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A B S T R A C T

Exosomes and extracellular nanovesicles (NV) derived from mesenchymal stem cells (MSC) may be used for the
treatment of ischemic stroke owing to their multifaceted therapeutic benefits that include the induction of an-
giogenesis, anti-apoptosis, and anti-inflammation. However, the most serious drawback of using exosomes and
NV for ischemic stroke is the poor targeting on the ischemic lesion of brain after systemic administration,
thereby yielding a poor therapeutic outcome. In this study, we show that magnetic NV (MNV) derived from iron
oxide nanoparticles (IONP)-harboring MSC can drastically improve the ischemic-lesion targeting and the ther-
apeutic outcome. Because IONP stimulated expressions of therapeutic growth factors in the MSC, MNV contained
greater amounts of those therapeutic molecules compared to NV derived from naive MSC. Following the sys-
temic injection of MNV into transient middle-cerebral-artery-occlusion (MCAO)-induced rats, the magnetic
navigation increased the MNV localization to the ischemic lesion by 5.1 times. The MNV injection and sub-
sequent magnetic navigation promoted the anti-inflammatory response, angiogenesis, and anti-apoptosis in the
ischemic brain lesion, thereby yielding a considerably decreased infarction volume and improved motor func-
tion. Overall, the proposed MNV approach may overcome the major drawback of the conventional MSC-exosome
therapy or NV therapy for the treatment of ischemic stroke.

1. Introduction

Ischemic stroke is one of the most lethal diseases and is a leading
cause of long-term disability [1]. The main pathological event of is-
chemic stroke is brain ischemia caused by blood-vessel occlusion and
subsequent neuronal damage of the brain tissue [2]. The severe in-
flammation also contributes to the exacerbation of the neuronal injury
and brain dysfunction [3]. The oxidative stress caused by ischemia and
reperfusion in the brain tissue activates macrophages, thereby releasing
proinflammatory cytokines that leads to a detrimental inflammation in
the brain microenvironment [4,5].

The administration of mesenchymal stem cells (MSC) has attracted
widespread attention for the treatment of cerebral ischemic stroke
[6–8]. MSC have a large potential for the treatment of ischemic stroke
because they release therapeutic biomolecules that induce angiogenesis
[9], anti-apoptosis [10,11], and immunomodulation [12]. However, the
difficulty to deliver MSC to the stroke lesion limits their clinical use for
the treatment of cerebral ischemic stroke. The intracerebral implanta-
tion to the ischemic brain is invasive and may cause an additional da-
mage to normal brain tissues [13]. Intravenous administration is sim-
pler and less invasive in comparison with direct implantation. However,
it leads to a large entrapment of MSC in the lung and poor accumulation
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in the ischemic brain. Owing to the large diameters of the MSC
(15–40 μm), the pulmonary capillary acts as a barrier that captures
intravenously infused MSC [14–16]. Furthermore, although a small
amount of MSC may accumulate in the ischemic lesion in brain after
systemic infusion, MSC exhibit poor survival in inflammatory and hy-
poxic condition [17].

MSC-derived exosomes may overcome the problems of MSC therapy
for the treatment of ischemic stroke. Exosomes are extracellular vesicles
(50–150 nm) that contain various mRNAs, microRNAs and proteins
originated from the parent cells [18]. Nanometer-sized exosomes can
pass the pulmonary capillaries and avoid accumulation in the lung
following the systemic infusion [19]. Because exosomes are not live
cells, the low efficacy of the MSC therapy due to the poor survival can
be overcome by the MSC-derived exosome therapy. Furthermore, the
autologous MSC therapy may not be ideal for patients who require
emergency medical treatments because it is time-consuming to expand
the autologous MSC in vitro prior to the implantation. In contrast,
exosomes prepared using allogeneic MSC can serve as an off-the-shelf
therapeutic agent owing to their low immunogenicity [20,21].

MSC-derived exosomes have been studied as therapeutic agents for
the treatment of ischemic stroke [22–24]. Previous studies demon-
strated that MSC-derived exosomes exhibit similar or equivalent ther-
apeutic functions to those of MSC in the treatment of ischemic stroke.
However, the poor in vivo targeting ability of systemically administered
exosomes toward the ischemic stroke lesion is still a critical challenge
[25–27]. The surface modification of the exosome with the Arg-Gly-Asp
(RGD) peptide can enhance the accumulation of MSC-derived exosomes
in the ischemic brain [24]. However, the conjugation of the RGD pep-
tide requires multiple chemical reaction steps that may affect the
functions of the exosomal proteins.

Although the MSC-derived exosome therapy can be advantageous
over the MSC therapy for the treatment of ischemic stroke, the small
quantities of exosomes released from MSC may limit the clinical ap-
plication. Less than 4 μg of exosomes is produced by one million MSC
per day [28], thereby indicating that the collection of a sufficient
amount of exosomes for clinical studies is impractical and laborious.
The culture of MSC in three-dimensional (3D) spheroids and incubating
under a hypoxic condition can improve the exosome production effi-
ciency by two and six times, respectively [29,30]. Moreover, a previous
study demonstrated exosome-mimetic NV prepared by extruding cells
through serial nano-porous membranes [31]. The NV prepared using
embryonic stem cells with the extrusion method exhibited a 250-fold
increased production yield compared to that of naturally secreted
exosomes [32]. Therefore, NV are advantageous over exosomes in terms
of clinical-scale production.

