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Abstract: Pulsed electromagnetic fields (PEMFs) represent a new type of physiotherapy that has been shown to be 
effective for improving bone fracture healing and treating osteoporosis. Targeted therapy with bone marrow mesen-
chymal stem cells (BMMSCs) has been the focus of several recent studies. The key to such therapy is the effective 
application of certain nanomaterials in BMMSCs so they achieve an ideal target concentration under the influence 
of a PEMF. In our present study, the effects of a PEMF on the process of osteoblastogenesis were systematically 
investigated using superparamagnetic iron oxide nanoparticle (SPION)-labeled BMMSCs. Rat BMMSCs labeled with 
SPIONs were exposed to a low-frequency pulsed electromagnetic field (LPEMF) of 50 Hz at 1.1 mT. Exposure to 
the LPEMF resulted in an enhanced proliferation of SPION-labeled BMMSCs when compared with a control group. 
Furthermore, observations made by transmission electron microscopy (TEM) revealed greater cell concentrations in 
the central zone with exposure to the LPEMF than in the peripheral zone without LPEMF stimulation, indicating that 
a LPEMF could induce the migration of SPION-labeled BMMSCs towards a magnetic field. Transwell experiments 
confirmed that combining SPIONs with a LPEMF could significantly promote the directional migration of BMMSCs. 
Von Kossa and ALP staining of LPEMF-exposed SPION-labeled cells was more intense, and those cells displayed 
higher levels of ALP activity than control cells. The SPION-labeled, LPEMF-exposed cells also showed increased 
levels of osteogenesis-related gene and protein expression (e.g., ALP, OCN, and RUNX2) in PCR and western blot 
studies. Taken together, our findings suggest that a combination of LPEMF and SPIONs exerts a synergistic effect 
on promoting the directional migration and osteogenic differentiation of BMMSCs, indicating that application of a 
LPEMF in conjunction with SPIONs may constitute a method for treating bone defects. 
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Introduction

With the arrival of an aging society, bone 
defects have become one of the most common 
disorders among older people. Decreases in 
bone mass accompanied by bone micro-struc-
ture deterioration can lead to several systemic 
bone disorders, including osteoporosis and 
pathologic bone fracture [1]. Conventional 
pharmacologic agents (e.g. calcitonin, estro-
gen, growth hormone, and bisphosphonates) 
either promote bone formation or inhibit bone 
resorption, and have a long history of use in 
treating osteopenia [2]. Nevertheless, the long-
term effects of these agents have not been 

fully elucidated, and the disease recurrence 
rate is high, which has limited their further 
application [3, 4]. During the past decade, stem 
cell therapies and tissue engineering have been 
introduced as methods for treating bone 
defects, but due to a deficiency of materials 
and the risk for carcinogenicity, only a few of 
these treatment strategies are currently avail-
able. Therefore, it is very important to identify 
safer and more effective methods for prevent-
ing and treating bone defects.

Pulsed electromagnetic field (PEMF) therapy 
was first used to treat bone fractures by Basset 
et al. [5] in 1974, and since that time, the under-
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ling therapeutic mechanism of PEMF therapy 
has received increased attention from scien-
tists. Substantial evidence indicates that as a 
noninvasive method, PEMF therapy exerts bio-
logical effects on a variety of bone defects and 
diseases, ranging from bone fractures to osteo-
porosis [6]. Previous studies showed that PEMF 
exposure is capable of improving skeletal bio-
mechanical strength and enhancing bone min-
eralization [7]. Subsequent studies have shown 
that a PEMF with a specific frequency and 
intensity can promote the proliferation and dif-
ferentiation of osteoblast precursors. Chang et 
al. [8] discovered that a PEMF of 15 Hz at 7 mT 
could significantly promote osteoblast produc-
tion. Tsai et al. [9] showed that a PEMP of 15.38 
Hz at 0.1 mT could improve the proliferation 
and differentiation of osteoblasts. Diniz et al. 
[10], reported that a PEMF of 7 Hz at 0.13 mT 
was capable of increasing the percentage of 
proliferating osteoblasts, while a PEMF of 7.5 
Hz at 0.32 mT attenuated cell proliferation. In 
spite of these gratifying results, the potential 
effect of a PEMF on osteoblastogenesis and 
the mechanism by which a PEMF influences 
mesenchymal stem cell proliferation and differ-
entiation have remained poorly understood, 
which limits the further clinical application of 
PEMF therapy.

