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Introduction

Stem cell therapy is a promising novel therapy for patients with 
ischemic cardiovascular diseases, however the efficacy of current 
stem cell therapy needs to be improved. In vivo and clinical studies 
have demonstrated that only a small portion of transplanted cells 
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remained within the ischemic lesion even several hours after deliv-
ery.1)2) This has been regarded as one of the major causes of limited 
efficacy of stem cell therapy. 

Magnetic particles have been used for tagging and labeling in 
magnetic resonance imaging where safety and feasibility for long 
term follow up has been demonstrated.3) Magnetic nanoparticles 
have the potential to capture moving cells in the target lesion by 
aid of magnetic forces. Previous studies reported the therapeutic 
potential of magnetic bionanoparticles (MPs) in both the artificial 
blood vessel model4) and myocardial infarction model.5) In this study 
we evaluated the therapeutic potential of MPs obtained from Mag-
netospirillum sp. AMB-1 with human endothelial progenitor cells 
(EPCs) in an in vivo model.

Materials and Methods

This study was approved by the institutional review board and In-
stitutional Animal Care & Use Committee of the University Hospital. 
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Preparation of magnetic bionanoparticles
Magnetic bionanoparticles were obtained from Magnetospirillum 

sp. AMB-1. Preparation procedures of MPs were performed as pre-
viously described.4)

Endothelial progenitor cell culture 
Peripheral blood (50 mL) was obtained from donors who signed 

informed consent. The mononuclear cells (MNCs) were fractionat-
ed from other components of peripheral blood by centrifugation 
on Histopaque 1077 (GE Healthcare, Waukesha, WI, USA) gradients 
according to the manufacturer’s instructions. MNCs were isolated 
and washed 3 times with phosphate buffered saline (PBS) and re-
suspended in complete EGM-2MVTM medium (Lonza, Basel, Swit-
zerland). Cells were seeded onto separate wells of a 6-well tissue 
culture plate, which was precoated with 1.5% Gelatin (Sigma, St. 
Louis, MO, USA), at 37°C and 5% CO2, in a humidified incubator. 
Colonies of endothelial like cells appeared between 5 and 22 days 
of culture and were identified as well-circumscribed monolayers of 
cobblestone appearing cells. 

Transmission electron microscopy
Endothelial progenitor cells were exposed to MPs for 3 days, wa-

shed with PBS and fixed with Karnovsky’s electron microscopy fix-
ative (2.5% glutaraldehyde and 2% paraformaldehyde in 80 mM 
phosphate buffer, pH 7.3-7.4). Secondary fixation was done in 1% 
osmium tetroxide with 1.5% potassium ferrocyanide in double dis-
tilled water for 1 hour at 4°C. Dehydration was performed through 
ascending concentrations of ethanol with three changes at 100%. 
Pure Epon-Araldite resin that did not contain methyl anhydride was 
added and infiltrated overnight at room temperature. All resin was 
removed the next day, and fresh resin was added to the appropriate 
depth. The sample was polymerized for 18 hours. Ultrathin sec-
tions of cells of interest were cut en face (parallel to the surface on 
which the cells were grown) using a JEM-100CXTM (JEOL, Tokyo, Ja-
pan) and then stained with uranyl acetate and lead citrate before 
viewing in a Philips CM120 electron microscope (FEI).

Cell viability and transfection efficacy 
Magnetic bionanoparticles were mixed with EGM-2MVTM at con-

centrations of 50 ng/mL, 500 ng/mL, and 1000 ng/mL, and the me-
dia of EPCs was replaced with magnetite particles mixed medium. 
This step was repeated daily for 3 days. After transfection of MPs 
to EPC, cell viability for transfection was evaluated by tryphan blue 
exclusion assay. 

The efficacy of transfection of MPs to EPC was evaluated by Prus-
sian blue staining. For Prussian blue staining, which indicates the 
presence of iron, Cytospin slides were made by loading 3000 hEPCs 

in a total volume of 200 mL of EGM-2MVTM media per CytofunnelTM 
(Thermo Electron, Pittsburgh, PA, USA) and centrifuging at 1350 rpm 
for 5 minutes in a Cytospin 3 cytocentrifuge (Thermo Electron Corp., 
Pittsburgh, PA, USA). Two slides were stained for analysis using Prus-
sian blue and nuclear fast red staining. The cytospin slides were 
fixed with methyl alcohol, washed with distilled water, incubated 
for 30 minutes with 2% potassium ferrocyanide in 2% hydrochlo-
ric acid. Thereafter slides were washed again, and counterstained 
with nuclear fast red for 5 minutes. Proliferation capacity was as-
sessed in subconfluent culture conditions and hypoxia-reoxygen-
ation was done as previously described.6)