To obtain NV with a good targeting ability, we prepared magnetic
nanovesicles (MNV) using IONP-harbored MSC (MSC-IONP) (Fig. 1).
MNV contain IONP that mediate their magnetic navigation to the target
ischemic lesion in the brain with the assistance of an external magnetic
field (MF). The IONP are biocompatible because they can be assimilated
by the body through ionization into iron ions and iron homeostasis
(storage of excess iron ions in the form of ferritin) [33]. IONP (e.g.,
ferumoxytol) are approved by the Food and Drug Administration for the
treatment of iron-deficiency anemia [34]. On the other hand, according
to our previous studies, IONP can activate the phosphorylation of c-Jun
and c-Jun N-terminal kinase (JNK) molecules [35,36], signaling cas-
cades associated with growth factor expressions [37,38]. Through this
mechanism, the expressions of therapeutic growth factors are con-
siderably up-regulated in MSC-IONP. The MNV, fabricated by the serial
extrusion of MSC-IONP, contain significantly larger amounts of ther-
apeutic growth factors than those of the control NV prepared using
untreated MSC. We synthesized MSC-derived NV having the brain is-
chemic lesion-targeting ability and larger amounts of therapeutic mo-
lecules, and demonstrated that the MNV exhibit significant therapeutic
effect in treatment of ischemic stroke.

2. Materials and methods

2.1. Cell culture

Human-bone-marrow-derived MSC (Lonza, Switzerland) with pas-
sage numbers of 5–7 and rBMDM were cultured with a high-glucose
Dulbecco's modified Eagle's medium (DMEM, Gibco, NY) supplemented
with a 10% (v/v) fetal bovine serum (FBS), penicillin (100 units/mL),
and streptomycin (100 μg/mL). HUVEC (Lonza) were cultured in
200PRF (Gibco) supplemented with a low-serum growth supplement
(Gibco) consisting of 2% FBS (v/v), hydrocortisone (1 μg/mL), human
epidermal growth factor (10 ng/mL), FGF2 (3 ng/mL), and heparin
(10 μg/mL). PC12 cells (Paragon Biotech, Baltimore, MD) were cultured
in RPMI 1640 (Gibco) supplemented with a 7.5% (v/v) FBS, 7.5% (v/v)
horse serum, and 1% (v/v) penicillin/streptomycin. PC12 cells were
treated with NGF (100 ng/mL) for neuronal differentiation.

2.2. IONP synthesis

IONP, having sizes of 12 nm, were synthesized through thermal
decomposition of an iron oleate complex using a previously reported
method [39]. The iron oleate complex was prepared by mixing 40 mmol
of iron chloride and 120 mmol of sodium oleate into a solution con-
taining 80 mL of ethanol, 60 mL of distilled water, and 140 mL of
hexane. The resulting solution was heated up to 70 °C for 4 h. The upper
organic layer was separated and washed several times with distilled
water. Upon the evaporation of the organic solvent, the iron oleate
complex was obtained for the synthesis of IONP. To synthesize the 12-
nm IONP, 40 mmol of the as-prepared iron oleate complex and 20 mmol
of oleic acid were dissolved in 200 g of 1-octadecene. After degassing
under vacuum, the mixture was heated up to 320 °C at a rate of 3.3 °C/
min and aged for 30 min. The resulting product was cooled to room
temperature and washed with ethanol several times.

2.3. Internalization of the IONP in the MSC

To evaluate the cytotoxicity of the IONP in MSC, IONP were added
to the culture medium at concentrations of 5, 10, 20, 40, 80, and
160 μg/mL. The viabilities of the IONP-treated MSC were determined
by the CCK-8 assay after 16 h of treatment. Based on the results of the
CCK-8 assay, the MSC were treated with IONP at a concentration of
40 μg/mL in the following experiments. After the IONP treatment, the
MSC were extensively washed three times with PBS. For the detection
of internalized IONP, the MSC-IONP were visualized using TEM (LIBRA
120, Carl Zeiss, Germany). Prussian blue staining was carried out to
observe the internalized IONP in MSC-IONP [40]. For the assessment of
the time-dependent gene expression, the total RNA was isolated from
MSC-IONP at 2, 24, and 48 h after the IONP treatment. The con-
centration of total RNA was measured using a NanoDrop spectrometer
(ND-2000, NanoDrop Technologies, Wilmington, DE). For Western blot
analysis, proteins were extracted from the cell lysate at 48 h after
treatment of IONP. The total protein concentration of the lysate was
determined by a Bradford assay. For inhibition of JNK and c-Jun sig-
naling pathway, MSC were co-treated with 20 μM of SP600125 (Tocris
Bioscience, UK), a selective inhibitor of JNK and c-Jun [41], and 40 μg/
mL of IONP. After 48 h, MNV were isolated from those SP600125-
treated MSC-IONP (SP-MNV) for analysis.

2.4. Preparation of MNV

To isolate MNV, MSC-IONP were obtained at 48 h after IONP-
treatment, and centrifuged at 300 g for 5 min. Collected MSC-IONP
were then resuspended in PBS at a concentration of 1 × 106 cells/mL.
Next, cells were disrupted by ultrasonication and centrifuged at 1000 g
for 10 min to remove nuclei. Supernatants were collected and serially
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extruded through 10 μm, 5 μm, 1 μm, and 400 nm pore-sized membrane
filters (Whatman, UK) using a mini-extruder (Avanti Polar Lipids, AL).
For density-gradient ultracentrifugation, step gradient was formed
using iodoxanol (OptiPrep, Axis-shield, UK). Iodoxanol (10% (v/v)) was
carefully overlaid on top of 50% (v/v) iodoxanol. Extruded MSC-IONP
were added to 10% (v/v) iodoxanol and ultracentrifuged at 100,000 g
for 2 h. Subsequently, the MNV-enriched layer between 50% and 10%
iodoxanol was collected and centrifuged again at 100,000 g for 2 h.
Pellet was resuspended in PBS and magnetized using neodymium
magnet to isolate MNV. SP-MNV were isolated from SP600125-treated
MSC-IONP. NV were fabricated from naive MSC with the same protocol
except for the magnetic separation. Fabricated NV and MNV were vi-
sualized using TEM. The total protein concentration of NV and MNV
was determined by a Bradford assay. The size and number of NV and
MNV were determined using Nanosight (LM10, Malvern, UK). The
amounts of EGF, FGF2, VEGF, and TGF-β in NV and MNV were de-
termined using human angiogenesis ELISA strip profiling assay
(Signosis, CA). The concentrations of growth factors were normalized
by total protein concentrations of NV and MNV. For evaluation of RNA
integrity, total RNAs extracted from MSC, MSC-IONP, NV, or MNV were
loaded on 1.5% (w/v) agarose gel and the gel was run in 100 V for
40 min.