Targeted therapy with stem cells has enabled 
the use of new strategies for treating disease. 
When compared with pharmacologic treat-
ments, targeted stem cell therapy has no  
dose-toxicity effect [11]. Stem cells can also 
differentiate and then secrete cytokines [12, 
13]. Traditional targeted stem cell therapies 
can only concentrate stem cells or force them 
to maintain their characteristics to limited 
extent. The low targeting efficiency and concen-
trations of stem cells in target organs and tis-
sues have impeded research and the further 
clinical application of stem cell therapy. Bone 
marrow mesenchymal stem cells (BMMSCs) 
can differentiate into osteoblasts, chondro-
cytes, neurons, and other cell types [14]. They 
can express osteogenic factors and angiogenin 
[15], which account for their direct effect on 
osteogenesis. Superparamagnetic iron oxide 
nanoparticles (SPIONs) possess a net zero 
magnetization value at room temperature 
(~25°C), and because of their high thermal  
stability, low toxicity and superparamagnetism 
[16], have be used in the fields of biomedicine 

and biotechnology [17]. Moreover, magnetic 
nanoparticles can achieve a targeted migration 
toward an external magnetic field [18, 19]. It 
has been suggested that a magnetic field might 
activate the superparamagnetism of SPIONs 
and promote the differentiation of bone pro-
genitor cells into osteoblasts [20]. Previously, 
we developed a new type of SPION with a 12 
nm diameter. These SPIONs are biologically 
stable and can be monodispersed. Moreover, 
following surface modification, these new 
SPIONs maintain their stability in cell culture 
medium [21].

We hypothesized that a low-frequency pulsed 
electromagnetic field (LPEMF) might induce  
the directional migration of SPION-labeled 
BMMSCs and activate the superparamag-
netism of SPIONs, resulting in increased cell 
proliferation and the promotion of osteogenic 
differentiation. To test our hypothesis, we la- 
beled BMMSCs with an appropriate concentra-
tion of SPIONs, and then applied a LPEMF to 
the cells to investigate the synergistic effect of 
a PEMF and SPIONs on osteoblastogenesis. In 
addition, cell migration and the concentration 
of SPION-labeled BMMSCs migrating toward a 
specific target were examined during the pro-
cess of PEMF-stimulated-osteogenesis.

Materials and methods

Cell culture and purification

All animals were maintained in accordance with 
Institutional Animal Care and Use Guidelines, 
and the experimental protocols were approved 
by the Animal Experiments Committee of Sou- 
thern Medical University (Permit Number: 
20163291). Wistar rats (2-4 weeks old; 90-120 
g) were anesthetized, and their tibias and fibu-
las were dissected after disinfection. The bone 
marrow was repeatedly flushed out with Dul- 
becco’s modified Eagle’s medium (DMEM)/F-12 
(Gibco, Waltham, MA, USA) and then centri-
fuged at 1000 rpm for 10 min. The resulting 
pellet was collected and re-suspended in 
DMEM/F-12 containing 10% fetal bovine serum 
(FBS; Gibco) and 1% penicillin-streptomycin 
(Gibco) in a 25-cm2 culture flask, which was 
then placed in a 37°C humidified incubator 
with a 5% CO2 atmosphere. Approximately 10 
days later, cells filled the bottom of the culture 
bottles, and those cells were designated as the 
first cell culture passage. The cells were then 
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sub-passaged at a 1:1 ratio, amplified, purified, 
and expanded to third-passage cells. The third-
passage BMMSCs were digested and prepared 
as single cell suspensions in 100 μL of PBS and 
kept shielded from light. Next, the culture medi-
um and non-adherent cells were removed. The 
harvested cells were confirmed as BMSCs by 
flow cytometry performed using FITC-conju- 
gated rat anti-mouse CD34 (2.5 μL), CD45 
(0.625 μL), CD90 (0.25 μL), and CD29 (0.625 
μL) monoclonal antibodies (Santa Cruz Bio- 
technology, Inc., Santa Cruz, CA, USA). A blank 
control group was treated with an isotope anti-
body that had the same source and subgroup 
as the FITC-conjugated rat anti-mouse mono-
clonal antibodies. All samples were incubated 
at 4°C, washed, centrifuged at 1000 rpm for 5 
min, and then resuspended in 200 μL of PBS. 
Flow cytometry was used to analyze the cells. 
Finally, the third-passage BMMSCs were used 
in all subsequent experiments.

