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Abstract

Therapeutic potential-enhanced 

mesenchymal stem cell-derived 

nanovesicles

Ju-Ro Lee

School of Chemical and Biological Engineering

The Graduate School

Seoul National University

Due to the safety issues and poor engraftment of mesenchymal stem cell (MSC) 

implantation, MSC-derived exosomes have been spotlighted as an alternative 

therapy for wide variety of diseases including myocardial infarction (MI) and spinal 

cord injury (SCI). Despite of the advantages of exosomes over MSC therapies, there 

are several limitations for clinical application due to the very small productivity 

and poor targeting ability to diseased organs after administration. To overcome 

these obstacles, exosome-mimetic extracellular nanovesicles (NVs) have been 
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developed as an alternative to conventional exosomes. However, NVs also poorly 

accumulate in target organs without modification. Here, we developed therapeutic 

potential-enhanced NVs derived from MSCs that were engineered to possess 

increased therapeutic and targeting molecules.

First, we developed NVs derived from iron oxide nanoparticles (IONPs)-

incorporated MSCs (IONP-MSCs). The retention of injected IONP-MSC-derived 

NVs (IONP-NVs) within the infarcted heart was dramatically augmented by 

magnetic guidance. Furthermore, IONPs significantly increased the levels of 

therapeutic RNAs and proteins in IONP-MSCs as well as IONP-NVs, which can 

reduce the concern of low exosome-productivity. The injection of IONP-NVs into 

the infarcted heart and magnetic guidance induced an early shift from the 

inflammation phase to the reparative phase, reduced apoptosis and fibrosis, and 

enhanced angiogenesis and cardiac function recovery. This approach can enhance 

the therapeutic potency of an MSC-derived NV therapy and may pave the way for 

the clinical application of MI.

Second, we fabricated macrophage membrane-fused-exosome-mimetic 

nanovesicles (MF-NVs) from macrophage membraned-fused MSCs (MF-MSCs) 

and confirmed their therapeutic potential in a clinically relevant mouse SCI model 

(controlled mechanical compression injury model). MF-NVs contained larger 

quantity of ischemic region-targeting molecules compared to normal MSC-derived 

nanovesicles. The targeting molecules in MF-NVs, which were derived from 

macrophage membranes, increased the accumulation of MF-NVs in the injured 

spinal cord after the in vivo systemic injection. Increased accumulation of MF-NVs 

attenuated apoptosis and inflammation, prevented axonal loss, enhanced blood 

vessel formation, decreased fibrosis, and consequently improved spinal cord 
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function. These results present their possibility of clinical application for SCI.

Together, we showed that NVs derived from IONP-MSCs or MF-MSCs 

contain greater therapeutic molecules or targeting molecules that can facilitate 

enhanced accumulation in infarcted myocardium or injured spinal cord. Our novel 

approach to augment therapeutic efficacy of NVs derived from modified MSCs can 

be a good replacement of conventional MSC or MSC-derived exosome therapies. 

Our technology can be applied the clinical applications in the future as therapies 

for acute ischemic/inflammatory diseases.

Keywords: exosome-mimetic extracellular nanovesicles, iron oxide 

nanoparticles, macrophages, mesenchymal stem cells, myocardial infarction, 

spinal cord injury

Student Number: 2014-21524
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1.1. Conventional MSC-based therapies and limitations

Mesenchymal stem cell (MSC)-based therapies for the treatment of various 

diseases have attracted attention and been considered promising therapies for 

clinical uses for decades. Due to its therapeutic potential and intrinsic properties,

numerous clinical trials1 that used autologous or allogeneic MSC transplantation 

including osteoarthritis2, cardiovascular diseases3, and spinal cord injury (SCI)4, are 

still ongoing. Early studies suggested that transplanted MSCs engraft in damaged 

tissues and differentiate to specific cell lineages and then subsequently replace the 

cells in the lesion. However, recent studies have suggested that paracrine factors 

secreted from MSC play an important role in its therapeutic mechanism, not 

replacing damaged cells.5 Despite of the low MSC engraftment in damaged tissue, 

the obvious therapeutic effects of MSCs strongly support that major therapeutic 

mechanisms of MSCs are attributed to the paracrine effects. Moreover, the 

heterogeneity, different origins, and culture procedures of MSCs make their 

therapeutic results frequently variable.

In spite of accomplished clinical outcomes of MSCs, there are several 

potential risks of the uses of MSC therapies, such as tumorigenesis, differentiation 

to other cell lineages, arrythmias, and neuronal damages. In addition, the route of 

MSC administration has been challenges for clinical applications. Although 

intravenous administration can be less invasive and easy to inject, there are many 

obstacles for systemically injected MSCs to elicit clinical outcomes.6, 7 Moreover, 

systemically injected MSCs hardly reach the targeting lesion due to the pulmonary 

entrapment.8 Systemic injection of MSCs Surgical procedure .
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1.2. Extracellular vesicles: potential therapeutic agent

1.2.1. Extracellular vesicles

Extracellular vesicles (EVs) are composed of a lipid bilayer enveloping cytosolic 

proteins and RNAs, which are derived from various types of cells (Figure 1.1).9

EVs are secreted from the cells through the budding from the plasma membrane. 

EVs have a wide range of size (50-1,000 nm in a diameter) and classified by their 

sizes. They are divided into two main categories, microvesicles and exosomes.

Microvesicles are general kind of vesicles with size of 50-1,000 nm and generated 

outward budding from plasma membrane. Exsomes are specific kind of EVs with 

size smaller than 150 nm in a diameter and generated inward budding from 

multivesicular bodies. Both exosomes and microvesicles are involved in 

intercellular communications. They convey RNAs, proteins, and membranes from 

donor cells to neighboring cells or distant cells. Their cargos, RNAs and proteins, 

are active and participate in the regulation of intracellular signaling cascades in the 

recipient cells.10, 11 Because RNAs and proteins in microvesicles and exosomes are 

derived from parent cells, their component are dependent on the characteristics of 

parent cells. Based on the unique properties of EVs, EVs are largely attributed to 

the paracrine effects of cell-based therapies. Furthermore, their biocompatibility, 

low immunogenicity, and relatively free administration route have gained great 

attention. Thus, EVs have been studied as an alternative to cell-based therapies, 

“cell-free therapy” for a wide variety of diseases including cancer, immune diseases, 

cardiovascular diseases, and central nerve system disorder.12, 13
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Figure 1.1. Biogenesis of extracellular vesicles and their interactions with 

recipient cells.14
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1.2.2. Extracellular vesicles as an alternative to cell-based 

therapies

In particular, exosomes derived from MSCs are widely studied as a cell-free therapy 

for various types of diseases in vitro or in vivo (Figure 1.2). Previous studies

reported that exosomes derived from pristine MSCs or GATA-4 overexpressing 

MSCs exhibited anti-apoptotic effects on cardiomyocyte in vitro.15, 16 MSC-

exosomes treatment stimulated Akt pathway in cardiomyocyte, which is involved 

in the survival under hypoxic and H2O2-induced reactive oxygen species (ROS) 

condition. MSc-exosomes also showed antifibrotic effects. Treatment of MSC-

exosomes reversed epithelial-to-mesenchymal transition and spindle-shaped liver 

cell line in vitro, which indicates that MSC-exosomes can ameliorate the fibrosis. 

In addition, MSC-exosomes are known to possess immunomodulatory properties. 

They are involved in immunomodulation in various ways. MSC-exosomes can 

polarize macrophages inflammatory (M1) phenotype to reparative (M2) phenotype 

in vitro.17 Also, MSC-exosomes enhanced the production of CD4+CD25+Foxp3+

regulatory T cells in vitro, which can indirectly exert anti-inflammatory effects.18

MSC-exosomes are also known to promote angiogenesis of endothelial cells. Tube-

like structure formation, migration, and vascular maturation of human umbilical 

vein endothelial cells (HUVECs) were increased by the stimulation with MSC-

exosomes in vitro.19, 20 MSC-exosomes showed protective effects on neuronal cells 

via PI3K/Akt signaling pathway in vitro.21

Based on diverse therapeutic abilities of MSC-exosomes, recently, MSC-

exosomes have been utilized to pre-clinical studies. MSC-exosomes were 

successfully attenuated liver fibrosis,22 accelerated recovery of hindlimb 

ischemia,23 and promoted skeletal muscle regeneration.24 Also, MSC-exosomes 
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alleviated osteoarthritis25 and inflammatory arthritis26 by their immunomodulatory 

functions. In case of myocardial infarction (MI), MSC-exosomes have showed 

tremendous outcomes in pre-clinical models. MSC-exosomes suppressed cell death 

in infarcted myocardium via transferring miRNAs27 and promoting autophagy28. 

MSC-exosomes also attenuated myocardial ischemia-reperfusion injury through 

miR-182-mediated regulation of macrophage polarization.29 Intramyocardial 

injection of MSC-exosomes improved the microenvironment of infarcted 

myocardium by promoting angiogenesis.30 Moreover, MSC-exosomes increased 

ATP levels and consequent activation of PI3K/Akt pathway, which resulted in 

prevention of cardiac remodeling.31 For spinal cord injury (SCI), the intravenous 

injection of MSC-exosomes suppressed the activation of neurotoxic astrocytes, 

which led to attenuation of lesion size, promotion of axonal regeneration, and 

eventual functional behavioral recovery.32 Also, in rat SCI model, administration of 

MSC-exosomes relieved spinal cord injury by attenuation of apoptosis, 

inflammation, and promotion of angiogenesis.33 Taken together, MSC derived EVs, 

especially MSC-exosomes, can be future versatile therapies for treating ischemic 

and inflammatory disease including MI and SCI.
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Figure 1.2. Potential clinical applications of EVs.12
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1.3. Exosome-mimetic extracellular nanovesicles

Despite of MSC-exosomes have great therapeutic potential and the possibility of a 

replacement of MSC therapy for the treatment of various types of diseases, there 

are several limitations for their clinical uses. The productivity and the purification 

of exosomes from MSCs is not feasible for clinical applications due to their low 

quantities of release and cost-effectiveness. Especially for MSCs, 106 MSCs secrete 

exosomes only 1 to 4 μg per day34, indicating that it is necessary to prepare large 

scale of cell culture system for pre-clinical or clinical trials. Because of this need

for clinical uses, previous studies suggested exosome-mimetic extracellular 

nanovesicles (NVs) as a therapeutic replacement of exosomes.35, 36 They contain 

cell-derived biomolecules including RNAs and proteins and also can convey the 

molecules to recipient cells, which is similar to the characteristics of exosomes. 

NVs are obtained using series of physical extrusion through micro- and nano-sized 

filter pore (Figure 1.3). Once the cells are subjected to pass the pore, they are split 

to tiny lipid fragments, and then fragments are immediately assembled to form 

sphere-shaped particles enclosed by lipid bilayer. Different from exosomes, there 

is no need to maintain continuous culture system to collect conditioned medium for 

the fabrication of NVs, which results in significantly higher production yield (up to 

250-fold higher). In addition, the quantities of intrinsic biomolecules including 

RNAs and proteins are higher in NVs compared to exosomes35, which would be 

great advantages of NVs for therapeutic potency over exosomes. Therefore, 

recently, the applications of NVs for various diseases have been gradually increased, 

including diabetes36 and liver injury37.
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Figure. 1.3. (a) Sectional view of the device. (b) Photograph of the device in operation. 

(c) Schematic process of nanovesicle generation. After cells were loaded into the 

syringe, centrifugal force was applied to extrude them. During extrusion, the 

polycarbonate filter imposes surface tension and generates nanovesicles when they pass 

through the filter pores.35
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1.4. Modification of extracellular vesicles

In spite of the advantages of exosomes and NVs over cell-based therapy, the 

delivery and retention of vesicles to target organs are still remain impediment for 

their uses. Without modification, they exhibited poor accumulation in target organs 

when systemically injected.38, 39 In addition, for MI or SCI treatment, injected 

exosomes or NVs cannot retained and washed out from infarcted myocardium or 

spinal cord due to the dynamic microenvironment with fast body fluid. To increase 

the targeting ability of exosomes, there have been diverse studies to modify the 

surface of exosomes. To target liver, MSC-exosomes were conjugated with 

cationized pullulan, which elicited high accumulation in liver.40 Surface 

modification of exosomes with antibody facilitated the targeted delivery of 

exosomes to colorectal cancer site.41 Binding superparamagnetic nanoparticles with 

exosomes by conjugation and the application of external magnet dragged them to 

cancer.42 Those methods to augment targeting efficiency of exosomes are conducted 

under chemical reactions that include harsh conditions such as high temperature, 

pH changes, which would affect the efficacy of exosomes. Thus, biocompatible 

methods to modify MSC-exosomes or NVs should be developed.
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1.5. Research objective of thesis

The research objective in this thesis is the enhancement of the therapeutic efficacy 

of NVs derived from MSCs for extracellular vesicle therapy to treat acute 

ischemic/inflammatory diseases, such as myocardial infarction or spinal cord injury.

In this thesis, we suggest the therapeutic applications of NVs from therapeutic 

potential-enhanced MSCs by introducing IONP or macrophage membrane.

Firstly, the chapter 3 reports the therapeutic potential enhanced-NVs using 

IONPs. Applications of EVs for MI treatment have been studied however, diffusing 

out of infarcted heart limits the therapeutic potential of EVs. No study has applied 

IONPs to enhance retention and therapeutic potential of EVs for MI treatment. We 

developed IONP-incorporated MSC-NVs (IONP-NVs) for MI treatment. The 

internalization of IONPs not only upregulates therapeutic molecules in IONP-NVs 

but also facilitates high retention of IONP-NVs in the infarcted heart by external 

magnetic guidance. The quantities of mRNA and proteins that can contribute to 

protect cardiac cells, prevent cardiac fibrosis, polarize macrophages pro-

inflammatory subtype to anti-inflammatory subtype, and promote vascularization, 

were increased through iron ion-mediated intracellular ROS signaling cascades in 

IONP-MSCs. IONP-NVs from IONP-MSCs also contained these therapeutic 

molecules. In addition, IONPs inside IONP-NVs could be dragged by external 

magnetic guidance, which facilitated high retention of IONP-NVs in infarcted heart 

that has dynamic microenvironment. In vitro, IONP-NVs showed significantly 

enhanced antiapoptotic, antifibrotic, anti-inflammatory, and proangiogenic effects 

on the cells in cardiac microenvironment. In vivo, indeed, the injection of IONP-

NVs and subsequent magnetic guidance markedly attenuated cell death, fibrosis, 

and inflammation, and promoted angiogenesis, which ultimately resulted in cardiac 
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function recovery.

