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Magnetically induced electrostimulation of human osteoblasts
results in enhanced cell viability and osteogenic differentiation
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Abstract. The application of electromagnetic fields to support
the bone-healing processes is a therapeutic approach for patients
with musculoskeletal disorders. The ASNIS-III s-series screw is
a bone stimulation system providing electromagnetic stimula-
tion; however, its influence on human osteoblasts (hOBs) has
not been extensively investigated. Therefore, in the present
study, the impact of this system on the viability and differ-
entiation of hOBs was examined. We used the ASNIS-III s
screw system in terms of a specific experimental test set-up.
The ASNIS-III s screw system was used for the application of
electromagnetic fields (EMF, 3 mT, 20 Hz) and electromag-
netic fields combined with an additional alternating electric
field (EMF + EF) (3 mT, 20 Hz, 700 mV). The stimulation of
primary hOBs was conducted 3 times per day for 45 min over
a period of 72 h. Unstimulated cells served as the controls.
Subsequently, the viability, the gene expression of differentia-
tion markers and pro-collagen type 1 synthesis of the stimulated
osteoblasts and corresponding controls were investigated. The
application of both EMF and EMF + EF using the ASNIS-III s
screw system revealed a positive influence on bone cell viability
and moderately increased the synthesis of pro-collagen type 1
compared to the unstimulated controls. Stimulation with EMF
resulted in a slightly enhanced gene expression of type 1 collagen
and osteocalcin; however, stimulation with EMF + EF resulted
in a significant increase in alkaline phosphatase (1.4-fold) and
osteocalcin (1.6-fold) levels, and a notable increase in the levels
of runt-related transcription factor 2 (RUNX-2; 1.54-fold). Our
findings demonstrate that stimulation with electromagnetic
fields and an additional alternating electric field has a positive
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influence on hOBs as regards cell viability and the expression of
osteoblastic differentiation markers.

Introduction

Bone tissue is subjected to constant remodelling processes
mediated by bone-forming osteoblasts and bone-resorbing
osteoclasts. According to Wolff's law, these processes are not
random, but are a consequence of bone tissue responding to
mechanical stress (1). Fukada and Yasuda demonstrated the
piezoelectric properties of bone and showed that mechanical
stress induces the formation of endogenous electric fields
within the tissue (2). Several studies have been conducted
to investigate whether bone healing can be influenced by
electrical stimulation. Although the underlying mechanisms
of electrically induced osteogenesis are not yet completely
understood, previous findings have demonstrated the benefit
of applying electromagnetic fields on bone regeneration. An
in vitro study by Icaro Cornaglia et al using the human osteo-
sarcoma cell line, SAOS-2, showed significantly increased
matrix calcification following stimulation with electromag-
netic fields (3). In other studies, an association between the use
of low-frequency electromagnetic fields and enhanced collagen
synthesis in mouse osteoblasts was observed (4). Electric (5,6)
and electromagnetic (7-9) fields even support the differentia-
tion of human mesenchymal stem cells into the osteoblastic
phenotype. These effects are mediated through direct effects
on intracellular and transmembrane channels (10), as well
as through indirect effects through the inverse piezoelectric
effect (11,12).

It has also been shown in vitro and in vivo, that biophysical
stimulation via the application of electric currents enhances
bone healing and restores structural strength (13-15). Based
on these findings, electrical bone growth stimulators have
been developed for clinical application (16,17). These systems
provide external stimulation that imitates endogenous electric
fields in order to activate bone regeneration. Common bone
stimulator techniques represent a promising therapeutic
approach for diseases, such as osteoarthritis and osteoporosis,
as well as for complicated fractures, including delayed unions,
non-unions and stress fractures (18). A particular technique
for the application of electromagnetic fields with an additional
alternating electric field (EMF + EF) is the ASNIS-III s screw
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system (Stryker GmbH, Duisburg, Germany). This system
is based on the bipolar induction screw system (BISS) (19)
that is derived from the stimulation method developed by
Mittelmeier et al. This semi-invasive method has been
described in detail previously (12,19). The ASNIS screw
is implanted at the site of the bone defect. A magnetic field
of 3-5 mT oscillating at a 20 Hz sine wave, generated by an
external primary coil induces voltage within the secondary
coil inside the ASNIS screw. This secondary coil is connected
to two electrodes in the screw tip and shaft, which are sepa-
rated by electrical insulation. As a result, an electric field is
created between the two electrodes. The maximum root mean
square (RMS) electric potential on the surface of the elec-
trodes is 700 mV (Fig. 1).

