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Abstract—The aim of this study was to test the differentiative
effects of osteoblasts after treatment with a static magnetic
field (SMF). MG63 osteoblast-like cells were exposed to a
0.4-T SMF. The differentiation markers were assessed by
observing the changes in alkaline phosphatase activity and
electron microscopy images. Membrane fluidity was used to
evaluate alterations in the biophysical properties of the
cellular membranes after the SMF simulation. Our results
show that SMF exposure increases alkaline phosphatase
activity and extracellular matrix release in MG63 cells. On
the other hand, MG63 cells exposed to a 0.4-T SMF
exhibited a significant increase in fluorescence anisotropy at
6 h, with a significant reduction in the proliferation effects of
growth factors noted at 24 h. Based on these findings, the
authors suggest that one of the possible mechanisms that
SMF affects osteoblastic maturation is by increasing the
membrane rigidity and reducing the proliferation-promoting
effects of growth factors at the membrane domain.

Keywords—Mechanobiology, Growth factor, Fluorescence

anisotropy, SMF.

INTRODUCTION

Pulsed electromagnetic fields (PEMF) generated by
electromagnets have been used extensively in clinical
treatment of nonunited bone fractures for over two dec-
ades. Clinical evidence shows that, regardless of fracture
location, therapeutic effects can be achieved for union-
delayed and nonunion bone fractures using PEMF
treatment.2,12–13,28 Furthermore, PEMF simulation pro-
vides marked improvement at the hydroxyapatite/bone
interface.11 Cellular study has demonstrated that PEMF

treatment of osteoblasts results in a more-differentiated
and mature osteoblastic phenotype.21

The permanent magnet is a treatment variant also
used in clinical practice.8 The physical response of
tissue exposed to a static magnetic field (SMF) gener-
ated by a magnet differs from that exposed to a
PEMF; for example, the SMF does not induce an
electrical field in tissue.3,4 However, animal experi-
ments have been to demonstrate that an SMF created
by permanent magnets also increases bone strength,
prevents bone mineral density decreases, and acceler-
ates orthodontic tooth movement.8,25,38 Recently, cell
culture studies have demonstrated that, like PEMFs,
SMFs induce osteoblastic cell differentiation in the
early maturation stage.29,37

Osteoblasts synthesize bone-matrix macromolecules
and induce calcification of the matrix. They are con-
tinuously replaced from pools of differentiating pre-
osteoblasts that arise from osteoprogenitor cells. It is
well known that when the gene associated with osteo-
blastic differentiation is initiated, proliferation of the
osteoblastic cell is down-regulated.32 Recently, a
number of scholars have proposed that the mecha-
nisms of magnetic fields, in terms of their effects on
bone, can be explained by osteoblastic cell-growth ar-
rest and precursor-cell maturation.9,21

In cells exposed to an SMF, the cellular membrane
is assumed to be the target for the SMF interactions.
It has been proposed that phospholipids can be ori-
ented by external magnetic fields to reach an equi-
librium state with a minimum free energy when the
flux density of magnetic field exceeds a certain
threshold.1,6,18,33 Alternatively,34 discovered that gra-
dient magnetic fields can unbalance the hydrostatic
pressure across the bilayer lipid membrane.34 Both
reorientation of the molecules in the lipid bilayer and
hydrostatic pressure unbalance across the membrane
can possibly result in overdeformation of the cellular
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membrane, modification of the biological properties
of imbedded receptors in the membrane and, thereby,
altering the proliferation kinetics of the cells.7,31

However, although experimental evidence has been
generated that suggests that static magnetic fields in-
duce phospholipid orientation in the liposome.19 none
of the associated study data was provided to permit
validation of the hypothesis that an SMF affects the
function of proteins embedded in the bone-cell
membrane.

