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Abstract

Cell-based therapy has emerged as a promising new treatment for cardiovascular diseases. One of the
main obstacles to this approach is a limited number of endothelial progenitor cells (EPCs) obtained from
the patient and lack of an effective culture-expanded techniques. Thus, we aimed to demonstrate the
potential use of paramagnetic agent called “IronQ” (complexation of iron and quercetin) to expand
progenitor cells derived from peripheral blood mononuclear cells (PBMCs) fraction and evaluate it as
cell labeling probe using magnetic resonance imaging (MRI). PBMCs were cultured in the presence of
IronQ complex compared to conventional culture medium. After expansion, cells were characterized by
immunostaining, tube formation assay, intracellular uptake of IronQ and visualizing of magnetically
labeled cells by in vitro MRI. Our data show that IronQ exerted an effective expansion of the cells by
maintaining the progenitor content and increasing the population of angiogenic cells. Intracellular
uptake of IronQ increased as time dependent and reached the maximum at 153 ± 95 pg IronQ/cells after
labeled for 120 h. The labeled cells demonstrated an increase of MRI signal intensity in T1-weighted
image when compared to the signal of unlabeled cells. From these data, IronQ complex could promote
the conditions that suitable for the growth of endothelial-specific differentiated cells derived from
PBMC fraction, after expansion, the magnetically labeled cells can be visualized and localized by MRI.
Our study demonstrated that ex vivo expansion of EPCs fractions derived from PBMCs using the
paramagnetic agent IronQ complex might be an alternative method for the treatment of cardiovascular
disease.
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Introduction
Stem cell therapy is emerging as a promising novel therapeutic
strategy for cardiovascular regenerative medicine. Stem cells
may participate in the tissue regeneration process via paracrine
mechanisms or differentiation into native tissues. Bone
marrow-derived endothelial progenitor cells (EPCs) that were
first discovered in adult peripheral blood mononuclear cells
(PBMCs) by Asahara et al. [1]. These EPCs play important
role in neovascularization of ischemic tissues and in re-
endothelialization of injured blood vessels [1,2]. Since then,
accumulating evidence demonstrates that EPCs functionally

incorporate in neovascularization in several models of tissue
injury and remodeling [3,4]. Therefore, EPC-based cell therapy
may be useful as a therapeutic approach for cardiovascular
diseases. Autologous total mononuclear cells freshly isolated
from bone marrow or peripheral blood have been applied to
clinical vascular regenerative therapy in patients with a severe
ischemic heart or limb diseases [5,6]. These studies indicated
that cell-based therapy is safe, feasible, and effective.

Autologous stem cell transplantation using EPCs derived from
peripheral blood or bone marrow has several impacts.
However, the numbers of EPC cells found in bone marrow and
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peripheral blood is not high enough for use in a clinical setting
[7]. In addition, patients with cardiovascular risk factors have
been shown to have a lower of EPCs and a lower level of
function [8-10]. Thus, the number and function of EPCs seem
to be significant factors for effective therapy for those patients.

Accordingly, ex vivo culture and expansion of EPCs may be an
encouraging strategy to resolve the problem of limited cell
numbers. Several different ex vivo expansion EPCs methods
have been developed. Mostly, EPCs have been cultured in
fibronectin-coated plate in endothelial basal medium-2
supplemented with growth factor cocktails [11-13]. However,
expansion of EPCs using growth factors requires high costs
and is unsafe for the clinical application. The development of a
method to expand EPCs without the need for growth factors is
a promising approach to simplify clinical translation.
Interestingly, several studies have shown the beneficial effects
of polyphenols on EPCs, including increase in both number
and functional activity of EPCs [14-16]. Quercetin a natural
flavonoid compound is found in common foods and
vegetables. It exerts numerous beneficial effects on human
health, including anti-inflammation, anti-ischemia,
cardiovascular protection and neuroprotective effects [17,18].
Recently, several studies have successfully shown that
quercetin has beneficial effects on EPCs, including increased
number and functional activity of EPCs and it protects against
high glucose-induced damage to EPCs by inducing Sirt1-
dependent eNOS up-regulation in EPCs [19,20]. All studies of
these indicate that quercetin might be an attractive agent to
expand EPCs.