The ASNIS-IIT s screw system is a bone-stimulating implant
that is already being applied in clinical practice for the treat-
ment of avascular necrosis of the femoral head, fracture of the
femur neck and subtalar arthrodeses. The ASNIS-III s screw
system applies electromagnetic fields and an additional electric
field by a single screw and directly stimulates the adjacent
bone tissue which is supposed to accelerate bone regenera-
tion. Although the ASNIS-III s system is already being used
clinically, optimal parameters of stimulation (electric field
strength, frequency and stimulation periods) to further enhance
the effects of electromagnetic stimulation are still unknown.
Therefore, we developped a three-dimensional (3D) in vitro test
set-up using the technical equipment of the ASNIS-III s screw
system (12). In this set-up, the influence of EMF, as well as
EMF + EF on bone cells on different biomaterials was investi-
gated. This in vitro study showed an early shift of the osteoblasts
towards differentiation after a stimulation period of 3 days
when seeded on collagen scaffolds, indicating the influence
of piezoelectric materials on the stimulatory effects. However,
several studies stimulating cells on non-piezoelectric materials
have also demonstrated the effects of electromagnetic stimula-
tion (20-22). Therefore, in the present study, we focused on the
electromagnetic stimulation of human osteoblasts (hOBs) in
the absence of a matrix displaying piezoelectric properties to
reveal the direct effect of electromagnetic stimulation on cells.
Hence, in the present study, hOBs were integrated in agarose
gels enabling the stimulation of osteoblasts in a 3D matrix
and facilitating RNA isolation for subsequent gene expression
analysis. In such a set-up, the influence of EMF and EMF + EF
on the viability and differentiation capacity of primary hOBs
was analysed.

Materials and methods

Isolation of hOBs and embedding in agarose scaffold. Primary
hOBs were isolated under sterile conditions from the femoral
heads of patients undergoing a primary total hip replacement
as previously described (23). The samples were collected with
the consent of patients and after approval by the local ethics
committee (registration number: A 2010-10).

Isolated cells were cultured in 25 cm? flasks with 8§ ml
of Dulbecco's modified Eagle's medium (Biochrom, Berlin,
Germany) containing 10% fetal calf serum (FCS), 1% ampho-
tericin B, 1% penicillin-streptomycin and 1% HEPES buffer
under standard cell culture conditions (5% CO, and 37°C).
Osteogenic differentiation was induced by ascorbic
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Figure 1. ASNS-III s screw used for electromagnetic fields combined with an
additional alternating electric field (EMF + EF) stimulation of bone tissue. A
secondary coil is integrated into a single screw (X-ray image) and is connected
to two electrodes in the shaft and tip. An electrical insulation separates the two
electrodes [modified from Grunert et al (12)].

acid (50 pg/ml), B-glycerophosphate (10 mM) and dexa-
methasone (100 nM), and verified by the immunhistochemical
detection of the enzyme alkaline phosphatase (ALP) using
the Fuchsin+ Substrate Chromogen System (Dako, Hamburg,
Germany) according to the manufacturer's instructions.

At passage 3 the hOBs were embedded in an agarose scaffold
using low gelling agarose (Sigma-Aldrich, Seelze, Germany).
The solid agarose was dissolved with distilled water and steril-
ised at 135°C for 1 h. After cooling down for 24 h at 37°C, the
agarose solution was diluted with cell culture medium, resulting
in a 1% agarose solution.

