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Superparamagnetic iron oxide promotes osteogenic  
differentiation of rat adipose-derived stem cells
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Abstract: Adult adipose tissue-derived stem cells (ADSCs) were found to hold great promise for use in bone tissue 
repair and regeneration. The present study aims to improve the osteogenesis of ADSCs by Superparamagnetic Iron 
Oxide (SPIO), which is widely used in tissue imaging. In this study, adipose-derived stem cells were harvested from 
4-week-old male Sprague-Dawley (SD) rats. The proliferation rates of ADSCs labeling with or without SPIO were as-
sessed by using trypan blue assay. The osteogenic capability was examined by employing the ALP activity detection 
kit. The mineralization of cells was determined by staining with Alizarin red S. Flow cytometry analysis was used to 
examine the cell apoptosis treated with or without SPIO. Real-time reverse transcription polymerase chain reaction 
(RT-PCR) analysis was utilized to detect the Runx2, Opn, Ocn and ALP genes in the cells. The results indicated that 
SPIO could promote rat ADSCs proliferation and reduce rat ADSCs apoptosis. Also, SPIO could significantly enhance 
the ALP and alizarin red staining of ADSCs in -SPIO group and +SPIO group (P < 0.01). Furthermore, we also found 
that the expression of Runx2, Opn, Ocn and ALP was significantly increased after SPIO treatment compared to the 
un-treated cells (P < 0.01). In conclusion, SPIO could promote the osteogenic differentiation of rat adipose-derived 
stem cells, which would also become a great potential therapeutic tool in bone tissue engineering. 
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Introduction 

Large bone defects caused by extensive injury, 
congenital malformations or diseases, create a 
major challenge to orthopedic surgeons. Embr- 
yonic stem cells (ESCs), owning to their pluripo-
tentiality, are more and more used in bone tis-
sue regeneration [1-3]. But their practical use is 
limited due to ethical concerns and regulation 
[4]. Adipose derived stem cells (ADSCs) are 
easily and abundantly available and capable of 
differentiating into multiple mesenchymal cell 
types, such as adipocytes, chondrocytes, 
osteoblasts and myoblasts [5, 6] avoiding ESCs 
defects. Moreover, ADSCs have been exten-
sively used for bone regeneration in various 
animal defect models, including craniofacial, 
tibial and mandibular defects, as well as some 
clinical trials [7-10]. ADSCs represent a kind of 
promising stem cells for bone tissue engi- 
neering.

Problems arise that localization and prolifera-
tion of the implanted ADSCs, as well as migra-
tion patterns between different organs, are 
critical parameters for evaluation of therapeu-
tic efficacy [11] since improper cell homing and 
engraftment is recognized as a fundamental 
issue for cell-based therapies [12]. Therefore, 
being able to monitor the in vivo behavior of 
implanted MSCs and understand the fate of 
these cells is necessary for further develop-
ment of successful therapies and requires an 
effective, non-invasive and non-toxic technique 
for cell tracking. Super paramagnetic iron oxide 
(SPIO) has broad applications in medicine, 
including use as a biosensor, in cell separation, 
cancer drug delivery, magnetic resonance imag-
ing (MRI) and magnetic fluid hyperthermia 
(MFH) [13-15]. These characteristics make 
SPIO an ideal label and tracer for cell-based 
therapies and ADSCs can be labeled by SPIO 
with almost 100% efficiency with transfection 
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agent (TA) [16]. MRI can be used to follow SPIO-
labeled MSCs and has been proposed as a gold 
standard for monitoring the in vivo biodistribu-
tion and migration of implanted SPIO-labeled 
MSCs [15]. 

The biological effects of SPIO-labeled MSCs 
administered with a TA have been investigated. 
SPIO labeling does not alter the morphological 
characteristics of MSCs and has no inhibitory 
effect on proliferation of MSCs from different 
sources [17]. Furthermore, labeling MSCs with 
ferumoxide does not adversely affect the func-
tional properties of human BMSCs, and does 
not impair viability, long-term metabolic activity 
and chondrogenic differentiation [18]. However, 
SPIO labeling has been reported to promote 
human BMSC proliferation, which may be asso-
ciated with cellular internalization of SPIO 
nanoparticles [19]. So far, whether SPIO label-
ing has effects on osteogenic differentiation of 
ADSCs has not been reported. In this study, we 
aim to examine the effect of SPIO on osteogen-
ic differentiation of ADSCs and elucidate mech-
anisms that direct ADSC osteogenic differen- 
tiation. 

Materials and methods

Animals

All animals and experimental procedures were 
approved by the local Institutional Animal Care 
and Use Committee complying with the “Guide 

(Sigma Diagnostics Inc., St Louis, MO, USA) 
with intermittent shaking at 37°C for 30 min. 
The floating adipocytes were separated from 
the stromal cell fraction by centrifugation (300 
g) for 5 min. The pellets were filtered through a 
200 lm nylon mesh to remove cellular debris 
and incubated overnight at 37°C with 5% CO2 in 
culture medium (high glucose DMEM (Hyclone), 
10% fetal bovine serum (Invitrogen) and 100 U/
mL penicillin/streptomycin (Invitrogen)). The pri-
mary cells were cultured for 4-5 days until they 
reached confluence and were defined as pas-
sage “0”. The cells were passaged at a ratio of 
1:3. The medium was changed every 2 days.

