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Assessment of biological characteristics of mesenchymal stem
cells labeled with superparamagnetic iron oxide particles in vitro
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Abstract. Mesenchymal stem cell (MSC) transplantation
provides a novel strategy for the treatment of human disease.
MR imaging (MRI) is able to track transplanted stem cells
labeled with superparamagnetic iron oxide (SPIO) in vivo.
However, the effect of SPIO upon labeled MSCs remains
unclear on a cellular level. In this study, the biological char-
acteristics of rat MSCs labeled with home-synthesized SPIO
particles were evaluated. The MSCs were isolated from the
bone marrow of 5 adult Sprague-Dawley rats and labeled with
home-synthesized SPIO particles at a final iron concentration
of 20 ug/ml. Labeled MSCs were confirmed with Prussian blue
staining and transmission electron microscopy. The quantity
of iron per cell was determined by atomic absorption spec-
trometry. Cell viability, proliferation, membranous antigen
and multiple differentiation ability were compared between
labeled and unlabeled MSCs. The rat MSCs were effectively
labeled and the labeling efficiency was approximately 100%, as
revealed by Prussian blue staining. The SPIO particles located
in the endosomal vesicles of the MSCs were confirmed by
transmission electron microscopy. No significant differences
were observed in cell viability, proliferation, membranous
antigen and multiple differentiation ability between the labeled
and unlabeled MSCs (P>0.05). In conclusion, MSCs are able
to be effectively labeled by home-synthesized SPIO particles
without influencing their main biological characteristics.
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Introduction

As a potential interventional procedure, stem cell transplan-
tation provides a new strategy for the treatment of incurable
human diseases and organ failure (1-3). The plasticity of bone
marrow mesenchymal stem cells (MSCs) has been intensively
investigated, since this approach generates less ethical and
social controversies. The use of bone marrow MSCs also
offers several advantages, including ease of collection and
rapid in vivo and in vitro repopulation. Numerous studies have
shown that MSCs are capable of forming functional compo-
nents of organ tissues, including the kidney, heart and liver
(1-4).

A non-invasive in vivo technique that permits evaluation of
the efficiency of transplantation and the potential migration of
transplanted cells would prove to be an essential tool for treat-
ment assessment. To better understand the mechanisms of the
cell therapy, in vivo monitoring of the cellular dynamics of the
transplanted MSCs has been proposed. Recently, MR imaging
(MRI) has proven to be effective in tracking the distribution
of transplanted MSCs in vivo by way of labeling cells with
superparamagnetic iron oxide (SPIO) particles (5-7).

However, it is not clear whether the SPIO labeling tech-
nique of MSCs is safe. Additionally, the effect of SPIO upon
labeled cells remains unclear on a cellular level (8). Thus, the
purpose of the present study was to investigate whether and
how the labeling of MSCs with SPIO affects the biological
characteristics of MSCs.

Materials and methods

Cell culture. This study was approved by our institutional
Animal Use and Care Committee. MSCs were generated from
the bone marrow of 5 adult Sprague-Dawley rats, aged 6 weeks
and weighing 120-150 g. The bone marrow cells were obtained
by flushing the rat femurs with phosphate-buffered saline
(PBS), and then the monocyte layer was selected with density
centrifugation and resuspended in low-glucose Dulbecco's
modified Eagle's medium (DMEM; Gibco, Carlsbad, CA,
USA) supplemented with 0.2 mmol/ml L-glutamine, 100 units
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of penicillin, 100 g/ml streptomycin and 10% fetal bovine
serum (SAFC, St. Louis, MO, USA). Prior to being planted in
a 25 cm’ culture flask, the cells were grown in the culture solu-
tion, which was adjusted to 1x10%ml of the concentration, and
then grown in the standard culture media at 37°C with 5% CO,.

Cell labeling and identification of the labeled cells. The
SPIO (Fe;0,) nanoparticles were donated by Professor
S.P. Qian (Molecular Imaging platform, Zhejiang-California
International Nanosystems Institute, Zhejiang University,
Hangzhou, China). The MSCs were grown in 25 cm’® flasks.
The cells growing at Passage, (P;) were transferred to the
culture media containing SPIO nanoparticles for labeling. A
concentration of 20 yg/ml iron was used for culture. The MSCs
were incubated continuously for 12 h at 37°C in an incubator
with 95% air per 5% CO,.

The cells were harvested by removing the free SPIO
nanoparticles washed with PBS four times. For the purpose of
Prussian blue staining to identify the cell profile and intracel-
lular iron particles, the cells were continuously incubated for
15 min with 2% potassium ferrocyanide in 6% hydrochloric
acid, and then counterstained with nuclear fast red for 3 min.