The cultured cells were detached with trypsin/EDTA
solution and centrifuged to a pellet at 118 x g. Subsequently,
8.25x10° cells were resuspended in 3 ml liquid 1% agarose
solution and transferred into inserts for 6-well cell culture
plates (ThinCert™; Greiner Bio-One, Frickenhausen,
Germany). Cell-agarose solution was gelled at 4°C for 3 min.
Afterwards, an agarose scaffold measuring 30 mm in diameter
and 5 mm in height was prepared. The centre of the cell-agarose
scaffold was cut out in order to position the ASNIS screw in
the middle of the scaffold. The stimulation of 7.5x10> hOBs
required the use of 10% cell excess to compensate the loss of
scaffold during the preparation of the experimental set-up.

Experimental set-up for magnetic and electromagnetic stimu-
lation. EMF and EMF + EF were applied in vitro using the
ASNIS-III s-series screw system (Stryker GmbH and Co. KG,
Duisburg, Germany) as previously described (12). Custom-made
polystyrole screw holders with a diameter of 3.5 cm were
placed in 6-well cell culture plates to enable the stable align-
ment of the ASNIS screw. The screw holder was covered by the
agarose scaffold and the construct was overlaid with 6 ml cell
culture medium containing supplements for osteogenic differ-
entiation as mentioned above. The ASNIS screw was adjusted
within the centre of the agarose scaffold and screw holder by
screwing them through a pre-drilled hole in the lid of the 6-well
plate (Fig. 2A-E). The cells were incubated for 24 h to ensure
cell adaption within the scaffold.
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Figure 2. (A-E) Experimental set-up. /n vitro test system for (B) EMF and (C) electromagnetic fields combined with an additional alternating electric
field (EMF + EF) stimulation using the ASNIS-III s screw system. (F) Flow chart of stimulation protocol [modified from Grunert et al (12)].

EMF stimulation was performed by positioning the cell
culture plate with agarose-cell scaffolds and custom screw
holders (Fig. 2B) within the primary magnetic coil. The
coil generated a sinusoidal oscillating magnetic field with a
frequency of 20 Hz and a magnetic flux density of 3 mT. The
addition of the ASNIS screw (Fig. 2C) enabled the application
of EMF + EF on the hOBs. The maximum induced voltage
between the electrodes of the ASNIS screw was 700 mV, as
previously described (12). The cells were stimulated (EMF
and EMF + EF) 3 times per day for 45 min over a period of
3 days (Fig. 2F). The cell culture conditions were 37°C and
5% CO, in a humidified atmosphere. Unstimulated cells
embedded in an agarose scaffold with (EMF + EF control) and
without (EMF control) the ASNIS screw served as the controls
and were located in a separate incubator to avoid influences
from the magnetic field generated by the external magnetic coil.

Determination of cell viability. The metabolic activity of
the cells was examined using the water-soluble tetrazolium
salt (WST)-1 assay (Roche, Berlin, Germany). This colo-
rimetric assay is based on the reduction of water soluble
tetrazolium salt into formazan salt catalyzed by mitochondrial
dehydrogenases in intact cells. The amount of formazan corre-
lates with the enzymatic activity and reflects the metabolic
activity. Following incubation with a mix of the WST assay
reagent and cell culture medium at a ratio of 1:10 for 120 min
at 37°C, the absorbance was measured at 450 nm (reference,
630 nm) using an Opsys MR microplate reader (Dynex
Technologies, Denkendorf, Germany).

The viability of the osteoblasts was assessed using a
LIVE/DEAD® assay kit (Life Technologies, Carlsbad, CA,
USA). The two-color assay discriminates live from dead cells
by simultaneously staining with green fluorescent (494-517 nm)

calcein-acetoxymethyl (calcein-AM), indicating intracellular
esterase activity and red-fluorescent (528-617 nm) ethidium
homodimer-1, indicating the loss of plasma membrane integrity.
The assay was performed as recommended by the manufacturer.
Images of the cells were acquired using a fluorescence micro-
scope (Nikon Type 120) and evaluated with NIS-Elements
software (version D 3.2) (both from Nikon Instruments, Tokyo,
Japan). Separate images of live and dead cells were taken in
the same position. Afterwards, the images were overlaid using
image editor software (GIMP2.8.14, The GIMP Team).