Scratch-wound assay
Endothelial progenitor cells were seeded into 6-well plates and tr-

ansfected with MPs for 3 days. When the MP transfected EPCs had 
grown to subconfluence, EPC monolayers were scratched with a Cell 
lifter (Costar, Cambridge, MA, USA), creating a cell-free area (‘scrat-
ch-wound’) approximately 1 cm in width. ‘Scratch-wounded’ mono-
layers were washed twice with EGM-2MVTM to remove cell debris, 
and a defined area of the wound was photographed using phase-
contrast microscopy. To remove the effect of cell proliferation, cells 
were pretreated with 1M thymidine (Sigma, St. Louis, MO, USA), 
which was added to the cell incubation medium. This treatment 
inhibits the proliferation of cells without killing them. In addition, a 
magnet was positioned in cell processing direction below the bot-
tom of the plate. The migration was observed for 24 hours. For each 
observation the cell migration plate was placed on the stage of an 
inverted microscope (Olympus, Tokyo, Japan) equipped with a CCD 
camera. The image of the migration was analyzed by Image Pro 
Plus (Media Cybernetics, Bethesda, MD, USA). For magnet applica-
tion, magnet was located in target position below culture plate. 

Transendothelial migration assay
Human umbilical vein endothelial cell monolayers were grown to 

confluency on transwell inserts (3.0 µm pore size; BD Biosciences, 
Franklin Lakes, NJ, USA) that were subsequently placed in a fresh 24-
well plate (BD Biosciences, Franklin Lakes, NJ, USA). To assess the 
effect of Stromal cell-derived factor (SDF)-1 on transendothelial mi-
gration in vitro, SDF-1 treated medium was added to the lower ch-
amber, while the upper chamber contained Carboxyfluoroscein Di-
acetate Succinimidyl Ester (CFSE) labeled 2×104 EPCs in EGM-2MVTM. 
For tropism of MP transfected cells, a magnet was positioned un-
derneath the 24 well plate. Transmigrated cells were recovered from 
the lower chamber after 12 to 14 hours of incubation at 37°C/5% 
CO2. Enumeration of migrated cells was accomplished by counting 
CFSE labeled green cells. For magnet application, magnet was locat-
ed in target position below culture plate.
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Reverse transcript-polymerase chain reaction
Samples (1 μg) of each total RNA extract were used to perform 

first strand cDNA synthesis using a kit (Promega, Madison, WI, USA) 
in a total volume of 20 μL. One-tenth of each cDNA generated was 
used as a template for PCR using a Nova Taq polymerase. Primer 
sets for amplification of intercellular adhesion molecule-1, vascular 
cell adhesion molecule-1, SDF-1, KDR, Ve-Cadherin, Tie-2 and GAP-
DH were designed as previously described.7) 

Western blot analysis
After transfection of MPs to EPCs, EPCs were exposed to hypoxia 

in a 1% O2 hypoxic system (GasPak Pouch Anaerobic System, BD 
Bioscience, Franklin Lakes, NJ, USA). Thereafter EPCs were washed 
in cold PBS and harvested by scraping in lysis buffer after the indi-
cated procedures. The protein concentration of EPC whole cell ex-
tracts was determined using a BCA protein assay kit (Pierce, Rock-
ford, IL, USA). The extracts (20 ug protein) of EPCs were separated 
on an SDS-PAGE gel, and were performed according to the proce-
dures described previously with minor modification.8)

Anti-ILK was obtained from Upstate (Lake Placid, NY, USA), Anti-t-
Akt, anti-NF-κB (p65), anti-Ve-cadherin, anti-Tie-2 and anti-t-
GSK3b were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), 
and anti-t-p44/42 (Erk1/2) MAP kinase, anti-p-p44/42 MAP kinase, 
anti-p-GSK3β (S9), and anti-t-b-catenin were from Cell Signaling 
(Berkely, MA, USA), while anti-HIF-1α was from BD Transduction 
Laboratories (Franklin Lakes, NJ, USA). Anti-a-tubulin was obtained 
from Calbiochem (Darmstadt, Germany). The secondary antibodies 
to each primary antibody utilized were as follows. Anti-mouse IgG 
HRP conjugated and anti-rabbit IgG HRP conjugated antibodies 
were obtained from Promega (Madison, WI, USA). 