Proliferation assay

The proliferation rates of ADSCs labeling with 
or without SPIO were assessed by seeding 5 × 
104 cells per well in 24-well culture plate with 
complete growth media. Trypan blue exclusion 
assay was performed on day 1, 2, 3, 4, 5, 6 and 
7. A growth curve showing the number of viable 
cells versus days was plotted for each group. 

Alkaline phosphatase (ALP) activity of ADSCs

The ADSCs were seeded in 6-well plates, and 
ALP activity was determined by staining with 
nitro blue tetrazolium (NBT) and 5-bromo-
4-chroro-3-indolyl phosphate (BCIP). For quan-
tification of ALP activity, cells seeded in 6-well 
plates were rinsed two times with phosphate-
buffered saline (PBS), followed by trypsinization 

Figure 1. Growth curve of ADSCs cells proliferation. The statistical data in-
dicates that SPIO promotes ADSCs proliferation. *P < 0.05, ***P < 0.001 
represent the cell proliferation of SPIO treated cells compared to without 
SPIO treated cells.

for the Care and Use of 
Laboratory Animals” pub-
lished by Southern Medical 
University.

Isolation of adipose-derived 
stem cells

Adipose-derived stem cells 
were harvested from 4-week-
old male Sprague Dawley (SD) 
rats. The rats were killed by 
cervical dislocation and adi-
pose tissue in the inguinal 
groove was isolated and 
washed extensively with equal 
volumes of phosphate-buff-
ered saline (PBS) to remove 
blood cells. The isolated adi-
pose tissue was then digested 
with 0.1% collagenase type I 
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and then scraping in distilled water. This was 
followed by three cycles of freezing and thaw-
ing. ALP activity was determined at 405 nm 
using p-nitrophenyl phosphate (pNPP) as the 
substrate. Total protein contents were deter-
mined with the BCA method using the Pierce 
(Thermo Fisher Scientific, Rockford, IL, www.
piercenet.com) protein assay kit in aliquots of 
the same samples, which were read at 562 nm 
and calculated against a series of bovine albu-
min (BSA) standards. Relative ALP activity to 
the control treatment was calculated after nor-
malization to the total protein content. 

Mineralization assays for ADSCs

The ADSCs were seeded in 6-well plates, and 
mineralization was determined by staining with 

Alizarin red S. To quantify matrix mineralization, 
Alizarin red S-stained cultures were incubated 
in 100 mM cetylpyridinium chloride for 1 h to 
solubilize and release calcium-bound Alizarin 
red S into the solution. The absorbance of the 
released Alizarin red S was measured at 562 
nm. Relative Alizarin red S intensity to the con-
trol treatment was calculated after normaliza-
tion to the total protein content. 

Flow cytometry analysis for cell apoptosis

Cells were cultured in a six-well plate at 1 9 106 
ells per well with complete DMEM in the pres-
ence or absence of a HDAC inhibitor NaBu 
(Sigma) that was dissolved in PBS, at indicated 
concentrations. After 72 h of culture, cells were 
harvested and washed three times in PBS. 

Figure 2. Flow cytometry analysis for apoptosis detection of the ADSCs cells. A. Flow cytometry analysis for SPIO 
treated and SPIO un-treated cells. B. Statistical analysis.
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Cells from each sample were processed for 
Annexin V fluorescein isothiocyanate (FITC)/ 
propidium iodide (PI) apoptosis detection 
(Becton Dickinson, Franklin Lakes, NJ, USA) 
according to the manufacturer’s instructions. 
All experiments were carried out in triplicate 
and repeated three times.

Real-time reverse transcription polymerase 
chain reaction (RT-PCR) analysis

Cells were seeded into a six-well plate at 1 9 
105 cells per well and harvested at assigned 
time points post induction. Total RNA extrac-
tion was performed using Trizol Reagent 
(Invitrogen, Carlsbad, CA, USA) based on the 
manufacturer’s instructions. Amplifications 
were performed with the ABI 7300 Real-Time 
PCR System (ABI, Carlsbad, CA, USA) with dif-
ferent primers. The primers used were as fol-

lows: Runx2 forward TCCAGACCAGCAGCACTCC 
and reverse TCAGCGTCAACACCATCATTC; osteo-
pontin (Opn) forward AATGAAGGGCCCTGAGC 
and reverse GCCAGTTCTGCAAGGAAGC; osteo-
calcin (Ocn) forward AACGGTGGTGCCATAGATGC 
and reverse AGGACCCTCTCTCTGCTCAC; ALP 
forward CCAGCAGGCTTACCAAGAA and reverse 
TTTATCGCACAAAGGGAACA; 18 S rRNA forward 
GTAACCCGTTGAACCCCATT and reverse CCATC- 
CAATCGGTAGTAGCG. All annealing tempera-
tures were set at 60°C. Transcription levels 
were normalized to GAPDH mRNA level. Each 
value represents the average of at least three 
independent experiments.