Gene expression analysis. After a stimulation period of 3 days,
all samples were frozen at -70°C for subsequent gene expres-
sion analysis. The samples were thus quickly covered with
liquid nitrogen and homogenised using a pre-cooled pestle
and mortar. The fine powder was transferred into a centrifuge
tube; subsequently, TRI Reagent® (Zymo Research, Freiburg,
Germany) and Buffer QG (Qiagen, Leipzig, Germany) were
added. After mixing and incubating at room temperature for
5 min, the samples were centrifuged for 2 min at 12 000 x g. The
supernatants were used to perform RNA isolation by column
purification using the Direct-zol™ RNA MiniPrep kit (Zymo
Research) according to the manufacturer's instructions.
Single-stranded cDNA was synthesised from total RNA
with a T-Personal Thermocycler (Biometra, Gottingen,
Germany) using the High Capacity cDNA reverse transcrip-
tion kit following the manufacturer's instructions (Applied
Biosystems, Forster City, CA, USA). The synthesised cDNA
was used as a template for semi-quantitative real-time poly-
merase chain reaction (RT-qPCR) using the innuMIX qPCR
MasterMix SyGreen and qTower 2.0 (Analytik Jena AG, Jena,
Germany). The cycling conditions used for amplification were
95°C for 2 min, 40 cycles of 95°C for 5 sec and 65°C for 25 sec.
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Table I. Sequences of primers used for RT-qPCR.

Gene Direction Primer nucleotide sequence
Alkaline phosphatase (ALP) Forward 5'-CATTGTGACCACCACGAGAG-3'
Reverse 5'-CCATGATCACGTCAATGTCC-3'
Bone sialoprotein (BSP) Forward 5-ATTTTGGGAATGGCCTGTGC-3'
Reverse 5-GTCACTACTGCCCTGAACTGG-3'
Collagen type 1 (CollAl) Forward 5'-ACGAAGACATCCCACCAATC-3'
Reverse 5'- AGATCACGTCATCGCACAAC-3'
Hypoxanthine-guanine phosphoribosyltransferase (HPRT) Forward 5'-CCCTGGCGTCGTGATTAGTG-3'
Reverse 5'-TCGAGCAAGACGTTCAGTCC-3'
Osteocalcin (OC) Forward 5'-GGTGCAGCCTTTGTGTCC-3'
Reverse 5-TCAGCCAACTCGTCACAGTC-3'
Runt-related transcription factor 2 (RUNX-2) Forward 5'-CGCCTCACAAACAACCACAG-3'
Reverse 5'-ACTGCTTGCAGCCTTAAATGAC-3'

The sequences of the forward and reverse primers are shown
in Table I. The expression of all genes was normalised to the
expression of the corresponding housekeeping gene, hypoxan-
thine phosphoribosyltransferase 1 (HPRT). The relative amount
of target mRNA in thye unstimulated cells and treated cells was
analysed using the AACq method, where AACq = ACQq;imutaion-
ACQqoniro1> @s previously described (24).

Determination of pro-collagen type I protein content. The
rate of synthesis of the pro-collagen type I rate was measured
using an enzyme-linked immunosorbent assay (ELISA)
(MicroVue™ CICP EIA; Quidel Corporation, San Diego,
USA). The C-terminal pro-peptide of pro-collagen is consid-
ered to correlate with collagen expression. For the analysis,
supernatants of each stimulation experiment were collected
and stored at -20°C. The assay was performed according to the
manufacturer's specifications. The absorbance was measured
at a wavelength of 405 nm using an Opsys MR microplate
reader (Dynex Technologies). With the help of a standard
curve, the protein content was determined and set in relation to
the respective controls.

Data illustration and statistical analysis. Data are repre-
sented in a box plot. Each box shows the median, as well as
the 25th and 75th percentile. Dots point out mean values. The
whiskers indicate the minimum and maximum data values.
A minimum of 4 independent experiments were performed
for statistical analysis. The Kolmogorov-Smirnov-test was
conducted to assess the distribution of data. As the data
sets were found to be distributed normally, the statistical
significance of differences between groups was calculated by
one-way ANOVA (with the Bonferroni post hoc test) using
SPSS Statistics 2.0 software (IBM, Ehningen, Germany). The
level of significance was set to p<0.05.