Anti-goat IgG HRP conjugated antibody was from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-mouse IgG Alexa flour 488 
and anti-rabbit IgG Alexa flour 555 secondary antibody were pur-
chased from Invitrogen (Carlsbad, CA, USA). 4’,6-Diamidino-2-ph-
enylindole dihydrochloride was obtained from Sigma-Aldrich. Co (St. 
Louis, MO, USA). 

Mouse hindlimb ischemia model and endothelial progenitor 
cell transplantation

Six-week-old C57BL6/J mice (Biogenomics, Korea) were used for 
all animal experiments. Mice were anesthetized with 50 mg/kg in-
traperitoneal pentobarbital. To induce muscle ischemia, a unilateral 
femoral artery was removed as previously described.8) Daily obser-
vation and wound dressing were done to avoid significant infec-
tion of the wounds. 

Six hours after unilateral femoral artery excision, mice were ran-
domized into 6 groups: untreated EPCs, EPCs transfected with 1 ug/

mL and 10 ug/mL of MP with and without magnet application. Ap-
proximately 5×105 cultivated EPCs in 100 uL of endothelial basal 
medium-2 medium without growth factors were administered sys-
temically by cardiac puncture using an insulin syringe with a 27- 
gauge needle as previously reported.8) EPCs were labeled with a fluo-
rescent dye, Vibrant-DiI (Invitrogen, USA), for tracking and quan-
tification. A magnet was applied to the ischemic limb to enhance 
trapping of EPC for 1 hour after injection. Laser Doppler perfusion 
image analysis was done as previously described.8)

Tissue preparation and immunofluorescence
Mice were sacrificed at predetermined time points by administra-

tion of an overdose of sodium pentobarbital. The calf muscles were 
rinsed in PBS to remove excess blood, snap-frozen in liquid nitrogen, 
and stored at -80°C. Ten-micrometer-thick histological sections 
were prepared from snap-frozen tissue samples. Numbers of DiI la-
beled EPC were counted.

Statistical analysis
For cell culture experiments, results have been expressed as the 

mean±SD. P were calculated by Student t-test. For multiple com-
parisons, Bonferroni correction was done. Statistical Package for the 
Social Sciences (SPSS) version 19.0 program was used for analysis 
(SPSS Inc., Chicago, IL, USA).

Results

Transfection of magnetic bionanoparticles into endothelial 
progenitor cells 

Magnetic bionanoparticles were transfected into EPCs in a dose 
dependent manner by simple co-incubation. Electron microscopic 
imaging showed round dense MPs in EPC cytoplasm (Fig. 1A). Trans-
fection of MPs increased in a concentration-dependent manner up 
to 50 ug/mL (Fig. 1B). Below threshold concentration (10 ug/mL), re-
peated exposure to MPs for 3 days did not influence the viability of 
MP transfected EPCs. However, single day-exposure to MPs did not 
result in detrimental effects on EPC viability at 10 ug/mL of MP wi-
thout measurable compromise of transfection efficacy (Fig. 1C). Pro-
liferation capacity of EPC was not influenced by MP transfection 
during the observation period in normoxic and hypoxia-reoxygen-
ation conditions (Fig. 1D).

Influence of magnetic bionanoparticles on gene and protein 
expression related to angiogenesis and survival 

Up to 10 ug/mL of MP, transfection of MP into EPCs did not influ-
ence the expression of molecules related to cell adhesion, angio-
genesis and survival. In hypoxia and hypoxia-reoxygenation condi-
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tions as well as normoxic conditions, these genes and protein ex-
pression were not significantly influenced by MP transfection (Fig. 
2). Each set of experiments were repeated twice respectively and 
yielded the same results. This suggested that MP-transfected EPCs 
respond in same way to non MP-transfected EPCs and involve in 
angiogenesis. 

Magnetic bionanoparticle transfection enhanced directional-
migration of endothelial progenitor cells under magnetic field 

Magnetic bionanoparticle-transfected EPCs showed enhanced 
directional migration toward the magnet. In the scratch wound as-
say and the transendothelial migration assay, distance of EPC migra-
tion and numbers of penetrating EPCs were increased respectively 
(Fig. 3). There are potentials that MP transfection may influence mi-
gration capacity of EPCs and flexibility of EPC cytoplasm. Despite of 
potential concerns, transendothelial migration assay showed that 
MP transfection and magnet application enhanced directional mi-
gration. 