SPION synthesis and labeling

The SPIO (Fe3+
2O3M2+O; Southern Medical Uni- 

versity, Guangzhou, China) used in this study 
was a 3-aminopropyl triethoxysilane-modified 
Fe2O3 particle with a diameter of 10-15 nm.  
The synthesis and phase transfer of SPIONs 
were performed according to published proce-
dures [22]. Monodispersed SPIONs were first 
synthesized by thermal decomposition of iron 
oleate. SPION labeling of the BMSCs was per-
formed as previously described. In brief, the 
hydrophilic SPIONs were sterilized by filtration 
through a 0.22-μm syringe filter into fresh 
DMEM/F-12; after which, poly-L-lysine (Gibco) 
was added to a final concentration of 0.75 µg/
mL [23]. This was followed by homogenization 
for 60 min. Third passage BMSCs were washed 
three times with phosphate-buffered saline 
(PBS) and then grown in DMEM/F12 containing 
10% FBS, 100 U/mL penicillin, and 100 ng/mL 
streptomycin. The cells were then incubated in 
6-well plates with five different concentrations 
of SPIONs (0, 25, 50, 75 and 100 μg/mL) for 24 
h at 37°C in a 5% CO2 atmosphere with 95% 
humidity. At 24 h after labeling, the cells were 
subjected to Prussian blue iron (Beijing Leagene 
Biotech, Co., Ltd., Beijing, China) staining using 
Mallory’s method [24]. The cells were then  
fixed in 4% paraformaldehyde for 30 min and 
rinsed three times with purified water. The 
reagent was mixed with an equal quantity of 2% 

hydrochloric acid and 2% potassium ferrocya-
nide, and then added to the cultures, followed 
by an overnight incubation. Images were taken 
with an inverted microscope (DMi1; Leica 
Microsystems GmbH, Wetzlar, Germany). 

LPEMF exposure

The PEMF device (EBI, L.P. Parsippany, NJ,  
USA) was provided by the Department of 
Pathophysiology at Southern Medical Univer- 
sity, and comprised a pulsed signal generator 
and Helmholz coils assembly with two-coils, 
operated by a spark gap pulse generator. The 
PEMF waveform used in the experiments con-
sisted of a pulsed burst (pulse-width 360 ns, 
rise-time 10 ns, 400 kV/m) that was repeated 
at 50 Hz. When examining the effects of a 
LPEMF on SPION-labeled BMMSCs, the PEMF 
device was placed in a cell incubator (5% CO2, 
37°C). The BMMSCs were then seeded at dif-
ferent densities into tissue culture flasks using 
expansion medium. The cultures were placed 
into the PEMF device and exposed to the LPEMF 
for 3 h per day. The applied field consisted of 
4.5 ms bursts of 20 pulses, repeating at 50 Hz. 
During each pulse, the magnetic field increased 
from 0 to 1.1 mT in 250 μs and then decayed 
back to 0 mT in 50 μs. An exposure apparatus 
with the same parameters had been used to 
significantly osteoblastogenesis in our previous 
studies. In order to perform control and experi-
mental studies simultaneously, “sham irradiat-
ed” control samples were placed in another  
cell incubator with a properly energized actua-
tor so as not to produce a PEMF stimulus, but 
ultimately generate the same quantity of heat 
as the actuator used in the experimental study. 
The temperatures were measured with a ther-
mometer immediately before and after LPEMF 
stimulation. The cells were continuously cul-
tured in a humid atmosphere with 5% CO2 at 
37°C throughout the course of each experi- 
ment.

CCK8 assay

To identify the safe concentration of SPIONs  
in BMMSCs, five groups of BMMSCs labeled 
with different concentrations of SPIONS (0, 25, 
50, 75 and 100 μg/mL) were re-suspended at 
2 × 104 cells/mL. These five experimental 
groups, together with a non-labeled control 
group, were seeded into 96-well plates (100 μL 
per well). After 24 h of culture, 10 μL of cell 
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were then placed under a 1.1 mT, 50  
Hz LPEMF, and cell density was observed 
and photographed. Cell migration in the 
two groups was monitored by imaging 
the cell redistribution under influence of 
the LPEMF. After 3 h of LPEMF irradia-
tion, images of the central and peripheral 
zones were taken via transmission elec-
tron microscopy. The total cell number in 
each flask was counted with a hemocy-
tometer under a microscope. The experi-
ments were repeated five times, inde- 
pendently.

Table 1. Random primer sequences used for the RT-PCR

Gene Primer Primer sequence (5’-3’) Product 
length

Runx2 F TGCACCTACCAGCCTCACCATAC 105
R GACAGCGACTTCATTCGACTTCC

ALP F GTTGCCAAGCTGGGAAGAACAC 121
R CCCACCCCGCTATTCCAAAC

OCN F GGCGTCCTGGAAGCCAATGTG 132
R GACCAGGAGGACCAGGAAG TCCACGT

β-actin F GCCAACACAGTGCTGTCT 114
R AGGAGCAATGATCTTGATCTT

counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) 
reagent was added to each well; followed by an 
additional 2 h incubation. After incubation, the 
absorbance of each well at a 450 nm excitation 
wavelength was measured with a plate reader 
[25]. The cell growth inhibition caused by each 
concentration of SPIONs was calculated accor- 
ding to the following equation: inhibition rate = 
(O.D. control group - O.D. experimental group)/
(O.D. control group - O.D. blank group) × 100. 
The optimum concentrations of SPIONS were 
used in the subsequent studies.