2.5. Preparation of rBMDM

To isolate rBMDM, bone marrow was collected from the femurs of a
five-week-old male Sprague Dawley (SD) rat (Koatech, Gyunggi-do,
Korea) [42]. Hind limbs of animals were collected and the muscle tissue
was removed to expose the femur bones. The bones were then flushed
with PBS using syringes to isolate bone marrow cells. After cen-
trifugation, the collected bone marrow cells were differentiated to
macrophages for 4 days in a differentiation medium composed of a
high-glucose DMEM supplemented with 30% (v/v) L929 cell-condi-
tioned medium, 15% (v/v) FBS, 5% (v/v) horse serum, and 1% (v/v)
penicillin/streptomycin. A conditioned medium from the L929 cell
culture was prepared by growing the cells in a high-glucose DMEM
containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. After

4 days of incubation, the macrophage differentiation medium was
discarded and adherent BMDMs were harvested using cell scrapers.

2.6. In vitro therapeutic effects of the MNV

To investigate the angiogenic effect, tube formation and prolifera-
tion assays were carried out using the HUVEC treated with IONP
(0.68 μg/mL, iron content equal to that of the MNV), NV (40 μg/mL), or
MNV (40 μg/mL). For the tube formation assay, HUVEC were stained
with DiO for 30 min, washed three times with PBS, and seeded on
Matrigel (Corning, NY)-coated 24-well plates. IONP, NV, or MNV were
added into the culture. After 8 h of incubation, the capillary tube for-
mation of the HUVEC was analyzed by fluorescence microscopy. The
numbers of tubes and tube junctions were evaluated using more than
five images of each well (n = 3 wells per group). The cell proliferation
assay was carried out by determining the relative cell number in the
culture for 72 h after the treatment with the IONP, NV, or MNV. The
relative cell number was determined by a CCK-8 assay. For migration
assay, HUVEC were scratched with yellow pipette tips and incubated
with IONP, NV, or MNV. Cell-free area was quantified at 0, 8, and 24 h
after incubation. To evaluate the angiogenic effect of SP-MNV, pro-
liferation and migration assay were carried out by treatment with SP-
MNV (40 μg/mL) to HUVEC. In migration assay using SP-MNV, cell-free
area was quantified at 0, 24, and 48 h after incubation. To investigate
the anti-apoptotic effects of the MNV, PC12 cells were treated with
IONP (680 ng/mL), NV (40 μg/mL), or MNV (40 μg/mL) for 16 h. After
washing with PBS, the PC12 cells were treated with LPS (5 μg/mL) and
incubated under hypoxic conditions (1% O2) for 24 h. The cells were
then stained with fluorescein diacetate (FDA) and ethidium bromide
(EB) to detect live and dead cells, respectively. For flow cytometry, cells
were stained with annexin V-FITC and PI (Biolegend, CA). Stained
PC12 cells were analyzed with FACSAria Ⅱ instrument installed at the
National Center for Inter-university Research Facilities. The cell viabi-
lity was quantified through the CCK-8 assay and RNA was extracted for
further analysis. The expressions of genes encoding Bcl-2 and Bax were
evaluated using qRT-PCR. To evaluate the macrophage polarization,
rBMDM were seeded on six-well plates, treated with LPS (400 ng/mL),

Fig. 1. Schematic illustration of the ischemic stroke treatment with MSC-derived magnetic nanovesicles (MNV). (a) Fabrication of MNV using IONP-harboring MSC
(MSC-IONP). (b) Intracellular mechanism of the up-regulation of therapeutic growth factors in MSC-IONP. (c) MNV loaded with increased amounts of therapeutic
factors and IONP. (d) Magnet-guided delivery of MNV to an ischemic stroke lesion in magnetic-helmet-wearing rats and therapeutic effects of the MNV on various
cells (endothelial cells, neurons, and macrophages) in the ischemic lesion.
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and incubated under hypoxic conditions (1% O2) for 24 h. After the
removal of the LPS, the cells were treated with IONP (680 ng/mL), NV
(40 μg/mL), or MNV (40 μg/mL) for 16 h, followed by an extensive
washing with PBS and replenishing with a fresh DMEM. After 48 h, the
expressions of proinflammatory M1 and anti-inflammatory M2 markers
were assessed by qRT-PCR.

2.7. MCAO ischemia-reperfusion models and experimental groups

Nine-week-old SD rats (male, 250–300 g, Koatech) were used in all
experiments. All experimental procedures were performed according to
the guidelines and with the approval of the Institutional Animal Care
and Use Committee (IACUC) of the Biomedical Research Institute of the
Seoul National University Hospital (IACUC number: 17-0116-C2A0).
The focal ischemia-reperfusion model was developed using the left
transient MCAO with the intraarterial thread occlusion method
[43–46]. After 60 min of left MCAO, the thread was carefully removed
for reperfusion and the wound was sutured. The body temperature was
maintained at 37 ± 0.5 °C during the procedures using a heating
blanket while rectally monitoring the temperature. The experimental
models were categorized into three groups: transient MCAO with PBS,
transient MCAO with MNV injection [MNV (MF-)], and magnet-hel-
meted transient MCAO with MNV injection [MNV (MF+)]. Im-
mediately after the reperfusion, MNV (200 μg in 300 μL of PBS) or
300 μL of PBS were injected into the tail vein. The 200 μg dose of MNV
was used, based on previous reports that performed intravenous ad-
ministration of MSC-derived exosomes or MSC-derived nanovesicles in
vivo [47–49]. In the MNV (MF+) group, the magnet helmet was applied
for three days after the injection of the MNV to evaluate the effect of the
targeted delivery. The magnet helmet (ProJet) was fabricated using a
3D printer and embedded with a neodymium magnet (5× 10× 2 mm3,
0.32 T) on the left part.