Results

Viability of hOBs following stimulation with EMF and
EMF + EF. In this study, we examined the influence of EMF

and EMF + EF on the survival and differentiation of hOBs
using the ASNIS-III s screw system. Using the WST assay, the
metabolic activity of the hOBs was detected and represented
in relation to the respective unstimulated controls (Fig. 3A).
Accordingly, EMF + EF (1.24-fold) and EMF (1.27-fold)
increased the metabolic activity of the hOBs compared to the
unstimulated cells. Furthermore, the viability of the hOBs was
detected by live/dead staining. Osteoblasts stimulated with
EMF and EMF + EF as well as the respective unstimulated
controls displayed a large number of green fluorescent, viable
cells. Additionally, dead cells (red fluorescence) were observed
in each stimulation group (Fig. 3B). No differences in the
proportion of living and dead cells were detected between
EMF, EMF + EF and the controls.

Alteration of osteogenic differentiation in hOBs induced by
EMF and EMF + EF. Gene expression analyses of commonly
used osteogenic markers were performed to investigate the
differentiation of hOBs following stimulation with EMF and
EMF + EF. During exposure to EMF, the expression of collagen
type 1 (CollAl; 1.21-fold) and osteocalcin (OC; 1.31-fold)
slightly increased compared to the corresponding unstimu-
lated controls, whereas the expression of runt-related
transcription factor 2 (RUNX-2; 0.93-fold) and bone sialopro-
tein (BSP; 0.84-fold) was slightly downregulated. However,
stimulation with EMF + EF resulted in a significant increase in
the expression of ALP compared to both EMF (p=0.048) and
the unstimulated control (1.4-fold, p=0.036). Moreover, OC
expression was significantly enhanced following stimulation
with EMF + EF (1.6-fold, p=0.017) compared to the unstimu-
lated cells. The transcription factor, RUNX-2, exhibited an
increased expression level (1.5-fold), while CollAl was only
marginally influenced (Fig. 4).

Effect of EMF and EMF + EF on the synthesis of CICP.
Regarding the synthesis capacity of specific extracellular
matrix components, we determined the content of collagen
type 1 using the pro-collagen type 1 (C1CP) ELISA. The
CICP concentrations of EMF, EMF + EF and the respective
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Figure 3. Influence of EMF and electromagnetic fields combined with an additional alternating electric field (EMF + EF) on metabolic activity and viability of
human osteoblasts after 3 days. (A) Metabolic activity was quantified using WST-1 assay. Data (n=4) are normalised to the respective control and presented in
box plots, whereby boxes identify interquartile ranges, horizontal lines within the boxes indicate the median, black dots show the mean and whiskers denote
minimum and maximum values. Statistical analysis was conducted by one-way ANOVA (p<0.05). (B) Fluorescent microscopic photographs of live/dead
staining. Viable cells fluoresced green and dead cells fluoresced red (bar, 200 pm).
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Figure 4. Influence of EMF and electromagnetic fields combined with an additional alternating electric field (EMF + EF) stimulation on gene expression of
human osteoblasts after 3 days. Gene expression levels of osteogenic markers after EMF and EMF + EF in relation to the non-treated control. Data (n=6)
are presented in box plots, whereby boxes identify interquartile ranges, horizontal lines within the boxes indicate the median, black dots show the mean and
whiskers denote minimum and maximum values. Statistical analysis was conducted by one-way ANOVA ('p<0.05, represents significance of differences
between EMF + EF and the controls; “p<0.05, represents significance of differences between EMF and EMF + EF). Target genes are collagen type 1 (Col 1),
alkaline phosphatase (ALP), osteocalcin (OC), runt-related transcription factor 2 (RUNX-2) and bone sialoprotein (BSP).

