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Abstract: The aim of this study was to investigate the impacts of fluorescent superparamagnetic iron oxide particles
(Molday ION Rhodamine B, MIRB) on bioactivities and osteogenetic differentiation of rat bone marrow mesenchy-
mal stem cells (BMSCs). The Cell Counting Kit-8 (CCK-8) method was used to detect the proliferation of superpara-
magnetic iron oxide (SPIO)-labeled BMSCs and observed the distribution of MIRB in cells; real time -polymerase
chain reaction (RT-PCR) method was used to analyze the expressions of such osteogenesis-related genes as bone
sialoprotein, alkaline phosphatase (ALP), RUNX2, bonemorphogeneticprotein-2 (BMP-2), type 1 collagen (COL-1)
and type 3 collagen (COL-3); ALP-Alizarin red staining and poly-biochemical analyzer were used to qualitatively and
quantitatively analyze the osteogenetic metabolites. The labeled MIRB particles distributed in the cytoplasm of
BMSCs, the diameter of larger particles could be up to several hundred nanometers, and concentrated around the
nuclei, the particles far away from the nuclei were smaller, but the labeled-cells’ skeletons and adherent morphology
did not change significantly; under the concentration of 25 ug Fe/mL of, MIRB did not affect cellular viabilities of
BMSCs, but the gene expressions of bone sialoprotein, ALP, RUNX2 and BMP-2 were decreased, and the secretion
amount of ALP and osteocalcin were also declined. MIRB would not affect the proliferation and cell structures of
BMSCs, but the SPIO particles aggregated and formed larger granules around the nuclei, which might affect the
osteogenesis of BMSCs.

Keywords: Bone marrow mesenchymal stem cells, superparamagnetic iron oxide, fluorescent labeling, osteoge-
netic differentiation

Introduction

The stem cell and biological scaffold-based
bone defect repairing treatment is currently a
hot research in tissue engineering. As the ideal
seed cells for tissue engineering, bone marrow
mesenchymal stem cell (BMSC) had the advan-
tages of autologous source, easy isolation and
amplification, etc., thus it had broad application
prospects in bone defect repairing [1, 2], while
the migration and localization of transplanted
cells towards target organs depended on reli-
able cell markers. The most commonly used
marking methods were immunofluorescence,
magnetic marker and radioactive nuclide mark-
er, etc [3-5]. The radioactive nuclide had such

shortcomings as short half-life, could not be
used for long-term tracking and ionizing radia-
tion. The fluorescent marker could accurately
and directly visualize the positions of labeled
stem cells, accurately, sensitively and specifi-
cally, while it required the animals to be Killed,
thus it could not be used in vivo tracking. The
superparamagnetic iron oxide (SPIO) was the
magnetic resonance imaging (MRI)-marking
material that had been clinically applied, having
good biocompatibilities and MRI-developing
capabilities. In recent years, many scholars had
applied SPIO in labelling stem cells, and there
existed preliminary studies about its impacts
on stem cells’ proliferation and differentiation
capacities [6-9], which proved the wide pros-
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Figure 1. Identification of BMSCs’ differentiation. A. Alizarin Red staining, the red-stained Ca nodules could be seen.
B. Oil Red O staining, red lipid droplets could be seen in the cytoplasm.
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Figure 2. Detection of cellular viability of MIRB-la-
beled BMSCs. There existed no significant difference
in 1s~4™ day among all labeling group or compared
with the control group (P>0.5).

pects of SPIO in the field of tracking transplant-
ed stem cells. Moreover, with the continuous
development of SPIO-labeled materials, the
applications of ultra-small SPIO particles
(USPIO) and dextran-coating enabled SPIO
higher cell-marking rate and longer effective
marking time [10, 11].

Stem cell transplantation therapy of bone
defects required the implanted BMSC to
migrate and rebuild in the injury sites, and con-
verse to the osteoblasts, thus playing the thera-
peutic roles. This required the SPIO-labeled
material did not interfere the normal migration
and differentiation of BMSC. After SPIO label-
ling, it would be very necessary to study the
skeleton structures, proliferation, adhesion
and differentiation of BMSCs.