Secondly, the chapter 4 reports the therapeutic potential enhanced-NVs using 

the macrophage membranes. Low accumulation of systemically administered EVs 

at diseased organs have been hindered the therapeutic applications. Moreover, 

modification of EVs with chemicals or nanoparticles can also limit their uses for 

clinical trials. No study has applied macrophage membranes to improve the 

targeting efficiency of EVs. We developed macrophage membrane-fused MSC

(MF-MSC)-derived NVs (MF-NVs) for SCI treatment. The molecules included in 

macrophage membrane can bind with inflammatory endothelium. We isolated 

macrophage membrane and fabricated macrophage membrane-fused MSCs by 

fusion using PEG. MF-NVs from MF-MSCs also contained the targeting molecules 

derived from macrophage in their membrane. In vitro, MF-NVs exhibited 

neuroprotective, anti-inflammatory, proangiogenic effects on neuronal cells, 

macrophages, and endothelial cells. In vivo, intravenously injected MF-NVs 

accumulated in the injured spinal cord. The increased accumulation of MF-NVs in 

the injured spinal cord prevented of axonal loss, enhanced blood vessel formation, 

and reduced fibrosis, which consequently resulted in spinal cord function recovery. 

Ultimately, our approach to enhance targeting efficiency present the possibility of 

the clinical applications of NVs by using autologous cells from patients.
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Chapter 2.

Experimental methods
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2.1. Fabrication and characterization of NVs

2.1.1. Preparation of IONPs

IONPs were synthesized by a previously reported method.43 Two mmol of iron (III) 

acetylacetonate, 4 mmol of oleic acid, 0.4 g of 4-biphenylcarboxylic acid, and 10 

mL of benzyl ether were mixed in a three-neck round-bottomed flask. After 

degassing, the mixture solution was heated to 290 °C at a heating rate of 20 °C/min 

with vigorous stirring and aged for 30 minutes. The resulting product was cooled 

down to room temperature and washed with ethanol for several times. As-

synthesized IONPs were dispersed in chloroform to be transferred to water. Three 

mL of oleic acid-capped IONPs in chloroform (10 mg/mL) was mixed with 60 mg 

of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000] (DSPE-PEG2000, Avanti Polar Lipids, Inc, Birmingham, AL, USA). 

The resulting mixture was vigorously sonicated for 5 minutes, and the solvent was 

evaporated using a rotary evaporator and vacuum oven. After 3 hours, distilled 

water was added and the mixture was vigorously sonicated to disperse the 

nanoparticles. The final product was obtained after washing with distilled water and 

ultracentrifugation several times. To synthesize rhodamine B isothiocyanate 

(RITC)-labeled IONPs, IONPs were transferred to water with a mixture of amine-

functionalized DSPE-PEG2000 and DSPE-PEG2000 (1:10). RITC dissolved in 

dimethyl formamide was added to the amine-functionalized FIONs. The mixture 

was shaken for 3 hours, and excessive RITC was removed using PD-10 column 

chromatography (GE Healthcare, Little Chalfont, UK). The final product was 

dissolved in distilled water. The concentration and the shape of IONPs were 

evaluated using Inductively coupled plasma mass spectrometry (ICP-MS)

(NexION 350D, PerkinElmer, Waltham, MA, USA), installed at the National 
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Center for Inter-university Research Facilities (NCIRF) at Seoul National 

University and transmission electron microscopy (TEM) (JEM-1010, JEOL Ltd., 

Tokyo, Japan), respectively.

2.1.2. Cell culture

Human bone marrow MSCs were purchased from Lonza (Walkersville, MD, USA)

and human umbilical cord blood (UCB)-MSCs were purchased (CEFO, Seoul, 

South Korea) and cultured according to manufacturer’s instructions. Bone marrow 

MSCs were cultured in Dulbecco’s modified Eagle’s medium high glucose (Gibco 

BRL, Gaithersburg, MD, USA) supplemented with 10 % (v/v) fetal bovine serum 

(Gibco BRL) and 1 % (v/v) penicillin/streptomycin (Gibco BRL). UCB-MSCs 

were cultured in Dulbecco’s modified Eagle’s medium low glucose (Gibco BRL) 

supplemented with 10 % (v/v) fetal bovine serum (FBS) (Gibco BRL) and 1 % (v/v) 

penicillin/streptomycin (Gibco BRL). MSCs at passage under six were used for the 

experiments. For osteogenic differentiation of MSCs, we used an osteogenic 

induction medium containing Dulbecco’s modified Eagle’s medium high glucose 

with 10 % (v/v) fetal bovine serum, 1 % (v/v) penicillin/streptomycin, 100 nM 

dexamethasone (Sigma), 50 mg/L ascorbate-2-phosphate (Sigma), and 10 mM 

beta-glycerol phosphate (Sigma). For adipogenic differentiation of MSCs, we used 

an adipogenic induction medium containing Dulbecco’s modified Eagle’s medium 

high glucose with 10 % (v/v) fetal bovine serum, 1 % (v/v) penicillin/streptomycin, 

500 μM 1-methyl-3-isobutylxanthine (Sigma), 1 μM dexamethasone, 200 μM 

indomethacin (Sigma), and 10 μg/mL insulin (Gibco BRL). For chondrogenic 

differentiation of MSCs, we used a chondrogenic induction medium containing 

Dulbecco’s modified Eagle’s medium high glucose with 1 % (v/v) 
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penicillin/streptomycin and 10 ng/mL transforming growth factor β3 after forming 

pellets. For the preparation of IONP-MSC, IONPs were added to a MSC culture at 

a concentration of 40 μg/mL. One day after the IONP treatment, IONP-treated 

MSCs were washed with phosphate buffer saline (PBS, Gibco BRL) three times for 

the thorough removal of IONPs retained in the culture medium. The cells were 

cultured for 24 hours in fresh medium, and then analyzed or collected to produce 

NVs or for the use in vitro and in vivo experiments. Rat cardiomyocytes (CMs)

were purchased from Lonza and cultured in Rat Cardiac Growth Medium (Lonza) 

on fibronectin-coated culture plates. Rat cardiac fibroblasts (CFs) were purchased 

from ScienCell (San Diego, CA, USA) and cultured in Fibroblast Medium-2 

(ScienCell) on poly-L-lysine-coated culture plates. HUVEC were purchased from 

Lonza and cultured in Endothelial Cell Growth Media-2 (Lonza) on tissue culture 

plates. HUVECs at a passage under seven were used for the experiments. RAW 

264.7 cell line was purchased from Korean Cell Line Bank (Seoul, South Korea) 

and cultured in Dulbecco’s modified Eagle medium high glucose supplemented 

with 10 % (v/v) fetal bovine serum (Gibco BRL) and 1 % (v/v) 

penicillin/streptomycin on tissue culture plates.

2.1.3. Isolation of macrophage membranes and fabrication of MF-MSCs

The plasma membrane of RAW 264.7 cell line was isolated as previously 

described.44 Briefly, RAW 264.7 cell line was suspended in a hypotonic buffer, 

followed by sonication for 5 min and then centrifuged at 10,000 g for 20 min. The 

pellet was discarded and the supernatant was extruded through 400 nm 

polycarbonate membrane filter. Then the sample was centrifuged at 25,000 g for 30 

min. Approximately, 1 ´ 109 membrane particles were produced from 1 ´ 107 cells. 
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The membranes were stored at - 80 °C before use. Macrophage membrane was 

fused to MSCs using polyethylene glycol (PEG) as previously described.45 Briefly, 

1 ´ 106 MSCs and 1 ´ 1010 membrane particles were mixed in 100 μL of PEG (MW 

1500) for 5 min. The mixed sample was then diluted by 5 mL of PBS and followed 

by centrifugation at 500 g for 5 min to separate free macrophage membranes. MSCs 

and MF-MSCs were photographed using a fluorescence microscope (Olympus, 

Tokyo, Japan). To identify the surface marker of MSCs and MF-MSCs, western

blot analysis and flow cytometry were used.

2.1.4 Characterization of IONP-MSCs and MF-MSCs

The plasma membranes of MSCs were labeled with DiO. IONPs and macrophage 

membranes were labeled with RITC. IONP-MSCs and MF-MSCs were fixed with 

4 % paraformaldehyde (PFA) for 10 minutes and mounted with a mounting solution 

containing 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc., 

Burlingame, CA, USA) that stains the nuclei. The samples were photographed 

using a fluorescence microscope (Olympus, Tokyo, Japan). For the TEM analysis, 

IONP-MSCs and were fixed using Karnovsky’s fixative solution for 2 hours at 4 °C, 

washed three times with 0.05 M sodium cacodylate buffer, fixed with 1 % osmium 

tetraoxide for 2 hours at 4 °C, and rinsed twice with distilled water. The samples 

were stained using 0.5 % uranyl acetate overnight at 4 °C, dehydrated with an 

ethanol series (30 %, 50 %, 70 %, 80 %, 90 %, and 100 %), infiltrated with 

propylene oxide, embedded in Spurr’s resin, and cut into thin sections with a 

thickness of 100 nm using an ultramicrotome (Leica, Wetzlar, Germany). The thin 

sections of IONP-MSCs were collected onto 200-mesh copper grids and imaged 

using a TEM. To evaluate the contents of IONPs within MSCs, IONP-MSCs were 
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analyzed using ICP-MS. To identify the surface marker of MSCs and MF-MSCs, 

western blot analysis and flow cytometry were used.

2.1.5. Preparation of NVs

NVs were prepared from MSCs, IONP-MSCs, and MF-MSCs using a modification 

of a previously described method.36 The cells were detached using a cell scraper. 

The cells were suspended in PBS concentration of at least 1 ´ 106 cells/mL or 

placed in – 80 °C before the extrusion. The cells were extruded 5 – 6 times through 

10 μm, 5 μm, and 400 nm pore-sized polycarbonate membrane filters (Whatman 

Inc., Clifton, NJ, USA) with a mini extruder (Avanti Polar Lipids). To separate NVs 

from free proteins and cellular debris, a gradient solution composed of iodixanol 

(Axis-Shield PoC AS, Oslo, Norway) was used. One mL of 50 % iodixanol, 2 mL 

of 10 % iodixanol, and 7 mL of the extruded samples were placed sequentially onto 

the bottom of an ultracentrifuge tube, and the tube was ultracentrifuged at 100,000 

g for 2 hours at 4 °C. Second fraction from the bottom layer (NV, 2.5 mL) of the 

ultracentrifuge tube was collected, and an additional ultracentrifugation was 

performed at 100,000 g for 2 hours at 4 °C. The pellet in the tube was resuspended 

in PBS and filtered with 0.45 μm syringe filter. In case of IONP-NVs, IONP-NVs 

were further isolated from a mixture of N-NVs and IONP-NVs using magnet. The 

quantity of proteins of each fraction was determined by using Bradford assay as 

previously described.35 The quantity of IONPs of each fraction was measured by 

using ICP-MS. Approximately, 100-150 μg of NVs were produced from 1 ´ 106

cells. NVs were stored at – 80 °C prior to use.
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2.1.6. Characterization of NVs

To investigate the morphology of NVs, NVs were collected onto 200-mesh copper 

grids and imaged using a TEM. To further confirm the presence of IONPs in IONP-

NVs, scanning transmission electron microscopy (STEM) and energy-dispersive 

X-ray spectroscopy (EDS)-mapping were performed. The size distribution of NVs 

was determined using a dynamic light scattering (DLS) (DLS-7000, Otsuka 

electronics, Osaka, Japan). To investigate in vitro cellular uptake of NVs, 10 μg of 

NVs were treated to CMs, CFs, HUVECs, PC12, and RAW 264.7. To determine 

intracellular iron content in the cells after the IONP-NV treatment, CMs, CFs, 

HUVECs, and macrophages were treated with mitomycin C for the inhibition of 

cell proliferation for 2 hours, and subsequently treated with IONP-NVs (20 μg/mL) 

for 24 hours. Then the medium was changed with fresh medium. The iron content 

in the CMs, CFs, HUVECs, and macrophages was analyzed using ICP-MS 1, 5, 10, 

and 14 days after the IONP-NV treatment.
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2.2. In vitro assays

2.2.1. Quantitative PCR and analysis of RNA

RNA quantity and expression were evaluated using qRT-PCR. Cell, NV (n=4), and 

tissue samples (n=5) were lysed using 1 mL of the TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA), and total RNA was extracted using 200 μL of chloroform. 

The samples were centrifuged at 10,000 g for 10 minutes at 4 °C. The supernatant 

was collected, mixed with 80 % (v/v) isopropanol in water, and centrifuged at

10,000 g for 10 minutes at 4 °C. The RNA pellet was rinsed with 75 % (v/v) ethanol, 

dried, and dissolved in RNase-free water. Complementary DNA was reverse-

transcribed from RNA using the AccuPower RT PreMix (Bioneer, Daejeon, South 

Korea). Gene expressions were evaluated using the StepOnePlus real-time PCR 

system (Applied Biosystems, Foster city, CA, USA). Glyceraldehyde 3-phosphate 

dehydrogenase served as the housekeeping genes. Expressions of miRNA and 

mRNA were analyzed using Affymetrix 4.0 microarray (Thermofisher Scientific) 

and NOVAseq (Illumina, CA, USA), respectively. A total 343 miRNAs and 227 

mRNAs were identified to be differentially included in IONP-NVs versus N-NVs.

