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Abstract: Endogenous electric fields created in bone tissue as a response to mechanical loading
are known to influence the activity and differentiation of bone and precursor cells. Thus, electrical
stimulation offers an adjunct therapy option for the promotion of bone regeneration. Understanding
the influence of electric fields on bone cell function and the identification of suitable electrical
stimulation parameters are crucial for the clinical success of stimulation therapy. Therefore, we
investigated the impact of alternating electric fields on human osteoblasts that were seeded on
titanium electrodes, which delivered the electrical stimulation. Moreover, osteoblasts were seeded on
collagen-coated coverslips near the electrodes, representing the bone stock surrounding the implant.
Next, 0.2 V, 1.4 V, or 2.8 Vwere applied to the in vitro system with 20 Hz frequency. After one, three, and
seven days, the osteoblast morphology and expression of osteogenic genes were analysed. The actin
organisation, as well as the proliferation, were not affected by the electrical stimulation. Changes in
the gene expression and protein accumulation after electrical stimulation were voltage-dependent.
After three days, the osteogenic gene expression and alkaline phosphatase activity were up to 2.35-fold
higher following the electrical stimulation with 0.2 Vand 1.4 Von electrodes and coverslips compared
to controls. Furthermore, collagen type I mRNA, as well as the amount of the C-terminal propeptide
of collagen type I were increased after the stimulation with 0.2 Vand 1.4 V, while the higher electrical
stimulation with 2.8 Vled to decreased levels, especially on the electrodes.

Keywords: alternating current; electrical stimulation; electric field; osteoblasts; bone remodelling;
osteoblasts differentiation factors; osteogenesis

1. Introduction

The implantation of a total hip replacement is a common surgery which is being performed
with increasing frequency due to the rising age of the global population [1]. Surgery is indicated
in the case of trauma, osteoarthritis, avascular necrosis of the femoral head, or bone loss resulting
from tumours [2–5]. In a study by Springer et al., it was observed that about 10% of all patients
sustained a loosening of the implant in the 15-year period after the surgery [6]. Notably, 80% of these
cases represent aseptic loosening, although there is strong evidence regarding the high percentage
of false-negative microbiologic results due to the insensitivity of the method [7,8]. To avoid aseptic
loosening, a promising option for the enhancement of early and stable implant fixation is the application
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of electrical stimulation as an adjunct therapy, during the critical phase after surgery. Bone formation
and bone remodelling are known to be triggered by the application of mechanical loads on the bone
tissue [9]. Since Fukada and Yasuda discovered that endogenous electrical fields arise in bone through
the application of mechanical force, a lot of research and clinical applications have been done in the
field of electrical stimulation [10]. The use of the inverse piezoelectric effect to improve bone formation
by electrical stimulation (ES) is already utilised as an adjunct therapy with good levels of evidence
for non-unions, ankle/foot unions, spinal fusions, and necrosis of the femoral head [11–13]. ES can be
applied by direct, capacitive, or inductive coupling. Thereby, electric fields are delivered by direct or
alternating current. Using a direct coupling system, electrodes and power supply are placed invasively
on the affected bone and therefore can lead to the risk of infection, soft tissue irritation, and a second
surgical procedure for electrode removal after bone healing/regeneration. Capacitive coupling, using
electrodes attached to the skin above the bone defect, is non-invasive ES. However, skin irritation
can occur during capacitive coupled electrical stimulation and the application of high voltages is
necessary to induce appropriate electric fields inside the bone tissue. Inductive coupling delivers the
pulsed electromagnetic fields (PEMFs) via one or two magnetic coils placed over the bone defect and
therefore induce an electrical field through PEMFs while connected to an outer current supply [11].
Another option for the application of ES after joint arthroplasty is the integration of devices for electrical
stimulation into the endoprosthetic implant. A possible design of such an implant has been described
previously [14,15]. The advantages of this method are the possibility of direct electrical stimulation at
the desired site of the bone regeneration and the need for low patient compliance.