2.8. Ex-vivo bio-distribution and cellular localization of MNV

MCAO-induced rats (n = 3 animals for each group) were sacrificed
24 h after the intravenous injection of VivoTrack 680-labeled MNV
(200 μg per animal). The distribution of the injected MNV in the brain,
liver, lung, spleen, and kidney was evaluated using an epi-illumination
fluorescence imaging system (IVIS Lumina II, PerkinElmer, MA, USA).
For a histological analysis, isolated ischemic brain tissues were em-
bedded in paraffin and 10-μm-thick coronal sections were prepared.
Prussian blue staining was carried out to visualize irons, while a nuclear
fast red solution was used for counter staining. To assess cellular uptake
of MNV by specific cell type, DiI was used to track MNV. Two hundred
microgram of MNV were intravenously administered to MCAO-induced
rats and brain tissues were collected at 24 h after administration.
Paraffin sections were prepared and processed using primary antibodies
against vWF, MAP2, GFAP (Abcam, CA), F4/80 (Santacruz Biotech,
CA), and TMEM119 (Novus Biologicals, CO).

2.9. Measurement of cerebral infarct volume

The rats were sacrificed three days after the transient left MCAO by
a cardiac perfusion with saline, followed by 4% paraformaldehyde in
0.1 M of PBS. The brains were removed, cut into 30-μm-thick coronal
sections, and mounted on glass slides. The infarct volume was evaluated
using serial sections collected for TTC staining (n= 11 animals for each
group). To measure the infarct volume, the ImageJ program (National
Institutes of Health, Bethesda, MD) was employed to analyze the images
of the TTC-stained sections.

2.10. Behavioral tests

For the evaluation of the functional recovery after the MNV ad-
ministration, a forelimb-placing test was carried out 1, 3, 7, 14, 21, and

28 days after the transient MCAO by two investigators blinded to the
groups (n= 6 for each group) [43,50]. It consisted of two limb-placing
tasks for the assessment of the sensorimotor integration of the forelimb
and hindlimb by responses to tactile and proprioceptive stimulations of
rats. The following scores were used to detect the impairments of the
forelimb and hindlimb: 0 points (when the rat performed normally), 1
point (if the rat performed with a delay of more than 2 s and/or in-
completely), and 2 points (if the rat did not perform the task). Both
sides of the body were tested. The rats having a score of 8 indicated the
most severe neurological symptom; conversely, the rats with a score of
0 were normal.

2.11. Western blot and IHC analyses of the extracted brain tissue

SD rats (n = 3 animals for each group) were sacrificed and trans-
cardially perfused three days after the transient MCAO. For the Western
blot analysis, the retrieved brain tissues were homogenized (D1000,
Benchmark Scientific, NJ) in 300 μL of a lysis buffer, incubated on ice
for 1 h, and centrifuged at 14,000 g for 30 min. After the centrifugation,
the protein concentration of the isolated supernatant was measured by
the Bradford assay and the Western blot analysis was performed with
primary antibodies against iNOS, nNOS, Arg-1, MAP2, TNF-α, IL-1β,
Cox-2, and GFAP (Abcam, CA). For IHC analysis, the paraffin sections
were blocked by incubating with a 0.5% bovine serum albumin/0.3%
Triton-X and 10% normal serum in PBS for 1 h. Additionally, the sec-
tions were incubated with primary antibodies against Iba1, CD86, Arg-
1, vWF, MAP2 (Abcam), MPO (Santa Cruz Biotech), or TMEM119 at
4 °C for 16 h. After washing, the sections were incubated with a
fluorescent-dye-conjugated secondary antibody. The microscopic ana-
lyses were performed using a Leica DM5500B microscope (Leica
Microsystems) and LAS-AF image acquisition software (Leica
Microsystems, Rijswijk, Netherlands).

2.12. Statistical analysis

The in vitro and in vivo data are quantitatively presented as
mean ± standard deviation. For in vitro experiments, values are re-
presentative of three independent experiments with three or more
samples per group. For in vivo experiments, values are representative of
three independent experiments with three or more animals per group.
The p-values were calculated by the one-way or two-way analysis of
variance with the Turkey's significant difference post-hoc test using the
GraphPad Prism software. The values of p < 0.05 were considered
statistically significant.

