mag-BMSC-Exo-secreted miR-21-

5p can be transferred to HUVECs and HSFs via exosomes, we
detected miR-21-5p levels in HUVECs and HSFs treated with
mag-BMSC-Exos or BMSC-Exos. An increase in the cellular
level of mature miR-21-5p, but not pri-/pre- miR-21, was
observed in recipient HUVECs and HSFs following treatment
with mag-BMSC-Exos (Figure 4C and D). In addition, the
increase in miR-21-5p in HUVECs and HSFs exposed to mag-
BMSC-Exos was not prevented by an RNA polymerase II
inhibitor (Figure 4E). These data revealed that mag-BMSC-
Exos containing miR-21-5p were internalized by HUVECs
and HSFs.

MiR-21-5p Promotes Proliferation,
Angiogenesis and Migration

We predicted possible miR-21-5p targets that contribute to
angiogenic and fibrogenic functions by exploring online data-
bases. To confirm the direct binding between miR-21-5p and
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Abbreviations: WT, wild-type; MT, mutant; ns, no significance.

the 3'UTR of its predicted target gene SPRY2, we conducted
a reporter assay using a luciferase reporter plasmid containing
wild-type or mutated SPRY2 3'UTR with the miR-21-5p
binding site (Figure 5A). MiR-21-5p mimic transfection
reduced luciferase activity compared to control mimic trans-
fection in HUVECs and HSFs (Figure 5B). Consistent with
the results from the reporter assay, transfection with the miR-
21-5p mimic resulted in a significant decrease in the level of
SPRY2 in HUVECs and HSFs (P<0.001) (Figure 5C).

To verify that silencing SPRY2 had the same effect as
miR-21-5p on proliferation, migration and angiogenesis,
we transfected si-SPRY2 and si-NC into HUVECs and
HSFs. In addition, miR-21-5p mimic and mimic-NC
were administered. Given the known functions of SPRY?2
as a negative regulator of endothelial cell proliferation,
angiogenesis and migration, along with our gain- and loss-

of function assay results, we confirmed that the miR-21-5p
mimic and si-SPRY?2 could both promote proliferation,
angiogenesis and migration in HUVECs (Figure 5D, E,
G and Figure S4A and S4B) and HSFs (Figure 5F, G and
Figure S4C).

Studies have shown that miR-21 can target SPRY in
HUVECs to induce the activation of the PI3K/AKT and
ERK1/2 pathways, and the activation of the PI3K/AKT and
ERK1/2 signaling pathways has been demonstrated to stimu-

late multiple critical steps in angiogenesis and fibroblast
function.'****' To determine whether miR-21-5p could acti-
vate these signaling pathways, Western blotting was carried
out to assess the protein levels of p-AKT and p-ERK1/2 in
HSFs following treatment with mimic-NC or miR-21-5p
mimic for 48 h. The cells were also treated with si-SPRY2
or si-NC as described above. Western blotting images revealed
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5p mimic, si-SPRY2 or their negative controls.

that both the miR-21-5p mimic and si-SPRY2 induced sig-
nificant increases in the phosphorylation of AKT and ERK1/2
(Figure 5H). These findings indicated that exosomal miR-21-
5p of mag-BMSCs inhibited SPRY?2 expression and increased
angiogenesis and fibroblast function in HUVECs and HSFs.

Exosomal miR-21-5p Promotes
Angiogenesis and Fibroblast Function by
Targeting SPRY2 in vitro

To further explore the relationship between exosomal
miR-21-5p and SPRY2, a series of in vitro rescue experi-
ments were conducted. We transfected miR-21-5p mimic
or miR-NC into HUVECs and HSFs and then cotrans-
fected them with pcDNA-NC or pcDNA-SPRY2. As

shown in Figure 6A-D, the effect of miR-21-5p mimic
on promoting proliferation and migration in HUVECs and
HSFs, as well as the effect of miR-21-5p mimic on activa-
tion of the PI3K/AKT and ERK1/2 signaling pathways and
the enhanced expression of pro-angiogenic (VEGF and
HIF-1a) and pro-fibrogenic (PDGFRa and bFGF) genes
e (Figure 6E), were all prevented by transfection with
pcDNA-SPRY2. As a result of a series of rescue experi-
ments, we have demonstrated that pcDNA-SPRY2 in
HUVECs and HSFs can abolish the promoting effect of
exosomal miR-21-5p mimic on angiogenesis and fibroblast
function. Therefore, we concluded that exosomal miR-21-
5p promoted HUVEC/HSF proliferation, angiogenesis and
migration by targeting SPRY2 (Figure 6F).
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Discussion