controls were measured after 3 days in the supernatant of the  Discussion

cells. The CICP content of each stimulation group was set in

relation to the corresponding control. CICP expression was  Bone tissue has the ability to regenerate after lesions. This
enhanced to a slightly greater extent by EMF (1.21-fold) than  regeneration process is complex and bone regeneration of
EMF + EF (1.18-fold) (Fig. 5). large defects after trauma, tumour development and avascular
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Figure 5. Influence of EMF and electromagnetic fields combined with an
additional alternating electric field (EMF + EF) stimulation on the expression
of pro-collagen type 1 in human osteoblasts after 3 days. Measurement of pro-
collagen type 1 was performed using an ELISA test (n=6). Data are normalised
to the respective control and presented in box plots, whereby boxes identify
interquartile ranges, horizontal lines within the boxes indicate the median,
black dots show the mean and whiskers denote minimum and maximum
values. Statistical analysis was conducted by one-way ANOVA (p<0.05).

necrosis is one of the key challenges in reconstructive bone
surgery (25). Current clinical approaches for the enhancement
of bone regeneration are diverse; however, the use of bone
grafting methods is considered the ‘gold standard’. As these
common treatments do not always achieve the success desired,
the application of biophysical stimulation in combination with
bone grafting is a promising therapeutic approach (9). Hence,
the ASNIS-III s-series screw system, an electro-inductive
bone stimulating system, was introduced to enhance bone
regeneration in the case of avascular necrosis of the femoral
head (19).

In a previous study, we established an in vitro test set-up
for the stimulation of hOBs growing on 3D scaffolds made of
collagen and calcium phosphate using the ASNIS-III s-series
screw system (12). In the present study, we used this test set-up
to investigate the influence of EMF and EMF + EF on the
osteogenic differentiation of primary hOBs in the absence of
extracellular matrix molecules. Therefore, we embedded hOBs
in agarose gels to investigate the direct effects of electromag-
netic stimulation. Agarose is highly biocompatible and its
fibrous structure provides high porosity and similarity to phys-
iological extracellular matrix (26). The suitability of agarose
gels for the culture and differentiation of osteoblasts has been
previously demonstrated for the mouse osteoblast cell line,
MC3T3-E1l (27). Other groups have successfully implanted
hydroxyapatite/agarose hydrogels as bone graft material,
proving osteoconductive properties of composites (26,28).
Furthermore, the osteogenic differentiation of dental stromal
cells under mechanical stimulation in agarose gels has been
recently described (29). The ASNIS-III s screw was set in
the centre of the 3D osteoblast-agarose scaffold to expose the

bone cells to the EMF + EF. This set-up has the benefit of
mimicking the situation in vivo, where the ASNIS-III s screw
is implanted in the bone tissue to stimulate bone regeneration.

The ASNIS-IIT s treatment protocol for patients with avas-
cular necrosis of the femoral head involves bone stimulation for
45 min 3 times per day for several months. For our in vitro experi-
ments, similar stimulation intervals over a stimulation period of
3 days were used to analyse the initial effects of electromagnetic
stimulation, as done in a previous study by Grunert et al (12).
In this study, no cytotoxic effects of the stimulation method or
the screw material were determined. We approved the absence
of the negative influence of the implant system, as there was no
increase in cell death (assessed by live/dead staining) using the
ASNIS screw compared to set-ups without the ASNIS screw.
This confirms the biocompatibility of the Ti6Al4V alloy used
for the electrodes (30-32) and rules out any negative effect of
both EMF and EMF + EF. The exclusion of cytotoxic effects is
a notable aspect, given the clinical application.

Our investigations indicate that hOBs cultured in agarose
are sensitive to both EMF and EMF + EF, as for both condi-
tions, metabolic activity was similarly enhanced compared
to the unstimulated controls. In this study, cell survival and
proliferation, assessed by live/dead staining, were comparable
in all samples. However, other research groups have shown
that EMF positively affects the proliferation of primary
osteoblasts and osteoblast-like cell lines in non-piezoelectric
scaffolds (20,33).