3. Results and discussion

3.1. IONP internalization into MSC and up-regulation of growth factors

We analyzed the biological effects of the IONP on the MSC. Human-
bone-marrow-derived MSC were treated with PEGylated super-
paramagnetic IONP with sizes of 12 nm (Fig. 2a). Transmission electron
microscopy (TEM) showed the IONP internalization into the MSC
(Fig. 2a). Agglomerated IONP clusters (red arrows) were observed in
the endosomes of MSC-IONP. To evaluate the cytotoxicity of the IONP,
the MSC were treated with IONP at various concentrations of 5–160 μg/
mL and incubated for 8 h (Fig. 2b). A cell counting kit 8 (CCK-8) assay
showed that the IONP did not exhibit cytotoxicity up to a concentration
of 80 μg/mL. Prussian blue staining showed that the MSC treated with
an increased dose of IONP contained more IONP (Fig. 2c). A quanti-
tative real-time polymerase chain reaction (qRT-PCR) analysis in-
dicated that the IONP treatment stimulated mRNA expressions of var-
ious therapeutic molecules associated with angiogenesis (angiopoietin
1 (Ang-1), fibroblast growth factor 2 (FGF2), hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), transforming growth factor (TGF)-β1, TGF-β3),
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anti-apoptosis (FGF2, HGF, VEGF, PDGF, TGF-β1, TGF-β3), neuro-
trophic (nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), glial-cell-derived neurotrophic factor (GDNF), neurotrophin-3
(NT3), NT4), and anti-inflammation (TGF-β1, TGF-β3) factors in MSC-
IONP (Fig. 2d). The low pH in the endosome induces a slow ionization
of the IONP into iron ions [51], stimulating the JNK and c-Jun signaling
(Figs. 1b and 2e). A Western blot analysis indicated that the protein
expressions of Ang-1, FGF2, HGF, VEGF, BDNF, and TGF-β3 were sig-
nificantly increased in MSC-IONP compared to those in the untreated

MSC (Fig. 2e). Next, we investigated whether the enhanced expressions
of the therapeutic molecules are attributed to the stimulated phos-
phorylation of JNK and c-Jun signaling molecules. MSC were co-treated
with IONP and SP600125. After 48 h, phosphorylation of JNK and c-
Jun and the expressions of therapeutic molecules were evaluated by
Western blot (Fig. S1). SP600125 reduced the phosphorylation of JNK
and c-Jun and the expressions of Ang-1, FGF2, HGF, and VEGF even in
the presence of IONP.

Fig. 2. Enhanced expressions of angiogenic, neuroprotective, and anti-inflammatory factors in the MSC by the IONP. (a) TEM images of the (i) IONP and (ii) MSC-
IONP. The dotted yellow box indicates the endosome in MSC-IONP. (b) MSC viabilities at 16 h after the incubation with various concentrations of IONP. *P < 0.05
versus no treatment (n= 5). (c) Dose-dependent uptake of IONP by the MSC, evaluated by the Prussian blue staining. The blue color indicates the IONP in the MSC.
Scale bars = 100 μm. (d) Relative mRNA expressions of angiogenic (Ang-1, FGF2, HGF, VEGF, and PDGF), neuroprotective (NGF, BDNF, GDNF, NT3, and NT4), and
anti-inflammatory (TGF-β1 and TGF-β3) factors in MSC-IONP 2, 24, and 48 h after the treatment with IONP, evaluated by the qRT-PCR analysis (n = 3). Western
blotting and quantification of the (e) phosphorylated JNK, c-Jun, and angiogenic, neuroprotective, and anti-inflammatory factors in the MSC and MSC-IONP 48 h
after the IONP treatment. *P < 0.05 versus the MSC. In (d, e), the MSC were treated with IONP (40 μg/mL) (n= 3). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Characterization of the NV and MNV. (a) Size distributions of the NV and MNV, evaluated by a nanoparticle tracking analysis. (b) TEM images of NV and
MNV. The yellow arrows indicate IONP inside the MNV. (c) Fluorescence microscopy images of the NV and MNV. The lipid bilayers of the NV and MNV were stained
with DiO (green), a lipophilic dye. RITC-labeled IONP were used for the synthesis of the MNV. Scale bars = 2 μm. (d) Attraction of MNV by magnetic field (MF). (e)
qRT-PCR and (f) Western blot analyses of various therapeutic factors in the NV and MNV. *P < 0.05 versus the NV (n= 3). (g) NV and MNV uptakes by PC12 cells in
vitro. The blue color indicates cell nuclei (DAPI). Scale bars = 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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3.2. Characterization of the MNV prepared using MSC-IONP

As the gene and protein expressions of the therapeutic growth fac-
tors were significantly enhanced in MSC-IONP 48 h after the IONP
treatment, MSC-IONP were harvested 48 h after the treatment with
IONP and serially extruded through membrane filters having pore sizes
of 10, 5, 1, and 0.4 μm to obtain MNV. The NV prepared using the
untreated MSC served as a control. A dynamic light scattering analysis
showed that the NV and MNV had average sizes of 168.3 ± 48.3 and
194.2 ± 44.5 nm, respectively (Fig. 3a). Particle numbers of NV and
MNV per 1 μg of protein were 10.2 × 108±1.6 × 108, and
8.2 × 108± 0.5 × 108, respectively (Fig. S2). The TEM revealed
spherical shapes and lipid bilayers in both NV and MNV and IONP
(yellow arrows) encapsulated in the MNV (Fig. 3b). The encapsulation
of IONP in the MNV was further confirmed by confocal microscopy. The
MNV were fabricated using rhodamine-B-isothiocyanate (RITC, red)-
labeled IONP. The lipid bilayers of the MNV were stained with 3,3′-
dioctadecyloxacarbocyanine perchlorate (DiO, green). The confocal
microscopy of the MNV revealed the overlapped locations of green and
red fluorescence signals, indicating the encapsulation of IONP in the
MNV (Fig. 3c). The MNV (dark-brown pellets) were attracted by a
magnet (Fig. 3d). Further, we determined whether the larger amounts
of the therapeutic molecules in MSC-IONP can be transferred to the
MNV prepared using MSC-IONP. qRT-PCR (Fig. 3e) and Western blot
(Fig. 3f) analyses showed that the MNV contained significantly larger
amounts of the therapeutic mRNAs and proteins than those in the NV.
Next, the amounts of therapeutic growth factors in NV and MNV re-
lative to their protein concentrations were determined by ELISA (Fig.
S3). It was revealed that MNV contained significantly larger amounts of
therapeutic growth factors than NV. The amounts of EGF, FGF-2, VEGF,
and TGF-β per 1 μg of NV were 84.3, 64.5, 410.4, and 31.1 pg, re-
spectively. Meanwhile, the amounts of EGF, FGF2, VEGF, and TGF-β
per 1 μg of MNV were 156.8, 171.1, 1225.6, and 58.1 pg, respectively.
Following NV and MNV isolation through fierce extrusion, total RNAs
in NV and MNV showed no significant changes in RNA integrity com-
pared to their source cells, as determined by comparing the ratio of
28s/18s rRNA band intensity in agarose gel electrophoresis (Fig. S4)
[52]. Next, pheochromocytoma 12 (PC12) cells, a neuronal cell line,
were treated with NV and MNV. After 4 h, the NV and MNV were ef-
fectively up-taken by the cells (Fig. 3g). These results demonstrate that
the MNV contained not only IONP as targeting agents but also sig-
nificantly larger amounts of therapeutic factors exerting angiogenic,
anti-apoptotic, and anti-inflammatory effects. In contrast, MNV isolated
from SP600125-treated MSC-IONP (SP-MNV) contained lower amounts
of therapeutic proteins compared to NV (Fig. S5).