In this study, Molday ION Rhodamine B (MIRB)
USPIO particles (Biopal Co.) were used, which
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had double labeling characteristics of MRI and
immunofluorescence [10], previous studies
reported that the SPIO particles might be
phagocytized by macrophages with the splitting
and death of labeled cells, thus forming false
positive results in MRI developing [4, 8, 12],
and the fluorescence-labeled SPIO could easily
be located and tracked by fluorescence micros-
copy, and confirmed each other with MRI imag-
es, thus it was one more ideal SPIO-labeled
material [13].

In this study, a variety of methods were per-
formed to observe and analyze the distribution
of fluorescent SPIO particles in mesenchymal
stem cells, as well as the changes of structural
phenotypes inside and outside of cells.
Meanwhile, the cells’ proliferation, osteogene-
sis-related genes and metabolites were qualita-
tively and quantitatively analyzed, aiming to
establish theoretical basis for future applica-
tion of SPIO in stem cell bone defect repairing.

Materials and methods
Separation and extraction of BMSCs

SD rats, aged 4-6 weeks old, were selected for
the BMSCs extraction by whole bone marrow
wall-adherence method, BMSCs were then
seeded in 25 cm? flasks and cultured with
DMEM/F12 (1:1) containing 10% fetal bovine
serum (Hyclone, Logan, UT, USA) at 37°C, 5%
CO, and saturated humidity. The culture medi-
um was firstly changed 48 h later, the passage
could be performed when the cells reached
90% fusion. The BMSCs extraction of fluores-
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Figure 3. Ultra-structural observation of MIRB-labelled BMSCs. TEM microscopy (3000-time) showed the black SPIO
particles distributed in the cytoplasm near the nuclei and the smooth endoplasmic reticulum. SEM showed that the
cells were fusiform, the cytoskeletal structures were clear. High-powered microscopy showed that the cells crawled
and adhered wall with pseudopodia. Most SPIO particles distributed around the nuclei, the perinuclear particles
were as large as up to several hundred nanometers, while those in the cytoplasm far away from nuclei were rela-
tively smaller.

Prussian blue staining CLSM

Figure 4. MIRB-labeled Prussian blue staining and confocal microscopic rhodamine fluorescence observation. 100-
time microscopy showed that the cytoplasm was feosin-stained, and the SPIO particles were blue-stained. 400-
time confocal fluorescence microscopy showed that the green was the green fluorescent protein expressed by the
fluorescence-transgenic rats, the red was the fluorescent SPIO particles, and the blue was the DAPI nuclear dye.

cence-transgenic rats was as the above. This
study was carried out in strict accordance with
the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National
Institutes of Health. The animal use protocol
has been reviewed and approved by the
Institutional Animal Care and Use Committee
(IACUC) of China Medical University.
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Identification by flow cytometry: selected the
4th-generation cells + BMSCs surface antigens
were characterized by flow cytometry using flu-
orescein isothiocyanate-conjugated mouse
anti-rat cluster of differentiation (CD)11b and
CD45 and phycoerythrin-conjugated mouse
anti-rat CD90 and CD29 antibodies (Biolegend,
SanDiego, CA, USA). Induction of adipogenic

Int J Clin Exp Med 2015;8(8):12172-12181
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differentiation: cells from the fourth passage
were seeded in 6-well plates at a density of
1x10* cells/cm? and cultured to 90% conflu-
ence with the growth medium, then replace
media with pre-warmed Adipogenesis Diffe-
rentiation Medium (Gibco adipogenic differen-
tiation kit, Grand Island, NY, USA) and continue
incubation. MSCs will continue to undergo lim-
ited expansion as they differentiate under adip-
ogenic conditions. Refeed cultures every 3 to 4
days, and Oil Red O staining (Sigma, St. Louis,
MO, USA) was performed for the identification 8
days later. Osteogenesis-induced differentia-
tion: cells from the fourth passage were seeded
in 6-well plates at a density of 5x10°2 cells/cm?
and cultured to 70% confluence with the growth
medium. Then, the medium was changed to
osteogenic medium (Gibco osteogenetic differ-
entiation kit, Grand Island, NY, USA). MSCs will
continue to expand as they differentiate under
osteogenic conditions. Refeed cultures every 3
to 4 days and the cellular Alizarin Red staining
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Figure 5. Comparison of OPN osteopontin, ALP, BMP-2,
RUNX2 and bone sialoprotein had statistically significant dif-
ference among groups (P<0.05). The expressions of type |
and 1l Collagen genes had no statistically significant differ-
ence among the SPIO-labeling group and the control group
(test method: ANOVA).