To study the proliferation of SPION-labeled 
BMMSCs in a LPEMF, BMMSCs labeled with 50 
μg/mL SPIONS were placed into the wells of a 
96-well plate and cultured in a specific growth 
medium starting at an initial density of 1 × 104 
cells/mL (100 mL per well). The cells were incu-
bated for at least 12 h to ensure sufficient 
adhesion. Next, the cells were continuously 
exposed to a 50 Hz, 1.1 mT LPEMF for 3 h each 
day, while the control group received sham 
exposure. After LPEMF stimulation, SPION-
labeled BMMSC proliferation was quantified 
using a CCK-8 kit. A 20 mL volume of CCK-8 
solution was added into each well of the plate. 
After incubation at 37°C for 2 h, the plate was 
shaken for 2 min on an oscillator; after which, a 
micro-plate reader was used to detect the OD 
value of each well at 450 nm. The same pro-
cess was repeated for the next 9 days.

Directional migration analysis

SPION-labeled and non-labeled BMMSCs were 
seeded into ten culture flasks, which were then 
equally divided into experimental and control 
groups. Marked graduations were made to sep-
arate the bottom of each flack into two regions 
of equal size: an inner circle to indicate the  
central zone and an outer ring to indicate the 
peripheral zone. The experimental group cells 

At the same time, aliquots of BMMSCs were 
assigned to four different groups. Non-labeled 
BMMSCs without LPEMF exposure were admin-
istrated vehicle and served as a control group. 
Non-labeled BMMSCs stimulated with the 
LPEMF served as the second group. One group 
of SPION-labeled BMMSCs was exposed to a 
sham coil, while the other group of SPION-
labeled BMMSCs was exposed to the LPEMF. 
Transwell assays were performed using 
Biocoat™ Matrigel™ Chambers with 8-μm 
pores (BD Biosciences, Franklin Lakes, NJ, 
USA) as described in the vendor’s protocol. A 
total of 200 μL of serum-free RPMI medium 
containing 2 × 103 cells/mL (5 × 104 cells/well) 
was seeded into each upper chamber of the 
Transwell plate. The bottom chambers were 
filled with 1% fetal bovine serum-RPMI. The 
cells were then cultured at 37°C with 5% CO2 
for 48 h. Following culture, cells adhering to the 
membrane surface were fixed with 4% parafor-
maldehyde at room temperature for 30 min, 
permeabilized with 100% methanol for 20 min, 
and then stained with 1% crystal violet for 1 h. 
The membrane was then detached, wiped with 
a cotton swab, and examined under a micro-
scope at ×100 magnification (Olympus, Tokyo, 
Japan). Three non-overlapping fields were cho-
sen to calculate the total number of cells.

Von Kossa and ALP staining

Non-labeled BMMSCs (1 × 104 cells/mL) were 
seeded in four culture plates (A and B groups), 
and SPION-labeled BMMSCs were treated simi-
larly (C and D groups). After the cells were cul-
tured for 48 h, the medium was replaced with 
an osteogenic medium consisting of high-glu-
cose DMEM (Gibco) supplemented with 10% 
FBS, 10 nmol/L dexamethasone (Sigma Aldrich, 
St. Louis, MO, USA), 10 mmol/L β-glycerol phos-
phate (Sigma Aldrich), and 50 μmol/L ascorbic 
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Figure 1. The expression levels of CD29, CD90, CD34, and CD45 in rat BMSCs were examined using flow cytom-
etry. An isotype antibody served as a negative control (blue line). The percentages of CD29-positive and CD90-
positive cells were 99.44% and 96.40%, respectively. The percentages of CD34-positive and CD45-positive cells 
were ~2.27% and 1.53%, respectively.

acid (Sigma Aldrich). The B and D groups were 
exposed to the 50 Hz, 1.1 mT LPEMF for 3 h 
each day, while the A and C groups were left 
untreated and served as controls. Von Kossa 
and ALP staining were performed 21 days later. 
After three washes with PBS, the cells were 
fixed with 4% paraformaldehyde for 30 min, 
soaked in an AgNO3 solution, and then exposed 
to ultraviolet irradiation for 30 min. Next, the 
cells were rinsed with pure water, soaked in a 
sodium thiosulfate solution for 2 min, rinsed, 
and stained with dimethyl diaminophenazine 
chloride. Finally, the cells were dehydrated with 
ethanol and photographed [20] We also used a 
spectrophotometric method to evaluate ALP 
activity in the culture supernatants of the four 
groups [26]. 

Real-time PCR

After 21 days of osteogenic induction, four 
groups of BMMSCs were dissolved and their 
intracellular RNA was extracted and reverse 
transcribed using a Super-Script First Strand 
cDNA System (Invitrogen, Carlsbad, CA, USA). 