3.3. In vitro enhanced angiogenesis, anti-apoptotic, and anti-inflammatory
effects of the MNV

We investigated whether the MNV exerted enhanced angiogenic,
anti-apoptotic, and anti-inflammatory effects in vitro. Human umbilical
vein endothelial cells (HUVEC), neuron-like PC12 cells, and rat bone
marrow-derived macrophages (rBMDM) were treated with NV (40 μg/
mL), MNV (40 μg/mL), and IONP (0.68 μg/mL, equal concentrations of
IONP in 40 μg/mL of MNV). The IONP served as a control to determine
whether the therapeutic growth factors or IONP were the therapeutic
sources of the MNV. The angiogenic activity of the HUVEC was de-
termined by a tube formation assay after their treatment with IONP,
NV, or MNV for 8 h (Fig. 4a). The capillary tube formation of HUVEC
was prominent in the MNV group. The HUVEC treated with the MNV
exhibited the most active proliferation (Fig. 4b) and migration (Fig. S6).
These results may be attributed to the larger amounts of angiogenic
factors such as Ang-1, FGF2, HGF, and VEGF in the MNV [53,54]. In
this context, we also examined the angiogenic effect of SP-MNV. Pro-
liferation and migration of HUVEC were assessed after treatment with
SP-MNV (Fig. S7). Likely due to low amounts of angiogenic factors in

SP-MNV, proliferation or migration of SP-MNV-treated HUVEC did not
change.

Further, we determined whether the MNV exert anti-apoptotic and
neuroprotective effects on the neuron-like PC12 cells under in-
flammatory and hypoxic conditions, typical in the brain micro-
environment after an ischemic stroke [55]. Prior to assessments,
PC12 cells were neuronally differentiated by treatment with NGF. NGF
treatment induces PC12 cells to change the phenotype and acquire a
number of properties of sympathetic neurons [56]. Differentiated
PC12 cells cease to proliferate, extend neurite outgrowth, and can de-
velop synapses with primary neurons [57,58]. To induce apoptosis,
PC12 cells were treated with lipopolysaccharide (LPS, 5 μg/mL) and
incubated under hypoxic (1% O2) conditions [59,60]. The cells were
pretreated with IONP, NV, or MNV before the induction of apoptosis.
After 24 h, the PC12 cells treated with the MNV exhibited the highest
cell survival rate (Fig. 4c). After the incubation of the PC12 cells under
the inflammatory and hypoxic conditions, the early apoptotic cell po-
pulation (annexin V-positive and propidium iodide (PI)-negative) and
late apoptotic cell population (positive for both annexin V and PI) were
increased to ~20% and ~25%, respectively (Fig. 4c). Surprisingly, the
MNV treatment largely reduced the apoptotic cell populations to ~6%
and ~9%, respectively. Compared to the other treatments, the MNV
treatment significantly up-regulated the mRNA expression of the anti-
apoptotic B-cell lymphoma-2 (Bcl-2) and down-regulated that of the
proapoptotic Bcl-2-associated X-protein (Bax) (Fig. 4d). The MNV
treatment significantly increased the viability of the PC12 cells com-
pared to those after the IONP and NV treatments (Fig. 4e).

Further, we investigated the anti-inflammatory effect of the MNV.
Macrophages can exist in proinflammatory and cytotoxic (M1) and anti-
inflammatory and regenerative (M2) states [61]. During the progres-
sion of stroke, the M1 phenotype largely increases in the peri-infarct
regions and releases proinflammatory cytokines, which exacerbate the
neuronal injury [62]. The phenotypic transition of M1 macrophages
toward the M2 subtype can prevent further brain damage [63]. To
determine whether the MNV elicit M2 polarization of the M1 macro-
phages, the rBMDM were activated to the M1 state by an LPS treatment
and culture under hypoxic conditions. The M1 phenotype-induced cells
were then treated with IONP, NV, or MNV for 48 h, and the mRNA
expressions of M1 macrophage markers (inducible nitric oxide synthase
(iNOS), interleukin (IL)-1β, and tumor necrosis factor (TNF)-α) and M2
macrophage markers (arginase 1 (Arg-1), cluster of differentiation 206
(CD206), and IL-10) were evaluated (Fig. 4f). Compared to those of the
nonactivated rBMDM (normoxia), the M1 macrophage-induced rBMDM
(LPS/hypoxia) exhibited highly up-regulated expressions of the M1
markers. Notably, the MNV treatment significantly down-regulated the
expressions of the M1 markers, while the M2 marker expressions were
considerably increased. These results demonstrate that the MNV can
elicit the M2 polarization of the M1-induced macrophages. Anti-in-
flammation and polarization of inflammatory M1 macrophages into
regenerative M2 phenotype by MNV are likely attributed to the growth
factors contained in MNV. VEGF induces polarization of M1 macro-
phages to M2 phenotype [64,65]. TGF-β has a pivotal role in im-
munosuppression [66]. TGF-β promotes M1 to M2 polarization via
stimulation of SNAIL and down-regulation of NF-κB [67,68].