For this study, we have hypothesized that SMF
effects on the properties of growth factor receptors
embedded in the cellular membrane are reflected in
growth factor mediation of the proliferation and dif-
ferentiation properties of osteoblasts. Therefore, the
effects of SMFs, in terms of the interactions between
various growth factors and osteoblastic cells, were
examined in vitro. In addition, changes in the physical
properties of the cellular membrane post SMF exposure
were assessed initially by analyzing cellular-membrane
fluidity.

MATERIALS AND METHODS

Cell Cultures and SMF Exposure

In this study, MG63 osteoblast-like cells [ATCC
CRL-1427] were utilized for all in vitro tests. The cells
were maintained in Dulbecco’s modified Eagle’s med-
ium, supplemented with L-glutamine (4 mM), 10%
fetal bovine serum, and 1% penicillin-streptomycin
(HyClone, Utah, USA). Cells were incubated in 5%
CO2 at 37 �C and 100% humidity. The cells were di-
vided into control and SMF-exposed groups, and were
separately incubated inside two identical incubators.
Neodymium (Nd2Fe14B) magnets with a diameter of
10 cm were used to produce the SMF. The rare earth
magnets were isolated from the surrounding environ-
ment by a thin layer of nickel. For all experiments,
four 3.5 cm culture dishes were placed directly on the
north surfaces of the permanent magnets. As demon-
strated in Fig. 1, magnetic field intensity over the up-
per surfaces of the magnets and plastic dishes were
monitored by a handheld Gauss meter (Model 5070,
FW BELL, Orlando, FL, USA), and then labeled the
magnets with 0.1, 0.25, and 0.4 T accordingly. The
tested cells were placed on the north surfaces of per-
manent magnets, while controls were place on non-
magnetic neodymium disks in the second matched
incubator at the same time as the experimental ana-
logues. For all experiments, the cells were first incu-
bated in an unexposed environment for 24 h. The
SMF-exposed cells were then placed onto the magnets,
with this defined as time point 0 h for all tests.

Cell-Proliferation Assay

SMF effects on the proliferative activity of MG63
cells were evaluated using haemocytometers. The cells
were exposed to an SMF, with observation times set at
0, 24, 48, and 72 h after the exposure. To compare the
growth curves of the MG63 cells in the two identical
incubators, simultaneous cell proliferation assays were
performed before the SMF-exposure experiments. In
addition, the number of cell doublings that occurred
over consecutive days was calculated using the equa-
tion:27

2n=(P2)=(P1); ð1Þ

where n is number of cell doublings, P1 and P2 are the
cell numbers measured on two consecutive days.

Cell Cycle Analysis

From flow cytometry analysis, it was determined
that the SMF exposure conditions were identical to
those for the cell number assay described above. At
each observation time, the cells were fixed overnight in
70% ethanol at 4 �C. The cells were then treated with
0.25 mL 0.5% Triton X-100, followed by the addition
of 1 mg/mL RNase (Sigma; St Louis, MO, USA) at
37 �C for 30 min. Afterwards the cellular DNA was

FIGURE 1. Top diagram demonstrates the geometrical size
of the Petri dishes and the magnets used in this study. In the
lower part, the solid and dashed lines show the distributions
of magnetic field intensity over the upper surfaces of the
magnets and culture dishes respectively.
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stained with 50-lg/mL propidium iodide (Sigma) in
PBS at 4 �C in the dark for 30 min. The cell suspension
was then analyzed for DNA content by flow cytometry
(FACSCalibur; BECTON DICKINSON, San Jose,
CA, USA).

Alkaline Phosphatase Activity Assay

Alkaline phosphatase (ALPase) activity in the
MG63 cell layer was determined from the rate of con-
version of p-nitrophenyl phosphate to p-nitrophenol at
a pH of 10.2.21 The treated cells were exposed to an
SMF of 0.4-T flux density for 24 and 48 h. At each
observation time, absorbance was measured at 405 nm
with a multilabel plate reader (CHAMELEON; Hidex,
Mustiokatu, Finland). Total cell lysate was also used
for protein determination. Bicinchoninic acid (BCA
Protein Assay Kit; Pierce, Rockford, IL, USA) was
added to the cell lysate for 10 min, and then the
absorbance was read at 590 nm. Specific enzyme
activity was calculated using these two absorbance
parameters.