Magnetic bionanoparticle transfection improved in vivo 
homing of endothelial progenitor cells and perfusion 
of ischemic limb

In mice hindlimb ischemia model, MP transfection with magnet 
significantly enhanced homing and trapping of systemically injected 
EPCs in ischemic limb compared to untreated EPCs. EPC transfect-
ed with higher dose (10 ug/mL) MP showed better perfusion recov-
ery of ischemic limb only with magnet compared with EPC without 
MP transfection (Fig. 4). Although there were trends suggesting 
concentration-dependent enhancement of perfusion in ischemic 
limb, statistically significant differences were only observed be-
tween control and high dose MP+ magnet group.

Discussion

Magnetic nanoparticles have been regarded as promising mo-
dalities for local delivery of drug or genes, additionally cell tracking 
or labeling modalities for MR imaging.9)10) In this study, we evaluat-
ed MPs obtained from magnetic bacteria, AMB-1. MPs have unique 

Fig. 1. Transfection of magnetic bionanoparticle. A: electron microscopic image of endothelial progenitor cell (EPC) which was transfected with magnetic 
bionanoparticles (MPs). B: transfection efficacy to EPCs was proportionally increased with concentration of MP, which was assessed by Prussian blue stain-
ing. C: viability of EPCs was significantly decreased at above 10 ug/mL of MPs, which was assessed by tryphan blue exclusion assay. D: proliferation of EPC 
was not influenced by MP transfection below threshold concentration (10 ug/mL) in normoxic and hypoxia-reoxygenation condition. There were no signifi-
cant differences among groups (n=3 respectively). Error bars represented standard deviation. *p<0.05 compared with no MP group (n=3 respectively).     
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features compared with synthetic magnetic nanoparticles.11) Firstly, 
MPs have lipid-bilayered membrane, which can facilitate transfec-
tion of MPs into cells. And membrane can be utilized for drug or 

gene delivery. However it may cause immune or inflammatory reac-
tions. Secondly, MPs has very uniform size and morphology. Thirdly, 
MPs have ferromagnetic magnetite (Fe304) core, which cause strong 

Fig. 2. Transfection of MP did not influence the gene and protein expression of key signaling and surface molecules related to survival and angiogenesis in 
normoxia and hypoxia-reoxygenation condition. A: reverse transcript-polymerase chain reaction. B: western blot (each experiments were repeated twice 
respectively and representative figures were presented). M: marker, MP: magnetic bionanoparticle, ICAM: intercellular adhesion mdecule, VCAM: vascular 
cell adhesion molecule, SDF: stromal cell-derived factor.
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interaction with magnetic field. 
In this study, we showed that MPs have potentials to be utilized 

for local cell delivery with systemic administration.12-14) MP can be 
efficiently transfected into EPCs and remained stable and relatively 
inert in vivo condition. Recently published study also reported that 
iron oxide labeling can facilitate targeting and retention of labeled 
EPC in rat myocardial ischemia/reperfusion model.5) However they 
could not show enhanced in vivo therapeutic efficacy of magneti-
cally labeled EPC treatment over conventional cell infusion strategy. 

Additionally MP itself did not influence proliferation and expres-
sion of gene and proteins related to survival and angiogenesis. Re-
cent report also supports our data and showed superparamagnetic 
particle did not influence the stemness of transfected cells.15) How-
ever contamination of endotoxin during purification of MP is a po-
tential problem, which can cause inflammatory responses. MP can 
enhance directional migration of EPC toward magnetic field in vitro 
and experimental blood vessel model. In spite of promising results 
from in vitro study, there have been concerns whether MP trans-
fection could improve angiogenesis and perfusion in vivo. Firstly, 
depth and anatomical location of target lesion may limit trapping 
efficiency of MP-transfected cells with magnetic force. Secondly, 

clumping and trapping of cells may cause obstruction of blood 
vessel and blood flow, which can cause deterioration of ischemia. 
Thirdly, transfected MPs may limit flexibility and deformability of MP-
transfected cells and inhibit in vivo function and migration of cells. 

In this study we demonstrated the therapeutic efficacy of MP with 
magnet in vivo model. MP transfection and localization with mag-
net can improve trapping and homing of systemically administrat-
ed cells in ischemic lesion and trapped EPCs improved perfusion. 
With this promising novel strategy, we may enhance homing and 
trapping of cells into target lesion with aid of magnetic field. 
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