To effectively utilize EPCs cell-based therapy in the clinical
setting, two critical factors are involved: generating sufficient
numbers of therapeutic relevant cells (ex vivo expand) and
developing a technique to monitoring the in vivo
biodistribution of transplanted cells. Magnetic resonance
imaging (MRI) is the most powerful imaging technique
available for in vivo diagnostic with a good resolution and
localization. To allow MRI detection, the cells should be
labeled with MRI contrast agent. The most commonly used
MR contrast agent is commercial SPIO nanoparticles [21-23].
However, the low efficiency of loading these particles into
cells and the cytotoxicity of these particles limit their usage as
a tracking stem cells probe [24].

In our laboratory, we have developed a paramagnetic agent
called “IronQ” (a complexation of iron and quercetin) for use
as a MRI contrast agent. As mentioned above quercetin has
beneficial effects on EPCs together with the paramagnetic
properties of iron. We hypothesized that IronQ complex may
be able to enrich contained EPCs during in vitro expansion as
well as able to visualize labeled EPCs with MR imaging. Thus,
peripheral blood mononuclear cells were cultured with IronQ
complex and compared to those cultures in basic culture
medium without a cytokine additive. Expanded cells were
characterized with flow cytometric analyses, and their
angiogenic potentials were evaluated in vitro with tube
formation assay. Moreover, intracellular uptake of IronQ was
determined by Prussian blue stain and spectrometric technique.

Visualization of IronQ labeled EPCs was also investigated by
in vitro MR imaging.

Materials and Methods

Cell isolation
Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy human peripheral blood. All donors signed the
consent form, and all procedures were approved by the Human
Research Ethics Committee of the Faculty of Associated
Medical Sciences, Chiang Mai University (ref. no.
AMSEC-58EM-005). Whole blood (60 mL) was collected in
heparinized tubes (1430 USP units). Fifteen milliliters of
whole blood was transferred to a new 50 mL sterile tube, then
15 mL phosphate buffer saline (PBS) was added and gently
mixed. Fifteen milliliters of Ficoll-hypaque (Lymphoprep™)
was carefully injected into the bottom of the tube prior to
centrifugation at 1500 rpm for 30 min. The PBMCs were
isolated and washed once with sterile PBS. Then the cells
pellets were resuspended in RBC lysing solution for 5 min.
After that, the cells were washed twice with sterile PBS and
then resuspended in an RPMI1640 medium with L-glutamine
supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich) and 1% penicillin/streptomycin (BioMedia). After
that, the flask was placed in an incubator at 37°C in 5% CO2
and 95% humidity.

Cells culture with IronQ
PBMCs (106 cells/mL) were seeded on 6-well plates in 4 mL
RPMI 1640 with 10% FBS and 1% penicillin/streptomycin.
For the control group, PBMCs were culture in culture medium
alone and compared to the treated group. PBMCs were
cultured in the presence of 500 µg/mL IronQ complex, and the
morphology of PBMCs was monitors under inverted
microscope. The fresh medium was changed every 3 days.

Cell proliferation assay
The effect of IronQ on cell proliferation was determined by 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphynyl-2H-tetrazolium
bromide (MTT) assay. Cells (1×106/ml) were seed on 24-well
plates (Sigma-Aldrich) in the presence of various
concentrations of IronQ for 72 h. To determine the reaction
time-dependent, cells were incubated with 500 µg/mL IronQ
for 1, 3, 5, 7, and 10 days. At the time point 200 µL MTT (5
mg/mL) was added to each well and cells were further
incubated for 4 h. The supernatant were removed and 500 µL
of dimethyl sulfoxide (DMSO) was added. When the formazan
crystals were dissolved evenly in the DMSO, the light
absorption value was measured with a spectrometer (Agilent
8453 UV-visible spectroscopy) using a 550 nm wavelength.