2.2.2. Evaluation of cellular viability

Cell viability was determined using the cell counting kit (CCK) assay and 

fluorescein diacetate (FDA) and ethidium bromide (EB) staining. For the CCK 

assay, 50 μL of EZ-cytox (Daeillab service, Changwon, South Korea) per well was 

added to 24 well culture plates and incubated for 2 hours at 37 °C. The absorbance 

of the solution was measured at 450 nm using a spectrophotometer. For the FDA 
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and EB staining, 1 mL of FDA (5 μg/mL, Sigma) and EB (10 μg/mL, Sigma) 

solution was added to each well of 6 well culture plates and incubated 5 minutes at 

37 °C. Staining was then photographed with a fluorescence microscope (Olympus).

2.2.3. Western blot analysis

Western blot analysis was used to evaluate the protein expression or quantity within 

the cell, NV, and tissue samples (n=3). Cell or NV, or tissue samples were lysed by 

SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 2 % (w/v) of SDS, 10 % (v/v) of 

glycerol, 50 mM dithiothreitol, and 0.1 % (w/v) bromophenol blue). Proteins were 

separated by 10 % SDS polyacrylamide gel electrophoresis, and transferred to an 

Immobilon-P membrane (Millipore Corp., Bedford, MA, USA). For specific 

protein detection, primary antibodies against β-actin, angiopoietin-1 (ANG1), 

fibroblast growth factor 2 (FGF2), vascular endothelial growth factor (VEGF), 

hepatocyte growth factor (HGF), hypoxia-inducible factor 1α (HIF1α), connexin 

43 (Cx43), extracellular signal-regulated kinases 1/2 (ERK1/2), phosphorylated 

extracellular signal-regulated kinases 1/2 (pERK1/2), proliferating cell nuclear 

antigen (PCNA), CD9, CD68, integrin α4, and integrin β1 (these antibodies were 

purchased from Abcam, Cambridge, UK) as well as against cJun, pcJun, c-Jun N-

terminal kinases (JNK), phosphorylated c-Jun N-terminal kinases (pJNK), 

Serine/threonine-specific protein kinase (AKT), phosphorylated Serine/threonine-

specific protein kinase (pAKT), and Phosphatidylinositol 3-kinases PI3K (these 

antibodies were purchased from Cell Signaling Technology, MA, USA) were 

incubated with membranes overnight at 4 °C. The membranes were washed three 

times and incubated with secondary antibodies conjugated with horseradish 

peroxidase (Sigma) for 1 hour at room temperature. The blots were developed using 
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chemiluminescence (LumiGLO, KPL Europe, Guildford, UK). Quantification of 

the western blots was evaluated using the Image J software.

2.2.4. Flow cytometry

RAW 264.7 cells, MSCs, and MF-MSCs were detached using a cell scraper and 

Trypsin-EDTA and then made into single-cell suspensions. Cells were stained with 

antibodies against CD90 and F4/80 which are conjugated with fluorescein 

isothiocyanate (FITC) and Alexa 647 (Biolegend, San Diego, CA, USA), 

respectively. Then cells were analyzed by FACS cantoII (BD Bioscience, San Jose, 

CA, USA).

2.2.5. Immunocytochemistry

The cells (n = 3) were fixed with 4 % paraformaldehyde for 10 min at room 

temperature and washed in PBS. Primary antibody against Cx43 was used for 

staining. The samples were then incubated in PBS containing rhodamine RITC-

conjugated secondary antibodies (Jackson-Immunoresearch, West Grove, PA, 

USA) for 1 hr at room temperature. All samples were mounted with mounting 

solution containing DAPI to stain the nuclei, and photographed using a fluorescent 

microscope (Olympus, Tokyo, Japan).

2.2.6. In vitro cell assay in hypoxic conditions and macrophage 

polarization by the NV treatment.
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To generate hypoxic culture conditions for the CFs, CMs, and HUVECs, the cell 

culture was carried out in a hypoxic incubator (MCO-18M, Sanyo, Japan) 

containing 1 % O2 for 6 hours at 37 °C. For PC12 cells and HUVECs for MF-NVs 

treatment, the cells were co-stimulated by hypoxia and lipopolysaccharide (LPS).

To polarize macrophages into M1 phenotype, RAW 264.7 cell line was cultured in 

the presence of LPS (100 ng/mL, Sigma) for 1 day. After establishing the hypoxic 

culture or M1 polarization, the cells were co-cultured with MSCs or IONP-MSCs 

or were treated with IONP (420 ng/mL) or N-NVs or IONP-NVs or MF-NVs (20 

μg/mL) for 24 hours. Then the medium was changed with fresh medium. Cells were 

cultured for 1 day and used for the analysis. To control the equal dose of NVs and 

the number of MSCs for co-culture, the yield of NVs from MSCs was applied. One 

hundred fifty μg of NVs were treated against 1 ´ 106 co-cultured MSCs.

2.2.7. Capillary tube formation

Cell culture plates were coated with Geltrex (Invitrogen) and incubated for 30 

minutes at 37 °C to promote gelation. HUVECs underwent hypoxic condition (1 % 

O2) and were simultaneously co-cultured with MSCs or IONP-MSCs (1.5 � 105 

cells) using transwells (Corning, New York, USA) or treated with IONP (420 

ng/mL), N-NVs or IONP-NVs or MF-NVs (20 μg/mL) for 6 hours and be 

subsequently detached using Trypsin. Then HUVECs were plated at 5 ´ 104

cells/cm2 on the Geltrex for 6 hours at 37 °C. Capillary tubes were observed using 

a light microscope. Six random fields were measured for the quantitative analysis.

2.2.8. Cell migration assay



25

HUVECs were seeded on culture plates, grown until confluence. HUVECs 

underwent hypoxic condition (1 % O2) and were simultaneously co-cultured with 

MSCs or IONP-MSCs (1.5 ́ 105 cells) using transwells (Corning, New York, USA) 

or treated with IONP (420 ng/mL) N-NVs or IONP-NVs or MF-NVs (20 μg/mL) 

for 6 hours and then incubated under hypoxic conditions (1 % O2) for 6 hours at 

37 °C. Next, a linear gap was created by scratching the surface of the culture plates 

using a sterile yellow tip. The cells were rinsed three times with PBS to thoroughly 

remove the detached cells. After 12 hours, five random fields were photographed 

and quantified using the following equation: [(initial cell-free area – cell-free area 

at 12 hours) / initial cell-free area] ´ 100 %. Quantification of the scratched area 

was evaluated using the Image J software.

2.2.9. In vitro NV binding assay

HUVECs were labeled with a fluorescent dye, DiO, for 2 hours prior to exposure 

to hypoxia. Then HUVECs were cultured under hypoxic condition (1 % O2) in the 

medium containing 500 μM of H2O2 for 24 hours. The cells were then treated with 

DiI-labeled N-NVs and MF-NVs in PBS (20 μg/mL) for 5 min at 4 °C to prevent 

endocytosis of N-NVs and MF-NVs. After NV binding to HUVECs, the cells were 

washed with PBS 3 times and photographed with a fluorescence microscope 

(Olympus). Total red fluorescent intensity was measured using Image J software. 

The fluorescent intensity was divided by HUVEC numbers for the quantification.
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2.3. In vivo assays

2.3.1. MI model and treatment

The animal studies were approved by The Catholic University of Korea Animal 

Care and Use Committee and IACUC and Department of Laboratory Animal 

(DOLA) in Catholic University of Korea, Songeui Campus accredited the Korea 

Excellence Animal laboratory Facility from Korea Food and Drug Administration 

in 2017 and acquired AAALAC International full accreditation in 2018. (CUMC-

2017-0240-04). Fischer 344 rats (180-200 g, 8-week-old male, Koatec, Korea) were 

anesthetized with 2 % inhaled isoflurane and intubated via the trachea with an 18G 

intravenous catheter. The rats were then mechanically ventilated with medical 

grade oxygen. Animals were placed on a 37℃ heating-pad to prevent cooling 

during the procedure. After shaving the chest, a left thoracotomy was performed. 

MI was achieved by tying a suture with a sterile polyethylene glycol tubing (22G) 

that was placed into the left anterior descending (LAD) artery for 1 min, and then, 

the knot was permanently ligated using 7-0 Prolene suture. One day after the 

ligation, the rats were anesthetized again using isoflurane inhalation, intubated and 

mechanically ventilated. The animal chest was re-opened, and IONP (3.15 μg), 

IONP-MSC (1 ´ 106 cells), MSC (1 ´ 106 cells), N-NV (150 μg) or IONP-NV (150 

μg) in 100 μL PBS were injected at four different sites in the border zone of the 

infarcted myocardium. For the IONP-NV + M group, a neodymium magnet 

(diameter: 15 mm, thickness: 5mm) was immobilized on the heart for 5 minutes 

just after injection. After closing the chest, the magnet was implanted into the 

muscle above the heart and removed after 24 hours.
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2.3.2. SCI model and treatment

Female 6- to 8-week-old C57BL/6 mice (20–25 g, Koatec Inc, Korea) were deeply 

anesthetized with an intraperitoneally administered mixture of Zoletil® (50 mg/kg, 

Virbac Laboratories, France) and Rompun® (10 mg/kg, Bayer, Korea). To induce 

standing weight compression model of SCI, laminectomy was made at the ninth 

thoracic vertebral levels (T9) and a stainless steel impounder (weight: 20 g) was 

loaded to the T10 spinal cord for 30 sec after laminectomy. Following compression 

lesion, animals were placed on a heating pad to maintain body temperature, and 

then 0.5mL of 0.9 % sterile saline injected subcutaneously. Manual bladder 

expression of urine was performed twice daily until a reflex bladder was established. 

All animal procedures were performed according to the approved protocol by the 

Institutional Animal Care and Use Committee (IACUC) of CHA University 

(IACUC180099). The spinal cord-injured mice were randomly assigned into four 

groups. In the normal group, mice received laminotomy alone. In the no treatment 

group, SCI mice were injected with 100 μl PBS. In the N-NV group, SCI mice were 

injected with 25 μg of N-NV in 100 μl PBS. In the MF-NV group, SCI mice were 

injected with 25 μg of MF-NV in 100 μl PBS. The injection was performed 1 hr 

and 7 days after injury.

2.3.3. Ex vivo biodistribution of NVs

To evaluate the biodistribution of N-NVs, IONP-NVs, tr-MF-NVs, and MF-NVs, 

the plasma membranes of NVs were labeled with Vivotrack 680 (PerkinElmer, MA, 

USA) for 2 hours prior to injection. The fluorescent signal of NVs was detected 

using an in vivo imaging system (IVIS spectrum, PerkinElmer) 1 day after the 
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intramyocardial or intravenous injection. The fluorescent images of organs (lung, 

liver, kidney, spleen, and heart or spinal cord) were obtained by removing 

background with no treatment group. Then the fluorescent intensity in the heart or

spinal cord was quantified. The relative fluorescent units were quantified by the 

following equation: [(fluorescent intensity in the heart at 24 hours / initial 

fluorescent intensity of IONP-MSCs or IONP-NVs) ´ 100 % ] or [(fluorescent 

intensity in spinal cord/total fluorescent intensity of all organs) ´ 100 %]. The 

fluorescent intensities of the spinal cord and other organs were measured using the 

Living Image 3.1 software.

To further visualize the retention of NVs in the infarcted myocardium, the 

plasma membranes of NVs were labeled with DiI for 2 hours and injected into the 

myocardium. After the animals were sacrificed, the heart tissues were fixed with 

formaldehyde for 24 hours, embedded in paraffin, and sliced into a 4 μm thickness. 

The tissue sections were photographed using a fluorescent microscope (Olympus) 

after reducing background fluorescent signals with Dako Antibody Diluent 

Background Reducing Components (Agilent Technologies). For the detection of 

IONPs, Prussian blue staining was performed in major organs including lung, heart, 

kidney, liver, and spleen 1 and 4 weeks after the injection of IONP-NVs. Magnetic 

guidance was applied for 1 day. Nuclear fast red staining was used for counter-

staining.

2.3.4. MRI

Endotracheal intubation was performed with 18-G angio-catheter. The rats were 

anesthetized with inhaled 2 % isoflurane and then mechanically ventilated with 
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medical grade oxygen. Subsequently, 0.9 % NaCl solution was perfused for 5 

minutes into the right internal jugular vein using a perfusion pump. As the perfusion 

with 0.9 % NaCl solution started, descending thoracic aorta and inferior vena cava 

were incised to rapidly clear the blood from the animals. Afterward, 0.9 % NaCl 

solution was changed to 10 % Multihance (Bracco, Italy) in 4 % PFA solution for 

perfusion for 10 minutes to fix the heart tissues. The hearts were harvested when 

the perfusion process was completed. To retain the shape of the harvested tissue, 

1.5 % agarose solution was perfused into aorta until the agarose solution was visible 

from the incised heart region and aorta. MRI was performed with a 9.4T MRI 

system with 70 mm AD quad volume coil (Agilent Technologies, Santa Clara, CA, 

USA). Conditions for spin-echo T2-weighted imaging are as follows: repetition 

time, 3000 ms; echo time, 10 ms; number of excitations, 5; matrix, 256 × 256; slice 

thickness, 0.5 mm; field of view, 35 mm × 35 mm; scan time, 21 minutes 36 s. For 

T2 measurements, the Carr-Purcell-Meiboon-Gill pulse sequence was adapted for 

multiple spin-echo measurements. Thirty-four images were acquired with 34 

different echo time values ranging from 8 to 160 ms. T2 relaxation times were 

obtained from the non-linear least squares fit of the mean pixel values for the 

multiple spin-echo measurements at each echo time. Relaxivities (R2) were then 

calculated as an inverse of relaxation time per mM.

2.3.5. Immunohistological assessment in vivo

For immunohistochemical analysis, the heart and spinal cord tissues were obtained. 

Tissue sections were treated with proteinase K for 15 minutes at 37 °C. The non-

specific region was blocked with normal goat or horse serum (Sigma). Then the 

slides were incubated with primary antibodies against cardiac troponin T (cTnT), 
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Cx43, CD68, CD206, nitric oxide synthase 2 (NOS2), von Willebrand factor (vWF), 

glial fibrillary acidic protein (GFAP), neurofilament (NF), and chondroitin sulfate 

proteoglycans (CSPGs) (these antibodies were purchased from Abcam) diluted 

with Dako Antibody Diluent Background Reducing Components (Agilent 

Technologies) at 4 °C overnight. The slides were washed three times with PBS, 

incubated for 1 hour with rhodamine or FITC-conjugated secondary antibodies at 

room temperature, washed, mounted with a mounting medium (Vector 

Laboratories Inc.), and photographed using fluorescent microscope (Olympus).