(Sigma, St. Louis, MO, USA) was performed 21
days later to detect Ca nodules.

SPIO-labeling

SPIO-labeled solution (Molday ION Rhodamine
B, BioPAL Co., Worcester, MA, USA): used
DMEM/F12 (1:1) serum-free culture medium to
dilute the original USPIO solution (2 mg Fe/mL),
adjusted the final concentration of SPIO as
(12.5, 25, 50, 100) ug Fe/mL; took the 4th-gen-
eration BMSCs for 18 h SPIO-labeling (used
equal volume of SPIO-labeling liquid to replace
the culture medium), discarded the labeling
fluid 18 h later, and the Prussian blue staining
was performed to detect the intracellular SPIO
distribution.

Detection of cell proliferation

The purified 4th-generation cells were grouped
and labeled according to the SPIO-labeling
method described above with the SPIO concen-

Int J Clin Exp Med 2015;8(8):12172-12181
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Figure 6. Detection of osteogenesis of MIRB-labeled BMSCs. A. Under the fluorescence microscope, ALP-positive
staining area and correspondingfluorescent SPIO distribution area. B. 21 days after osteogenetic induction, the
Alizarin Red staining method stained the Ca nodules and the corresponding fluorescent SPIO imaging.

trations as 0, 12.5, 25, 50 and 100 pg Fe/mL,
then the automatic ELISA analyzer, with Cell
Counting Kit-8 (CCK-8) (Beyotime Co., Shanghai,
China), was used to record the OD absorbance
values of different concentration groups on the
1st-4th day at 450 nm wavelength, and the
growth curves were then drawn.

Morphologic and structural observation of
SPIO-labeled cells

Scanning electron microscope (SEM): the 25 pg
Fe/mL group was used for the cellular morpho-
logic and structural observation. The labeled
cells were inoculated in a glass culture dish,
when the cells were wall-adherent, rinsed with
PBS, fixed with glutaraldehyde for 2 h, rinsed
with PBS, fixed with 1% osmic acid for 2 h,
dehydrated with acetone, dried ay critical point,
then performed gold sputtering by ion spraying
method for 2 min. After the SEM specimens
were prepared, the cell morphology was ob-
served by FEI QUANT 600 SEM, and the ele-
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mental compositions were analyzed using
spectral analysis. Transmission electron micro-
scope (TEM): digested and separated another
part of BMSCs of SPIO-labeling group and con-
trol group, centrifuged and discarded the super-
natant, then used glutaraldehyde to prepare
the TEM specimens, the FEI TECNAI G2 TEM
was then used to observe the BMSCs samples,
and the elemental compositions were analyzed
using spectral analysis. Laser confocal fluores-
cence microscopy: the rats with SPIO-labeled
green fluorescent protein (GFP) transgenic fluo-
rescence were extracted BMSCs, followed by
DAPI nuclear staining, then the cell morphology
and structure were observed under laser confo-
cal fluorescence microscope.

Osteogenetic induction of BMSCs

BMSCs from the 4th-generation SPIO-labeling
group (25 pg Fe/mL) and the unlabeled group
were seeded into 6-well plates with 5000 cells/
cm?, when the cells were 70% fused, replaced

Int J Clin Exp Med 2015;8(8):12172-12181
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Figure 7. ALP and BGP activity detection by poly-biochemical analyzer. *P<0.05; **P<0.01.

the Gibco osteogenetic differentiation-inducing
culture medium, and the medium was changed
every three days. 14 days later, the alkaline
phosphatase staining kit (Sigma, St. Louis, MO,
USA) was used to detect alkaline phosphatase
(ALP), and 21 days later, the 1% alizarin red
staining (Sigma, St. Louis, MO, USA) was per-
formed to detect the Ca nodules.