Flow cytometry analysis
For characterization of the EPCs population from IronQ
culture, cells were analyzed for endothelial progenitor cell
markers (CD34 and CD133). Cells (1 × 106) were briefly
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centrifuged for 1 min at 7000 rpm at room temperature,
resuspended, and washed once with 1 mL ice-cold PBS. The
cells were then centrifuged for 1 min at 7000 rpm. The cell
pellets were collected and resuspended in 100 µL of ice-cold
PBS containing 0.5% BSA and 2 mM EDTA; thereafter, 10 µL
of the antibody specific to the membrane proteins labeled with
fluorophores, mouse anti-human anti CD34 conjugated FITC
(anti-CD34-FITC), and mouse anti-human anti-CD133
conjugated PE (anti-CD133-PE) (Miltenyi Biotec) were added
and gently mixed. The cells were then incubated for 10 min at
4°C in darkness; afterward, 400 µL of PBS was added and
analyzed using a flow cytometer (Coulter Counter, Epics).
Isotype controls were used for all the analyses.

Figure 1. Cell morphology of IronQ-treated PBMCs versus control
PBMCs. PBMCs were incubated with 500 µg/ml IronQ and
observation of cell morphology was performed under inverted
microscope. (a-d) PBMCs cultured with culture media alone (without
IronQ) rarely changed their morphology to the spindle-like form(c),
and significant decreases in numbers of cells were observed when
cultured for a long time (d). (e) IronQ induced PBMCs differentiated
to spindle shape cells stated in day 3 (original magnification X10), (f)
cord-like structure of adherent cells appeared after 7 days in culture.
(g) EPCP-CFU appeared as clusters comprising round cells centrally
and sprouts of spindle shaped cells at the periphery after 7-10 days in
culture and (h) the cobble stone morphology were observed at day
21(Original magnification X20).

Immunofluorescence staining
IronQ-treated cells were analyzed by immunocytochemistry for
the expression of endothelial progenitor cell markers. The
specific antibody, anti-CD34 conjugated FITC was used.
PBMCs incubated with IronQ for 14 days, the adherent cells
were fixed in 4% formaldehyde for 15 min, washed with PBS,
and then blocked with 1% BSA in PBS for 1 h. Cells were then
incubated anti-CD34-FITC or with anti-CD133-PE 1:100
(Miltenyi Biotec) in 1% BSA in PBS for 1 h. Cells were
washed with PBS and further nuclear stain with 4',6-
diamidino-2-phenylindole (DAPI). Cells were analyzed by
fluorescent microscopy.

In vitro angiogenesis assay
The angiogenic potential was tested in the presence of
basement membrane matrix using in vitro angiogenesis assay
kit (Abcam) according to the manufacturer’s instructions.
Briefly, extracellular matrix solution was placed in a 96-well
plate at 37°C for 1 h to allow the matrix solution to solidify.

The PBMCs control and PBMCs treated with IronQ for 14
days were harvested and re-plated (5 × 104 cells/well) on the
solidified matrix solution. Cells seeded on Matrigel were
incubated in RPMI 1640 medium with L-glutamine
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37°C and the tubule-like formation was then
inspected under an inverted light microscope.

Intracellular uptake of IronQ
To verify the intracellular uptake of IronQ, potassium
hexacyanoferate(II) trihydrate (Prussian blue; Merck) was used
to stain the iron component in the EPCs. PBMCs were
incubated with 500 µg/mL IronQ for 14 days. Then, free IronQ
outside cells were removed and cells were washed with PBS
for three times. Cells were continuously incubated for 20 min
with 2% potassium ferrocyanide in 6% hydrochloric acid, and
the iron component was investigated under inverted
microscope. The quantification of intracellular iron
concentration within the labeled EPCs was performed as
previously descripted [25], after labeling with IronQ, the cells
were harvested and washed with PBS for three times. Then,
cell pellets were incubated at 110°C overnight. The next day,
the iron was dissolved by adding 1 mL of 5 M hydrochloric
acid, and the samples were further incubated at 60°C for 4 h.
Then 0.5 mL of acid solution was transferred to a new tube and
0.5 mL of 2% potassium ferrocyanide was added. After that,
the samples were analyzed with spectrometer (Agilent 8453
UV-visible spectroscopy). The analysis process was performed
triplicate and the mean value and standard deviation was
obtained. IronQ concentration was determined using the
standard curve.