2.3.6. Apoptosis assessment in vivo

Deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was 

performed to detect apoptotic cells with the in situ cell death detection kit (Roche). 

Briefly, fixed spinal cord sections were permeabilized and incubated with 

fluorescein TUNEL reaction mixture containing for 60 min at 37°C in dark. After 

washing with PBS, nuclei were stained with DAPI and the samples were 

photographed using fluorescent microscope (Olympus). 

2.3.7. Capillary density determination in heart

At the time of sacrifice, the hearts were perfused with GFP-conjugated Isolectin B4 

from Griffonia simplicifolia for 15 minutes at room temperature. Then, the hearts 

were fixed in 4 % Paraformaldehyde overnight, embedded in paraffin, and 

sectioned in 4 µm thick slices. The number of blood vessels were counted in five 

random microscopic fields using a fluorescence microscope.
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2.3.8. Determination of fibrosis in heart

Masson's Trichrome (Sigma) staining was performed to determine the fibrosis area 

of the MI hearts. Briefly, three tissue sections in each group were fixed in Bouin's 

solution at 56 °C for 1 hour, stained using Weigert's Iron Hematoxylin Solution for 

15 minutes at room temperature, and stained using Biebrich Scarlet-acid Fuchsin 

solution for 10 minutes at room temperature. Finally, the sections were 

counterstained with Aniline Blue for 15 minutes followed by incubation in 0.2 % 

acetic acid for 1 min at room temperature. The collagen fibers appear as blue, and 

viable myocardium appear as red. The area of fibrosis to the entire left ventricular 

wall area was quantified with the Image J software.

2.3.9. Evaluation of cardiac functions

The assessment of cardiac functions was performed with echocardiography. The 

rats were lightly anesthetized with inhaled 2 % isoflurane, and physiological data 

were recorded with a transthoracic echocardiography system equipped with a 15 

MHz L15-7io linear transducer (Affniti 50G, Philips). Different echocardiograms 

were performed at 1, 2, and 4 weeks after MI. The echocardiography operator was 

blinded to the group allocation during the experiment. Ejection fraction and 

fractional shortening, which are indexes of the LV systolic function, were 

calculated using a previously described method.46
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2.3.10. Behavior evaluation

Behavioral analysis was conducted by two observers, blinded to the treatment 

identity. Coordinated motor function was evaluated with the Basso Mouse Scale 

locomotor rating scale (scored on a 9-point scale).47 To evaluate functional recovery, 

ten mice were randomly selected from each group at 0, 1, 7, 14, 21, and 28 days 

after surgery. The mice were observed continuously from 1 min.

2.4. Statistical analysis

All quantitative data are expressed as the mean ± standard deviation. Two-tailed 

Student’s t-test was used for comparison between two groups. A one-way and two-

way analysis of variance (ANOVA) followed by Bonferroni test was used for all 

statistical analysis. A difference with a P value less than 0.05 was considered 

statistically significant. All statistical analyses were performed using Prism 7.0 

(GraphPad Software Inc.).
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Chapter 3.

Nanovesicles derived from iron oxide 

nanoparticles-incorporated mesenchymal 

stem cells for cardiac repair
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3.1. Introduction

Cardiovascular diseases including MI and their related complications are major 

causes of death.48, 49 MI is characterized by the restriction of blood flow in the 

infarction area and the subsequent death of cardiac cells. The implantation of MSCs 

can reduce the infarct size, prevent excessive tissue loss, and enhance cardiac 

function in animal MI models.50, 51 However, the low survival of implanted MSCs 

limits their therapeutic potency.52, 53 In addition, MSC implantation may cause 

arrhythmias or the differentiation of the MSCs into other types of cells including 

chondrocytes and osteocytes in the infarcted myocardium or it may trigger 

tumorigenesis.54, 55

It has been revealed that implanted MSCs mediate cardiac repair mainly 

by secreting paracrine molecules rather than differentiating into cardiac cell 

lineages.56 Recent studies have shown that the therapeutic potential of MSCs is 

largely attributed to exosomes, which are a specific type of extracellular vesicles 

(EVs) that have diameters of 50-200 nm, contain RNAs and proteins, and are 

involved in intercellular communications by acting as carriers of bioactive 

molecules.57 Due to the enrichment of cardiac repair-favorable molecules in MSC-

derived exosomes, they exert a cardiac repair efficacy that is similar to that of 

implanted MSCs.30, 58 RNAs and proteins in the exosomes transferred from the 

parental cells to the recipient cells are functional in the recipient cells and 

participate in the regulation of intracellular signaling cascades.10, 11 In addition, 

MSC-derived exosomes can avoid the low-cell-survival issue, arrhythmia and 

tumorigenesis risk and the immune response triggered by the MSC implantation 

therapy. They can also be stored at - 80 °C for a long period. Due to the safety 

concerns of MSC implantation and the advantages of using exosomes, the 
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administration of MSC-derived exosomes has emerged as an alternative cell-free 

therapy for cardiac repair.59

Despite the therapeutic potential of exosomes, their use in the clinical 

applications are not easily feasible because MSCs secrete exosomes in very small 

quantities. The average exosome yield from 106 cells is 1-4 μg per day34, which 

cannot easily meet the quantity (100-500 μg per patient) of exosomes required in a 

clinical trial.60 Recently, NVs, which have similar size and composition to those of 

exosomes, have been developed through the serial extrusion of cells through 

microporous filters.36, 61 Like exosomes, NVs can also convey the biomolecules of 

their parental cells to recipient cells. NVs have advantages over exosomes, such as 

a 250-fold higher production yield and a 2-fold greater quantity of RNAs and 

proteins.35 Therefore, in this study, we applied MSC-derived NVs rather than MSC-

derived exosomes in terms of clinical scale production, cost effectiveness, and 

therapeutic potency.

A number of studies have showed that, immediately after cell injection into 

the infarcted heart, most of the cells diffuse out from the injection area, which 

would limit their therapeutic potential. Here we found that magnetic guidance of 

iron oxide nanoparticle (IONP)-incorporated NVs following injection could 

improve the retention of NVs in the infarcted heart. IONP is slowly ionized and 

assimilated in vivo62 and the US Food and Drug Administration has approved the

clinical usage of IONP (ferumoxytol). In addition to the enhanced retention, we 

also found that NVs derived from IONP-incorporated MSCs (IONP-NVs) 

contained much larger quantities of therapeutic molecules for cardiac repair (RNAs 

and proteins) than normal MSC-derived NVs (N-NVs), which are mediated by 

intracellular signaling modifications triggered by the ionization of IONPs in IONP-
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incorporated MSCs (IONP-MSCs) (Fig. 3.1).63-68 IONPs not only induced the 

upregulation of HIF1α-mediated growth factor expression in MSCs, which is 

similar to hypoxia-induced68 and heat shock-induced69 upregulation of HIF1α-

mediated growth factor expression in MSCs, but also augmented the retention of 

NVs in the heart.

Therefore, we hypothesized that IONP-NVs would have stronger therapeutic 

potential for cardiac repair compared to those of N-NVs through enhanced retention 

by magnetic guidance and increased quantities of therapeutic molecules in IONP-

NVs. In fact, we found that like MSCs, IONP-NVs exhibited anti-apoptotic, anti-

fibrotic, anti-inflammatory, and pro-angiogenic effects on CFs, CMs, endothelial 

cells (ECs), and macrophages, which are the major therapeutic mechanisms of 

MSCs for cardiac repair in vitro. Following the injection of IONP-NVs, the 

retention of IONP-NVs in the infarcted myocardium was greatly enhanced by the 

application of a magnetic field for 24 hours. As a result, the IONP-NV injection 

resulted in reduced apoptosis, inflammation, and infarct size, as well as improved 

angiogenesis and cardiac function recovery. Overall, our data suggest that IONP-

NVs may represent a highly effective and feasible cell-free therapy for MI.
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Figure 3.1. Schematic diagrams for the preparation and intramyocardial injection of 

IONP-NVs for cardiac repair. MSCs modified through the internalization of IONPs 

exhibited higher expression of therapeutic biomolecules. IONP-NVs were generated 

from IONP-MSCs by serial extrusion and contained contents similar to those of IONP-

MSCs. Magnetic guidance following intramyocardial injection of IONP-NVs can 

improve cardiac retention of IONP-NVs.
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3.2. Results and discussion

3.2.1. IONPs internalization into MSCs

We evaluated the physical and biological characteristics of IONPs. A TEM image 

shows that IONPs were 20-30 nm in size and had a cubic shape (Fig. 3.2A). In the 

fluorescent microscope images obtained 24 hours after RITC fluorescent dye-

labeled IONP treatment to MSCs, IONPs were well internalized into the cytoplasm 

of MSCs (Fig. 3.2B). TEM images also showed that the internalized IONPs were 

retained within intracellular endosomes (Fig. 3.2C). Quantitative evaluation 

revealed an iron content of 47 pg within one cell (Fig. 3.2D). Quantitative real-time 

reverse transcription-polymerase chain reaction (qRT-PCR) analyses for apoptosis-

related genes and the staining for FDA/EB 2 days after IONP treatment also showed 

no cytotoxic effects on the viability of MSCs (Fig. 3.2E and F). IONPs did not 

exhibit cytotoxic effects on MSCs, as evaluated with CCK assay 2, 4, 7, 10, and 14 

days after IONP treatment (Fig. 3.2G).
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Figure 3.2. IONPs internalization into MSCs. (A) Schematic illustration and TEM 

image of IONPs. (B) Fluorescent images of IONP (red) uptake by MSCs 24 hours after 

IONP treatment (green, cell membrane; blue, DAPI). Scale bars, 100 µm. (C) 

Representative TEM images and a magnification of IONPs in the endosome/lysosome 

of MSCs. (D) Quantification of iron content in MSC and IONP-MSC, as evaluated by 

ICP-MS. ND; No detection. (E) Relative mRNA expression of apoptosis-related genes 

in MSC and IONP-MSC. (F) Representative images of staining for viable and 

nonviable cells with FDA/EB staining. Scale bars, 100 μm. (G) The cytotoxicity of 

IONPs 2, 4, 7, 10, and 14 days after IONP treatment to MSCs, as evaluated by CCK 

assay (n = 4 per group; NS, no significant difference). *P < 0.05 by two-tailed t-test. 

All values are mean ± SD.
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3.2.2. Cellular modification of MSCs by IONPs

The IONP treatment stimulated the osteogenic and adipogenic differentiation of 

MSCs by upregulation of some genes (ALP, LPL, and PPARγ), but not chondrogenic 

differentiation (Fig. 3.3A). This result was different from that of a previous study 

in which IONP loading in MSCs did not stimulate osteogenic and adipogenic 

differentiation and inhibited chondrogenic differentiation.70 The inconsistency 

between two studies could be due to the difference in the IONP dose (47 pg IONPs 

per cell in the present study versus 10-20 pg IONPs per cell in the previous study).

We determined whether IONPs internalized in MSCs could affect gene 

expression levels of cardiac repair-related molecules in the MSCs. Interestingly, the 

IONP uptake significantly increased the expression mRNA and protein levels of 

cardiac repair-favorable genes including ANG1, FGF2, HGF, VEGF, placental 

growth factor (PGF), and HIF1α, 2 days after IONP treatment, as evaluated with 

qRT-PCR and western blot (Fig. 3.3B and C). After cellular uptake, IONPs in the 

endosomes at a low pH may undergo slow ionization, releasing iron ions into the 

cytoplasm and generating ROS.63, 71, 72 The upregulated expression levels of the 

cardiac repair-favorable genes may be due to the overproduction of ROS that not 

only activate JNK64 and cJun,65 but also upregulate the expression of HIF1.67, 68

Western blot analysis showed the upregulated expression of HIF1α and activation 

of JNK and cJun, 2 days after IONP-treatment (Fig. 3.3C).
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Figure 3.3 Cellular modification of MSCs by IONPs. (A) Relative mRNA expression 

of osteogenic, adipogenic, and chondrogenic genes in MSCs and IONP-MSCs 2 days 

after IONP treatment (LPL, lipoprotein lipase; PPARγ, peroxisome proliferator-

activated receptor gamma; ALP, alkaline phosphatase; OCN, osteocalcin; OP, 

osteopontin; ACAN, aggrecan; COLII, collagen type II). (B) Relative mRNA 

expression levels of various cardiac repair-favorable genes in MSC and IONP-MSC, as 

evaluated by qRT-PCR (n = 4 per group). (C) Schematic illustration of the IONP-

mediated intracellular signaling cascades in MSCs and western blot analysis for the 

intracellular signaling cascade molecules and associated therapeutic molecules (n = 3 

per group). *P < 0.05 by two-tailed t-test. All values are mean ± SD.
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3.2.3. Production of IONP-NVs from IONP-MSCs

We have prepared N-NVs and IONP-NVs by serial extrusion of MSCs and IONP-

MSCs. The process of IONP-NV preparation and the portion of protein and IONPs 

of each fraction are shown in Fig. 3.4A. We characterized N-NVs and IONP-NVs. 

TEM images and DLS analysis revealed that N-NVs and IONP-NVs had spherical 

shapes and their sizes were similar to the typical size of EVs (Fig. 3.4B (i) and C).73

TEM and fluorescent confocal images revealed that IONPs were entrapped inside 

IONP-NVs (Fig. 3.4B). STEM and EDS-mapping images also indicate that IONPs 

were entrapped in IONP-NVs (Fig. 3.4C). ICP-MS analysis showed an iron content

of 21 ng within 1 μg IONP-NVs (Fig. 3.4D).
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Figure 3.4 A
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Figure 3.4 Production of IONP-NVs from IONP-MSCs. (A) Schematic diagram of the 

preparation of IONP-NVs and the quantification of the protein and iron content in each 

fraction as evaluated by Bradford assay and ICP-MS, respectively. The percentages of 

protein and iron in each fraction are shown in the table. (B) (i) TEM images of N-NVs 

and IONP-NVs and (ii) confocal images of IONP-NVs. White arrows indicate IONPs 

within IONP-NVs. In the fluorescent confocal images, NV lipid layers and IONPs were 

labeled with DiO (green) and RITC (red), respectively. Scale bars, 1 µm in panel (ii).