Primer sequences used for the RT-PCR are list-
ed below (Table 1). The appropriate cDNA was 
synthesized for the real-time PCR, and the first 
strand cDNA products were amplified using 
PowerUp SYBR Green Master Mix (Stratagene, 
La Jolla, CA, USA) and specific primers as previ-
ously described [27]. The PCR conditions were 
94°C for 45 s, 59°C for 45 s, and 72°C for 1 
min. The relative mRNA expression levels were 
normalized to those for β-actin. Next, 1% aga-
rose gel electrophoresis was used to analyze 
the PCR products and band intensity was quan-
titated using Image-Quant analysis software.

Western blotting

Four groups of BMMSCs were dissolved on ice, 
washed with ice-cold phosphate buffered 
saline (PBS), and subsequently immersed in 
RIPA buffer (1 × PBS, 1% NP40, 0.1% sodium 
dodecyl sulphate, 1 mM sodium orthovana-
date, 0.5% sodium deoxycholate). The solutions 
were transferred to a microcentrifuge and 
stirred for 30 min at 4°C. Next, the cell lysates 
were centrifuged at 12,000 rpm for 10 min, 
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Figure 2. The effect of SPION on BMMSCs. A. TEM image of the synthe-
sized 12 nm SPIONs. The inset shows a strong response of the nanopar-
ticle solution to an external magnetic field. B. Third passage BMMSC mor-
phology as viewed under a bright field microscope (×100 magnification). 
C. Prussian blue staining of BMMSCs incubated with 50 μg/mL SPIONs 
(×100 magnification). Inhibition of cell growth produced by exposure to 
different SPION concentrations for 6 consecutive days. Cell proliferation 
gradually decreased as the SPION concentration increased. 

and the protein concentrations in the superna-
tants were measured with the Bradford protein 
assay (Bio-Rad Laboratories, Hercules, CA, 
USA). The supernatant proteins were separat- 
ed by SDS-PAGE and then electrophoretically 
transferred (16 V for 2 h) onto polyvinylidene 
difluoride (PVDF) membranes (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA) using 
a transfer buffer (25 mM Tris, 192 mM glycine, 
4% methanol, pH 8.3). The membranes were 
blocked with 5% (w/v) defatted milk. Murine 
monoclonal antibodies Runx2 (1:1000), OCN 
(1:1000), ALP (1:1000), and β-actin (1:3000, 
Abcam, UK) were added to the membranes and 
incubated overnight at 4°C. The membranes 
were then washed with PBS, and horseradish 
peroxidase-conjugated anti-mouse secondary 
antibody (1:5000 dilution in TBS, Abcam) was 
administrated for 60 min at room temperature. 
Immunostaining was detected using an ECL 
Plus western blotting analysis system (Pierce, 
Rockford, IL, USA). The luminescent signals 

were continuously passaged into the third gen-
eration. Flow cytometry analyses showed that 
surface markers CD29 and CD90 were present 
in 99.44% and 96.40% of cells, respectively. 
The hematopoietic stem cell markers CD34 
and CD45 were present in 2.27% and 1.53% of 
cells, respectively (Figure 1).

SPION labeling of BMMSCs 

Monodispersed SPIONs were synthesized by 
thermal decomposition of iron oleate as previ-
ously described [28]. TEM observations showed 
the nanoparticles were ~12 nm in diameter 
(Figure 2A). The nanoparticles had a strong 
saturated magnetic moment. Their aqueous 
solution behaved similar to a ferrofluid (Figure 
2A, inset) and responded to the magnetic field 
of a handheld magnet. Long spindle-and polyg-
onal-shaped third-passage rat BMMSCs were 
confirmed by flow cytometric analysis as 
described above. These cells grew on the cul-

were recorded with BioMax 
X-ray film (Amersham Biosci- 
ences, UK). β-actin was used an 
internal control to confirm the 
equal loading of proteins. Each 
well of the plate was considered 
as an individual sample. At lea- 
st 3 independent experiments 
were performed in succession. 

Statistical analysis

All numerical results represent 
the mean ± standard deviation. 
ALP activity in the four groups 
was compared by one-way anal-
ysis of variance (ANOVA). Re- 
peated measures ANOVA was 
used to check the cell density of 
various regions before and after 
LPEMF irradiation. A P-value < 
0.05 was considered statisti-
cally significant. All statistical 
analyses were performed using 
SPSS for Windows, Version 
13.0.