In vitro MR imaging
PBMCs were treated with 500 µg/mL IronQ for 14 days, and
then cells were detached with 1 mM EDTA in PBS and washed
with PBS for three times. Then, IronQ-labeled EPCs cells
(2,000 and 20,000 cells/µL) were resuspended in 0.25% agar
phantom. In two other tubes, 2,000 cells/µL unlabeled cells
were added to one, while the remaining tube to which no cells
were added which was designated as the control. MRIs were
conducted on a 1.5 T MR scanner (Achieva 1.5T, Philips
Medical Systems) with a Knee receiver coils. T1-wieghted
image of IronQ-labeled EPC was performed using a spin echo
sequence with TE/TR=15/1000 msec. The matrix size was 336
× 269, field of view=210 mm, slice thickness=4 mm, and
number of averages=4. The T1-wieghted signal intensity of
region of interest (ROI) was readout using Philips DICOM
viewer R3.0 SP3. Three ROI were randomly selected and
measured in each tube for a mean value.

Statistical analysis
Data are expressed as the mean ± standard deviation (SD). The
statistical analysis was performed by Student’s t-test. Values of
p ≤ 0.05 were considered statistically significant at the 5%
significance level.
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Figure 2. Characterization of the IronQ-treated PBMCs. (a) the data
depicts the levels of expression of CD34 and CD133 in PBMCs after
treated with IronQ cultured for 5, 10, and 14 days. Data expressed as
mean ± SD (n=4) **p<0.05 versus PBMCs+ IronQ day 1;
***PBMCs+ IronQ versus PBMCs on the same day. (b)
immunostained for CD34 and CD133 on expanded PBMCs for 14
days demonstrating the positive stain for both markers, nuclei were
visualized with DAPI.

Figure 3. Effect of IronQ on cell proliferation. (a) Incubation of
PBMCs with IronQ for 72 h dose-dependently increased proliferation
of PBMCs. (b) Incubation of PBMCs with IronQ time-dependently
increased the proliferation of cells. Data are presented as the mean ±
SD (n=3). *p<0.05 versus control.

Results

Morphological observation on PBMCs treated IronQ
complex
Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy human peripheral blood by gradient
centrifugation. These populations consisted of endothelial
progenitor cells (EPCs), along with leukocytes and monocytes.
Upon isolation, cells were expanded under two conditions and
compared. One condition was that the PBMCs were cultured
under the condition of IronQ complex and the other one was
that PBMCs were cultured in RPMI-1640 medium with 10%
FBS and 1% penicillin/streptomycin without adding any
specific growth factors. The PBMCs cultured in the presence
of IronQ complex appeared rapidly proliferation and increased
number of attaching cells. After 5-9 days of cultivation, the

majority of PBMCs were attached and the cells gradually
developed a spindle shape and tended to form cord-like
structures (Figure 1f) that lined resembling the first stages of
vasculogenesis [1]. The spindle shape cells appeared either as
colonies composed of round cells centrally with sprouts of
spindle-shape cells at the periphery or as single spindle-shape
cells (Figure 1g). On day 21 in the culture, the cells displayed
cobblestone-like morphology (Figure 1h) and the cells could be
maintained in the culture for up to 30 days. On the other hand,
PBMCs cultured with culture media alone (without IronQ)
rarely changed their morphology to the spindle-like form
(Figure 1c), and significant decreases in numbers of cells were
observed when cultured for a long time (Figure 1d).

Figure 4. Function analysis of IronQ-treated PBMCs to form tube-
like structure on Matrigel. PBMCs culture under the condition of
IronQ for 14 days, both suspended and adherent PBMCs were seeded
in Matrigel (a) network formation observed in adherent cells (b) and
tube-formation by non-adherent cell populations (original
magnification X20).