Real time -polymerase chain reaction (RT-PCR)

The 25 pg Fe/mL group and the control group
were performed the osteogenetic induction,
respectively, the cells were collected 7 days
later to test the expressions of important osteo-
genesis-related genes, including bone sialopro-
tein, ALP, RUNX2, bonemorphogeneticprotein-2
(BMP-2), type 1 collagen (COL-1) and type 3 col-
lagen (COL-3), through analyzing the gene
expression, the impacts of SPIO-labeling on
osteogenetic capacities of BMSC were then
evaluated.

Activity detection of osteocalcin and ALP

The 25 pg Fe/mL group and the control group
were performed the osteogenetic induction,
respectively, the induction solutions in both
groups were discarded 14 days later, and
added 10% FBS-containing DMEM/F12 (1:1)
medium (without phenol red) for more 48 h cul-
tivation, then collected the culture solutions in
the 6-well plates for the quantitative detection
of osteocalcin and ALP levels by poly-biochemi-
cal analyzer.
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Data analysis

The GraphPad Prism 5.0 software (GraphPad,
Inc., La Jolla, CA, USA) was used to analyze the
experimental data; the data were expressed as
mean * standard error; the Two-way ANOVA
was performed to compare the intergroup dif-
ference at different time points and among dif-
ferent-level groups; the One-way ANOVA was
performed for the intergroup comparison, the
test level was set as ¢<0.05.

Results

Culture, morphologic observation and identifi-
cation of BMSCs

The whole bone marrow wall-adherence meth-
od was performed to inoculate BMSCs, a large
number of round hematopoietic cells could be
seen suspending inside the medium 24 h later,
the wall-adherent cells were polygonal and fusi-
form, gathered together, formed spiral about
one week later, arranged radially and covered
the flask dishes. The suspended cells were
gradually reduced with culture medium chang-
ing and passaging, indicating that the 4th-gen-
eration suspended cells had basically disap-
peared. The flow cytometry was then performed
to test the surface markers of 4th-generation
cells, namely CD90 (98.83%), CD11b (0.36%),
CD45 (99.28%) and CD29 (0.3%). The induc-
tion experiment showed that the wall-adherent
cells had the abilities of osteogenesis and adip-
ogenic differentiation (Figure 1).

Int J Clin Exp Med 2015;8(8):12172-12181
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Detection of cellular viability of MIRB-labeled
BMSCs

In CCK-8 experiment, it was found by drawing
the histogram of cell proliferation that different-
concentration groups and the control group
exhibited differences in proliferation on post-
labeling 1st, 2nd, 3rd and 4th day, indicating
that the concentration under 100 pyg Fe/mL
would not affect the cellular viabilities of
BMSCs (Figure 2).

Morphological observation of MIRB-labeled
cells

Under TEM, the ultrastructures of SPIO-labeled
BMSCs were clear, and the morphology was
good. There appeared a large number of parti-
cles with high electron densities inside the
cytoplasm, which distributed as small lumps or
spots, the particles agglomerated, dense and
deeply stained, the particle sizes ranged from
several tens of nanometers to several hun-
dreds of nanometers, the shapes were irregu-
lar, and mainly located inside the cytoplasm,
and nearby the smooth endoplasmic reticulum.
No particles existed inside the nuclei and the
endoplasmic reticulum (Figure 3).

SEM showed that the cytoplasm extended the
pseudopodia and crawled along the flask wall,
the cellular microfilaments and microtubules
were clear. There existed different-sized spheri-
cal particles distributing around the nuclei, and
the SPIO particles near nuclei were as larger as
up to hundreds of nanometers, the particles
that were far away from the nuclei and in the
cytoplasm were smaller, the most were below
100 nanometers. The spectral analysis showed
the regions with particles had higher contents
of iron (Figure 3).

The Prussian blue staining showed that under
25 ug Fe/mL concentration-labeling, the mes-
enchymal stem cells were spindle and spread,
the numbers of cells were counted randomly
from five different vision fields, the labeling rate
reached 99%. The blue-stained iron particles
distributed in the cytoplasm surrounding the
nuclei (Figure 4A).

The laser confocal microscopy revealed that
BMSCs extracted from SPI0O-labeled GFP trans-
genic fluorescent SD rats showed the fluores-
cent SPIO particles gathering around the nuclei,
which were also scattered in the cytoplasm,
and the fluorescence intensities gradually
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descended from nuclei to the surrounding area
of plasma membrane. The results were consis-
tent with the results of Prussian blue staining
and the SPIO particles’ distributions in SEM
(Figure 4B).

