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ABSTRACT

Many different pulsed electromagnetic field (PEMF) devises have been clinically used to stimulate healing
processes, but many procedures are still without supporting basic research data. The aim of this study was to
investigate a new modified pulsed electromagnetic field therapy: electromagnetic transduction therapy
(EMTT). EMTT is technically based on high-intensive PEMFs with a magnetic field strength between 80 and
150 mT. The effect of EMTT for a 10-min session three times a week on human bone marrow mesenchymal
stem cells (MSCs) was evaluated by assessing cell viability, gene expression of bone regenerative factors and
VEGF-A (vascular endothelial growth factor) secretion after 7 and 14 days of treatment. No negative or toxic
effects of EMTT on MSCs in vitro were observed in the applied test frame. The VEGF-ELISA at day 7 of EMTT
treatment with 80 mT showed a significant higher VEGF concentration compared to untreated control group.
In conclusion, high-intensive electromagnetic impulses showed no harmful effects on MSC cultures in our
study. The enhancement of the proangiogenic factor VEGF in MSCs on day 7 indicates a substantial role in
cell-stimulating effect of EMTT. Further in vitro and in vivo studies should differentiate specific stimulating and
regenerating effects of EMTT impulses in soft tissue engineering. Specific electromagnetic characteristics
have to be determined to optimize electromagnetic treatment options in orthopedic surgery and traumatology
and soft tissue treatment options.
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introduction

Short-acting electromagnetic impulses are increasingly used for non-invasive treatment of soft tissue
injuries, musculoskeletal disorder and degeneration without any ionizing or thermal effect (Rubik 1997).
Previous in vitro and in vivo studies have shown that biophysical stimulation with pulsed electromagnetic
field (PEMF) plays a significant role in bone tissue by stimulating cell proliferation and extracellular matrix
production and inhibiting inflammatory activities (Fu et al. 2014; Ongaro et al. 2014). The Food and Drug
Administration (FDA) has approved PEMF as an effective and a safe therapy for the following health and
body conditions in respective years: 1979 for the healing of fractures, 1998 for muscle stimulations and
urinary problems, 2004 for cervical fusion patients, 2006 for the treatment of depression and anxiety, 2011
for the treatment of brain cancer and finally for osteogenesis stimulation, bone fractures, and non-unions
(Bassett 1989; Waldorff et al. 2017). At that time, the FDA suggested that stimulation of PEMF requires a
minimum of 10 h per day. Recent in vitro trials have approved the effectiveness of significant shorter
treatment durations per day by stimulation of osteoblast and MSC growth, increased ALP activity (Li et al.,
2007) and activating mTOR pathways, leading to transcription of growth factors such as BMP-4 (Patterson
et al. 2006). Until now, a large variety of protocols exist for the use of PEMF.
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Figure 1. Oscillating circuit of TheraCell device (Guth MediTec, Schechen, Germany (80 mT)).

In the last decade, different PEMF devices and technologies were designed, but most clinical trials failed
to prove the efficacy in bone healing. The magnetic power of a single electromagnetic impulse measured in
millitesla (mT), the fast increasing time of the impulse and the impulse frequency are the most important
parameters to create biological effects. Figure 1 shows the oscillating circuit of a EMTT device.
Electromagnetic field strength is probably the most important parameter of PEMF therapy besides
stimulation duration. The relevant physical parameter is called effective transduction power (kT/sec).
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Electromagnetic transduction therapy (EMTT) is a promising new form of electromagnetic treatment using
high-intensive PEMFs with a magnetic field strength between 80 and 150 mT, effective transduction power
>60 kT/s and an oscillating frequency of >100 KHz with exponential decay ensuring a tissue penetration of
up to 18 cm. A pulse repetition frequency (PRF) of 3 Hz and single-pulse train duration of 140 ys with no
temperature increase in tissue (Krath et al. 2017; Varani et al. 2021; Waldorff et al. 2017). In this context, the
extracorporeal magnetotransduction therapy (EMTT) is a promising new form of electromagnetic treatment
using high-intensive PEMFs with a central magnetic field strength between 80 and 150 mT and an oscillating
frequency of >100 kHz.