(C) STEM and EDX-mapping images of IONP-NVs. Green dots indicate Fe (IONP).

(D) Iron content in N-NV and IONP-NV, as evaluated by ICP-MS. (ND, no detection). 

*P < 0.05 by two-tailed t-test. All values are mean ± SD.
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3.2.4. Characterization of IONP-NVs

The size distributions of N-NVs and IONP-NVs are shown in Fig. 3.5A. To 

compare the quantities of proteins and RNAs of NVs with those of exosomes, we 

quantified the amounts of proteins and RNAs in IONP-MSC-derived exosomes and 

IONP-NVs (Fig. 3.5B). IONP-NVs contain 2.0-2.5 folds larger quantities of 

proteins and RNAs than IONP-MSC-derived exosomes. To compare the mRNA 

expression and protein levels in N-NVs and IONP-NVs, qRT-PCR and 

western blot were performed. The data showed that the mRNA expression 

and protein levels of ANG1, FGF2, VEGF, PGF, HGF, Cx43, and HIF1α 

were significantly higher in IONP-NVs compared to N-NVs (Fig. 3.5C and 

D). Both N-NVs and IONP-NVs contained CD9, a marker for exosome, EV 

and NV.36 The levels of cardiac repair-related miRNAs were compared 

between N-NVs and IONP-NVs using Affymetrix miRNA 4.0 (Fig. 3.5E). 

Remarkably, many miRNAs known to promote cardiac recovery were 

increased in IONP-NVs versus N-NVs.
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Figure 3.5. Characterization of IONP-NVs. (A) Representative size distribution of N-

NVs and IONP-NVs derived from MSCs and IONP-MSCs, respectively, as evaluated 

by DLS. (B) Comparison of the protein and RNA amounts in IONP-NVs and IONP-

MSC-derived exosomes. (C) Relative mRNA levels in N-NVs and IONP-NVs, as 

evaluated by qRT-PCR (n = 4 per group). (D) Representative images of western blots 

of therapeutic molecules and the marker of EV, CD9 (n = 3 per group). (E) Fold changes 

in levels of cardiac repair-related miRNA in IONP-NVs compared to N-NVs. All 

columns represent log2-fold changes. *P < 0.05 by two-tailed t-test. All values are mean 

± SD.
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3.2.5. Cellular uptake of IONP-NVs in vitro

To evaluate NV uptake by individual cell levels in cardiac tissue, fluorescent 

microscopic examination was performed 24 hours after the treatment of CFs, CMs, 

HUVECs, and macrophages with N-NVs and IONP-NVs in vitro (Fig. 3.6A). As 

shown in Fig. 3.6B, the most of treated IONP-NVs were internalized into the cells 

in vitro within 24 hours after treatment. To evaluate the cytotoxicity of IONPs 

inside the cells, the viability of CFs, CMs, HUVECs, and macrophages was 

assessed 2, 5, and 10 days after treatment with IONP or IONP-NV (Fig. 3.6C). 

IONPs did not affect the cellular viability for a long term. After internalization, the 

IONPs were slowly ionized and degraded, as the iron content in the cells decreased 

with time (Fig. 3.6D) and as reported previously.74
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Figure 3.6 A-B
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Figure 3.6. Cellular uptake of IONP-NVs in vitro. (A) Representative images showing 

the in vitro uptake of N-NVs and IONP-NVs by (i) CMs, (ii) CFs, (iii) HUVECs, and 

(iv) macrophages (MΦ). (green, NV membrane; red, IONP; blue, DAPI). Scale bars, 

100 μm. (B) In vitro cellular uptake rate of IONP-NVs as evaluated by ICP-MS. Data 
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were normalized to iron content of IONP-NV added to the cultures. (C) Relative cell 

viability as evaluated by the CCK assay 2, 5, and 10 days after treatment with IONPs 

or IONP-NVs to various cells. *P < 0.05 versus NT and #P < 0.05 versus IONP by using 

two-way ANOVA followed by post-hoc Bonferroni test. All data were normalized to 

NT at day 2. (D) Profiles of intracellular iron content in cells after cellular uptake of 

IONP-NVs as evaluated by ICP-MS. *P < 0.05 versus day 1 and †P < 0.05 versus day 

5 by one-way ANOVA followed by post-hoc Bonferroni test. All data were normalized 

to day 1. All values are mean ± SD.
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3.2.6. Cardioprotective effects of IONP-NVs in vitro

To assess the therapeutic effects of IONP-NV, we used CMs, CFs, HUVECs, and 

macrophages in vitro. To determine whether IONP-NVs possess the therapeutic 

potential for cardiac repair, we assessed the anti-apoptotic and anti-fibrotic effects 

of NVs and MSCs on CFs, CMs, and HUVECs in vitro. The cells were co-cultured 

with MSCs or IONP-MSCs, or treated with IONPs, N-NVs or IONP-NVs for 1 day 

after exposure to a hypoxic condition that mimicked cardiac ischemia (Fig. 3.7A). 

In the IONP alone group, the quantity of IONPs was equal to that of IONP-NVs 

(21 ng iron in IONPs/ 1μg NV protein). Both NVs and MSCs showed the 

cardioprotective effect on the cells after hypoxia (Fig. 3.7B). Gene expression of 

caspase3 and FDA/EB staining data also showed that NVs and MSCs improved the 

cell viability and attenuated apoptosis of the cells (Fig. 3.7C and D). Western blot 

analysis showed that both IONP-NVs and IONP-MSCs exerted the 

cardioprotective effect via activating AKT/PI3K31 intracellular signaling cascades 

(Fig. 3.7E and F). Interestingly, the mRNA expression of Cx43 were upregulated 

in CFs and CMs under hypoxic condition by NVs and MSCs (Fig. 3.7G). In 

addition, western blots and immunocytochemistry showed that Cx43 expression in 

CFs and CMs was upregulated by IONP-NVs and IONP-MSCs (Fig. 3.7H and I) 

Cx43 is well known to have functions as electrical coupling and intercellular 

molecule exchange of CFs and CMs. There were several reports that Cx43 

expression was decreased in hypoxic condition, which causes arrhythmia and 

cardiac cell death due to decreased conduction between cells in vtiro and in vivo.75, 

76 The data indicate that IONP-NVs can attenuate cell death.
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Figure 3.7 A-D
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Figure 3.7 E-F
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Figure 3.7 G-H
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Figure 3.7. Cardioprotective effects of IONP-NVs in vitro. (A) Schematic illustration 

of the in vitro cell culture in a hypoxic condition to examine therapeutic effects of 

IONP-NVs and MSC-secreted paracrine factors in vitro. Normoxia or M0 MΦ served 

as a positive control. NT indicate no treatment. MΦ was used for Fig. 3.9A. (B) Relative 

cell viability as evaluated by the CCK assay after treatment (n=4 per group). (C)

Relative mRNA expression of Caspase3 in CFs, CMs, and HUVECs after treatment, as 

evaluated by qRT-PCR (n=4 per group). (D) Representative images of viable and 

nonviable cells stained by FDA/EB after treatment. White arrows indicate dead cells. 

Scale bars, 100 μm. (E and F) Representative images and the quantification data of 

western blot analysis for anti-apoptosis-related intracellular signaling cascades in the 
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CFs, CMs, HUVECs (n=3 per group). (G) Relative mRNA expression of Cx43 in CFs 

and CMs after treatment, as evaluated by qRT-PCR. (H) Representative images and the 

quantification data of western blot analysis for Cx43 in CFs and CMs after treatment. 

(I) Representative images of immunostaining and quantification data for Cx43 (red) in 

CFs and CMs. Blue indicates DAPI. Scale bars, 50 µm. *P < 0.05 by using one-way 

ANOVA followed by post-hoc Bonferroni test. All data were normalized to normoxia. 

All values are mean ± SD.
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3.2.7. Antifibrotic effects of IONP-NVs in vitro

To investigate the antifibrotic effects of NVs and MSCs, gene expression changes 

in CFs were evaluated using qRT-PCR (Fig. 3.8). NVs and MSCs decreased the 

expression of the transforming growth factor beta 1 (Tgfb1), Alpha-actin 2 (Acta2), 

and matrix metalloproteinase (Mmp)-2,9, and increased the tissue inhibitor of 

metalloproteinase (Timp)-1,2, which are the marker of cardiac myofibroblast, 

within CFs. The data indicate that NVs and MSCs inhibited the differentiation of 

CFs into cardiac myofibroblasts after hypoxia, which are the major cause of cardiac 

fibrosis and remodeling. Both IONP-NVs and IONP-MSCs exerted higher 

antifibrotic effects than those of N-NVs and MSCs, respectively. Taken together, 

these results demonstrate that IONP-NVs can prevent fibrosis, as MSCs do.
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Figure 3.8. Antifibrotic effects of IONP-NVs in vitro. Relative mRNA expression 

levels of cardiac myofibroblast-related genes in CFs after treatment, as evaluated by 

qRT-PCR (n = 4 per group). NT indicates no treatment. *P < 0.05 by using one-way 

ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD.
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3.2.8. Anti-inflammatory effects of IONP-NVs in vitro

We next examined the anti-inflammatory effects of NVs and MSCs on cells, 

including CFs, CMs, and macrophages in vitro. The experimental protocol is 

described in Fig. 3.7A. We examined the effects of NVs and MSCs on the 

phenotype change in M1 macrophages. NVs and MSCs downregulated the mRNA 

expression levels of inflammatory M1 macrophage markers and upregulated those 

of reparative M2 macrophage markers (Fig. 3.9A). M0 macrophages served as a 

control. IONP-NVs and IONP-MSCs exerted stronger effects on the M1 

macrophage shift to M2 macrophage than N-NVs and MSCs, respectively. In 

addition, NVs and MSCs decreased the mRNA expression levels of pro-

inflammatory cytokines including Il6 and Tnfa in CFs and CMs (Fig. 3.9B). IONP-

NVs and IONP-MSCs exerted a higher anti-inflammatory effect on CFs and CMs 

than N-NVs and MSCs, respectively. Thus, our data indicate that, like MSC 

implantation, IONP-NV treatment can exert anti-inflammatory effects via 

polarizing M1 macrophages into M2 phenotype and reducing inflammatory 

cytokine production of CMs and CFs.
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Figure 3.9. Anti-inflammatory effects of IONP-NVs in vitro. (A) Macrophage (MΦ) 

polarization after treatment. Relative mRNA expression levels of the markers of 

inflammatory M1 macrophages (Il1b, Il6, and Tnfa) and reparative M2 macrophages 

(Arg1, Il10, and Vegf) in LPS-treated macrophages (M1 MΦ) after treatment, as 

evaluated by qRT-PCR (n=4 per group). (B) Relative mRNA expression of 

inflammatory cytokines (Il6 and Tnfa) in CFs and CMs (n=4 per group). NT indicates 

no treatment. *P < 0.05 by using one-way ANOVA followed by post-hoc Bonferroni 

test. All data were normalized to normoxia or M0 MΦ. All values are mean ± SD.
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3.2.9. Proangiogenic effects of IONP-NVs in vitro

We further evaluated the pro-angiogenic effects of NVs and MSCs in vitro. NVs 

and MSCs stimulated the capillary formation of HUVECs cultured under hypoxic 

conditions (Fig. 3.10A and B). IONP-NVs exerted a higher effect on tube formation 

compared to N-NVs. The enhanced capillary formation may be mediated via 

activating ERK and PCNA signaling in HUVECs (Fig. 3.10C), which inhibits p38 

that is known to break down capillary tubes 77. In addition, proliferating HUVECs 

also increased, which may result in increased capillary tube formation. HUVEC 

migration was reduced by hypoxia and returned back to normal by NVs and MSCs. 

IONP-NVs and IONP-MSCs exerted higher effects on the HUVEC migration than 

N-NVs and MSCs, respectively.

Synthetically, we demonstrated that like MSCs, IONP-NVs exhibit 

therapeutic effects on CFs, CMs, HUVECs, and macrophages in vitro. IONP-NVs 

not only reduced apoptosis, fibrosis, and inflammation but also increased 

angiogenesis, which is the major mechanism of MSCs for cardiac repair. Thus, the 

data suggest that IONP-NVs can be an effective cell-free option that replaces MSC 

implantation therapy for cardiac repair.
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Figure 3.10 A-B
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Figure 3.10. Proangiogenic effects of IONP-NVs in vitro. (A and B) Capillary tube 

formation (n = 6 per group) and cell migration (n = 5 per group) of HUVECs after 

treatment. Red lines indicate borders of the cell-free area. Scale bars, 200 and 500 µm, 

respectively. (C) Representative images and the quantification data of western blots of 

HUVECs for PCNA, ERK 1/2, and pERK 1/2 after treatment. NT indicates no 

treatment. *P < 0.05 by using one-way ANOVA followed by post-hoc Bonferroni test. 