Results

Purification of BMMSCs

In the present study, BMMSCs 
were isolated from the tibias 
and fibulas of rats and then cul-
tured ex vivo. Primary BMMSCs 
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Figure 3. Cell performance on cell growth, cell density and distribution after stimulated by LPEMF. A. Cell growth 
curves of 50 μg/mL SPION-labeled BMMSCs with or without exposure to the LPEMF. B. Cells were uniformly dis-
tributed prior to application of the LPEMF. C. Cells aggregated after 2 h of LPEMF exposure. D. Cells were much 
sparser in the peripheral zone where the LPEMF wasn’t applied. Scale bar = 100 μm. E. Cell density in the different 
zones before and after LPEMF stimulation. *P < 0.05 compared with cell density before stimulation. **P < 0.01 
compared with cell density before stimulation. Data are presented as the mean ± SD (n = 3). *P < 0.05 and **P < 
0.01 compared with the LPEMF(-) group.

ture substrates in a spiral arrangement as 
observed under a light microscope (Figure 2B). 
Loading of SPIONs onto BMMSCs was con-
firmed by Prussian blue staining. The SPIONs 
were stained blue and scattered around the 
cell nuclei (Figure 2C). The percentage of cells 
labeled with SPIONs reached 100% when they 
were incubated with a SPION solution ≥ 50 μg/
mL. However, the cells showed relatively light 
Prussian blue staining when they were incubat-
ed with 25 µg/mL SPIONs, indicating that 25 µg 
of SPIONs was insufficient to label all of the 
cells. 

In vitro safety evaluation of SPIONS in 
BMMSCs 

As shown in Figure 2D, cell proliferation gradu-
ally decreased as the SPION concentration 
increased. While cells in the 25 μg SPION/mL 

group showed the lowest proliferation rate, the 
rate was not significantly different from that in 
the 50 μg SPION/mL group. (P = 0.076). Given 
that a SPION concentration of 25 μg/mL was 
insufficient to label all of the cells (as men-
tioned above), we used the 50 μg SPION/mL 
concentration when conducting our subse-
quent experiments.

LPEMF significantly promoted the proliferation 
of SPION-labeled BMMSCs 

It was previously demonstrated that a 50 Hz 
LPEMF could promote the proliferation of 
BMMSCs [29]. In our study, the O.D. value of 
the cultured cells was measured for 10 consec-
utive days. After 4 days of culture, the O.D. 
value of the non-treated control group in- 
creased from 0.076 to 0.157, while that of the 
experimental irradiated group increased from 
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Figure 4. Effect of SPIONs and PEMF on Cell migration, von Kossa calcim staning, activity of ALP of BMMSCs. A and 
B. Transwell experiments showed that the number of migrating BMMSCs in the LPEMF(+)SPION(+) group was signifi-
cantly greater than those numbers in the other three groups. *P < 0.05, **P < 0.01, #P > 0.05 compared with the 
control group. C. ALP activity in the four BMSC groups after 21 days of osteogenic induction. *P < 0.01 compared 
with any other group. D. (Top row) von Kossa calcium staining and (bottom row) ALP staining of the four BMMSC 
groups after 21 days of osteogenic induction. Visible black crystalline mineral deposits were observed after staining. 
Combined SPION labeling plus LPEMF exposure.

0.081 to 0.245. There was an obvious increase 
in the number of cells when compared with the 
sham exposure group, and this growth trend 
remained constant during the following 6 days. 
(Figure 3A) These data demonstrated that a 
LPEMF could significantly promote the prolifer-
ation of BMMSCs labeled with SPIONs.

SPION-labeled BMMSCs migrated directionally 
toward the LPEMF

Before the LPEMF was applied, the two groups 
of cells were uniformly distributed in the field of 
view (Figure 3B). After 2 h of LPEMF exposure, 
the concentration SPION-labeled cells in the 
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Figure 5. Expression of Runx2, OCN and ALP after 21 days of osteogenic induction. The qRT-PCR analyses showed 
that LPEMF exposure significantly increased the expression of genes related to cell differentiation in SPION-labeled 
cells. Data acquired by the RT-PCR assays are presented as the mean ± SD (n = 3). The relative expression level 
of each gene was normalized to that of β-actin, and the ratio is given. *P < 0.05, **P < 0.01 compared with the 
SPION(-)PEMF(-) group. Expression of osteoblastogenesis-related proteins after 21 days of osteogenic induction. 
Western blot studies showed that LPEMF exposure significantly increased the synthesis of osteoblastogenesis-
related proteins in SPIONs-labeled cells. Relative protein content was normalized to that of β-actin.

central area of the magnetic field increased 
substantially (Figure 3C), while the concentra-
tion of cells in the peripheral zone without 
LPEMF stimulation decreased (Figure 3D). The 
effect of the LPEMF on cell density was statisti-
cally significant when analyzed by repeated 
measures ANOVA (Figure 3E). Non-labeled 
BMMSCs did not show a significant difference 
of cell density in the central zone when com-
pared with that in the peripheral zone, indicat-
ing that the observed increase in cell density 
under influence of the LPEMF was due to cell 
migration rather than cell proliferation. 