Exosomes can transfer messages of cells encoded in pro-
tein, lipids, mRNA and miRNA enclosed within a lipid
bilayer acting in an autocrine and paracrine manner, in
response to activation and stress inducing stimuli.*?
Incorporation of MNPs and SMF has been confirmed to
enhance wound healing by improving fibrogenesis and
angiogenesis.'® In order to further improve the paracrine
activities of BMSC-Exos for accelerating wound healing,
we successfully fabricated a novel exosome, mag-BMSC-
Exo, to transmit the stimulatory effects of MNPs and and
SMF with only very little residual Fe;O4 nanoparticles
(7.48nmol/mL) in this study.
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Fibroblasts, presenting from the late inflammatory
phase until full epithelialization, are critical in the pro-
cesses of wound healing.”*** They are summoned to
migrate to the wound area and proliferate to participate
in wound contraction, extracellular matrix deposition, tis-
sue remodeling, and so on.”>*® Previous studies have
proven that exosomes derived from mesenchymal stem
cells (MSCs) can be internalized to regulate the prolifera-
tion and migration of fibroblasts.”” >’ In this study, mag-
BMSC-Exos are demonstrated to be more conducive to
enter into HSFs to improve cell migration, proliferation
and expression of pro-fibrogenic genes compared with
BMSC-Exos in vitro. The experiments in vivo further
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Figure 6 Exosomal miR-21-5p promotes angiogenesis and fibrogenesis by targeting SPRY2 in vitro. (¥) p < 0.05, (*¥) p < 0.01, (***) p < 0.001. (A) Overexpression of SPRY2
prevented the upregulation of the migration rate of HUVECs induced by the miR-21-5p mimic. Scale bar = 200 um. (B) Quantitative analysis of the migration rate of
HUVECs. (C) Overexpression of SPRY2 prevented the upregulation of the migration rate of HSFs induced by the miR-21-5p mimic. Scale bar = 200 um. (D) Quantitative
analysis of the migration rate of HSFs. (E) Western blotting assays showed that overexpression of SPRY2 prevented the upregulation of AKT, p-AKT, ERK1/2 and p-ERK /2
protein expression induced by the miR-21-5p mimic. (F) Schematic model showing that magnetic exosomal miR-21-5p targeted SPRY2 and activated the PI3K/AKT and
ERK/2 signaling pathways, further promoting angiogenesis and fibrogenesis.
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confirmed that all these effects of mag-BMSC-Exos would
enhance wound healing with a higher wound closure rate,
less scar formation, and more collagen deposition in rats.

Angiogenesis, the formation of new blood vessels from
the preexisting vasculature, is another essential process for
wound healing.*® As endothelial cells degrade the surround-
ing extracellular matrix, they begin to migrate, proliferate
and interconnect to form new vessels.” Blood vessels move
into the wound space as a unit together with macrophages
and fibroblasts, and replenish nutrients and oxygen to sustain
cell metabolism.>" Furthermore, fibroblasts also can help the
angiogenic process through extracellular matrix remodeling
and local delivery of growth factors.*” Exosomes from MSCs
have been reported to be internalized by HUVECs and pro-
mote endothelial angiogenesis during wound repair.”’~*
Compared with BMSC-Exos, we found that mag-BMSC-
Exos were more easily to be internalized by HUVECs
in vitro. After that, mag-BMSC-Exos can further promote
HUVECs proliferation, migration, tube formation and
expression of growth factors (VEGF & HIF-1a) in vitro.
All these effects of mag-BMSC-Exos were confirmed to be
able to enhance wound healing with a higher wound closure
rate and more new blood vessel formation in rats.