Statistical analysis

The results are expressed as means standard 
deviation (SD). Comparisons between groups 
were analyzed using Student’s t-test or analysis 

Figure 3. Osteogenic capability of the ADSCs treated with or without SPIO. A. ALP staining for the osteogenic capa-
bility. B. Alizarin red staining for the osteogenic capability. ***P < 0.001 represent the osteogenic capability of SPIO 
treated cells compared to without SPIO treated cells.
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of variance (ANOVA), and the Student-Newman-
Kleuss method was used to estimate the level 
of significance. Differences were considered to 
be statistically significant at P < 0.05. 

Results

SPIO labeling could enhance ADSCs prolifera-
tion

Adipose-derived stem cells isolated from the 
inguinal groove adipose tissue of 4-week-old 
rats were initially plated in cell culture dishes 
(diameter 100 mm). Adipose-derived stem cells 
at the third passage became more uniform and 
grew in a monolayer with typical fibroblast mor-
phology. All characterizations were performed 

on the cells at passage 3. Flow cytometry 
results showed that the ADSCs consisted of a 
single phenotypic population positive for CD44 
(99.51%) and CD90 (99.73%). 

Then, we labeled ADSCs with or without SPIO. 
Through series observation, we found that, 
when labeled with SPIO, ADSCs growth rate 
was fast than their controls (Figure 1), and 
ADSCs apoptosis was not changed (Figure 2A 
and 2B). 

Effect of SPIO labeling on osteogenic differen-
tiation of ADSCs

We showed above that SPIO labeling could pro-
mote proliferation of ADSCs. We then continue 

Figure 4. Effects of SPIO treatment on the expression of osteogenic genes. Relative expression of osteogenic gene 
Runx2 (A), Opn (B), Ocn (C) and ALP (D) were analyzed and calculated.
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to assess whether SPIO labeling has effect on 
osteogenic differentiation of ADSCs. ADSCs 
were first labeled with or without SPIO for 2 
days and then induced by osteogenic differen-
tiation medium. As shown in Figure 3A and 3B, 
SPIO labeling could significantly enhance the 
ALP and alizarin red staining of ADSCs, sug-
gesting that SPIO labeling significantly incre- 
ased osteogenic differentiation capacity of 
ADSCs. 

SPIO enhances the expression of osteogenic 
genes

SPIO could increase ADSCs osteogenic differ-
entiation promotes us to further examine the 
mechanism. We found that the expression of 
Runx2, Opn, Ocn and ALP (Figure 4A-D) were 
significantly increased after SPIO labeling. 

Discussion

The biological effects of SPIO-labeled other 
stem cells have been reported, but the biologi-
cal effects of SPIO-labeled ADSCs administered 
with a TA have not been reported yet. In our 
study, we showed that SPIO-labeled ADSCs 
showed increased cell proliferation and accel-
erated osteogenic differentiation. And the phe-
notypes may be related with up-regulated 
expression of osteogenic genes, such as 
Runx2, Opn, Ocn and ALP.

Reports have been showed that SPIO labeling 
does not alter the morphological characteris-
tics of MSCs and has no inhibitory effect on 
proliferation of MSCs from different sources 
[20-25]. The viability and proliferation of rat 
BMSCs is unaffected by intra-cytoplasmic SPIO. 
In rat MSCs, no significant differences were 
observed between unlabeled and SPIO-labeled 
cells in terms of viability, proliferation, membra-
nous antigen and pluripotency into multiple lin-
eages [18]. In fact, SPIO labeling has been 
reported to promote human BMSC proliferation 
[26, 27], which may be associated with cellular 
internalization of SPIO nanoparticles [26]. In 
ADSCs, we also found that, SPIO could increase 
the proliferation of ADSCs. However, excess 
quantities of divinyl-coated SPIO inhibited the 
proliferation of MSCs [28]. 

Adipogenic and osteogenic differentiation of 
MSCs was not affected by SPIO labeling in most 
studies ([17, 29-32]. However, SPIO labeling did 

dose-dependently interfere with osteogenic dif-
ferentiation of human BMSCs, likely due to the 
production of Fe from the labeling reaction, 
which could activate cellular signaling and 
inhibit osteogenesis [33, 34]. In our study, we 
also found that the same effect. SPIO-labeled 
ADSCs showed increased osteogenic differen-
tiation, which may be related with up-regulated 
expression of osteogenic genes, such as 
Runx2, Opn, Ocn and ALP. Our data showed 
great promise of ADSCs in bone tissue engi- 
neering.
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