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Abstract. Endothelial progenitor cells (EPCs) have an essential 
role in counteracting risk factor‑induced endothelial injury and 
protecting against the development of vascular injury, such as 
myocardial infarction. Magnetic resonance imaging  (MRI) 
was reported to be effective in tracking transplanted stem cells 
following cell‑labeling with superparamagnetic iron oxide 
(SPIO) nanoparticles. SPIO has previously been used to label 
and track EPCs; however, the safest concentration of SPIO for 
labeling EPCs on a cellular level has remained to be elucidated. 
In addition, the optimum number of SPIO‑labeled cells required 
to produce the highest quality magnetic resonance images has 
not yet been determined. In the present study, EPCs were isolated 
from the bone marrow of minipigs using density gradient 
centrifugation. Their biological activity was then studied using 
flow cytometric analysis. Cells were incubated at different 
concentrations of SPIO for different durations and then the 
growth curve, apoptosis, morphology and labeling efficiency of 
the EPCs were detected using optical and electron microscopy. 
T2‑weighted fast spin‑echo (T2WITSE) MRI of the different 
numbers of SPIO‑labeled EPCs (35 µg/ml) were then obtained 
in axial and sagittal planes. The results of the present study 
demonstrated that EPCs were efficiently labeled with SPIO, with 
a labeling efficiency in each group of ~100% following incuba-
tion for 24 h. SPIO was found to be localized in the endosomal 

vesicles of EPCs, which was confirmed by electron microscopy. 
When the concentration of SPIO was <70 µg/ml, no significant 
differences were observed in cell viability, proliferative capa-
bility (P>0.05) and morphology between labeled and unlabeled 
EPCs. Furthermore, the T2WITSE signal intensity was signifi-
cantly decreased in the groups of 5.0x105/ml and 1.0x105/ml 
compared with that of the control (P<0.05). In conclusion, the 
results of the present study indicated that 35 µg/ml was the 
most effective concentration of SPIO to label EPCs in vitro 
and acquire a high quality MRI. These findings may therefore 
contribute to the development of a promising novel therapeutic 
method for the treatment of myocardial infarction following 
autograft with SPIO‑labeled EPCs in vivo. 

Introduction

Endothelial progenitor cells (EPCs) have the ability to differ-
entiate ex vivo into endothelial‑phenotyped cells and were 
initially detected in the peripheral circulation in 1997 via the 
isolation of cells expressing the CD34 antigen (1,2). EPCs 
develop into endothelial cells (ECs) during embryogenesis and 
human hematopoietic stem cytogenesis (3,4). It has also been 
reported that hemangioblasts were the multipotent precursor 
cells of EPCs and hematopoietic stem cells (HSCs). EPCs are 
known to contribute to the growth of vessels and it was reported 
that they may induce prolonged vascular recovery from isch-
emia (5,6). In addition, the transplantation of healthy EPCs to 
compensate for the role of their dysfunctional counterparts 
demonstrated promising improvements in numerous animal 
models of ischemic disease (7‑9). EPCs may enter into the 
circulation by detaching from activated or damaged vessels. 
Studies have reported the number of circulating EPCs was 
significantly increased under several pathological conditions 
that involved vascular injury or instability, including myocar-
dial infarction and cancer (10,11). This therefore suggested 
that circulating EPCs may have provided an endogenous repair 
mechanism that counteracted the ongoing risk factor‑induced 
endothelial injury and therefore protected against the 
development of vascular injuries, such as myocardial infarc-
tion (10‑13). Therefore, the present study hypothesized that 
changes in circulating levels of EPCs may act as a predictor 
for the incidence of acute myocardial infarction.
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Due to its low toxicity, superparamagnetic iron 
oxide  (SPIO) nanoparticles coated with bioprobes were 
developed for highly specific labeling of targeted tumors in 
tumor examination and treatment (14‑17). Magnetic resonance 
imaging (MRI) was demonstrated to be effective in tracking 
transplanted stem cells by labeling cells with superparamag-
netic iron oxide (SPIO) nanoparticles (18). The present study 
investigated the intracellular iron content, labeling efficiency 
and cell viability of SPIO‑labeled EPCs as well as analyzed 
the MRI results in order to set up a theoretical foundation for 
the application of autograft EPCs in vivo. 