In this experimental study, we investigated the effect of EMTT on human bone marrow mesenchymal
stem cells (MSCs) simulating normal outpatient treatment by using a treatment of 10 min in duration three
times a week over a period of two weeks in total. We analyzed the effect of PEMFs on mRNA expression of
the early osteogenic markers collagen I (Owen et al. 1990) and alkaline phosphatase (Jaiswal et al. 1997) and
on later markers, such as osteocalcin (Marom et al. 2005), at two defined time points during treatment. In
addition, vascular endothelial growth factors (VEGFs) and bone morphogenic proteins (BMPs) are important
inductors of osteogenesis and angiogenesis during bone healing procedure (Samee et al. 2008; Urist and
Strates 1971). Bone is a highly vascularized tissue, and reconstructing local microcirculation is prerequisite
for effective bone regeneration. Thus, the mRNA expression of VEGF and BMP-2 was analysed as well.

The aim of this study was to evaluate whether short biophysical stimulation with high-intensive
electromagnetic impulses by EMTT favors osteogenic stimulation and differentiation of MSCs.

Materials and methods
MSC cultures

The femoral heads were obtained as an excess material during total hip operation by the Department of
Orthopedic Surgery and Traumatology, University Schleswig Holstein, Campus Kiel, with informed consent
from all patients. The use of human bone material was approved by the local ethical advisory boards. Human
MSCs were obtained from femoral heads of four different patients as previously described (Kolbe et al.,
2011). At the time of surgery, all patients were aged from 65 to 71 years and suffered from primary
osteoarthritis of the hip. NSAID intake was recorded only for medication. Bone fragments were washed
several times with phosphate buffered saline (PBS; PAA Laboratories, Pasching, Austria) to collect the
loosely associated cell fractions. The washing solution containing bone marrow residues was filtered by cell
strainer (BD Falcon, Franklin Lakes, NJ) and centrifuged, and cell pellets were cultivated in collagen-coated
T-175 tissue culture flasks (Sarstedt, Niimbrecht, Germany) at the density of 2 x 109 cells/cm? in DMEM/
Ham’s F.12 (Biochrom, Berlin, Germany) supplemented with 20% FBS (PAA Laboratories) and 1%
penicillin (PAA Laboratories). The cells were incubated in a humidified atmosphere at 37°C in 5% CO,, and
the medium was refreshed every two to three days. When reaching 80-90% confluence, the cells were
transferred into the next phase. At phase two, MSCs were stimulated by osteogenic differentiation medium
(ODM) (Langenbach and Handschel, 2013). ODM consists of DMEM/ Ham’s F.12 (Biochrom)
supplemented with 0.1 uM dexamethasone (Sigma-Aldrich, St. Louis, MO), 10 mM -glycerol phosphate
(Sigma-Aldrich), 50 uM ascorbate-2-phosphate (Sigma-Aldrich), 10% FBS, and 1% penicillin. At phase
three, MSCs were used for the experiments by seeding 5 x 10% cells/well in 24-well plates. MSCs were
cultured for 14 days in 1 ml of ODM culture medium per well. The medium was changed three times a week.



Electromagnetic transduction therapy (EMTT) device

High-intensive pulsed electromagnetic fields were generated by an CE-labeled medical device of class 1la
called TheraCell (Guth MediTec, Schechen, Germany). The technical components are integrated in a robust
plastic housing with dimensions 127 x 50 x 50 cm. The activated device delivers EMTT impulses with a
magnetic field strength between 80 and 150 mT in the middle of a current-carrying twisted loop with a
diameter of about 20 cm. The impulse has a release frequency between 1 and 3 Hz and a magnetic field
intensity between 64,000 and 120,000 A/m in the middle of the loop. The resonant base frequency is
120 kHz. The temporal change of the magnetic field strength is defined with the effective transduction power
which is above 60 kT/s for EMTT devices (Knobloch 2022).

Cell treatment

To find the probably most effective intensity configuration, MSCs were treated either with a magnetic field
strength of 80 mT (group A) or 150 mT (group B) and compared to the control group (group C), containing
untreated MSC cultures. If high-intensive PEMFs with shorter treatment duration also have a positive effect
on cell activity like bone regeneration and angiogenesis, this might enhance the practicality of these PEMF
devices in clinical practice immensely.