Transwell assay results showed that the num-
ber of cells passing through the Transwell 
chamber was much higher in the group with 
LPEMF exposure than in the sham exposure 
group. Moreover, the maximum migratory effect 

was observed in the group in which the cells 
were labeled with SPIONs and also exposed to 
the LPEMF (Figure 4A). The number of migrated 
cells in each group was counted and analyzed. 
The results showed that there were more cells 
migrating into the lower Transwell chamber in 
the SPION(+)PEMF(+) group, when compared 
with the control group (Figure 4B). These 
results suggested that the combination of 
SPION-labeling plus LPEMF exposure signifi-
cantly promoted the directional migration of 
BMMSCs.

The LPEMF and SPIONs synergistically promot-
ed the osteoblastic differentiation of BMMSCs

The individual and combined effects of the 
LPEMF and SPIONs were investigated by 
observing changes in cell morphology, bone for-



The synergistic effect of LPEMF and SPIONs on BMMSCs

1440 Am J Transl Res 2018;10(5):1431-1443

mation, and ALP activity in four parallel cul-
tures. As shown by the results of von Kossa 
staining and ALP staining (Figure 4D), all four 
cultures displayed osteogenic activity; however, 
the cells labeled with SPIONs and also exposed 
to the LPEMF differentiated more rapidly than 
cells in the other cultures. Furthermore, our 
results showed that exposure to the LPEMF 
alone was sufficient to promote cell differentia-
tion when compared with non-treated cells, 
regardless of whether the cells were labeled 
with SPIONs or not. SPION-labeled cells that 
were not exposed to the LPEMF did not show 
any differences in terms of bone formation 
when compared with non-labeled cells. This 
demonstrated that SPIONs alone do not pro-
mote differentiation. We found that the ALP 
activity of SPION-labeled cells with LPEMF stim-
ulation was significantly higher than that of the 
other groups (P < 0.001). Similarly, LPEMF 
exposure alone was sufficient to increase cel-
lular ALP activity, regardless of whether the 
cells were labeled with SPIONs (Figure 4C). 

The synergistic effect of LPEMF exposure and 
SPIONs on promoting BMMSC osteoblastic dif-
ferentiation was detected via RT-PCR and west-
ern blotting. SPION-labeled and non-labeled 
BMMSCs were transferred into a 6-well cell cul-
ture plate containing osteogenesis inductive 
medium at a density of 2 × 105 cells/mL (2 mL 
per well). After LPEMF exposure (1.1 mT, 3 h/
day) for 21 days, the levels of Runx2, OCN, ALP, 
and β-actin expression were measured using 
RT-PCR. The results showed that when com-
pared with the control group, LPEMF stimu- 
lation greatly promoted the expression of  
osteogenesis-related genes in SPION-labeled 
BMMSCs. At the same time, Runx2, OCN, and 
ALP expression were also significantly en- 
hanced in the PEMF(+)SPION(-) group, but not 
as much as in the PEMF(+)SPION(+) group 
(Figure 5A-C).

The levels of osteoblastogenesis-related pro-
tein expression as detected in western blot 
studies are shown in Figure 4D. The levels of 
Runx2, OCN, and ALP expression were signifi-
cantly higher in the LPEMF group than in the 
group without LPEMF stimulation, regardless of 
whether the cells were labeled. However, there 
were no differences between the osteoblasto-
genesis-related proteins expressed by the 
SPION-labeled cells and non-labeled cells. The 

overall level of osteoblastogenesis-related pro-
tein expression in the PEMF(+)SPION(°C) group 
was significantly higher than that in the other 
groups. When taken together, the above results 
indicated that the combined effect of the 
LPEMF plus SPIONs was stronger than that of 
either factor applied alone, indicating a syner-
gistic effect of SPIONs and a LPEMF on the 
osteoblastic differentiation of BMMSCs. 

Discussion

In recent decades, pulsed electromagnetic 
fields have been shown to exert biological 
effects in treating bone defect disorders, and 
especially fractures, osteoporosis, and bone 
nonunion [30, 31]. Some studies have revealed 
that different cell types display higher degrees 
of proliferation and differentiation after PEMF 
exposure [32, 33]. These findings suggest that 
a PEMF might influence the osteoblastogenesis 
process. Our recently research showed that 
SPION-labeled osteoblasts could affect bone 
structure and function and increase trabecular 
bone mass and strength (data not shown). It 
has been suggested that magnetic fields acti-
vate the superparamagnetism of SPIONs, 
which enables them to promote the differentia-
tion of bone progenitor cells into osteoblasts. 
However, few studies have reported the use of 
a PEMF in targeted therapy. In this study, we 
constructed a model of bone marrow mesen-
chymal cells, and then labeled them with 
SPIONs. The effect of a PEMF on the SPION-
labeled BMMSCs was then investigated. 