To measure the iron concentration within the cells, the
cell suspension was dissolved in 37% hydrochloric acid and
then assayed with a polarized atomic absorption spectrometer
(Shengyang Huaguang HG-9602A, Shengyang, China). The
measuring process was repeated three times, and the mean
value was adopted. The distribution of the SPIO particles
within the cells was revealed under electron microscopy. The
harvested labeled MSCs were fixed at 4°C in 2.5% buffered
glutaraldehyde for 1 h, followed by 1% osmium tetroxide for
2 h. The samples of these cells were examined with a transmis-
sion electron microscope (H600, Hitachi, Japan).

Cellviability, proliferation, membranous antigen and multiple
differentiation capability. The cell viability, proliferation
activity and differentiation capability of SPIO-labeled and
unlabeled MSCs were evaluated and compared. All proce-
dures were performed in triplicate.

Cell viability was assessed by trypan blue testing. Cell
proliferation activity was observed under a light microscope
(Axioscop, Zeiss, Germany). Furthermore, tetrazolium salt
(MTT) assay was performed to assess the toxicity and the effect
of SPIO labeling on MSC proliferation. The MSCs at P; were
grown in a 96-well plate at 10* cells per well. SPIO solution at a
final iron concentration of 20 yg/ml was added into 40 wells and
the remaining 40 wells, to which SPIO was not added, served as
a control. The absorbance values of unlabeled MSCs and SPIO-
labeled MSCs were measured from day 1 to 5 of the culture
process (8 wells per day). For the assay, 20 l MTT (5 mg/ml;
Fluka, St. Gallen, Switzerland) was added into each well and
incubated at 37°C in 5% CO, for 4 h. A total of 150 ul dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA)
was added and the medium was stirred for 10 min. When the
indigo crystals (formazan crystals) were dissolved evenly in the
medium, the light absorption value of each well was measured
with a spectrophotometer (Model 680; Bio-Rad Laboratories,
Inc., Hercules, CA, USA) using a 490-nm wavelength.

The expression of membranous antigen on labeled and
unlabeled MSCs was detected by cytofluorimetric analysis
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with a flow cytometer (Becton Dickinson, San Jose, CA,
USA). The primary mouse anti-rat monoclonal antibodies
of anti-CD29, anti-CD45 and anti-CD90 (BD Pharmingen,
San Diego, CA, USA) were employed. The multipotency of
labeled and unlabeled MSCs was confirmed by their induction
of osteogenic and adipogenic differentiations with specific
differentiation media. Osteogenic differentiation was assessed
using von Kossa staining, to show the mineralization, while
adipogenic differentiation was visualized by means of oil
red O staining of lipid vacuoles in the adipocytes differenti-
ated from MSCs.

Statistical analyses. Statistical analyses were carried out
using the SPSS® statistical package, version 11.0 (SPSS Inc.,
Chicago, IL, USA) for Windows®. Data are presented as the
mean + standard deviation (SD). To compare the differences
between the labeled and unlabeled MSCs in various tests,
the Kruskal-Wallis rank sum test was used to determine the
difference in absorbance of MTT. P<0.05 was considered to
be statistically significant.

Results

Morphological observation of the MSCs. In the present experi-
ment, MSCs were obtained from rat bone marrow and purified
by density centrifugation. When they were passaged to P, the
purified MSCs retained the pattern of uniform fibroblast-like
cells (Fig. 1). The homogeneity of the cells reached approxi-
mately 99%.

Cell labeling and identification of the labeled cells. Cells were
stained with Prussian blue, and blue particles were observed
within most labeled MSCs. The labeling rate was approxi-
mated to 100% (Fig. 2), while no blue particles were found in
unlabeled cells. The iron quantification per cell measured by
atomic absorption spectrometer was 17.5+2.2 pg. Transmission
electron microscopy revealed the SPIO particles were located
in the endosomal vesicles of labeled MSCs (Fig. 3).

Cell viability, proliferation, membranous antigen and multiple
differentiation capability. Trypan blue exclusion testing
revealed a mean viability of 98.1+1.1% for the SPIO-labeled
MSCs. The mean viability of the unlabeled MSCs was
97.5+1.2%. There were no significant differences between the
labeled and unlabeled MSCs (P>0.05). The aspects of labeled
MSCs, including shape, figure and nucleolus, were no different
from those of the unlabeled MSCs under the light microscope.