Transmission Electron Microscopy

The SMF-exposed (0.4 T) and unexposed cells were
cultured on chamber slides (Nunclon; Nunc, Roskilde,
Denmark) for 48 h. At the specified observation time,
the culture were fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde (Sigma) for 30 min, and fixed with
1% osmium tetroxide in 0.1 M PBS for 30 min. Fol-
lowing the initial fixation, the samples were postfixed in
osmium tetroxide. The samples were then dehydrated
in graded ethanol solutions (concentration series 70, 80,
90, 95, 100%) and embedded in EPON. Thin sections
were cut with a diamond knife and stained with
lead citrate and uranyl acetate. The ultrastructure of
the cells was then examined using a transmission elec-
tron microscope (TEM, H-600; Hitachi Ltd., Tokyo,
Japan).

Growth Factor Incorporation Tests

Cell number assay was also conducted to test the
effects of SMF on the proliferative activity of basic
fibroblast growth factor (bFGF), insulin-like growth
factor-I (IGF-I), transforming growth factor-b (TGF-
b), and tumor necrosis factor-a (TNF-a). Before the
incorporation assay, cells were kept serum free for
starvation. The cells were then incubated with 5 ng/mL
growth factors (Pepro Tech EC Ltd, London, UK) in
serum free media. Additionally, cells cultured with
10% and 0% FBS were set as positive and negative
controls, respectively. Cell number was enumerated in
both the SMF (0.4 T) and sham exposures at 12 h.

Membrane Fluidity Measurement

The plasma membrane fluidity of the SMF-treated
cellswas determined bymeasurement of the fluorescence
anisotropy of the hydrophobic fluorescent probe,1-(4-
(trimethylammonium)phenyl)-6-phenylhexa-1,3,5-tri-
ene (TMA-DPH; Molecular Probes, Eugene, OR,
USA). Cells of the exposed group were placed on the
0.4-T neodymium magnet for 8 h. Labeling was per-
formed by incubating the cells with 0.05 lM TMA-
DPH at 37 �C for 15 min.35 Fluorescence anisotropy
was determined with the multilabel plate reader. Exci-
tation and emission wavelengths were set at 360 nm
and 430 nm, respectively. Fluorescence anisotropy (r)
was calculated using the equation:26

r=(Ik - I?)/( Ik + 2I?) ð2Þ

where I|| is fluorescence intensity measured with verti-
cal excitation and vertical emission polarization filters
and I^ is the analog measured with vertical excitation
and horizontal emission polarization filters. An in-
crease in fluorescence anisotropy reflects a decrease in
probe mobility and an increase in membrane structural
order or a decrease in membrane fluidity.30

Statistical Analysis

Three independent experiments were performed for
all tests, with data presented as mean ± standard
deviation (SD) from at least four samples for each of
the three. For cell proliferation assay, Two-way
ANOVA was used to test the differences from cell
proliferation assay. In the other experiments, differ-
ences between the control and SMF-exposed cells were
tested using the Student’s t-test. For all tests, p value
less than 0.05 was considered significant throughout
the paper.

RESULTS

Statistically significant differences in cell numbers
were not demonstrated for any of the observation
intervals over the 72-h period comparing cells cultured
in the two matched incubators. In Fig. 2a, cell num-
bers increased for both SMF-exposed and control
groups throughout the entire experimental period.
However, after 24 h, there were significant differences
in cell number comparing the 0.4-T SMF exposed and
control groups (p < 0.05). The number of cell dou-
blings for the former was also significantly lower than
for the controls (Fig. 2b), varying in a flux density-
dependent manner in the first 24 h period (p < 0.05).