To follow the osteogenic differentiation and cell stimulation in response to EMTT, MSCs were assigned
in three treatment groups: treatment with 80 mT EMTT (group A), treatment with 150 mT EMTT (group B)
and no treatment with EMTT (group C). During two weeks, cells of groups A and B were treated in total six
times for 10 min each time with a frequency of 3 Hz and an intensity of 80 mT or 150 mT (Figure 2).

Day 0O: Seeding collagen-coated 24 well plates, Amount of cells/well: 5 x 10*
Day 1: Analyses

Day 2: 09:30 EMTT of Group A+B, Feeding

Day 4: 09:30 EMTT of Group A+B, Feeding

Day 7: 09:30 EMTT of Group A+B, Analyses, Feeding

Day 9: 09:30 EMTT of Group A+B, Feeding

Day 11: 09:30 EMTT of Group A+B, Feeding

Day 14: 09:30 EMTT of Group A+B, Analyses, Feeding

Figure 2. Treatment protocol.

Therefore, the 24-well plates of groups A and B were positioned in the center of the TheraCell device
loop under standard conditions using a template (Figure 3). The cell cultures were seeded on day O of the
treatment protocol in six defined central wells of each 24-well plate to create equal magnetic field conditions
for MSCs of groups A and B during treatment. To ensure same environments for all three groups, group C
was also taken each time out of the incubator for a 10-min duration.
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Figure 3. Placement of the 24-well plate by template in the center of the EMTT device loop.

Cell proliferation assay

Cellular viability and metabolic activity were analyzed using an MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium) assay (CellTiter 96® AQueous One Solution
Cell Proliferation Assay; Promega Corporation, Fitchburg, WI). The MTS assay was used to measure the
metabolic activity of the MSCs on day 1, day 7 and day 14 of the culture. A solution of MTS and ODM in a
1:5 dilution was added to the designated cell cultures of the 24-well plates and incubated for 90 min at 37°C
and 5% CO,. Subsequently, the OD was measured by spectrophotometry in six 96-well plates with 120 L.
per well, using a multimode microplate reader (Apollo LB 911, Berthold Technologies, Germany) at 490 nm.
To yield the correct absorbance, a triplicate set of control wells without cells was used to determine and
subtract background absorbance.

Real-time PCR assay

Gene-specific primers for collagen I, alkaline phosphatase (ALPL), osteocalcin (BGLAP), vascular
endothelial growth factor A (VEGF A) and bone morphogenic protein-2 (BMP-2) were used to detect the
relative mRNA expression of bone regenerative factors. The MSCs were collected from groups A, B and C
on days 7 and 14 of treatment. Total RNA was isolated with peqGOLD Total RNA Kit (VWR; Erlangen,
Germany) from each cell sample, and the cDNA was synthesized from total RNA by High-Capacity RNA-
to-cDNA"™ Kit (ThermoFisher, Waltham, MA). 12.5 ul of QuantiTectTM SYBR® Green PCR Master Mix
(Qiagen, Hilden, Germany), 2.5 ul of QuantiTectTM SYBR® Green primer assay (Qiagen), 6 ul of RNase
free water and 4 ul of cDNA were used for single reaction with the following conditions: 95°C for 5 min
followed by 40 cycles at 95°C for 5 s and 60°C for 10 s. The cycle threshold (Ct) was defined as the number
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of cycles required for the fluorescent signal to cross the threshold in real-time PCR. Determination of relative
gene expression was accomplished by using the AACt method. Gene expression was compared by setting
control cultures to 1 (reference value). Primers were ordered as indicated in Figure 4.

Primer primer assay name order number
ALPL Hs ALPL 1 SG QuantiTect Primer Assay (200) QT00012957
BMP-2 Hs BMP2_1 SG QuantiTect Primer Assay (200) Q100012544
BGLAP Hs BGLAP_1 SG QuantiTect Primer Assay (200) QT00232771
Col-I Hs COL1A1_1 SG QuantiTect Primer Assay (200) QT00037793
RPL13A Hs_RPL13A_1_SG QuantiTect Primer Assay (200) QT00089915
VEGF A Hs VEGFA 2 SG QuantiTect Primer Assay (200) QT01036861

Figure 4. Primer list for real-time PCR.