Characterization of PBMCs treated IronQ complex
PBMCs pre- and post-treated with IronQ complex were
characterized by means of flow cytometric analysis of
endothelial progenitor markers; EPCs were characterized as
adherent cells expression of CD133, CD34, and VEGF
receptor (VEGFR-2) as characterized by others [1,3]. The
results were shown in Figure 2a. The expression of CD34 of
PBMCs culture with IronQ complex was 15.29 ± 3.3% on day
zero and significantly increased within 10 days, representing
39.2 ± 10.9%. There was still an increase of CD34+ expression
to 47.9 ± 5.6% after 14 days. CD133 was expressed in 10.5 ±
4.4% of freshly isolated PBMCs. Incubation of PBMCs with
IronQ complex for 5 days increased expression of CD133 on
PBMCs to 22.3 ± 8.8%, and the expression of CD133
decreased with the increased culture time due to the
differentiation of stem/progenitor cells to mature endothelial
cells. On the other hand, in non-treated PBMCs, a decreased
number of CD34 and CD133 positive cells was observed when
the cells were maintained in the culture for 14 days. We further
confirmed the expression of CD34/CD133 on the adherent
cells after PBMCs treated with IronQ for 14 days by
immunocytochemistry. The results showed that cells were
strongly positive for CD34 (Figure 2b), while around 5% of the
cells population was positive for CD133. These were in line
with the flow cytometric analysis that showed the decreased
expression of CD133 with increased the culture time.
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Figure 5. Intracellular IronQ uptake (a) Photomicrography of cells
labeled with 500 µg/ml IronQ for 14 days and stained using Prussian
blue method to visualize the intracellular IronQ incorporation into
cells, demonstrate the intracytoplasmic blue particle are clearly seen
in most cell (original magnification X20). (b) Cellular IronQ uptake
of, cells that labeled with 800 µg/ml IronQ were incubated for 12, 24,
48, 72, 96 and 120 h at 37C, 5% CO2. Data expressed as mean ±SD
(n=3) *p<0.05 incubation time 72 h versus incubation time 12 h.
(***below limit of detection).

Proliferation of IronQ treated PBMCs
The incubation of PBMCs with IronQ complex increased the
number of a spindle-shaped endothelial cell-like morphology
and increased the number of CD34/CD133 positive cells. The
effect of IronQ complex on EPCs proliferation was
investigated using MTT assay. As expected, IronQ complex
dose-dependently improved EPC proliferative potential. This
effect that was maximal at a dose of 500 µg/mL of IronQ
complex was observed. In time-dependent experiments
performed with 500 µg/mL of IronQ, EPC proliferative
potential increased throughout the 10 days in culture (Figure
3).

In vitro angiogenic potential
To access the angiogenic potential of the treated PBMC-
derived cells. Matrigel tube-forming assay was performed on
the PBMCs after incubated with IronQ 500 µg/mL for 14 days.
The treated PBMC-derived cells gave rise to tightly adherent
cords and capillary-like structure, assembled in branching
reticular networks (Figure 4a). While the non-adherent
mononuclear cells formed networks of tube (Figure 4b).
However, the PBMCs control group was distributed within the
extracellular matrix without network creation.

Intracellular iron content determination of IronQ-
labeled EPCs
Qualitative analysis intracellular uptake of IronQ was
performed on microscopic of labeled cells that were stained
with Prussian blue. Figure 5a showed the representative
photomicrographs of PBMCs incubated with 500 µg/mL of
IronQ for 14 days. Labeled cells exhibited abundant uptake of
IronQ complex that showed as blue particles inside the cells on
Prussian blue stained slides. Labeling efficiency analysis
revealed that more than 99% of the cells were positive for
Prussian blue. Furthermore, quantification of cellular IronQ
uptake was performed using spectroscopic technique. The

spectroscopic measured IronQ content reported per cells as
showed in Figure 5b. IronQ content in unlabeled cells was
below the detection limit. There was significant uptake of
IronQ for an incubation interval of 12 h. The highest uptake
was achieved with a longer incubation interval of 120 h with
the mean iron concentration about 153 ± 95 pg IronQ/mL/cells.

Figure 6. Cellular imaging in vitro by MRI. T1-weighted MR images
of phantoms were showed in various concentrations of labeled cells
at 14- and 21 day culture and bar graphs showed the relative signal
intensity of two thousand labeled cells per microliter provided
enough contrast to induce an increase in T1 signal intensity.
Increasing amounts of labeled cells led to more hyperintense T1
signals.