All data were normalized to normoxia. All values are mean ± SD.
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3.2.10. Increased retention of IONPs by magnetic guidance in the 

infarcted myocardium

To determine whether NVs are superior to MSCs for retention in the myocardium 

and whether magnetic guidance enhances the retention of IONP-NVs in the 

myocardium, we intramyocardially injected MSCs, IONP-MSCs, N-NVs, and 

IONP-NVs both of which were labeled with fluorescent dyes, and magnetic 

guidance was applied for 24 hours. We injected 106 cells of MSCs or 150 μg of 

NVs, which are correspond to the production yield of NVs from MSCs. The data 

showed that NVs were superior to MSCs for retention in the myocardium 24 hours 

after injection (Fig. 3.11A). Furthermore, IONP-NV + M group exhibited the 

highest retention in the heart. The biodistribution of the MSCs and NVs in other 

organs of the animals is presented in Fig. 3.11B. In addition, the retention ratio of 

IONP-NVs with magnetic guidance was gradually decreased in the infarcted heart 

with the time (Fig. 3.11C). To further assess the increased retention of IONP-NVs 

by magnetic guidance, we used magnetic resonance imaging (MRI) analysis, as 

previously described.78 As shown in Fig. 3.11D, r2 value of IONP was 163.95 s-

1mM-1 and the retention of IONP-NVs was significantly augmented by magnetic 

guidance. Fluorescent images and the quantification data also indicate that IONP-

NVs with magnetic guidance exhibited the highest retention in the infarcted 

myocardium (Fig. 3.11E).
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Figure 3.11 A-D
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Figure 3.11. Increased retention of IONPs by magnetic guidance in the infarcted 

myocardium. Fluorescent dye-labeled IONP-MSCs and IONP-NVs were injected into 

the rat infarcted myocardium. In some groups, magnetic guidance (M) was applied 

above the hearts for 24 hours after injection. (A) Representative ex vivo fluorescent 

imaging of infarcted hearts and the quantitative data 24 hours after the injection of 

Vivotrack 680-labeled MSCs, IONP-MSCs, N-NVs, and IONP-NVs (n = 3 animals per 

group). *P < 0.05 by using one-way ANOVA followed by post-hoc Bonferroni test. (B) 

Biodistribution of MSCs, IONP-MSCs, N-NVs, and IONP-NVs 24 hours after 

injection. Fluorescently labeled MSCs, IONP-MSCs, N-NVs, and IONP-NVs were 

injected into the infarcted myocardium and magnetic guidance (M) was applied for 24 

hours or not. (C) The retention ratio of fluorescently labeled IONP-NVs in infarcted 

heart with magnetic guidance 6, 24, and 48 hours after injection. (D) Representative 

magnetic resonance images and the quantification of IONP within heart 24 hours after 

the injection of IONP-NVs (n = 3 animals per group). NT indicates no treatment. The 

yellow line indicates IONP retention area. *P < 0.05 by using two-tailed t-test. All 

values are mean ± SD.
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3.2.11. Cytotoxicity of IONP-NVs with magnetic guidance in vivo

To determine whether IONPs with magnetic guidance exhibit cytotoxic effects in 

vivo, TUNEL assay was performed 24 hours after IONP-NVs injection into the 

normal hearts (Fig. 3.12A). Magnetic field-applied IONPs did not exhibit the 

cytotoxic effect on cells in vivo. In addition, the levels of hepatic enzymes (aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT)), blood urea nitrogen 

(BUN), and creatinine were not significantly different from those of the normal 

group 1, 3, 7, 14, 21, and 28 days after injection (Fig. 3.12B). Furthermore, to 

determine whether IONPs remain in heart or travel to other organs, we stained 

IONPs using Prussian blue staining in major organs 1 and 4 weeks after injection 

(Fig. 3.12C). IONPs did not detected in organs except heart. Also, IONPs were 

decreased in the heart with time.
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Figure 3.12 A
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Figure 3.12. Cytotoxicity of IONP-NVs with magnetic guidance in vivo. (A)

Representative images of TUNEL (red)-positive apoptotic cells in the heart and the 

quantitative data 24 hours after the injection of IONP-NVs into normal heart (n = 3 

animals per group). Scale bars, 50 µm. NS, No significant difference. Two-tailed t-test 

was used. (B) The levels of creatinine, BUN, AST, and ALT in the serum 1, 3, 7, 14, 21, 

and 28 days after injection. NS, No significant difference. Two-way ANOVA followed 

by post-hoc Bonferroni test was used. All values are mean ± SD. (C) The fate of IONPs 

1 and 4 weeks after injection. The detection of IONPs in major organs using Prussian 

blue staining 1 and 4 weeks after injectipon. Magnetic guidance was applied for 1 day. 
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Blue indicates IONPs. Nuclear fast red staining was used for counter-staining. Scale 

bars, 100 µm.
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3.2.12. Attenuation of cell apoptosis and inflammation IONP-NVs with 

magnetic guidance in vivo

To investigate the antiapoptotic effects of IONP-NVs in the infarcted myocardium, 

the TUNEL assay was performed 24 hours after injection (Fig. 13A). In the border 

zone, cell apoptosis was reduced by the injection of either N-NVs or IONP-NVs, 

and further decreased in the IONP-NV + M group. In the infarct zone, only the 

IONP-NV + M group exhibited decreased apoptosis. The Cx43 expression in the 

peri-infarct zone was assessed with immunohistochemistry (Fig. 13B). The IONP-

NV + M group exhibited a higher level of Cx43 in the peri-infarct zone compared 

to the other groups, which may be attributed to the reduction of cell death and 

arrhythmia at the early stage of infarction.

Next, we examined the anti-inflammatory effects of NVs in the infarcted 

myocardium through evaluation of macrophage polarization 1 day after injection 

(Fig. 3.13C). The data showed that only the IONP-NV + M group exhibited 

upregulated expression levels of reparative M2 macrophage-specific markers 

(Cd206, Arg1, and Il10). The N-NV, IONP-NV, and IONP-NV + M groups 

downregulated expression levels of M1 macrophage-specific markers (Nos2, Il1b, 

Il6). Immunohistochemistry showed that the IONP-NV + M group significantly 

upregulated CD206 expression and downregulated NOS2 expression in CD68-

positive macrophages in the peri-infarct zone (Fig. 3.13D). The data suggest that 

IONP-NVs can effectively induce early transition of the inflammatory phase to the 

reparative phase by facilitating the rapid polarization of M1 macrophages into M2 

macrophages, which may elicit cardiac repair after MI, as a previous study 

revealed.79
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Figure 3.13 A
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Figure 3.13 B-C
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Figure 3.13. Attenuation of cell apoptosis and inflammation IONP-NVs with magnetic 

guidance in vivo. (A) Representative images of TUNEL (green)-positive apoptotic cells 

and immunostaining for cTnT (CM marker), and the quantitative data 1 day after 

injection (n = 5 animals per group). Scale bars, 100 µm. (B) Representative images of 

immunohistochemical staining for Cx43 in the peri-infarct zone and the quantitative 

data 1 day after injection (n = 5 animals per group). Scale bars, 100 µm. (C) Relative 

mRNA expression levels of M2 macrophage-specific markers (Cd206, Arg1, and Il10) 

and M1 macrophage-specific markers (Nos2, Il1b, and Il6) in the infarcted myocardium, 

as evaluated by qRT-PCR (n = 5 animals per group). (D) Immunohistochemical 

staining for CD68 (macrophage marker), CD206 (M2 macrophage marker), and NOS2 

(M1 macrophage marker) and the quantitative data in the peri-infarct zone 1 day after 

injection (n = 5 animals per group). Scale bars, 50 µm. NT indicates no treatment. *P 

< 0.05 by using one-way ANOVA followed by post-hoc Bonferroni test. All values are 

mean ± SD.
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3.2.13. Increased blood vessel density and improved left ventricular 

remodeling by IONP-NVs with magnetic guidance in vivo

To determine whether the NV injection into the infarcted myocardium enhances 

the blood vessel density, hearts were perfused with isolectin B4 four weeks post-

MI (Fig. 3.14A). The IONP-NV + M group exhibited a significant increase in the 

blood vessel density in both the border zone and infarct zone, compared to the other 

groups. In addition, IONP-NV also increased the blood vessel density in the border 

zone and infarct zone as compared to the NT group. This may be attributed to the 

attenuation of early apoptosis of the ECs (Fig. 3.7B and 3.13A) and the stimulation 

of migration, proliferation, and tube formation of the ECs (Fig. 3.10A-C).

Four weeks after treatment, heart tissues were stained with Masson's 

trichrome staining (Fig. 3.14B). The IONP-NV injection and magnetic guidance 

resulted in a significant decrease in the fibrosis area and scar size and increase in 

the viable myocardium area and infarcted wall thickness in the infarcted heart (Fig. 

3.14C). In addition, IONP-NV also decreased fibrosis area and increased infarcted 

wall thickness as compared to the NT group and the IONP group.
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Figure 3.14 A
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Figure 3.14. Increased blood vessel density and improved left ventricular remodeling 

by IONP-NVs with magnetic guidance in vivo. (A) Representative images of functional 

blood vessels visualized by perfusion of isolectin B4 and immuostaining for cTnT (CM 

marker) in the infarct zone and border zone four weeks after injection and the 

quantitative data (n = 5 animals per group). Scale bars, 50 µm. (B) Representative 

Masson’s trichrome-stained infarcted hearts four weeks after injection (blue, scar tissue; 

red, viable myocardium). (C) The fibrosis area, scar size, viable myocardium area, and 

thickness of the LV wall four weeks after injection (n = 5 animals per group). *P < 0.05 

by using one-way ANOVA followed by post-hoc Bonferroni test.



79

3.2.14. Enhanced cardiac function recovery by IONP-NVs with 

magnetic guidance in vivo

To evaluate cardiac functional recovery, transthoracic echocardiography was 

performed 1, 2, and 4 weeks post-MI (Fig. 3.15A-C). All groups except the IONP-

NV + M group showed a significant decrease in the ejection fraction and fractional 

shortening at 2 and 4 weeks as compared to 1 week. In the IONP-NV + M group, 

cardiac contractibility, such as ejection fraction and fractional shortening, was 

preserved or increased during the 4-week follow-up period (Fig. 3.15B and C). 

Additionally, there was no significant difference in the left ventricular end diastolic 

dimension (LVIDd) among all groups except for the normal group (Fig. 3.15D). 

However, the left ventricular end systolic dimension (LVIDs) was significantly 

lower in the IONP-NV + M group than in the NT group and the IONP group at 4 

weeks (Fig. 3.15E). Furthermore, there was no significant difference in the 

posterior wall thickness among all groups (Fig. 3.15F). However, septal wall 

thickness was significantly higher in the IONP-NV + M group than in other groups 

at 4 weeks (Fig. 3.15G). In addition, we further assessed dose-dependent 

therapeutic effects of IONP-NVs with magnetic guidance (Fig. 3.15H and I). IONP-

NVs improved the cardiac functions dose-dependently in 1.0x and 3.0x compared 

to NT group, but not in 0.3x. The heart functions were not different between 1.0x 

IONP-NVs and 3.0x IONP-NVs. These data indicate that IONP-NVs with magnetic 

guidance can prevent adverse left ventricular remodeling and lead to cardiac 

function preservation, which is likely attributed to the high retention of injected 

IONP-NVs, attenuation of cell apoptosis, inflammation, and fibrosis, and the 

enhancement in blood vessel density in the infarcted myocardium (Fig. 5 and 6).
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Figure 3.15. Enhanced cardiac function recovery by IONP-NVs with magnetic 

guidance in vivo. (A) Representative M-mode images one week and four weeks after 

treatment. Yellow arrows between wall motion indicate left ventricular dimension. 

Distance between yellow arrows and arrowheads in upper and lower area indicates left 

ventricular wall thickness and left ventricular posterior wall thickness, respectively. (B 

and C) Ejection fraction and fractional shortening at various time points (n = 5 animals 

per group). *P < 0.05 versus NT, #P < 0.05 versus IONP, †P < 0.05 versus N-NV, and 

‡P < 0.05 versus IONP-NV by using two-way ANOVA followed by post-hoc 

Bonferroni test. (D and E) Left ventricular end diastolic dimension (LVIDd) and left 

ventricular end systolic dimension (LVIDs) at various time points (n = 5 animals per 

group). Posterior wall thickness and septal wall thickness at various time points (n = 5 

animals per group). *P < 0.05 by using two-way ANOVA followed by post-hoc 

Bonferroni test. The group names are referred to Fig. 3.14A-C. (H and I) Dose-

dependent effects of IONP-NVs on heart functions in vivo. Echocardiography was 

performed 1, 2, and 4 weeks after injection of IONP-NV with magnetic guidance 

(IONP-NV + M). The dose of 1.0x indicate 150 μg NV per animal. (H) Ejection fraction 

and (I) fractional shortening (n = 5 animals per group). *P < 0.05 versus NT and #P < 

0.05 versus 0.3x by using two-way ANOVA followed by post-hoc Bonferroni test. NT 

indicates no treatment. All values are mean ± SD.
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Chapter 4.

Targeted delivery of mesenchymal stem 

cell-derived nanovesicles for spinal cord 

injury treatment
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4.1. Introduction

Traumatic spinal cord injury (SCI) is a serious medical condition that causes 

permanent motor and sensory dysfunction. SCI is a complex dynamic process that 

initiates a complex cascade of secondary injury mechanisms including hemorrhage, 

ischemia, apoptosis, inflammation, demyelination, and glial scar formation80 The 

inhibitory environment around the axons suppresses the axonal regeneration, and 

the synaptic plasticity is insufficient for substantial functional improvement. 