Therapeutic success depends, not only on proliferation
and cell viability, but also on the differentiation of osteoblasts
with enhanced synthesis of extracellular matrix components
required for regeneration processes. The osseous extracellular
matrix is mainly composed of collagen type 1. The analysis
of the synthesised collagen type 1 levels showed a moderate
increase following exposure to EMF and EMF + EF.
Furthermore, gene expression analyses of important osteogenic
differentiation markers were performed. Boxplots depicting
gene expression demonstrate the variability of osteoblast donor
susceptibility to electromagnetic stimulation which has to be
taken into account for the evaluation of stimulatory effects and
the potential outcome of EMF therapy. The stimulation of hOBs
with EMF resulted in a slight increase in Coll/Al expression.
This is consistent with the data of previous studies showing that
electromagnetic stimulation alters the expression of CollAl
and thus affects the osteoblastic proliferation phase (20,34).
The influence on differentiation was also displayed by a slight
increase in OC mRNA levels following stimulation with EMF.
However, these findings were trends and did not reach a level of
significance, whereas EMF + EF using the ASNIS-III s screw
system resulted, not only in a significant enhancement of OC
and ALP mRNA expression, but also in the increased expres-
sion of RUNX-2. These findings support those of previous
studies showing that electrical stimulation promotes extracel-
lular matrix maturation and mineralization (35,36). Applied
electric fields enhanced the production of important extracel-
lular matrix proteins and further altered the gene regulation
in terms of RUNX-2 expression, a key transcription factor
associated with osteoblast differentiation (37). In conclusion,
gene expression analyses showed a more pronounced effect of
EMF + EF on differentiation-associated markers compared to
EMF alone.
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The results of the present study emphasise the capability
of EMF + EF to enhance osteoblastic differentiation, and thus
are consistent with those of our previous study that showed
changes in collagen type 1 synthesis (12). However, the
exposure of hOBs to electromagnetic fields with an additional
electric field resulted in a significant and more pronounced
elevation of synthesised collagen type 1 in a respective
study, indicating the influence of scaffold composition on
the response of cells to biophysical stimuli, as we and other
study groups have proposed previously (12,38). The agarose-
gel-scaffold used in the present study did not contain collagen
fibres as opposed to the one used in our previous study.
Collagen supports osteogenic differentiation by promoting
extracellular matrix protein expression (39,40). Additionally,
the deformation of collagen fibres as a response to elec-
tromechanical coupling (inverse piezoelectric effect) may
result in mechanically stimulated cell differentiation, thereby
influencing bone remodelling (12,22 ,41). The existence of the
inverse piezoelectric effect in collagen fibres and its resulting
deforming magnitude being sufficient to prompt mechanically
induced stimulation was recently proven by our group through
scanning X-ray diffraction experiments (11). Thus, the scaffold
material may account for variances between our present and
previous studies, indicating the beneficial but not the crucial
effects of piezoelectric matrix components for the differentia-
tion of hOBs following exposure to electromagnetic fields as
previously demonstrated (21,34,42). The distribution of the
electric field generated by the ASNIS-III s screw derived from
the numerical simulation study showed a considerable gradient
within the scaffolds (12), limiting the intensity of EMF + EF
in the periphery. Cells seeded in agarose are distributed
equally throughout the gel-scaffold; therefore, more cells were
subjected to a lower electric field in the outer edges, as opposed
to cells seeded in the point-wise method used in our previous
study which could also account for the differences between
both studies. The positive stimulatory effects in the absence
of extracellular matrix components prove the direct effect
of electric fields on osteoblasts. The potential mechanisms
involved include the release of calcium from intracellular
stores and the activation of cytoskeletal calmodulin without
the involvement of the inositol phosphate pathway or voltage
gated calcium channels and phospholipase A, activation as
previously proposed (10).

In conclusion, in this study, we demonstrate the posi-
tive influence of EMF and EMF + EF on bone cell viability
and differentiation even following short-term stimulation.
Differentiation markers were significantly enhanced by
stimulation with EMF + EF. These results emphasise the effec-
tiveness of the clinically used implant system for promoting
bone regeneration. Future studies regarding EMF + EF on hOBs
with extended stimulation periods for the analysis of long-
term effects and variation of parameters, including frequency,
stimulation intervals and maximum electric field strength, may
further optimise existing stimulation systems.
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