VEGF ELISA assay

To evaluate the temporal pattern of VEGF levels during the culture period, the supernatant obtained from
MSCs was analyzed using Human VEGF DuoSet® ELISA (R&D Systems, Wiesbaden, Germany). The
supernatant was obtained from 24-well plates on day 7 and day 14 after EMTT treatment of groups A and B
before changing the medium. ELISA was performed according to the instruction from the supplier.

Statistical analysis

All data are expressed as mean = SD. All experiments were performed in triplicate to confirm the
reproducibility of the results. Data were analyzed by Student’s 7 test or one-way ANOVA with appropriate
post hoc testing. Comparisons between control and treatment groups were analyzed using one-way ANOVA
Tukey’s multiple comparison test. p values <0.05 were considered statistically significant. Analysis was
performed using the GraphPad Prism 4 software (GraphPad Software, San Diego, CA).

Results
Cell proliferation assay

The optical density of MTS assay measured by spectrophotometry increased continously from day 1 to day 7
and day 14 in both the untreated control group C and the EMTT-treated groups A (80 mT) and B (150 mT)
(Figure 5). Every group is based on MSCs from four different human donors, with three cell cultures in each
case. MTS assay was used to measure the cell viability. The optical density of MTS increased significantly in
all three groups from day 1 to day 7 and from day 7 to day 14 (n =4, p < .05).
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Figure 5. Group-specific MSC viability measured by MTS assay (n = 4; group A: 80 mT, group B: 150 mT, group
C: control group). The optic absorption of all three groups increased significantly from day 1 to day 7 and day 14.
*p < .05, n=4; Tukey’s multiple comparison test; data are means + SD.

The comparison between group C (control group) and both EMTT-treated groups A and B with different
magnetic field strengths shows no significant difference in optical density of MTS assay neither on day 7 nor
on day 14 (Figure 6).
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Figure 6. (a) and (b) Show relative cell viability measured by MTS assay of group A (80 mT) and group B (150
mT) compared with control group C (n = 4; group C = 100% cell viability) after 7 and 14 days of culture. No
significant difference of optical density is measured between untreated group C and EMTT-stimulated groups A
and B; Tukey’s multiple comparison test; data are means + SD.

Real-time PCR assay

On day 7 of treatment, the mRNA expression of bone regenerative factors measured by real-time PCR
showed no significant differences between untreated and treated groups (Figure 7a). After two weeks of
treatment, a tendency towards a higher expression of pro-osteogenic factors is seen in group B treated with
150 mT compared to group C. Expression of collagen I, alkaline phosphatase, osteocalcin, VEGF and BMP-
2 after six times of EMTT treatment did not change significantly (Figure 7b).
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Figure 7. Relative expression of pro-osteogenic marker collagen | (Col 1), alkaline phosphatase (ALPL),
osteocalcin (BGLAP), vascular endothelial growth factor A (VEGF A) and bone morphogenic protein-2 (BMP-2)
on day 7 (a) and day 14 (b) in group C (control group), group A (80 mT) and group B (150 mT) measured by real-
time PCR. No significant difference of relative expression; n = 4, Tukey’s multiple comparison test.

VEGF ELISA assay

The VEGF-ELISA assay on day 7 of treatment showed a significant higher relative VEGF concentration in
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the supernatant of group A treated with 80 mT EMTT compared with untreated control group C (Figure 8; p
= 0.028; n = 3). The mean VEGF concentration of group A is 43.01% higher than that in group C. Between
group A and group B with 150 mT EMTT treatment, no significant difference in VEGF concentration was
recognized on day 7. On day 14, no statistically significant differences were measured between these three

groups.
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Figure 8. Relative VEGF concentration in group C (control), group A (80 mT EMTT) and group B (150 mT EMTT)
on day 7 (a) and day 14 (B).”p < .05, n = 3; Tukey’s multiple comparison test.

Discussion

Since the implementation of pulsed electromagnetic fields in medicine, experimental studies have shown
efficacy for the treatment of different orthopedic disorders such as nonunion of fractures, osteoarthritis
(Trock et al. 1994), osteoporosis (Chang and Chang 2003) and osteonecrosis of proximal femur (Bassett et
al. 1989).

Nevertheless, optimized treatment duration and PEMF strength still remain unclear. These are the main
drawbacks of pulsed electromagnetic field therapy in medicine.