In these in vitro experiments, the IONP or SP-MNV treatment did not
lead to significant differences from the control groups (nontreated
group or LPS/hypoxia group). This demonstrates that the therapeutic
effects of the MNV are attributed to the therapeutic growth factors
rather than the incorporated IONP.

3.4. Targeted delivery of the MNV to an ischemic lesion

To evaluate the feasibility of a magnet-guided delivery of the MNV
to an ischemic stroke lesion, the MNV were intravenously injected to
transient middle cerebral artery occlusion (MCAO)-induced rats. To
induce an external MF in the stroke lesion (left hemisphere (LH)) in the
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Fig. 4. In vitro angiogenic, neuroprotective, and anti-inflammatory effects of the NV and MNV on the endothelial cells (HUVEC), neuronal cells (PC12 cells), and
macrophages (rBMDM). (a) Angiogenic behaviors of the HUVEC after the treatments with the IONP (0.68 μg/mL), NV (40 μg/mL), and MNV (40 μg/mL), determined
by the tube formation assay. The HUVEC were stained with DiO, a green fluorescent dye. Scale bars = 100 μm. The numbers of tube formations and tube junctions
were evaluated. (b) Proliferation of the HUVEC after various treatments, evaluated by the CCK-8 assay. (c) Viabilities and apoptotic behaviors of the PC12 cells
treated with the IONP, NV, and MNV followed by incubation under inflammatory (LPS) and hypoxic (1% O2) conditions. For the visualization of live and dead cells,
the PC12 cells were stained with FDA (green) and EB (red), respectively. The apoptosis was evaluated by flow cytometry. The cells were double-stained with annexin
V-FITC and PI. (d) Relative mRNA expressions of Bax (proapoptotic gene) and Bcl-2 (anti-apoptotic gene), evaluated by the qRT-PCR analysis. The normoxia group
was not treated with LPS and hypoxia. (e) Viability of the PC12 cells evaluated by the CCK-8 assay. (f) Relative mRNA expressions of M1 (iNOS, IL-1β, and TNF-α)
and M2 (Arg-1, CD206, and IL-10) macrophage markers in the rBMDM after the various treatments. The rBMDM were polarized to the M1 phenotype by the LPS
treatment and hypoxia prior to the various treatments. (a, b, d–f) *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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brain for magnetic navigation of the MNV, magnet helmets for rats were
fabricated using a 3D printer and neodymium magnets were embedded
in the magnet helmets (Fig. 5a). For in vivo fluorescence imaging, the
MNV were fluorescently labeled with a lipophilic dye VivoTrack 680
prior to the injection. The fluorescence imaging 24 h after the injection
revealed that without the MF (MF-), a small amount of MNV

accumulated in the brain (Fig. 5b), likely owing to the disruption of the
brain-blood barrier during the progression of the ischemic stroke [69].
The majority of the MNV were uptaken by the liver and spleen. This is
in agreement with the previous studies, which demonstrated that sys-
temically administered extracellular vesicles rapidly accumulate in or-
gans of the reticuloendothelial system such as the liver and spleen

Fig. 5. In vivo targeted delivery of systemically injected MNV to the ischemic stroke lesion of the MCAO rat by the external MF. (a) 3D-printed magnetic helmet used
for the magnetic navigation of the systemically injected MNV toward the ischemic stroke lesion. (b) Bio-distribution of the MNV following their intravenous injection
(200 μg) into the MCAO-induced rat with or without the MF, evaluated by the IVIS imaging of major organs (Br: brain, Li: liver, Lu: lung, Sp: spleen, and Ki: kidney).
LH: left hemisphere (ischemic lesion), RH: right hemisphere (non-ischemic region) (c) Quantification of the fluorescence intensities of the major organs. (d) Effect of
the MF on the MNV localization in the LH (ischemic lesion). (e) Ischemic lesion-specific accumulation of MNV by the MF, indicated by the ratio of the fluorescence
intensity (denoted as FI) in the LH to that in the RH. (f) Prussian blue staining of the ischemic stroke lesion in the LH following the MNV injection with or without the
MF. The blue color (arrows) indicates the IONP in the MNV. Scale bars = 50 μm. The Prussian blue-positive area was quantified. (c–f) *P < 0.05, **P < 0.01
(n = 3 animals per group). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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[24,25,27]. Notably, the MF (MF+) considerably increased the fluor-
escence signals in the ischemic brain, particularly in the LH (ischemic
lesion) where the MF was applied. A region-of-interest analysis revealed
that the MF increased (2.9 times) the MNV accumulation in the brain
compared to that without the MF (Fig. 5c). In the LH of the brain, the
MF increased (5.1 times) the MNV accumulation compared to that
without the MF (Fig. 5d). The increase in targeting efficiency toward
the ischemic lesion is considerably higher than that of previously re-
ported RGD-modified exosomes (~3-fold) [24]. The MF increased the
fluorescence ratio of the LH to the right hemisphere (RH) to 9.2, which
was 1.7 for the MF(−) group (Fig. 5e), demonstrating the ischemic
lesion-specific accumulation of the MNV with the aid of the MF. The
Prussian blue staining of the LH confirmed that the MF significantly
increased the MNV accumulation in the ischemic lesion (Fig. 5f). Next,
we investigated the cellular uptake of MNV by specific cell type in in-
farcted brain. MNV were fluorescently labeled with DiI and in-
travenously injected to MCAO-induced rats in presence of MF. After
24 h, brains were collected and IHC was performed to label various cell
types (Fig. S8). In ischemic lesion, fluorescence signal from MNV was
co-localized within von Willebrand factor (vWF)-stained endothelial
cells. Furthermore, various cell types targeted by MNV were evaluated
by staining for microtubule-associated protein 2 (MAP2, neuron
marker), glial fibrillary acid protein (GFAP, astrocyte marker), F4/80
(macrophage marker), or TMEM119 (microglia marker). TMEM119,
cell-surface protein selectively expressed by microglia, can distinguish
microglia from infiltrating macrophages [70]. Observed with confocal
microscopy, fluorescence signal from MNV was detected not only in
endothelial cells, but also in neurons, astrocytes, macrophages, and
microglia. This result is consistent with a previous study demonstrating
the cellular localization of MSC-derived extracellular vesicles in various
types of cells in infarcted brain [24,71]. Targeting ability of MNV to
endothelial cells and neurons may attribute to VLA-4 and SNAP-25
proteins expressed on the MSC membrane, respectively [72,73]. Be-
cause reactive astrocytes, inflammatory macrophages, and activated
microglia function as phagocytes after brain ischemia [74], MNV can be
phagocytosized by those cell types. Cellular internalization of extra-
cellular vesicles such as exosomes can occur through phagocytosis [75].