Recently, mesenchymal stem cell (MSC) therapies have emerged for spinal cord 

repair because of its multifunctional therapeutic abilities for neuroprotection, anti-

inflammation, and angiogenesis.81-89

However, MSC therapies are limited by several obstacles. Direct injection of 

MSCs into the injured spinal cord could provide further damage.8 Also, 

systemically injected MSCs can rarely reach the lesion site because of the 

pulmonary entrapment of MSCs.8 Moreover, the therapeutic efficacy of implanted 

MSCs can be limited because of the poor survival and the possibility of the

differentiation into other cell types including chondrocytes and osteoblasts.90 To 

avoid these limitations, MSC-conditioned medium has been suggested as an 

alternative to the transplantation of MSCs for SCI.91 Recent studies have revealed 

that the therapeutic effects of MSCs are mainly attributed to exosomes, which are 

a type of extracellular vesicles that contain RNAs and proteins and serve as a 

nanocarrier of the biomolecules between cells.92, 93 Proteins and RNAs in exosomes 

are transferred to recipient cells and affect the recipient cells via protein functions 

and RNA translation.10, 94 In preclinical studies, MSC-derived exosomes have 

shown therapeutic potential for numerous diseases including myocardial infarction, 

ischemic vascular diseases, neurodegenerative diseases, and SCI.23, 33, 57, 95-98 MSC-
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derived exosomes exert therapeutic effects via anti-apoptosis, immunomodulation, 

anti-inflammation, and angiogenesis, which is similar to the therapeutic effects of 

MSCs. MSC-derived exosomes have a lower possibility of an immune response.18

Importantly, MSC-derived exosomes therapies can avoid the major limitations of 

MSC therapy. MSC-derived exosomes therapies can avoid the problems of poor 

MSC survival and possible MSC-differentiation into other cell types. Exosomes 

exhibit less entrapment in the lung following systemic administration due to their 

small size and can also be stored at - 80 °C, which costs much less than MSC 

storage at -196 °C. In this context, MSC-derived exosome therapies have emerged 

as a substitute for MSC therapies.99

Although exosomes therapies have shown therapeutic potential, large-

scale production of exosomes is a barrier for clinical applications. One million 

MSCs secrete 1-4 μg of exosomes per day, which can hardly meet the demand for 

clinical trials.34, 60 Therefore, to produce sufficient amounts of exosomes from 

MSCs for clinical applications, cultures of a large number of MSCs and long-term 

cultures are required. To overcome these obstacles, recent studies have developed 

NVs. NVs have particle size and component including intracellular RNAs, proteins, 

and plasma membrane proteins similar to those of exosomes and can transfer 

biomolecules from parent cells to recipient cells like exosomes.36, 61 NVs are 

generated through the serial extrusion of cells via microporous and nanoporous 

filters, while exosomes are secreted from cells. Importantly, 250-fold larger 

quantity of NVs can be obtained than exosomes from the same number of cells.35

Furthermore, each NV contains a 2-fold greater quantity of RNAs and proteins than 

each exosome.35 Taken together, NVs would be advantageous over exosomes in 

terms of production, cost-effectiveness, and therapeutic efficacy. Therefore, in the 
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present study, we used MSC-derived NVs for SCI treatment rather than MSC-

derived exosomes.

Despite the advantages of NVs and exosomes over MSCs therapies, NVs and 

exosomes do not have the ability to target to diseased organs after systemic 

injection, which limits the therapeutic efficacy of NV or exosome therapies.38, 39 To 

improve the diseased organ-targeting efficiency of NVs, here we fabricated MF-

MSCs and then produced MF-NVs through the extrusion of MF-MSCs (Figure 1). 

Macrophage membranes contain binding molecules such as very late antigen 4 

(VLA4) comprising integrin α4 and β1 and the various receptors of inflammatory 

cytokines. The membrane proteins included in MF-NVs may facilitate the targeting 

of MF-NVs at the inflammatory tissues and scavenge inflammatory cytokines.100-

102 MF-NVs contain integrin α4 and β1 originated from macrophage membrane and 

may improve the efficiency of NVs targeting to ischemic and inflammatory organs 

such as the injured spinal cord. Furthermore, autologous macrophages have been 

used for large animal model and clinical uses103, 104, which can facilitate the 

application of MF-NVs for clinical uses in future. Here, we found that both normal 

MSC-derived NVs (N-NVs) and MF-NVs exhibited neuroprotective, anti-

inflammatory, and angiogenic effects in vitro, which are the major therapeutic 

mechanisms of spinal cord repair. Following the systemic injection into mice with 

SCI, MF-NVs showed better spinal cord targeting efficiency and therapeutic 

efficacy than N-NVs.
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Figure 4.1. Schematic diagrams for the fabrication and therapeutic effects of MF-NVs 

for spinal cord repair. (A) The preparation of MF-MSC through the fusion of 

macrophage (MΦ) membranes into MSCs. MF-MSCs contain the membrane proteins 

of MΦ and the therapeutic molecules. (B) Production of MF-NVs from MF-MSCs by 

serial extrusion. (C) Intravenous injection of MF-NVs into the spinal cord-injured 

mouse. (D) The mechanisms of targeting and therapeutic effects of MF-NVs on SCI-

injured mice.
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4.2. Results and discussion

4.2.1. Production and characterization of MF-MSCs

We first obtained the membranes of macrophages through dissociation and 

extrusion. The size distribution of macrophage membranes is shown in Fig. 4.1A. 

We then fused the membranes of macrophages into MSCs using PEG. To determine 

whether the membranes were integrated into MSCs, we characterized the MF-

MSCs. Fluorescent microscopic images showed that DiO-labeled MSCs (green) 

were decorated with DiI-labeled macrophage membranes (red) (Fig.4.2B). To 

demonstrate that the overlapping of fluorescent signals was not due to dye transfer, 

we evaluated the surface markers of MSCs and MF-MSCs using western blot 

analysis (Fig. 4.2C). MF-MSCs contained CD68, a surface marker of macrophages, 

indicating that macrophage membranes were integrated into MSCs. Integrin α4 and 

integrin β1, known as VLA4, were also highly expressed in MF-MSCs than MSCs. 

VLA4 on the surface of circulating monocytes facilitates monocyte binding to the 

inflammatory endothelium.105 The enhanced expression of VLA4 on the membrane 

of MF-MSCs indicated that MF-MSCs inherit the binding ability of macrophages 

to the inflammatory sites. Flow cytometry analyses confirmed that a macrophage 

marker (F4/80) was expressed on MF-MSCs, but not on MSCs (Figure 4.2D). An 

MSC marker (CD90) was expressed on both MSCs and MF-MSCs.
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Figure 4.2. Production and characterization of MF-MSCs. (A) Size distribution of MΦ 

membrane, as evaluated by nanoparticle tracking analysis. (B) Fluorescent confocal 

images of MSC and MF-MSC after fusion. Scale bars, 25 μm. (C) Representative 

images of western blots and the quantification data of surface markers of MΦ 

membrane (CD68, integrin α4 and β1), MSC, and MF-MSC (n = 3 per samples, 20 μg 

of total proteins). (D) Flow cytometric analysis of MSC (CD90) and MΦ (F4/80) 

surface marker expressions on MF-MSC (n = 4 per samples). *P < 0.05 by two-tailed 

t-test. All values are mean ± SD.
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4.2.2. Production and characterization of MF-NVs

Next, we prepared N-NVs and MF-NVs by serial extrusion of MSCs and MF-

MSCs, respectively, through microporous and nanoporous membranes (Fig. 4.3A). 

The size distribution of N-NVs and MF-NVs was determined using nanoparticle 

tracking analysis (Figure 4.3B). N-NVs and MF-NVs showed mean sizes of 238.3 

± 82.2 nm and 233.5 ± 70.3 nm, respectively. The size distributions of NVs were 

similar to those of NVs in previous studies that exhibited therapeutic effects in vivo.

36, 106, 107 TEM images revealed that both N-NVs and MF-NVs had spherical shapes 

(Fig. 4.3C). Western blot analysis revealed that both N-NVs and MF-NVs contained 

CD9, a marker for exosomes and NV (Fig. 4.3D). The protein levels of CD68, 

integrin α4, and integrin β1, which are markers of macrophages, were significantly 

higher in MF-NVs than in N-NVs. The data indicate that MF-NVs possess similar 

components with those of MF-MSCs. To evaluate NV uptake by individual cell 

levels in spinal cord tissues, fluorescent microscopic examination was performed 

24 hours after the treatment of HUVECs, PC12 cells, RAW 264.7 cells with N-NVs 

and MF-NVs for 24 hr (Fig. 4.3E). Fluorescent images showed that NVs were 

internalized into the cells within 24 hr and uniformly dispersed in the cytoplasm.
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(E)

Figure 4.3 A-D
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Figure 4.3. Production and characterization of MF-NVs. (A) Schematic diagram of the 

preparation of MF-NVs. (B) Size distribution of N-NV and MF-NV, as evaluated by 

nanoparticle tracking analysis (n = 4 per samples). (C) TEM images of N-NV and MF-

NV. Scale bars, 50 nm. (D) Representative images and the quantification data of

western blots of surface marker of MΦ membrane, N-NV and MF-NV (n = 3 per 

samples, 20 μg of total proteins). *P < 0.05 by two-tailed t-test. All values are mean ± 

SD. (E) Representative images showing in vitro uptake of DiI-labeled N-NVs and MF-

NVs by HUVECs, PC12 cells, and RAW 264.7 cells 24 hours after the treatment. Scale 

bars, 50 μm.
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4.2.3. Neuroprotective effects of MF-NVs in vitro

Next, we investigated in vitro effects of NVs on various types of cells that can 

reflect the cell components of spinal cord tissue (neuronal cells, macrophages, and 

endothelial cells) present in spinal cord under hypoxic and inflammatory (for 

neuronal and endothelial cells) and inflammatory (for macrophages) conditions. 

Previous studies have reported that exosomes from MSCs show neuroprotective 

effects, induce the polarization of macrophages from inflammatory state (M1) to 

reparative state (M2), and enhance angiogenesis by endothelial cells migration and 

proliferation.17, 108, 109 We examined the neuroprotective effects of NVs on neuron-

like PC12 cells. PC12 cells were cultured under the ischemic and inflammatory 

conditions for 24 hrs, because SCI lesions show acute ischemia and inflammation 

that lead to apoptosis of neurons. Importantly, the treatment with NVs improved 

the survival of PC12 cells, as evaluated by live/dead staining (Fig. 4.4A) and CCK 

assay (Fig. 4.4B). NV treatment also increased the expression of an anti-apoptotic 

gene, Bcl2, and decreased the expression of an apoptotic gene, Bax (Fig. 4.4C). The 

NV-treated PC12 cells showed increased expression of pAKT and PI3K, which are 

involved in cell survival (Fig. 4.4D).110
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Figure 4.4. Neuroprotective effects of MF-NVs in vitro. (A) Representative images of 

viable and nonviable PC12 cells stained by FDA/EB after treatment. Scale bars, 100 

μm. (B) Relative cell viability as evaluated by the CCK assay after the treatment (n = 

4 per group). (C) Relative mRNA expression levels of apoptotic (Bax) and anti-

apoptotic (Bcl2) genes in PC12 cells after treatment, as evaluated by qRT-PCR (n = 4 

per group). (D) Representative images and the quantification data of western blots of 

PC12 cells for AKT, pAKT, and PI3K after treatment. *P < 0.05 by using one-way 

ANOVA followed by post-hoc Bonferroni test. All data were normalized to normoxia. 

All values are mean ± SD. NT indicates no treatment
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4.2.4. Anti-inflammatory effects of MF-NVs in vitro

Next, we investigated the effects of NVs on the phenotype of macrophages in vitro. 

M1 macrophages are known to be accumulated in inflammatory lesion in the early 

stage of inflammation. We polarized RAW 264.7 cells, a murine macrophage cell 

line, into M1 state with LPS for 24 hrs, and treated the cells with NVs. NVs 

downregulated the LPS-induced expressions of M1 macrophage markers (Il1b, Il6, 

and Nos2) and upregulated the expressions of M2 macrophage markers (Arg1, 

Cd206, and Il10), as evaluated by qRT-PCR (Fig. 4.5), indicating that NVs 

polarized M1 macrophages into M2 macrophages. The transition of inflammatory 

M1 macrophages into reparative M2 macrophages in the SCI lesion would relieve 

inflammation, thereby improving spinal cord repair.
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Figure 4.5. Anti-inflammatory effects of MF-NVs in vitro. Macrophage polarization 

after treatment. Relative mRNA expression levels in M1 MΦ of the markers of 

inflammatory M1 macrophages (Il1b, Il6, and Nos2) and reparative M2 macrophages 

(Arg1, Cd206, and Il10), as evaluated by qRT-PCR (n = 4 per group). All data were 

normalized to those of M0 MΦ. NT indicates no treatment. *P < 0.05 by using one-

way ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD.
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4.2.5. Proangiogenic effects of MF-NVs in vitro

Next, we further evaluated the angiogenic effects of NVs on HUVECs. Both N-

NVs and MF-NVs stimulated the capillary formation and migration of HUVECs 

under hypoxic conditions (Fig. 4.6A and B). The angiogenic effects of N-NVs and 

MF-NVs on HUVECs were mediated via the activation of ERK and PCNA 

signaling cascades (Fig. 4.6C).77

Together, N-NVs and MF-NVs exhibit therapeutic effects via 

neuroprotection, attenuation of inflammation, and increasing angiogenesis, which 

are involved in the major mechanisms of spinal cord injury repair.
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Figure 4.6. Proangiogenic effects of MF-NVs in vitro. Representative images and the 

quantification data of (A) capillary tube formation and (B) cell migration of HUVECs 

after treatment. Red lines indicate borders of the cell-free area. Scale bars, 100 and 500 

μm, respectively. (C) Representative images and the quantification data of western 

blots of HUVECs for PCNA, ERK 1/2, and pERK 1/2 after treatment. NT indicates no 

treatment. *P < 0.05 by using one-way ANOVA followed by post-hoc Bonferroni test. 

All data were normalized to normoxia. All values are mean ± SD. 



98

4.2.6. Enhanced targeting efficiency of MF-NVs in vitro and in vivo

We investigated the potency of MF-NV targeting to ischemic endothelial cells in 

vitro and injured spinal cord in vivo. Prior to NV treatment, HUVECs underwent 

hypoxia to mimic spinal cord ischemia. DiI-labeled N-NVs and MF-NVs were 

added to cultures of DiO-labeled HUVECs for 5 min at 4 °C. The data indicate that 

MF-NVs exhibited augmented adherence to ischemic endothelial cells (Fig. 4.7A). 

Next, to determine whether the membrane proteins from macrophages affect the 

spinal cord targeting efficiency of NVs in vivo, we treated macrophage membranes 

with trypsin to denature the membrane proteins prior to fuse. Then we fused the 

trypsin-treated macrophage membranes into MSCs and then produced NVs (tr-MF-

NVs) from the fused MSCs. N-NVs, tr-MF-NVs, and MF-NVs were labeled with 

fluorescent dyes and systemically injected into SCI mice 1 hr and 7 days post-injury. 