In this study, we provide the first demonstration that mag-
BMSC-Exos induced prominent regenerative effects in the
wound sites, as defined by a higher wound closure rate, less
scar formation, more collagen deposition. We also demon-
strated in vitro that mag-BMSC-Exos could be internalized
into HUVECs and HSFs, activate the PI3K/AKT and ERK1/2
signaling pathways, and enhance their functional properties by
transferring miR-21-5p. Our results suggest that mag-BMSC-
Exos may deliver miR-21-5p into resident HUVECs and
HSFs to evoke their regenerative responses, thereby accelerat-
ing cutaneous wound repair and regeneration.

To find the potential mechanism of mag-BMSC-Exos
to enhance wound healing, we first conducted a miRNAs
bioinformatics analysis, and found that the level of miR-
21-5p was found to be up-regulated in mag-BMSC-Exos.
MiR-21 is a vascular-specific member of the family of
miRNA precursors that regulate angiogenesis and fibro-
genesis, and miR-21 expression was found to be upregu-
lated after skin injury and could promote keratinocyte
migration to accelerate re-epithelialization of skin
wounds.** Inhibition of miR-21 resulted in a significant
delay in wound closure with less fibroblasts and collagen
deposition in the wound sites, suggesting that miR-21 is

a positive modulator of fibroblast function.'***

Although few studies have deciphered the role of miR-
21 in wound revascularization, the beneficial effects of
miR-21 on endothelial cell function and tumor angiogenesis
have been evaluated.'®*> After coculturing exosomes with
HUVECs and HSFs, miR-21-5p expression was remarkably
enhanced in HUVECs and HSFs, which indicated that miR-
21-5p can be transferred from mag-BMSC-Exos to recipient
cells. These findings reveal that miR-21-5p upregulation in
mag-BMSC-Exos may facilitate wound healing in this
study.

To better understand the underlying mechanism of exoso-
mal miR-21-5p to affect HUVECs and HSFs, we next
employed bioinformatic tools to identify the potential target
gene of miR-21-5p. We found that the gene SPRY2, which
contributes to angiogenesis and fibroblast functions, was iden-
tified in different databases. Furthermore, the luciferase assay
revealed that the expression of SPRY2 was increased in the
miR-21-5p mimic group. It has been previously reported that
the Sprouty family of proteins is a target of miR-21 in various
cells and tissue types.>® SPRY2 is an anti-angiogenic gene that
can significantly inhibit cell migration and proliferation, as
well as negative feedback loop modulators of the Raf/Mek/
ERK-associated signaling pathways downstream of major
growth factor stimuli such as FGF, VEGF, and PDGF.*’** In
our next set of experiments, we showed that knocking down
the expression of the miR-21-5p target gene SPRY2 in
HUVECs and HSFs could achieve mag-BMSC-Exos-like,
even miR-21-5p mimic-like, positive effects on proliferation,
migration and angiogenesis. These findings suggest that miR-
21-5p is one of the critical mediators in the mag-BMSC-Exo-
induced regulation of processes in HUVECs and HSFs by
targeting SPRY2. However, other signaling molecules may
also be involved in this process, which warrants further inves-
tigation. Finally, through a series of rescue experiments, we
showed that overexpression of SPRY?2 in HUVECs and HSFs
could attenuate, but not abolish entirely, the effects of the miR-
21-5p mimic on angiogenesis and fibroblast function.

This study highlights the therapeutic potential of
mag-BMSC-Exos, which may not only represent an
effective and promising method for the optimization of
therapeutic actions for wound healing but also act as
biological vectors for the delivery of biologically func-
tional miR-21-5p into recipient cells. However, it
remains to be determined how Fe;O4 nanoparticles and
SMF could induce BMSCs to secrete exosomes contain-
ing more miR-21-5p than BMSCs with no interventions
in further studies.
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Conclusions

In this study, we successfully fabricated a novel type of
BMSC exosomes (mag-BMSC-Exos), in which the
BMSCs were treated by Fe;O4 nanoparticles and SMF,
can further enhance wound healing than BMSC-Exos by
improving angiogenesis and fibroblast function in vitro
and in vivo. Upregulation of exosomal miR-21-5p might
be the potential mechanism to improve these effects by
targeting SPRY2. This work offers an effective and pro-
mising protocol to improve wound healing in clinic.
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