The effect of direct current (DC) and PEMFs on osteoblasts and mesenchymal stem cells has
been demonstrated in vitro in several studies, showing an increase in proliferation, differentiation
factors like osteocalcin, osteopontin, and Runt-related transcription factor 2 (RunX2), an increased
alkaline phosphatase (ALP) activity, and calcium deposition [16–23]. However, research on electric
fields generated through alternating current (AC) is less common but interesting, since the application
of AC reduces corrosion processes at the electrodes that contribute to particular wear generation and
metal ions release on the implant surface [24]. Besides this advantage of AC, it leads to a reduction
in the pH shifts and gas formation, which would otherwise lead to tissue irritation. In our previous
work, we have established an in vitro system for the alternating current stimulation where bone cells
can be cultivated on top of rough electrodes made of Ti6Al4V [25]. These represent the surface of an
endoprosthetic implant that delivers ES. Thereby, osteoblasts were cultivated in small distances to the
electrodes on collagen-coated glass coverslips in order to approach physiological growth conditions in
an implant’s surroundings. Hence, the effects of AC stimulation on contact and distant osteogenesis
could be investigated with the in vitro stimulation system. In the present study, the influence of
different voltages resulting in varying electric fields were analysed in order to determine the suitable
voltages for the application in AC stimulation.

2. Results

2.1. Influence of Alternating Electric Fields on Osteoblast Morphology

The viability of human osteoblasts, after their exposure to alternating electric fields for three
and seven days, was ensured by actin staining following the strongest stimulation protocols, which
were 1.4 Vcontinuous and 2.8 Vintermittent electrical stimulations (ES). The cell morphology, intensity,
and orientation of actin fibres were unchanged after ES, compared to the unstimulated controls
on collagen-coated coverslips (Figure 1a) and titanium electrodes (Figure 1b) at both time points.
The dimensions of osteoblasts growing on rough Ti6Al4V electrodes were smaller than those growing
on collagen-coated coverslips due to the rough surface. However, the osteoblasts were able to proliferate
on the electrodes, showing a higher cell density after seven days, compared to the three-day time point,
and formed a confluent cell layer on both the rough surface of the electrode and the smooth surfaces of
the collagen-coated coverslip under control and ES conditions.
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Cells cultivated on collagen-coated coverslips with a stimulation of 0.2 Vand 1.4 Vshowed
increasing ALP activity over time (Figure 5b). After seven days, the ALP activity for ES with
1.4 Vincreased significantly compared to the control (p = 0.0313). Furthermore, the ES with 0.2 Vand
1.4 Vled to a significant rise in ALP activity after seven days compared to ES with continuous
1.4 V(p= 0.0276, p= 0.0001, respectively) and 2.8 V(p= 0.0044, p< 0.0001). Cells stimulated continuously
with 1.4 Vinitially showed a significant increase in ALP activity after three days (p = 0.0078), though
the ALP activity decreased significantly after seven days compared to three days (p = 0.0001) and the
unstimulated control (p = 0.0313). A similar significant decrease could be observed for cells cultivated
over seven days with 2.8 VES (p = 0.0313).

3. Discussion

In the present in vitro study, we investigated the response of human osteoblasts to alternating
electric fields when seeded directly on the rough surface of Ti6Al4V electrodes, modelling an implant
surface equipped with an AC stimulator for bone cell growth on the implant. In these experiments,
the osteoblasts were also seeded at a short distance to the electrodes on collagen-coated coverslips to
evaluate the effects of electrostimulation on bone cells growing in the tissue surrounding the implant.

Staining the cytoskeleton of the osteoblasts with phalloidin showed no effect of electrical
stimulation with 2.8 Vor continuous stimulation with 1.4 Von actin organisation. The cells were
able to maintain a spread phenotype and proliferate evenly on electrodes, demonstrating that the
osteoblast viability was not deteriorated by the electrical stimulation applied in our study. Quantification
of the stained nuclei of the osteoblasts could equally show that the amount of cells on the electrodes
and coverslips was not reduced by ES.

Effects of ES on osteoblast functions were highly voltage-dependent. While 0.2 Vand 1.4 Vresulted
in enhanced expression of the key mediators involved in bone formation (C1CP, and ALP), 2.8 Vreduced
the osteoblast function. Applying the same voltage, the continuous stimulation was not found to
be superior to an intermittent stimulation (3 × 45 min per day), having even a negative effect on
the expression of the investigated mediators, such as ALP after seven days, as compared to the
unstimulated controls. Considering the required energy supply of the electrically active implants,
shorter stimulation periods are also preferable over continuous stimulation. Compared to the three-day
stimulation period, the positive effects of ES on the osteoblast function were slightly diminished after
seven days of ES, as the C1CP concentration as well as the COL1A1 gene expression dropped from
three to seven days. On the other hand, ALP activity was constant or even rose over time. Su et al.
showed that the gene and mediator expression of differentiation factors can vary over time when using
capacitive ES [26]. Therefore, it would be interesting to cultivate the cells over a longer time period to
survey possible fluctuations of the osteogenic markers under ES. Further, as various differentiation
factors are expressed on different time points throughout osteoblasts differentiation, it is possible that
other factors which were not examined were positive influenced through ES [27].