RT-PCR

As shown in Figure 5, after the mesenchymal
stem cells were performed the osteogenetic
induction for 7 days, the expressions of osteo-
genesis-related genes in the fluorescent SPIO-
labeling group showed different degrees of
reduction, among which osteopontin, ALP,
BMP-2, RUNX2 and bone sialoprotein showed
statistical significance (P<0.05), while those of
COL-1 and COL-3 genes between the MIRB-
labeling group and the control groups had no
difference.

Identification of ALP and Alizarin Red staining

14 days after SPIO-labeled induction, ALP
(Sigma Co) was used for staining (Figure 6A),
the optical microscope showed positive blue
regions of a large number of alkaline phospha-
tases. 21 days after induction, the Alizarin Red
staining showed the deposit of Ca nodules. The
corresponding regions observed under a fluo-
rescence microscope showed the distribution
of SPIO red fluorescence (Figure 6B).

Detection of ALP and osteocalcin by poly-bio-
chemical analyzer

The poly-biochemical analyzer was used to
detect the expressions of ALP and osteocalcin
among the groups. The results showed that 14
days after induction, the expressions of ALP
and BGP of the SPIO-labeling group were signifi-
cantly lower than the control group, but signifi-
cantly higher than the blank group (P<0.05 or
P<0.01) (Figure 7).

Discussion

In recent years, the repairing treatment of bone
fracture and bone defect had been more
focused on transplantation and cell therapy,
the pluripotent mesenchymal stem cells com-
bined with biological scaffolds were transplant-
ed into the damaged parts, which then prolifer-
ated and differentiated into such corresponding
functional cells as osteoblasts, myoblasts and
neural cells to exert the therapeutic effects [1,
2]. This stem cell transplantation therapy
required effectively monitoring the migration

Int J Clin Exp Med 2015;8(8):12172-12181
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and proliferation of transplanted cells in vivo,
MIRB was one fluorescence-coated SPIO
reagent recently developed, which had the dou-
ble-labeled properties of fluorescence and MR,
the fluorescence labeling could accurately visu-
ally mark the locations of stem cells, and MRI
labeling had the advantage of biological trac-
ing. There still existed the controversy whether
the SPIO agent could accurately trace the trans-
planted stem cells in vivo. Some researchers
pointed out that at the beginning of transplan-
tation, the apoptosis of a large number of trans-
planted cells in vivo existed, while the SPIO par-
ticles might be phagocytized by other tissue
cells and macrophages, together with the split-
ting of transplanted cells, thus generating false
positive reactions [14-16]. But different studies
had shown different points of view, de Vries 1J
transplanted the SPIO-labeled dendritic cells
into the lymph nodes of patients with melano-
ma, the SPIO-labeled cells could be detected by
MRI, but the histological examination showed
that the labeled cells did not express CDGS,
indicating that they were not macrophages [17].
Mathiasen compared the SPIO-labeled stem
cells’ injection sites in myocardial infarction
model, and found that the border regions of
myocardial infarction with implanted SPIO-
labeled stem cells occurred less false-positive
reactions, while the false-positive reactions
occurred more in the situations that the labeled
stem cells were directly injected into the infarct
areas. The therefore developed fluorescence
reporter gene and SPIO double-labeling meth-
od were intended to compensate the shortcom-
ings, which was realized by labeling the rhoda-
mine fluorescence-coated MIRB reagent into
the stem cells with GFP-fluorescence gene, so
it might play the roles of multi-point confirma-
tion by tracing the transplanted stem cells’
whereabouts, functional changes and trans-
plantation effects monitoring, adding convinc-
ing results, Nan had already demonstrated its
feasibility through the MIRB-labeled ADSC [13].