MF-NV showed and 2.0-fold higher accumulation in the injured spinal cord than 

N-NV and tr-MF-NV, respectively (Fig. 4.7B). The majority of NVs were 

accumulated in the liver. However, MF-NVs may not exhibit liver toxicity as a 

previous study described.22 Taken together, the data suggest that the macrophage 

membrane components of MF-NVs contribute to the increased targeting efficiency.
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Figure 4.7. Enhanced targeting efficiency of MF-NVs in vitro and in vivo. (A) 

Fluorescent images and the quantification data of NV binding to HUVECs in vitro (n 

= 5 per group). Scale bars, 100 μm. *p < 0.05 by using one-way ANOVA followed by 

post-hoc Bonferroni test. (B) Biodistribution of N-NVs, MF-NVs, and tr-MF-NVs in 

injured spinal cord 24 hrs after injection 1 hr and 7 days post-injury (n = 3 animals per 

group). Fluorescently labeled NVs were intravenously injected 1 hr and 7 days after 

injury. *P < 0.05 by using one-way ANOVA followed by post-hoc Bonferroni test. All 

values are mean ± SD.
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4.2.7. Reduced glial scar formation and improved function recovery by 

MF-NVs in vivo

Morphological observation showed that SCI-induced lesions were markedly 

reduced by MF-NVs (Fig. 4.8A). After glial scar formation in SCI, axons cannot 

regenerate beyond the glial scar.111 To investigate whether MF-NVs attenuate glial 

scar formation in standing weight compression mice model of SCI, we performed 

immunohistochemical (IHC) staining. The SCI-induced lesions were stained for NF, 

a marker for neuron, and GFAP, a marker for astroglia, 28 days post-injury. The no 

treatment group showed extensive neuronal loss and astrogliosis. MF-NVs showed 

greater preservation of NF and a significant reduction in GFAP as compared to N-

NVs (Fig. 4.8B-D). The glia scar contains extracellular matrix (ECM) deposited by 

reactive astrocytes in response to SCI. The scar ECM is rich in CSPGs, 

macromolecules that inhibit axonal growth.112 IHC staining for CSPGs revealed 

significantly increased expression of CSPGs in the no treament group day 28 post-

injury (Fig. 4.8E and F). By contrast, MF-NV injection significantly reduced 

CSPGs expression at the lesion 28 days post-injury compared to the no treatment 

group. These data indicate that MF-NV could play a crucial role in preventing the 

deposition of CSPGs. 

BMS score is commonly used to assess functional recovery following SCI in 

mice. Before SCI, BMS scores for all mice were 9 points, and the scores on the first 

postoperative day were 0 (Fig. 4.8G), indicating successful modeling of SCI. After 

SCI, all mice lost hind limb motor function. Starting from 1 week after injury, the 

hind limb motor function of the mice gradually recovered till 4 weeks after injury. 

The scores of the MF-NV injection groups at each time point were significantly 

higher than those of the other groups. The hind limbs of animals in the MF-NV 
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injection group showed considerable walking ability, whereas animals in the no 

treatment group exhibited no movement. These results demonstrated that 

locomotion function after static compression SCI was improved by injection of 

MF-NV.
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Figure 4.8. Reduced glial scar formation and improved function recovery by MF-NVs 

in vivo. (A) Representative images of spinal cord retrieved 28 days after the NV 
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injection. The dotted red circles indicate the lesion core. Representative images (B) and 

the quantification data (C and D) of immunohistochemical staining for neuron (NF, 

green) and astrogliosis (GFAP, red) in longitudinal sections of spinal cord 28 days post-

injury (n = 4 animals per group). Scale bars, 200 μm. Representative images (E) and 

the quantification data (F) of immunohistochemical staining for glial scar-related 

component (CSPGs, green) at the lesion core 28 days post-injury (n = 4 animals per 

group). Scale bars, 20μm. (G) BMS score-based quantitative analysis of time-lapse 

functional recovery in spinal cord-injured mice and the representative images of injured 

animals 28 days post-injury (n = 10 animals per group). *P < 0.05 versus NT and †P < 

0.05 versus N-NV by using two-way ANOVA followed by post-hoc Bonferroni test. 

All values are mean ± SD. NT indicates no treatment.
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4.2.8. Enhanced neuroprotection, anti-inflammation, and pro-

angiogenesis by MF-NVs in vivo

In vivo therapeutic mechanisms of MF-NVs were investigated. To evaluate the anti-

apoptotic effects of MF-NVs in the injured spinal cord, TUNEL staining assay was 

performed (Fig. 4.9A and B). The number of TUNEL-positive cells in the spinal 

cord was significantly increased after SCI. However, the injection of MF-NV 

decreased apoptotic cells 7 days post-injury.

SCI leads to severe inflammation, microglia and macrophages accumulate at 

the injured lesion site following trauma to the spinal cord. Indeed, a recent study

has described microglial cell and macrophage paradigm associated with SCI. 

Macrophage activated by microglia can be transformed into M1 (pro-inflammatory) 

and M2 (anti-inflammatory).113, 114 The ratio of M1 to M2 macrophages is critical 

and plays a crucial role in repair following SCI.39, 115 Mostly, M1 macrophages are 

considered neurotoxic while M2 macrophages are beneficial after SCI. In addition, 

M2 activation promotes healing activities of microglia. The microglia secrete 

neurotrophic factors such as brain-derived neurotrophic factor, neurotrophins, and 

glial cell–derived neurotrophic factor. Therefore, Strategies to increase M2 cell 

population and decrease M1 cell population in the injured local microenvironment 

might enhance tissue repair after SCI.116, 117 Therefore, we examined the effects of 

MF-NVs on M1 and M2 phenotype change in injured spinal cords in mice. IHC 

analysis showed that SCI-induced TNFα expression was significantly reduced 7 

days after the injection of MF-NVs (Fig. 4.9 C and D). In addition, the mRNA 

expression levels of M1 markers—Il1b, Nos2, and Tnfa— decreased and the 

mRNA expression levels of M2 markers— Arg1, Il10, and Vegf— increased 3 days 

after injection of MF-NVs (Fig. 4.9E). Taken together, the results suggest that MF-
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NVs shift the balance from M1 to M2 macrophages at the lesion site and alter the 

local microenvironment, which is conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed 

degenerative changes within few hours after injury.118 Significant decreases in the 

number of vascular endothelial cells were observed subsequently and might cause 

necrotic or apoptotic cell death. Therefore, we examined whether MF-NV injection 

could promote angiogenesis after SCI. MF-NV was administrated 1 hr and 7 days 

after SCI by injection. Next, IHC staining for vWF of the injured spinal cord was 

performed 28 days post-injury (Fig. 4.9F and G). Surprisingly, the injection of MF-

NV significantly increased vWF in the injured spinal cord, whereas the N-NV 

group did not. These data indicate that MF-NVs can enhance neuroprotection and 

angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to 

the high targeting efficiency of injected MF-NVs.
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Figure 4.9 A-D



107

Figure 4.9. Enhanced neuroprotection, anti-inflammation, and proangiogenesis by MF-

NVs in vivo. Representative images (A) and the quantification data (B) of TUNEL 

(red)-positive apoptotic cells 7 days post-injury (n = 4 animals per group). Scale bars, 

20 μm. Representative images (C) and the quantification data (D) of 

immunohistochemical staining for TNFα 7 days post-injury (n = 4 animals per group). 
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Scale bars, 20 μm. (E) Relative mRNA expression levels of M1 macrophage-specific 

markers (Il1b, Nos2, and Tnfa) and M2 macrophage-specific markers (Il10, Arg1, and 

Vegf) in the injured spinal cord at 3 days post-injuiry, as evaluated by qRT-PCR (n = 

5 animals per group). Representative images (F) and the quantification data (G) of 

immunohistochemical staining for blood vessels (vWF, green) at the lesion core 28 

days post-injury. Scale bars, 20μm. NT indicates no treatment. *P < 0.05 by using one-

way ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD.
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Chapter 5.

Conclusions
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These studies present enhancing the cardiomyogenic and skeletal myogenic 

differentiation efficiency of hMSCs, for treatment of in vivo muscle disorders.

In chapter 3, for a NV therapy for MI treatment, we developed therapeutic 

efficacy-potentiated and cardiac retention-enhanced IONP-NVs from IONP-MSCs 

for a cell-free therapy for MI. Our data indicate that: (i) biodegradable IONPs 

increased the levels of cardiac repair-favorable molecules in MSCs without 

cytotoxicity; (ii) IONP-NVs derived from IONP-MSCs contained higher levels of 

therapeutic molecules than N-NVs derived from MSCs; (iii) IONP-NVs were 

efficiently internalized into cardiac resident cells and macrophages and exhibited 

therapeutic efficacy on damaged cardiac resident cells in vitro, which was similar 

to the therapeutic effects of MSCs, showing the possibility of a cell-free therapy 

for MI; (iv) In a rat MI model, magnetic guidance enhanced the retention of injected 

IONP-NVs within the MI injury site; (v) IONP-NV injection to the rat infarcted 

heart and magnetic guidance facilitated cardiac repair and improved cardiac 

functional recovery via anti-apoptosis, anti-inflammation, angiogenesis, and anti-

fibrosis. IONP-NVs can improve the cardiac repair potency of NVs derived from 

MSCs. IONPs are biodegradable, nontoxic, and a US Food and Drug 

Administration-approved material and are assimilated in the body. IONP-NVs may 

be an effective cell-free therapy that can replace MSC therapy for MI.

In chapter 4, for a NV therapy for SCI treatment, we synthetically 

fabricated MF-NVs for spinal cord repair. MF-NVs exhibited: (i) neuroprotective 

effects by reducing apoptosis of neuronal cells; (ii) angiogenic effects by increasing 

migration and tube formation of endothelial cells; and (iii) anti-inflammatory 

effects by polarizing M1 to M2 macrophages in vitro, which are closely associated 

with the mechanism of spinal cord repair. Importantly, incorporation of the 
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macrophage plasma membrane into MSC-derived NVs significantly improved the 

injured spinal cord-targeting efficiency of MSC-derived NVs and potentiated the 

therapeutic efficacy of MSC-derived NVs for SCI. Furthermore, the replacement 

of the cell-line-derived macrophage membranes in the MF-NVs with patient-

derived macrophage membranes would increase the possibility of clinical 

applications of MF-NVs for SCI.
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요약 (국문초록)

중간엽 줄기세포 이식의 안전 관련 쟁점과 낮은 이식 생존율로 인해,

중간엽 줄기세포 유래 엑소좀은 심근경색과 척수 손상을 포함한 다양

한 질병의 대체 치료제로서 각광받고 있다. 중간엽 줄기세포 유래 엑소

좀이 중간엽 줄기세포 치료에 비해 갖는 장점에도 불구하고, 낮은 생산

성과 낮은 표적 효능으로 인해 임상 적용에 여러 가지의 제한이 있는

상황이다. 이러한 점들을 극복하기 위해, 엑소좀-모방 나노베지클이 기

존 엑소좀의 대체제로서 연구되고 있다. 그러나, 나노베지클 또한 개질

없이 표적 장기에 충분한 양이 축적되지 못한다. 본 연구에서는, 가공

을 통해 치료 효능과 표적 물질이 향상된 중간엽 줄기세포로부터 얻은, 

치료 효능이 증가된 나노베지클을 개발하였다.

먼저, 우리는 철나노입자가 함유된 중간엽 줄기세포 유래 나노

베지클(철나노입자-나노베지클)을 개발하였다. 철나노입자-나노베지클

은 경색이 온 심장에서의 잔류량은 자성 유도로 인해 극적으로 증가하

였다. 게다가, 철나노입자는 철나노입자를 함유한 중간엽 줄기세포와

철나노입자-나노베지클의 치료성 RNA와 단백질을 증가시켰고, 이는

엑소좀의 낮은 생산성에 대한 우려를 감소시켰다. 철나노입자-나노베지

클의 심장으로의 주사와 자성 유도는 염증 단계에서 치료 단계로의 이
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른 전환과 세포 사멸 및 섬유화 감소, 그리고 혈관 생성과 심기능 회복

효과를 향상시켰다. 이 접근법은 중간엽 줄기세포 유래 나노베지클 치

료법의 치료 효능을 높이고, 심근 경색에 대한 임상적용의 길을 열어줄

것이다.

두 번째로, 우리는 대식 세포 세포막이 융합된 중간엽 줄기세포

(대식세포막 융합-중간엽 줄기세포)로부터 대식 세포 세포막이 융합된

엑소좀-모방 나노베지클(대식세포막 융합-나노베지클)을 개발하였고,

이의 치료 효능을 쥐의 척수손상 모델에서 확인하였다. 대식세포막 융

합-나노베지클은 일반 중간엽 줄기세포 유래 나노베지클에 비해 허혈

성 부위 표적 효능물질을 많이 포함하였다. 대식세포막으로부터 유래된

대식세포막 융합-나노베지클에 포함된 표적 효능물질은 대식세포막 융

합-나노베지클을 전신 주사하였을 때 척수로의 축적을 증가시켰다. 대

식세포막 융합-나노베지클의 증가된 축적은 세포 사멸과 염증을 감소

시켰고, 축삭 손실을 예방, 혈관 형성을 촉진, 섬유화를 감소하였고, 이

어서 척수 기능 향상시켰다. 이 결과들은 대식세포막 융합-나노베지클

의 임상적용 가능성을 제시한다.

종합하여, 우리는 철나노입자-중간엽줄기세포와 대식세포막 융

합-중간엽줄기세포로부터 얻은 나노베지클에서 경색이 온 심장과 다친

척수로의 축적을 증가시켜주는 치료 효능물질 또는 표적 효능물질이
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증가한 것을 보여주었다. 개질된 중간엽 줄기세포로부터 유래된 나노베

지클의 치료 효능을 높이는 우리의 새로운 접근법은 기존의 중간여 ㅂ

줄기세포 또는 중간엽 줄기세포 유래 엑소좀 치료법의 좋은 대안이 될

것이다. 우리의 기술은 허혈성/염증성 질환에 대한 치료법으로 미래에

임상적용이 가능할 것이다.

주요어: 엑소좀-모방 나노베지클, 철나노입자, 대식세포, 중간엽 줄기세

포, 심근경색, 척수 손상

학번: 2014-21524
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