Recent studies have clearly identified two effects of pulsed electromagnetic fields. Electroporation
describes how magnetic-induced electric effects interact biologically. Electroporation is a process in which
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brief electrical pulses create transient pores in the plasma membrane that allow nucleic acids to enter the
cellular cytoplasm (Kumar et al. 2019). The other identified effect of pulsed electromagnetic fields is called
piezoelectric effect (Dong et al. 2021). The PEMF-induced mechanical effect by piezoelectricity suggests
that the effects of PEMF on osteogenesis provide a promising alternative strategy for electrically augmented
osteoinduction. The piezoelectric response of collagen-structured piezosensitive tissue by PEMF, which
could provide mechanical strain, is particularly interesting as it could deliver local mechanical stimulation to
osteogenic cells or other cytoskeletal collagen structures (Dong et al. 2021). Both effects, electroporation as
well as piezoelectric effects, are related to the magnetic-inducted local electricity. As fast magnetic fields
increase as much local electricity is induced. Short increasing time as well as impulse magnetic impulse size
are significant physical parameter to create biological relevant reaction . These physical basics were well
defined and descried by Maxwell’s equation. Maxwell’s equations are partial differential equations that relate
the electric and magnetic fields to each other and to the electric charges and currents. Often, the charges and
currents are themselves dependent on the electric and magnetic fields via the Lorentz force equation and the
constitutive relations. These all form a set of coupled partial differential equations which are often very
difficult to solve: the solutions encompass all the diverse phenomena of classical electromagnetism (Wang
2021).

Primatel studies suggested the requirement of PEMF therapy for several hours per day to stimulate tissue
or cell cultures biophysically. Newer trials prove effectiveness of PEMF in significant shorter treatment
durations per day by activation of early signal transduction pathways (Patterson et al. 2006) and stimulation
of enzyme activities (Li et al., 2007). The underlying working mechanism is based on piezoelectric and
electroporation effects. These effects can only be induced if the applied impulses are highly energetic (>10
mT) and are very short acting with a high frequency.

This study investigated the effect of a new form of PEMF devices called TheraCell (Guth MediTec,
Schechen, Germany) which generates high-intensive pulsed electromagnetic fields. We hypothesized that
EMTT might stimulate healing processes in musculoskeletal disorders. We have chosen EMTT treatment
duration of 10 min three times a week for two weeks in total according to standard clinical practice. EMTT
has a stronger magnetic field strength and much faster frequency than most PEMF devices. Some reports
indicated that high intensity of PEMF may cause harmful effects to humans (Zmyslon 2006). However,
previous studies have shown that magnetic field stimulation up to 7 tesla and frequencies up to 100 Hz for 1-
24 h did not influence cycle progression in tumor cell lines in vitro (Schenck 2000; Schiffer et al. 2003).
Even long-term exposure (4 days) to strong static magnetic fields up to 10 tesla did not affect cell growth
rate or cell cycle distribution in hamster ovary cells (Nakahara et al. 2002). In the same way, this study with
EMTT treatment of human MSCs in vitro between 80 and 150 mT three times a week for 10 min does not
affect cell viability measured by MTS assay. The optical density of MTS increased significantly in both
EMTT-treated groups and the control group C during the time period of two weeks. Our results suggest no
cytotoxic effect of EMTT on MSC cultures. Nevertheless, further experimental and clinical studies need to
prove and confirm biological safety. Furthermore, analyses of cancer-related genes and stress response genes
are important to evaluate the possible adverse effects or even supportive therapeutic effects based on
receptor-modifying effects by electroporation and piezoelectric effects.

Yin-Chih Fu et al. postulate an enhancement of callus formation around necrotic bone in vivo by single-
pulsed electromagnetic fields (1 tesla, 30 pulses per day) after 7 and 25 days of treatment (Fu et al. 2014).



Several in vitro trials document significant enhancement of ALP activity and mRNA expression of pro-
osteogenic markers like collagen I, alkaline phosphatase, osteocalcin, vascular endothelial growth factors
and bone morphogenic proteins (Fu et al. 2014; Li et al., 2007). In our in vitro study, we see a tendency
toward higher expression of collagen I, alkaline phosphatase and vascular endothelial growth factors A in
group A after 14 days of treatment with 80 mT. However, the number of specimens is too small for
significant statistical analysis.