3.5. In vivo therapeutic effects of the MNV on the ischemic stroke

To investigate the therapeutic effects of the MNV on the ischemic
stroke, we evaluated the infarct volume three days after the MCAO and
injection of MNV (Fig. 6a). Brains were collected and stained with
2,3,5-triphenyltetrazolium chloride (TTC). The unstained tissues
(yellow arrows) indicate the infarcted lesion. The infarct volume of the
MNV (MF+) group was significantly smaller than those of the MNV
(MF-) and phosphate-buffered saline (PBS) (Fig. 6b) groups. The infarct
volume of the MNV (MF-) group was smaller than that of the PBS group
possibly owing to the small accumulation of MNV in the ischemic le-
sion. These results showed that the MNV accumulation in the ischemic
lesion reduced the infarct volume. A limb placement test (LPT) showed
a fast functional recovery in the MNV (MF+) group (Fig. 6c).

Further, we investigated the therapeutic mechanisms of the MNV.
Based on the in vitro findings, the anti-inflammatory, angiogenic, and
neuroprotective effects were assessed. The Western blot analysis of
brain tissue lysates showed that proinflammatory M1 markers such as

iNOS and neuronal nitric oxide synthase (nNOS) were significantly at-
tenuated in the MNV (MF+) group, compared to the other groups
(Fig. 6d). The expressions of Arg-1 (M2 macrophage marker) and MAP2
in the MNV (MF+) group were significantly higher than those of the
other groups. Other M1 macrophage markers (TNF-α, IL-1β, and Cox-2)
and marker of reactive astrocytes such as GFAP were prominently at-
tenuated in the MNV (MF+) group (Fig. S9). Full western blots in this
study are shown in Fig. S10. IHC staining showed that the MNV (MF+)
group exhibited a considerably attenuated expression of CD86 (M1) and
increased expression of Arg-1 (M2), compared to those of the other
groups (Fig. 6e). Because microglia mediate major immune responses in
the central nervous system, we also investigated whether the activation
of microglia is attenuated by MNV. We processed brain sections with
anti-TMEM119 (microglia marker) and anti-Iba1 (activation marker)
antibodies to evaluate the activation of microglia (Fig. S11). The IHC
staining demonstrated that administration of MNV (MF+) markedly
attenuated the microglia activation. Additionally, reduced expression of
myeloperoxidase (MPO), an inflammation marker, was observed in the
ischemic lesion (Fig. S12). These results indicate that the MNV accu-
mulated in the ischemic lesion induced the polarization of brain-re-
sident macrophages toward the M2 subtype and attenuated the mi-
croglia activation. The IHC staining for the vWF indicates that more
blood vessels were observed in the MNV (MF+) group (Fig. 6f), de-
monstrating the promotion of angiogenesis by MNV. Moreover, the IHC
staining for MAP2 showed that the MNV accumulated in the ischemic
lesion exhibited an excellent neuroprotection, whereas the PBS group
exhibited a severe neuronal loss (Fig. 6g). A terminal deoxynucleotidyl
transferase deoxyuridine triphosphate nick-end labeling (TUNEL)
staining of the ischemic lesion showed that the number of apoptotic
cells in the ischemic lesion was considerably reduced by the adminis-
tration of the MNV (MF+) (Fig. 6h).

4. Conclusion

This study demonstrated the feasibility of MSC-derived NV with
magnetic properties for the treatment of ischemic stroke. The IONP-
incorporated MSC exhibited enhanced expressions of therapeutic
growth factors inducing angiogenesis, anti-apoptosis, and anti-in-
flammation. The MNV prepared using MSC-IONP contained large
amounts of therapeutic growth factors and IONP. The magnetic prop-
erties generated by the IONP enabled the MNV to target the ischemic
brain with the aid of the 3D-printed magnet helmet. The MNV accu-
mulated in the ischemic brain improved the blood vessel density, eli-
cited the macrophage polarization from the inflammatory M1 pheno-
type to the anti-inflammatory M2 phenotype, and consequently
attenuated the neuronal damage in the infarcted lesion. Owing to these
therapeutic effects, the MNV exhibited a significantly reduced infarc-
tion volume and improved motor function of the brain. Therefore, the
MSC-derived NV therapy is feasible for the treatment of ischemic
stroke.
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