Materials and methods 

Cells. The present study was approved by the ethics committee 
of Xijing Hospital, Fourth Military Medical University 
(Xi'an, China). EPCs were derived and cultured as previ-
ously described (19). In brief, mononuclear cells (MNC) from 
minipig (the minipig was purchased from the Experimental 
Animal Center, Forth Military Medical University, Xi'an, 
China) bone marrow were first isolated using density gradient 
centrifugation. MNCs were plated on un‑coated tissue culture 
flasks at a density of 1x106/ml in Dulbecco's modified Eagle's 
medium (DMEM; HyClone, Thermo Fisher Scientific, 
Waltham, MA, USA) containing 10% fetal bovine serum 
(FBS; HyClone). Non‑adherent cells were then collected and 
plated on culture flasks following four days of culture and the 
medium was replaced. Following a further 24 h of culture, 
non‑adherent cells were collected and seeded into culture 
flasks at a density of 1x106/ml in DMEM supplemented 
with 10% FBS, vascular endothelial growth factor (VEGF; 
10 ng/ml; PeproTech EC Ltd, London, UK) and basic fibroblast 
growth factor (bFGF; 10 ng/ml; PeproTech EC Ltd). Cells were 
then maintained at 37˚C and 5% CO2. Media was observed 
daily and changed every two to three days.

Fluorescence‑activated cell sorting (FACS) analysis. Flow 
cytometric staining and analyses were performed as previ-
ously described  (20). In brief, EPCs were resuspended in 
100  ml rinsing buffer and incubated with the following 
monoclonal antibodies: Phycoerythrin (PE)‑conjugated mouse 
anti‑human CD31 (1:50), fetal liver kinase (Flk)‑1 (1:100) 
and factor Ⅷ (1:16,000) (Santa Cruz Biotechnology, Inc, 
Dallas, TX, USA) for 30 min at room temperature. Following 
washing with phosphate‑buffered saline (PBS; pH 7.35), the 
expression of membranous antigen on the cells was detected 
using a FACSCaliburTM flow cytometer (BD Biosciences, 
San  Jose, CA, USA) equipped with the Cell Quest soft-
ware (BD Biosciences). Flow cytometric data were analyzed 
using appropriate controls (cat no.: 1-001-A; R&D Systems, 
Inc., Minneapolis, MN, USA) with isotype‑matched immuno-
globulin G and unstained controls.

SPIO labeling in  vitro. Concentrations of SPIO (Bayer 
Healthcare Pharmaceuticals, Montville, NJ, USA) in 
cell culture medium were as follows: Group 1, 17.5 µg/ml; 
group 2, 35 µg/ml; group 3, 70 µg/ml; and group 4, 140 µg/ml, 
the control group consisted of DMEM without SPIOs. EPCs 
labeled with SPIO were incubated at 37˚C and 5% CO2 atmo-
sphere, EPCs were then washed with culture DMEM and 

subsequently used for in vitro studies. Following incubation 
for one day, the growth and morphology of EPCs in culture 
were observed daily.

Cell viability. Following incubation for one week, all EPCs 
were washed three times with DMEM, trypsinized, counted and 
then resuspended. Cells from each group (18 wells/group) were 
initially seeded in un‑coated 96‑well plates and cultured in 37˚C 
and 5% CO2. Following incubation for a further 24 h, cells from 
each group were added to 500 µl MTT (Beyotime Institue of 
Biotechnology, Haimen, China) and assessed using a standard 
MTT assay for 4 h. Supernatant fluid was then discarded and 
150 µl dimethylsulfoxide (DMSO) was added to each well for 10 
min with agitation. The light absorption of cells was measured 
using an ELISA reader (iMark; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). Finally a MTT bar graph was drawn.