Previous studies explored the safety of using 
SPIONs for clinical purposes. Wang et al. [34] 
added iron oxide nanoparticles (IONs) to mes-
enchymal stem cells, and showed that ION 
labeling did not induce apoptosis. We obtained 
similar results in this study. Although there was 
a dose-dependent effect of SPION concentra-
tion on cell proliferation, the concentrations 
needed to label the majority of cells (25 and 50 
µg/mL) had negligible effects on cell growth. 
However, a 50 µg/mL SPION concentration was 
determined to be the optimal concentration 
due to its complete labeling capability and low 
cytotoxicity.

Previous studies confirmed that a LPEMF could 
increase BMMSC proliferation by 29.6% when 
compared with non-treated cells [29, 35]. 
However, few studies have reported the effect 
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of a LPEMF on the proliferation of SPION-
labeled BMMSCs. We generated a cell growth 
curve and found that after 4 days of culture, the 
O.D. value of SPIONs-labeled cells treated with 
a LPEMF increased by 2-fold when compared 
with that of SPION-labeled cells without LPEMF 
exposure. Furthermore, that growth trend 
remained constant during the subsequent  
6 days, demonstrating that the LPEMF had  
significantly promoted the proliferation of 
BMMSCs labeled with 50 µg/mL SPIONs.

Artificial control of the direction that stem cells 
move is a key study point of targeted therapies 
based on stem cells and nanomaterials. This 
area requires studying directional migration in 
vitro and targeted uptake in an in vivo microen-
vironment, as well as the proliferation and dif-
ferentiation of stem cells and their biological 
safety. Endogenous and exogenous BMMSCs 
migrate from the blood through vascular endo-
thelial cells under the influence of a variety of 
factors. They reach their target tissue for colo-
nization and retain their differentiation poten-
tial via a process known as BMMSC “homing” 
[36]. Similar to the cardiovascular system, a 
LPEMF can deeply penetrate human tissue and 
guide ferromagnetic particles such as SPIONs 
to their target tissues [37]. Our findings showed 
that LPEMF exposure for 3 h/day increased the 
density of labeled cells, rather than unlabeled 
cells, in the central region where the LPEMF 
was applied (P < 0.001), indicating that SPION-
labeled BMMSCs could directionally migrate in 
vitro under stimulation of a LPEMF. This finding 
suggests that stem cell movement can be con-
trolled by this system, and encourages further 
studies of the targeted uptake of BMMSCs in 
an in vivo microenvironment. 

Kanczler et al. [28] applied a remote magnetic 
field to activate nanoparticle mechanorecep-
tors adhered to BMMSCs. This application 
resulted in bone progenitor differentiation in 
vitro, and apparent increases in the synthesis 
of proteoglycans, type I and II collagen, and 
extracellular matrix. Therefore, we hypothe-
sized that osteogenic differentiation might be 
enhanced by applying SPION-labelled BMMSCs 
capable of functioning under the influence of a 
LPEMF. In our study, we found that SPION-
labeled BMMSCs exposed to a LPEMF not only 
differentiated more rapidly than other groups 
of cells, but also displayed the strongest von 

Kossa and ALP staining, the most abundant 
black crystalline minerals, and the highest ALP 
activity. We also found that SPION-labeled 
BMMSCs with LPEMF exposure exhibited the 
highest levels of osteogenesis-related gene 
and protein expression when compared with 
the other groups. These results strongly sug-
gest that a LPEMF combined with SPIONs syn-
ergistically promotes the osteogenic differenti-
ation of BMMSCs. 

Conclusion

Given that a SPION is a new nanomaterial with-
out much biological activity, it may be surpris-
ing that cells labeled with SPIONs have an 
enhanced osteogenesis potential, especially 
during exposure to a LPEMF. Our present stud-
ies showed that the proliferation of SPION-
labeled cells can be promoted by exposure to a 
LPEMF, and also revealed a significant syner-
gistic effect on in-vitro osteoblast differentia-
tion. Furthermore, we discovered the direction-
al migration of SPION-labeled BMMSCs in vitro, 
which serves as a good reference for related 
studies and lays the foundation for further in 
vivo experimentation. However, some challeng-
ing issues remain to be solved, including how to 
promote the homing of composite particles, 
improve the biological compatibility of nanoma-
terials, further reduce cytotoxicity, and improve 
the targeting efficiency of labeled cells. None-
the-less, our results still provide an important 
foundation for further exploration, and suggest 
new directions for bone fracture and bone 
defect therapies.
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