The total cell percentage differed for the three
phases of the cell cycle at each observation time
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(Figs. 3a–3c). During the 3-day tests, there was a ten-
dency towards increased cell percentage in the G0/G1

phase (approximately 55, 55, 60, and 75% at 0, 24, 48,
and 72 h, respectively), with fewer cells in the S and
G2/M phases (25, 26, 17, and 11% at 0, 24, 48, and
72 h, respectively). However, in each cell-cycle phase,
significant differences were not demonstrated com-
paring the exposed and unexposed cells at each
observation time. As the main alterations in prolifer-
ation rate were determined when cells were exposed to
a 0.4-T SMF for 24 h, the following tests were per-
formed to differentiate activity at this flux density.

When compared to the control group, the ALPase-
specific activity in the SMF-stimulated cells was sig-
nificantly greater at 48 h (p < 0.05; Fig. 4a). Using
transmission electron microscopy, the greatest differ-
ence between the control (Fig. 4b) and SMF-exposed
cells (Fig. 4c) was observed in the extracellular areas.
Extracellular matrices, released as clusters from plas-
ma membranes, were observed around the stimulated
cells at 48 h.

The cell numbers for both the exposed and control
cells remained at low levels, without significant change
in any of the tests where cells were cultured for 12 h in
a serum-free medium. When bFGF was added to the
serum-free medium, the number of control cells was
162% higher than without it (Fig. 5a). However, this
effect was significantly decreased (to 140%) when cells
were exposed to a 0.4-T SMF (p < 0.05). Results were
similar in the IGF-I (Fig. 5b) and TGF-b (Fig. 5c)

FIGURE 2. Cell proliferation assay for MG63 cells exposed to
static magnetic fields of different flux densities. (a) Cellular
exposure to SMF results in significant inhibition of prolifera-
tion rates in a flux density-dependent manner. (b) Number of
cell-doubling assay demonstrates that growth rates of SMF-
exposed cells were significantly lower relative to controls in
the first 24 h period (n = 4; *p < 0.05).

FIGURE 3. Cell cycle assay for MG63 cells exposed to static
magnetic fields of different flux densities. However, compar-
isons of cell-cycle percentages at (a) Go/G1, (b) S, and (c)
G2/M phases between SMF-exposed and control groups
reveals no significant differences for at any flux density
(n = 4; *p < 0.05).
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tests. The cell proliferation effects were also signifi-
cantly decreased from 200% and 159% to 181% and
142% in the IGF-I and TGF-b tests, respectively
(p < 0.05). A contrasting result was obtained when
TNF-a was added to the serum-free medium (Fig. 5d),
with control-group cell number significantly lower
(23%) than without it (p < 0.05) There was no sta-
tistical difference, however, comparing the two sets of
cultures with SMF exposure.

Alterations in the membrane fluidity of the MG63
cells exposed to a 0.4-T SMF are illustrated in Fig. 6.
A statistically significant increase in fluorescence
anisotropy (from 0.13 to 0.16; p < 0.05) was demon-
strated for the MG63 cells exposed to a 0.4 T SMF at
6 h, indicating that SMF exposure reduces the fluidity
of the cell membrane in the hydrophilic region.

DISCUSSION

The activity of ALPase is an early marker of
osteoblast phenotypic differentiation. In our study, the
enzyme activity of SMF-exposed cells at 48 h was
significantly greater than that of the controls (Fig. 4a).
Furthermore, our TEM investigation indicated that

the release of extracellular matrix, known to be
enriched with alkaline phosphatase was associated
with the enzyme-activity changes (Fig. 4c). As extra-
cellular matrix is a promoter of mineral deposition, the
SMF-exposed cells progressed into the matrix devel-
opment/maturation stage.