Electron microscopy. In order to detect the iron concentration 
within EPCs and observe the morphology of EPCs in culture, 
SPIO‑labeled EPCs were grown in a six‑well tissue culture 
plate until they reached 80% confluence. Following incuba-
tion, the medium was removed and the plate was gently washed 
twice with sterile PBS. Samples were then digested using 
trypsin, transferred into a tube and centrifuged at 1,500 x g 
for 15 min. The supernatant was removed and cells were fixed 
with 4% paraformaldehyde and visualized using an electron 
microscope (IX83; Olympus Corp., Tokyo, Japan).

Magnetic resonance imaging of SPIO‑labeled EPCs in vitro. 
Different concentrations of SPIO‑labeled EPC solution 
(SPIO, 35 µg/ml) were collected by removing the free SPIO 
and washed three times with PBS. The EPCs were suspended 
in 1% agarose prior to being transferred into 1.5‑ml micro-
centrifuge tubes. Concentrations of SPIO‑labeled EPC cells 
were as follows: Group a, control; group b, 1.0x104/ml; group 
c, 5.0x104/ml; group d, 1.0x105/ml; and group e, 5.0x105/ml. 
In vitro MRI of the tubes was then conducted.

MRI scans were performed on a clinical 3.0T whole‑body 
MRI system (MAGNETOMTrioTim; Siemens Healthcare, 
Erlangen, Germany) following 24  h culture. T2‑weighted 
fast spin‑echo (T2WITSE) MRI measurements were initially 
obtained in axial and sagittal planes. Imaging parameters for 
these images were: Repetition time/echo time, 2652110 ms; 
flip angle, 90 ;̊ field of view, 210 mm; slice thickness, 3 mm; 
matrix size, 205x256.

Statistical analysis. Statistical analysis was performed using 
SPSS (version 13.0; SPSS Inc., Chicago, IL, USA). Values 
are expressed as the mean ± standard deviation and analyzed 
using the one‑way analysis of variance. P<0.05 was considered 
to indicate a statistically significant difference between values.

Results

FACS analysis confirms the identity of EPCs. A large number 
of molecular markers were reported to be associated with 
EPCs (21‑23); in the present study, several of these molecular 
markers were detected using flow cytometry in order to iden-
tify EPCs. The results of the FACS analysis revealed EPCs 
were positive for the markers CD31, Flk‑1 and factor VIII in 



MOLECULAR MEDICINE REPORTS  11:  3814-3819,  20153816

83.52, 85.34 and 83.86% of cells, respectively (Fig. 1). Thus 
these cells were identified as EPCs.

Optical microscopy confirms the labeling efficiency of SPIO. 
Endocytosis of SPIO particles was observed in EPCs using 
optical microscopy. Following 6 h of incubation of EPCs with 
35 µg/ml SPIO, characteristic granular SPIO particles were 
detected within the cytoplasm (Fig. 2). Following 24 h, the 
SPIO labeling efficiency increased to 100% in all groups and 
the endocytotic rate of SPIO particles positively correlated 
with the concentration of SPIO. However, no significant 
difference was found among the labeling efficiencies of the 
groups (Fig. 3). Furthermore, characteristic intracytoplasmic 
granular SPIO particles were observed following 28 days in 
culture (data not shown). 

Cell growth and viability of EPCs labeled with different concen‑
trations of SPIO. Fig. 4 shows the growth curve of EPC labeling 
with different concentration of SPIO (17.5, 35, 70 and 140 µg/ml, 
respectively) following one week in culture. In groups 1, 2 and 3, 
the trends of cell growth were not significantly different to those 
of the control group (P>0.05); in addition, MTT analysis of cell 
viability revealed no significant difference between the absor-
bance (490 nm) of groups 1, 2 and 3 compared with that of the 
control (P>0.05) (Fig. 5). However, the cell growth and viability 
were markedly suppressed in the fourth group (140 µg/ml) as 
well as cell growth for group 3 (70 µl/mg).