MRI detection of labeled EPCs
Agar phantoms containing EPCs labeled under the various
conditions were studied by MRI to determine detectability
limits. The PBMCs were cultured with 500 µg/mL of IronQ
complex for 14 and 21 days. The minimum cells density that
was still detectable under those conditions was determine in
MRI experiments where phantoms were loaded with
decreasing numbers of labeled cells (2,000 and 20,000 cells/
µL). The results were shown in Figure 6 the hyperintense
contrast in T1-wieghted MR image was markedly modulated
compared to unlabeled controls. Increasing the amount of
labeled cells resulted in a further increase in signal intensity.
Even after continued proliferation for 21 days and subsequent
intracellular dilution of the IronQ complex, those magnetically
labeled cells were still sufficient for significant increase in
MRI signal intensity when compared to unlabeled cells (Figure
6). The relative signal intensities in the T1-weighted images
were calculated and plotted. The relative signal intensities of
2,000 cells/µL labeled cells was 1.25 folds and that of the
20,000 labeled cells was 1.54 folds higher than in unlabeled
cells. It should be noted that the contrast image became visible
when studied with a clinical 1.5 T MR scanner.

Discussion
The main obstacle of the usage of autologous EPCs in
regenerative cardiovascular medicine is the low number of
cells that can be obtained from the peripheral blood or bone
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marrow. More importantly, the number and functionality of
circulating EPCs decline as patients age [8] and in patients
with cardiovascular risk factors [9,10]. Thus, the problem
caused by the limited number of EPCs must be overcome for
success and effectiveness in EPC-based cell therapy in patients
with cardiovascular diseases. Here, we demonstrated the
feasibility of increasing the limited number of endothelial
progenitor cells obtained from non-mobilized peripheral blood
mononuclear cells, using a simplified culture method without
any cytokine cocktail additive. Using our home-synthesized
MR contrast agent “IronQ complex”, PBMCs culture with
IronQ complex showed differentiation of cells into spindle-
shaped cells with a cell cluster consisting of round cells with
radiating elongated spindle-like cells at peripheries and finally
turned into cobblestone-like cells. These observations are
consistent with the morphological signs of early and late EPCs
[26]. According to the PBMCs culture with basic culture
medium without IronQ complex, cells rarely developed into
spindle shape cells and no colonies were observed. The results
indicate that IronQ complex can promote conditions favoring
endothelial-specific differentiation. For a better
characterization of the expanded cells, the specific surface
markers of endothelial progenitor cells were used to stain the
IronQ-treated PBMCs, and the percentages of expressing cells
to the non-treated PBMCs were compared. The results showed
that PBMCs culture under the condition of IronQ complex
experienced an increase in number of cells that expressed
CD34 and CD133 as compared to PBMCs culture in the basic
culture medium (control group).

The increase in number of CD34/CD133 positive cells
indicated the expanded population of immature cells.
Interestingly, the number of CD34 positive increased as a
function of culturing time, while the cells that expressed
CD133 reduced in number with the increased time in culture.
These results were consistent with a previous study that
demonstrated the reduction of CD133 positive cells in more
mature endothelial precursor cells [27]. Immunocytochemistry
revealed that CD34 and CD133 were positive in PBMCs
expanded under IronQ complex conditions. Nevertheless, the
expanded cells were more strongly positive to CD34 than
CD133. This finding is in line with the results of the flow
cytometric analysis. The ability of PBMCs to expand under the
condition of IronQ was investigated using MTT assay. The
results demonstrated that PBMCs cultured under the condition
of IronQ doubled their population number in 7 days of
culturing and still increased until days 10, while the number of
PBMCs in the control group progressively decreased with the
increased time in culture. Moreover, we observed the
proliferation of IronQ treated-PBMCs cells remaining in
culture for up to 30 days. On the other hand, control PBMCs
appeared almost dead (data not shown). We also showed that
the expanded cells under condition of IronQ displayed an in
vitro angiogenic potential compared with the control group,
demonstrated by the tube formation capacity performed on
Matrigel. This result suggested the angiogenic defense that the
EPCs-IronQ treated cells acquires through the expansion
process.