Down-regulation of osteoblastic cell proliferation is
an early characteristic of osteoblastic differentiation.32

Although reduced proliferation rate of neuronal
cells,24,27 renal cells,5 and fibroblasts20 have been
demonstrated in several studies of continuous cellular
SMF simulation, this study is the first to show that
SMF reduces the proliferation rate of osteoblastic cells
in vitro in a flux density-dependent manner (Fig. 2a).

The major cell-proliferation effect of SMF occurred
during the first 24-h experimental period. This result
was supported by the findings of several previous
studies, which reported that SMF affects the prolifer-
ative activity of osteoblastic cells in the early matura-
tion stage.29,37 As the MG63 cells constitute a model of
an early state of maturation in the osteoblastic line-
age,21 they have the potential to process further dif-
ferentiation. This explains the failure to demonstrate
significant differences between the proliferation rates
of the SMF-exposed and unexposed variants of pre-
vious incubations in line with other reports,22,37 pos-
sibly due to the fact that cells used in these studies have
more-differentiated phenotypes. However, our results
show that there is no association between SMF expo-
sure and cell cycle progression (at any flux density) in
any particular phase. These findings are consistent with
the results of previous investigations of human neu-
rons,24 cancer cells27 and fibroblasts.36

It is well known that bFGF, IGF-I, and TGF-b are
important for cell proliferation.14,19 However, SMF
exposure reduces the proliferate effects of these growth
factors. TNF-a is a cytokine that tends to inhibit the
growth rate of osteoblastic cells. Interestingly, cyto-
toxic effects of TNF-a on the tested cells were also
reduced with SMF exposure. Both bFGF and IGF-I
receptors are tyrosine kinase receptors. The TGF-b
and TNF-a receptors are serine/threonine kinase
receptors and cytokine receptors, respectively. These
results demonstrate that SMF-signaling effects are
nonspecific in the signal transduction pathway.

Membrane fluidity is an important biophysical
property of cellular membranes.15 Previous study has
found that electrical stimulation cause cells to tempo-
rarily halt proliferation by decreasing their membrane
fluidity.17 Therefore, one possible result of these
changes in membrane fluidity is linked to alterations in
the physiological processes of the cell membrane, such
as carrier-mediated transport, activity of membrane-
bound enzyme, and membrane fluorescence anisot-
ropy.16,17 This linkage was also revealed after cells

FIGURE 4. After 48 h of SMF exposure: (a) the alkaline
phosphatase activity of the SMF-exposed cells was signifi-
cantly greater than that of the controls (n = 4; *p < 0.05); the
greatest difference between the untreated control (b) and
SMF-exposed cells (c) was in the extracellular areas from
TEM. Cells appear to release matrix vesicles (black arrows)
around the SMF-exposed cells. Bar equals 12 lm.
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were exposed to a 0.4-T SMF for 6 h (Fig. 6), sug-
gesting an association between SMF exposure and
membrane structural order. Phospholipids are rod-like
molecules that exhibit liquid crystal properties in a
host of biological systems. As the SMF can re-orien-
tate liquid crystal molecules10 and change the hydro-
static pressures across the membrane,34 the membrane
should be affected by external SMFs. This effect may
results in deformation of the lipid bilayer, which then
affects proteins, such as growth factor receptors and

ion channels, embedded in the membrane.31 This
mechanical effect may possibly account for the facts
that the SMF inhibit the regulatory functions for each
type of growth factor (Fig. 2a) and the rate of cell
proliferation (Fig. 2a).

CONCLUSIONS

Based on these observations, it appears reasonable to
suggest that one of the possible effects of SMF stimu-
lation is that SMF reduces membrane fluidity and
inhibits proliferate activity of MG63 cells through
alteration of the signaling function of growth factors.
Sequentially, when the proliferation of SMF-treated
cells is arrested, an increase in ALPase activity is re-
vealed with amore differentiated morphology observed.
Basedonour limited results, wewould suggest that static
magnetic fields are potential clinical tools in orthopedic
rehabilitation, although more advanced in vivo studies
are needed to substantiate this apparent potential.
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