Morphological changes of EPCs labeled with SPIO. Following 
one week in culture, electron microscopy revealed micorvilli 
on the surface of control cells as well as numerous intracellular 
organelles and prominent nuclear euchromatin with sharp 
nucleoli (Fig. 6A). EPCs labeled with SPIO at concentrations 
of 17.5 µg/ml and 35 µg/ml revealed identical characteristics, 
including figure, shape and nucleolus structure, compared to 
those of the control group (Fig. 6B and C). All concentra-
tions of SPIO‑labeled EPCs contained endolysosomal iron 
particles, whereas these were not observed in EPCs of the 
control group (Fig. 6B‑D); in addition, EPCs labeled with 
70 µg/ml SIPO exhibited an increased number of endolyso-
somes (Fig. 6E). However, EPCs labeled with 140 µg/ml SIPO 
underwent apoptotic cell death; morphologically, EPCs in this 
group demonstrated a reduced quantity of microvilli, a highly 
concentrated cytoplasm and the nucleus was located at the edge 
of the nuclear membrane (Fig. 6F). These results indicated 
that 35 µg/ml SPIO was a safe concentration for EPC‑labeling, 
without affecting the biological characteristics of cells.

In vitro MRI. EPCs were labeled with 35 µg/ml SPIO and MRI 
was performed on different concentrations of SPIO‑labeled 
cells (control, 1.0x104, 5.0x104, 1.0x105 and 5.0x105/ml) 
in vitro (Fig. 7A). As shown in Fig. 7B, the T2WI signal intensity 
of SPIO‑labeled EPCs decreased with increasing concentration 
of EPCs; in addition, 5x104/ml SPIO‑labeled EPCs was the lowest 
concentration of cells observed within the imaging parameters. 

Figure 1. Identification of EPCs using flow cytometry. The graphs on the right were the control groups for the three markers, respectively. The graphs on the 
left‑hand side represent the experimental groups. Flow cytometric analysis revealed that cells positively stained for EPC markers CD31, Flk‑1, and factor Ⅷ 
in 83.52, 85.34 and 83.86% of cells, respectively. EPC, endothelial progenitor cell, Flk‑1, fetal liver kinase 1.
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Furthermore, the T2WI signal intensity significantly decreased 
at labeled cell concentrations of 5.0x105/ml and 1.0x105/ml 
compared with that of the control group (P<0.05). 

Discussion

EPCs are widely considered to be an effective therapeutic 
agent for the treatment of certain vascular diseases  (24). 
Numerous studies have confirmed that EPCs may be used 
as an alternative cell‑based approach for the enhance-
ment of angio‑ and vasculogenic responses (25). Therefore, 
it was hypothesized that autograft EPCs may yield  
promising improvements in various animal models of isch-
emic disease. The MRI technique has numerous advantages, 
including a wide variety of imaging sequences, high resolution 
and improved soft‑tissue contrast without radiation damage, 
which suggested its potential use for monitoring transplanted 

cells  (26). However, the traditional MRI was not able to 
differentiate the transplanted stem cells from the histiocytes; 
therefore, in order improve the contrast of the cells using 
MRI, the transplanted cells required modification. SPIO has 
been widely used as a negative marker to label cells (27,28). In 

Figure 5. MTT assays were used to measure cell viability following labeling. 
Endothelial progenitor cells were incubated with different concentrations 
of superparamagnetic iron oxide as follows: Group 1, 17.5 µg/ml; group 2, 
35 µg/ml; group 3, 70 µg/ml; group 4, 140 µg/ml; and an unlabeled control. 
Cells were then seeded into 96‑well microplates and cell viability was ana-
lyzed using an MTT assay.

Figure 3. Labeling efficiency of EPCs labeled with SPIO. EPCs were incu-
bated with different concentrations of SPIOs as follows: Group 1, 17.5 µg/ml; 
group 2, 35 µg/ml; group 3, 70 µg/ml; and group 4, 140 µg/ml. Labeling 
efficiency was the measured at different time‑points. EPC, endothelial pro-
genitor cells; SPIO, superparamagnetic iron oxide.

Figure 4. Cell growth curve of endothelial progenitor cells labeled with dif-
ferent concentrations of superparamagnetic iron oxide. Endothelial progenitor 
cells were incubated with different concentrations of superparamagnetic iron 
oxide as follows: Group 1, 17.5 µg/ml; group 2, 35 µg/ml; group 3, 70 µg/ml; 
group 4, 140 µg/ml; and an unlabeled control.