The mechanisms involved in the ability to expand and enrich
the progenitor cell populations of IronQ complex are still under
investigated. Several studies have reported the effect of
quercetin on number and functionality EPCs. Recently, Zhou et
al. showed that quercetin enhanced cell proliferation,
osteogenic differentiation, and VEGF secretion of bone
marrow mesenchymal stem cells via activation of the
extracellular signal-regulated protein kinases (ERK) and p38
pathways [28]. In addition, quercetin is known to be able to
protect against high glucose-induced damage by inducing
Sirt1-dependent eNOS upregulation in EPCs [20]. There are
several possible mechanisms by which IronQ complex could
increase the number and functionality of EPCs. IronQ may
enhance the secretion of VEGF by EPCs, which could regulate
EPC differentiation and contribute to the pro-angiogenic
effects of these cells. The exact mechanism of IronQ complex
should be studied further. In addition, in our culture condition
the mix populations of mononuclear cells other than EPCs
contained in the PBMCs such as natural killer (NK) cells and
lymphocytes can contribute, as well, to ischemic
neovascularization by secreting angiogenic cytokine. Thus, the
microenvironment may affect to number of EPCs in our culture
condition [29,30].

After the transplantation of stem cells, an important question
need to be address in preclinical and also clinical research is
the localization, migration, and observation of the fate of the
transplanted cells. In order to monitor transplant cells, several
non-invasive techniques have been investigated [21,31,32].
MR imaging has been proven to be effective in tracking
transplanted stem cells by which cells should undergo in vitro
tracking with MR contrast agent prior to transplantation. At
present, commercial SPIO nanoparticles are widely used for
cell labeling. However, the use of SPIO nanoparticles still has
some limitations, such as the low efficiency of loading these
particles into the cells. Moreover, the cytotoxicity and side
effects for cells biological of these particles are still debated
[24]. Although MRI cell tracking using SPIOs has now been
widely used for tracking transplanted cells in various organs
but SPIO-labeled cells cannot be distinguished from other
hypointense regions, such as hemorrhage and blood clots,
which are common in many lesions. Therefore, alternative
tracking methods using “positive” contrast agents have been
explored, i.e. gadolinium (Gd)-based complexes that can
generate hyperintense regions as a result of their predominant
effects on the longitudinal (T1) relaxation time of water
protons in tissue [33,34]. Unfortunately, gadolinium-based
contrast agents are now associated with nephrogenic systemic
fibrosis (NSF), which makes them less favorable agents [35].

In our study, we have established a home-synthesized
paramagnetic agent IronQ complex as a positive contrast for
T1-wieghted MR image. The prominent characteristic of IronQ
was high efficiency of loading into the cells, as shown in the
results of Prussian blue stain slide; IronQ-labeled EPCs have
an efficiency of loading of more than 99%, and intracellular
IronQ content per cell increased with the increase in labeling
time. In addition, magnetically labeled EPCs were visualized
by a clinical 1.5 T MR scanner when the cell quantity was
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more than 2,000 cells/µL. Interestingly, the effectiveness to
visualize the IronQ labeled cells was still detectable when the
labeled cells were in the culture for 21 days. Moreover, IronQ
complex exhibited no cytotoxicity. In contrast, IronQ has the
effect on increase the proliferation of progenitor cells and
induce differentiation of PBMCs to be the spindle shape
endothelial-like cells as already mention above. The novel
technique which was investigated in this study could be an
alternative method for used EPCs in treating cardiovascular
diseases. It has the advantage of using paramagnetic agents
both to expand the limited number of EPCs from non-
mobilized PBMCs without the addition of growth factors and
to serve as the magnetic label for MRI in the same time.
However, for a better understanding of the mechanism under
the effect of IronQ on EPCs, further study is warranted.

Conclusion
In the present study, we prepared a paramagnetic agent IronQ
complex and demonstrated that IronQ can promote conditions
favoring endothelial-specific differentiation, resulting in an
increase in the limited number of EPCs obtained from the
PBMCs population. This low-cost, effective, and safe approach
of enriching an unlimited source of cells simplifies their use in
the clinical setting, especially for autologous use. Moreover,
with the dual function of IronQ complex the magnetically
labeled cells after being expanded in culture can be visualized
and localized by MR imaging. Our study demonstrated that ex
vivo expansion of EPCs fraction derived from PBMCs with
paramagnetic agent, IronQ complex, might be an alternative
method for applied used in cardiovascular medicine.
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