On days 1 to 5, the absorbence of the labeled MSCs was
0.185+0.006, 0.201+0.007, 0.251+0.018, 0.299+0.011 and
0.359+0.017, respectively, while the absorbence of the unla-
beled MSCs was 0.196+0.008, 0.208+0.006, 0.247+0.012,
0.305+0.014 and 0.362+0.018, respectively. There was no
significant difference in MTT absorbance values between the
labeled and unlabeled MSCs at each time point (P>0.05).

The flow cytometric analysis revealed that the majority of
cells expressed MSC antigens, including CD90 (99.9+1.1%)
and CD29 (99.3+1.5%), but did not express hematopoietic
lineage marker CD45 (1.7+0.1%). While the labeled MSCs also
expressed CD90 (99.5+1.6%) and CD29 (94.4+2.1%), they did
not express CD45 (3.0+0.2%) (Fig. 4). There was no significant



MOLECULAR MEDICINE REPORTS 5: 317-320, 2012

Figure 1. Under a light microscope (x200), the rat MSCs (P5) appeared as
fibroblast-like cells with slim bodies.

Figure 2. Prussian blue staining revealed intracytoplasmic blue particles that
were clearly visible in most MSCs. The labeled rate reached approximately
100% (x200).

Figure 3. Transmission electron micrograph revealed that the endosomal
vesicles containing the SPIO particles appear in black clusters (arrowhead)
located in the MSCs outside the nucleus (original magnification, x10,000).

difference in antigen expression between the labeled and unla-
beled MSCs (P>0.05).

Labeled and unlabeled MSCs all showed positivity with
von Kossa staining for mineralization nodules following
osteogenic induction. Intracytoplastic lipid vesicles were
observed by oil red O staining following adipogenic induction.
The multipotency of the labeled MSCs was no different from
that of the unlabeled MSCs.
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Figure 4. Flow cytometric analysis revealed that the SPIO-labeled MSCs,
being homogeneous on P;, were uniformly positive for markers of MSCs such
as surface proteins CD29 (A) and CD90 (B). In contrast, the MSCs were
negative for markers of the hematopoietic lineage such as CD45 (C).

Discussion

Compared to organ transplantation, cell transplantation has
the advantages of lower cost and risk (9,10). Additionally,
autologous cell transplantation avoids immunological rejec-
tion. Herein, there is no doubt that cell transplant treatment has
a promising potential application in certain severe diseases, in
particular the end-stage diseases, such as organ failure. Among
the various types of transplanted cells, bone marrow MSCs
have been previously demonstrated to hold better prospects in
terms of their practical applicability for transplantation, since
both in vitro and in vivo studies have revealed their capability
of transdifferentiation (11-13).

In recent years, to monitor the transplanted MSCs, several
non-invasive in vivo molecular imaging tracking techniques
have been developed, including nuclear medicine, optical
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imaging and MRI (14-16). The MR technique holds promising
advantages due to its wide imaging window, high temporal
and spatial resolution, and good contrast, without ionic radia-
tion. With the cell labeling technique using specific agents, the
presence of labeled cells is easily visualized by MRI. Among
the MR tracing agents, SPIO appears to gain its popularity (17)
since SPIO particles in nanometeric size have strong penetrating
capability, which makes it possible to cause a signal change in
MR imaging at a super-low tracer concentration (nmol level).
Some investigators have already demonstrated the feasibility
of in vivo tracking of transplanted MSCs by labeling them with
magnetic SPIO particles (18-20). Obviously, the low efficiency
of loading the SPIO particles into cells and the cytotoxicity of
previously formulated particles limit their usage as an image
probe (21). It has been demonstrated by several groups that
SPIO particles have little toxicity and few side effects on
cell proliferation and activity (21,22). However, certain study
results have indicated the inhibitory effect of SPIO particles
on MSC differentiation and its signaling mechanism (23). To
conclude, the effect of SPIO upon labeled MSCs on a cellular
level remains uncertain. Therefore, it is essential to demon-
strate efficient labeling without deleterious effects on MSC
cell phenotype and differentiation capacity.

It has been demonstrated in this study that rat MSCs are
able to be effectively labeled by these home-synthesized SPIO
particles. The results of the present study also indicated that
there is no difference in cell viability, proliferation, membra-
nous antigen and multiple differentiation capability between
SPIO-labeled MSCs and unlabeled MSCs. Therefore, the
labeling SPIO particle has little influence on the biological
properties of MSCs. Moreover, these results may be significant
in the use of MRI to track and precisely localize the trans-
planted, magnetically labeled MSCs by in vivo methods.
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