Although significant effects dependent on the applied AC voltage could be demonstrated in our
study, these effects were relatively small. The sensitivity of human osteoblasts from different patients
to ES was subjected to high variances. Since human osteoblasts were pre-differentiated during the
cultivation before conducting the experiments, cells might have reached a high differentiation state,
thereby further limiting the effects of ES. Therefore, the use of mesenchymal stem cells with a high
differentiation capacity might elicit more pronounced effects from the applied AC voltages, considering
that implant ingrowth is not only realised by the pre-existing osteoblasts but also by the immigrating
precursor cells that undergo differentiation into the osteogenic lineage. The influence of AC on
mesenchymal stem cells has been investigated by Hronik-Tupaj et al. [28]. In this previous study, the
human bone marrow-derived stem cells were exposed to a 2 V/m AC field with a frequency of 60 kHz
for 40 min per day [28]. The researchers found an increase in COL1A1 and ALP transcripts on day 15 and
20, which were associated with an increase in heat shock protein 27 transcripts and a higher metabolic
activity as compared to the unstimulated controls. However, collagen fibres and calcium deposition
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were not increased in stimulated samples, compared to the control samples [28]. McCullen et al.
stimulated adipose-derived stem cells with very high AC fields ranging from 1–1000 V/cm at 1 Hz
frequency for four hours per day [29]. The cell viability and attachment were maintained at a maximum
of 10 V/cm. While 1 V/cm increased the calcium deposition as compared to the controls on day 28, the
rise in intracellular calcium was first seen when 10 or 100 V/cm was applied [29].

Further, the substrate in which the cells are electrically stimulated by ES is important for
the ES effects. In a previous study, human osteoblasts cultured on three-dimensional collagen
scaffolds and stimulated with a magnetic field and an additional alternating electric field strongly
increased the collagen synthesis [30]. The effects could be due to a coupled mechanical stimulation
induced by the piezoelectric properties of the collagen scaffold [31]. However, the osteoblast function
was also increased during the electromagnetic stimulation when cultured in a non-piezoelectric
three-dimensional matrix using a similar test set-up [32]. Jin and Kim exposed the osteoblast-like
MG-63 cells to AC fields (5.5 V/m, 60 Hz, 30 min per day) during culture on a different polycaprolactone
(PCL)-based scaffold [33]. They found elevated ALP activity and calcium deposition after ES on day
14, with the highest effects apparent in MG-63 cells seeded on PCL scaffolds that included β-tricalcium
phosphate [33]. The conductive polypyrrole (PPY)/PCL scaffold used by Zhang et al. led to an increased
cell proliferation compared to pure PCL scaffolds, with both scaffolds under electrical stimulation
(0–250 µA, DC) [34]. In our present study, we stimulated the human osteoblasts on collagen-coated
coverslips to supply a physiologic surface. Three-dimensional conductive scaffolds, such as bioceramic
scaffolds [35,36], conductive hydrogels [37], or biodegradable polymers as polyaniline scaffolds [38],
can be implemented in further studies to approach better physiologic conditions in order to adjust
the electrical field distribution during electrical stimulation. A limitation of our present study is that
the complex in vivo situation, including the interplay of different bone and precursor cells interacting
via cell contacts and various cytokines and growth factors, has not been considered. Therefore,
a co-cultivation of different osteogenic cells, like osteoblasts, osteoclasts, and bone marrow stem cells,
should be applied in future experiments to understand the interplay between different cell types under
ES. Additionally, scaffolds can be used to not only mimic the three-dimensional tissue structure but
also reflect the possible replacement material which can be used in surgery.