Vascular endothelial growth factors (VEGFs) are important inductors of osteogenesis and angiogenesis
during bone healing procedure (Samee et al. 2008; Urist and Strates 1971). Bone is a highly vascularized
tissue, and reconstructing local microcirculation is prerequisite for effective bone regeneration (Ferrara et al.
2003). Gerber et al. have shown that both vascular invasion and bone formation were suppressed by
inhibiting VEGF in 24-day-old mice (Gerber et al. 1999). Both BMP-2 and VEGF are involved in
chondrogenic and osteogenic differentiation of MSCs as well as enchondral ossification (Xiao et al. 2011).
MSCs from bone marrow used in this study provide several advantages such as the potential to differentiate
to osteoblasts and to support the neovascularization process by the release of proangiogenic factors
(Boomsma and Geenen 2012; Kolbe et al., 2011). In this context, Sun et al. indicate that mesenchymal stem
cells in sonication-induced silk fibroin-based hydrogels support the formation of functional endothelial tubes
and vascularization networks (Sun et al. 2016). Taylor et al. suggested that PEMF enhances the healing of
complicated fractures to increase vascularity, rather than to directly enhance osteogenesis (Taylor et al.
2006). These findings are supported by our results from analyzing VEGF levels during the culture period on
day 7 and day 14. The VEGF-ELISA assay on day 7 of treatment showed a significant higher relative VEGF
concentration in the supernatant of group A treated with 80 mT EMTT compared with untreated control
group C. The gPCR analyses, however, did not show significant differences between groups A, B and C after
7 and 14 days. This might be caused by too small number of cases. Further in vitro studies with more human
subjects have to clarify this. Perhaps, high-intensive PEMF therapy promotes proangiogenic activity of
MSCs only in early stage of their development. This might be a reason for still increased VEGF
concentrations after 7 days of treatment with already normalized mRNA expression. After 7 days, Goto et al.
had shown a significantly higher expression level of angiopoietin-2 and fibroblast growth factor-2 in bone
marrow of mice treated with PEMF compared with the control group (Goto et al. 2010). They postulated an
angiogenesis-promoting function of PEMF. This proangiogenic effect of MSCs may also play a key role in
the effective mechanism of EMTT. In this context, several studies have demonstrated that PEMF effectively
promotes wound healing (Kim et al. 2002) and improves microcirculation in diabetic disorders (Delle
Monache et al. 2008; Pan et al. 2013). Another well-discussed effect was described by Varani et al. (2002,
2021). They suggest that PEMFs may act as modulators that are able to enhance adenosine agonist activity.
When energy demand rises during inflammation or in hypoxic/ischemic conditions, extracellular adenosine
concentration increases. Adenosine functions were mediated by the interaction with four G-protein-coupled
receptors (GPCRs), namely Al, A2A, A2B, and A3ARs. This effect was abrogated by using selective A2A
and A3AR antagonists, confirming that the observed effect was due to the activation of A2A and A3ARs.
The PEMF treatment influences also the cellular growth of bovine chondrocytes and fibroblast-like
synoviocytes. Other studies showed that A2A and A3AR stimulation, in the presence of PEMFs, has
antiinflammatory effects, decreasing PGE2 release and cyclooxygenase type 2 (COX-2) expression in bovine
synovial fibroblast (Varani et al. 2021).



The small number of femoral head donors could be a limitation of this trial. Further studies should
retrieve more specimens in order to have more different sources of MSC from different patients. Another
limitation aspect is the discussion of the unknown specific magnetic field geometry and wave duration and
characteristics. It was mentioned that the same six central wells were selected within each 24-well plate to
ensure treatment conditions between groups. However, each of these six locations could still have an
unknown large range of received PEMF amplitudes due to the variance in the radial direction.

In conclusion, EMTT might be an effective and time-saving device for the treatment of several
fundamental orthopedic diseases like fracture healing, early-stage osteonecrosis, tendinous and muscular
disorders and potentially even for bony tissue engineering. A magnetic field strength of 80 mT and a
frequency of 3 Hz are seemed to be most effective for MSC stimulation.
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