F i g u r e  2 .  O p t i c a l  m i c r o s c o p y  c o n f i r m s  t h e  l a b e l i n g 
efficiency of endothelial progenitor cells with 35  µg/ml superpara-
magnetic iron oxide. (A) Following 6  h of incubation, the labeling 
efficiency reached ~30% (magnification, x20). (B) Following 12  h 
incubation, the labeling efficiency reached ~60% (magnification, x20).  
(C) Following 24 h incubation the labeling efficiency reached ~90% (mag-
nification, x100). 
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order to accommodate the requirements of preoperative and 
intraoperative examinations using simple SPIO without addi-
tional indicators, the superior magnetic characteristics of SPIO 
required investigation to ensure its safety in vivo. In the present 

study, the reaction time, ratio and appropriate concentrations of 
SPIO and SPIO‑labeled EPCs were calculated and analyzed. 
Previous studies confirmed that the absorption of iron particles 
had a positive correlation with cell number, SPIO concentration 

Figure 7. MRI of SPIO‑labeled EPCs in vitro. (A) Different concentrations of EPCs were incubated with 35 µg/ml SPIO and then scanned using MRI in axial 
and sagittal planes. (B) Signal intensity differences of T2‑weighted fast spin‑echo in different groups were measured. The concentration of cells in groups were 
as follows: a, unlabeled control; b, 1x104/ml; c, 5x104/ml; d, 1x105/ml; and e, 5x105/ml. EPC, endothelial progenitor cell; SPIO, superparamagnetic iron oxide; 
MRI, magnetic resonance imaging.

Figure 6. Electron micrographs of endothelial progenitor cells incubated with SPIO following one week in culture. (A) Unlabeled control cells with multiple 
microvilli, abundancy of organelles, and sharp nucleoli (black arrow). Black arrows represent iron particles in the lysosome of cells labeled with SPIO at 
concentrations of (B) 17.5 µg/ml, (C) 35 µg/ml and (D) 70 µg/ml. (E) Enhancement of lysosomes in cells labeled with 70 µg/ml SPIO. (F) Apoptotic cells 
following labeling with 140 µg/ml SPIO (black arrow). SPIO, superparamagnetic iron oxide.
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and the time of incubation (21). The results of the present study 
demonstrated that following 6 h of incubation with SPIO iron 
particles were phagocytized in all groups and labeling effi-
ciency reached 100% in the group labeled with 140 µg/ml SPIO, 
while lower concentrations of SPIO reached 100% efficiency 
following 12, 18‑24 and 30‑36 h, respectively. This therefore 
indicated that the number of iron particles absorbed by EPCS 
increased with incubation time. 

Arbab et al (29) and Himes et al (30) previously confirmed 
that the SPIO at concentrations <50  µg/ml produced no 
side effects on cell activity. The results of the present study 
indicated that cell growth was unaffected by concentrations 
of SPIO <70 µg/ml; however, in EPCs labeled with 70 µg/ml 
SPIO, lysosome enhancement was observed and concentrations 
of SPIO >70 µg/ml suppressed the biological activity of the 
cells. These results therefore indicated that it was safe to label 
EPCs with SPIO at concentrations of 20‑70 µg/ml. In addition, 
the reaction time of cells was elongated at concentrations of 
SPIO <20 µg/ml; therefore, 35 µg/ml SPIO was selected to 
label target EPCs for subsequent experiments.

Due to the paramagnetism of SPIO, the T2WI signal 
significantly decreased during MRI, which was consistent 
with the effects of the negative contrast agent. As the cell 
number increased, the contrast effect was enhanced, which 
was thought to be due to the increased number of cells avail-
able to absorb the iron particles. In vitro MRI demonstrated 
that 5x104/ml was the lowest observable concentration of 
SPIO‑labeled EPCs. 

In conclusion, the results of the present study indicated that 
MRI was able to reflect changes in concentrations of intracel-
lular iron and therefore has the potential for use in studying 
changes in SPIO‑labeled EPCs in vivo for the treatment of 
myocardial infarction. However, further studies are required in 
order to determine the effect of SPIO‑labeling of EPCs in vivo. 
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