The repairing of stem cell transplantation in the
injured tissues was a dynamic process, the
environments of injured sites were complex,
thus requiring the transplanted stem cells to
have the abilities of migration, crawling, prolif-
erating and differentiating into the appropriate
functional cells at the injured sites. This
required the SPI0-labeled stem cells not only to
retain good proliferation and differentiation
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potentials, but also not to interfere with the
movements and migration of normal stem cells.
Schafer used Resovist-labeled human bone
marrow mesenchymal stem cells and found
that the migration and clustering of SPIO-
labeled stem cells were impacted, but recov-
ered normal after cultured for two generations
[18]. This experiment used rat bone marrow
mesenchymal stem cells, and the experiments
proved that the application of SPIO labeling
concentration less than 100 pg Fe/mL would
not significantly affect the proliferation and cell
activities, but considering the signal strength of
MRI marker and the efficient usage of reagents,
25 ug Fe/mL was the much more appropriate
SPIO labeling concentration, consistent with
other researchers [10, 13, 19]. SEM results
showed that the microfilaments and micro-
tubes of SPIO-labeled cells were clear, the
stretch of wall-adherent cells’ pseudopodia
was normal, and it could be clearly observed
that the SPIO particles were concentrated
around the nuclei. TEM experiments further
showed that the SPIO particles were mainly
clustered in the cytoplasm around the nuclei,
while did not enter the normal organelles, how-
ever we also found that the sizes of intracellular
SPIO particles were not uniform, the larger par-
ticles could be as large as up to several hun-
dred nanometers, significantly higher than the
specifications of SPIO-labeled original solution
(35 nm), which gathered around the nuclei, and
those in the cytoplasm and far away from the
nucle were smaller, indicating that the SPIO
particles might occur aggregation around the
nuclei after entered the cells, while when the
oversized SPIO particles would interfere the
normal physiological functions of stem cells
still needed further confirmation.

During the osteogenetic experiments, we found
that the cells in the SPIO-labeling group could
normally induce the expressions of ALP and Ca
nodules, suggesting that SPIO-labeled cells
had the abilities of osteogenetic differentiation.
But through the quantitative analysis by poly-
biochemical analyzer towards the cellular
metabolites, we found that the productions of
ALP and osteocalcin by BMSCsin the SPIO-
labeling group were decreased. In the RT-PCR
gene expression experiments, it was also found
that the expressions of osteopontin, ALP, BMP-
2, RUNX2 and bone sialoprotein were signifi-
cantly decreased, suggesting that the fluores-

Int J Clin Exp Med 2015;8(8):12172-12181
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cent SPIO might downregulate the osteogenesis
of mesenchymal stem cells. Currently, there
still existed controversy about whether SPIO
would affect the osteogenesis of mesenchymal
stem cells, some researchers pointed out that
SPIO would not affect the osteogenetic proper-
ties of BMSCs [9, 20], but most only performed
the qualitative analysis, while lacked the com-
parative quantitative. Rosenberg pointed out
after SPIO-labeling, the expressions of Runx-2
and Osterix were not changed [21]. Alicia stud-
ied osteogenesis-related gene expressions, the
results showed that the SPIO-labeling might
downregulate the expressions of some osteo-
genesis-related genes, consistent with the
results of this study [22, 23]. The different
results might be caused by the different materi-
als and SPIO labeling methods used by these
researchers. According to our SEM results, the
SPIO particles gathering around the nuclei
could be up to several hundred nanometers,
which could interfere with the normal expres-
sions of certain genes. But we also noticed that
it was a complex process for stem cells to play
their bone repairing roles, and could not deter-
mine their osteogenetic abilities simply through
analyzing the expressions of specific genes,
and the in vivo environments were much more
complex, significantly different from the in vitro
cell culture conditions. Therefore, the impacts
of SPI0-labeling on BMSCs’ osteogenetic capa-
bilities still needed further confirmation by in
vivo experiment, and the combination of fluo-
rescent MIRB magnetical labeling and GFP-
fluorescent BMSCs would be essential to cor-
rectly trace the transplanted stem cells and
exclude the false-positive reactions generated
by in vivo transplantation of SPIO particles.

Conclusions

This study used multiple methods to investi-
gate the biological changes of fluorescent
SPIO-labeled BMSCs from many aspects, and
proved that 25 pg Fe/mL fluorescent SPIO-
labeling would not affect the normal prolifera-
tion of BMSCs, the changes of cytoskeletal
structures were not obvious, but we found the
larger SPIO particles aggregated around the
nuclei, and the labeling might downregulate
some osteogenetic capabilities of BMSCs, if
applied to tracing the bone defect repairing, it
still needed further in vivo study for the
confirmation.
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