4. Materials and Methods

4.1. Isolation and Cultivation of Human Osteoblasts

Human primary osteoblasts were isolated from the femoral heads of patients undergoing primary
total hip replacement under sterile conditions, as previously described [39]. The samples were collected
with the consent of the patients, following an approval by the Local Ethical Committee (Registration
number: A 2010-0010, approval date: 27 January 2017). The donor cells used in the experiments were
obtained from 26 females (age: 69.1 ± 11.8 years) and 25 males (age: 66.0 ± 9.9 years).

Isolated cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, PAN-Biotech,
Aidenbach, Germany), containing 10% fetal calf serum (FCS, PAN-Biotech, Aidenbach, Germany),
1% amphotericin B, 1% penicillin-streptomycin, and 1% Hepes buffer (all: Sigma-Aldrich, Munich,
Germany) under standard cell culture conditions (5% CO2 and 37 ◦C). Ascorbic acid (final concentration:
50 µg/mL), β-glycerophosphate (final concentration: 10 mM), and dexamethasone (final concentration:
100 nM) (all: Sigma-Aldrich, Munich, Germany) were added to the cell culture medium to promote
osteogenic differentiation. For the cell experiments, osteoblasts in passage three were seeded on rat
tail collagen coated coverslips (diameter: 12 mm, Neuvitro, Vancouver, WA, USA) with a density of
2.2 × 104 cells/cm2 and on Ti6Al4V electrodes with a density of 3.0 × 104 cells/cm2 due to the roughness
and the enlarged surface of the electrodes. To survey the actin staining in single cells, osteoblasts were
also seeded in a lower density (i.e., 4.4 × 103 cells/cm2 on Ti6Al4V electrodes and 1.5 × 104 cells/cm2 on
collagen-coated coverslips) to ensure a closer observation of the actin cytoskeleton and a good staining
quality. After adhering for 30 min at room temperature, 30 mL of cell culture medium containing
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osteogenic additives were added, and the stimulation system was incubated under standard cell
culture conditions for 12 h prior to electrical stimulation.

4.2. Electrical Stimulation Protocol

The in vitro stimulation system for the application of the AC voltage was designed according to
the Asnis IIIs screw system used for in vivo electrical stimulation of femoral heads in humans [40].
The structure of the in vitro system and the resulting field distribution in the chamber have been
described previously [25]. The electrical stimulation (ES) was started 12 h after the cell seeding.
Different electrical fields were induced with 0.2, 1.4, or 2.8 Vroot mean square voltages, with a frequency
of 20 Hz as a sinusoidal signal. The resulting electrical fields with a maximum of 1.4 V/m, 17 V/m, and
41 V/m were determined as previously described [25]. The ES was carried out using a Metrix GX 305
and GX310 function generator (Metrix Electronics, Bramley, Hampshire, UK). The AC voltage was
applied three times a day for 45 min with 225 min breaks between stimulations (0.2 V, 1.4 V, 2.8 V), or
continuously with 1.4 V(1.4 Vcont.) for a total period of one, three, or seven days. Cells were cultivated
under standard cell culture conditions. For unstimulated controls, chambers were similarly prepared
without a connection to the function generator.

4.3. Actin Staining

Actin cytoskeleton was stained to evaluate the cell morphology, stress fibre formation, and
orientation in order to exclude harmful effects of ES. Osteoblasts were washed with phosphate buffered
saline (PBS, Merck KGaA, Darmstadt, Germany) and fixed in 4% paraformaldehyde for 10 min at
room temperature (RT). Cells were washed in PBS and incubated with 0.5% Triton-X (Merck KGaA,
Darmstadt, Germany) in PBS for five minutes at RT for permeabilisation. Afterwards, the osteoblasts
were rinsed with PBS and incubated with 100 nM Acti-stain 488 fluorescent phalloidin (Cytoskeleton,
Denver, CO, USA) for 30 min at RT, protected from light. The osteoblasts were washed three times
with PBS, and the cell nuclei were stained with diamidino-2-phenylindole dihydrochloride (DAPI,
Merck KGaA, Darmstadt, Germany) for 5 min. The images were captured with a Leica DMI 6000
(Leica Microsystems, Wetzlar, Germany) with 200×magnification.

4.4. Cell Proliferation

The cell numbers were quantified using DAPI, as described above, or Hoechst 33342 reagent
(Thermo Fisher Scientific, Waltham, MA, USA). For the staining with Hoechst 33342, the reagent
was diluted in culture medium in a concentration of 8 mg/L and cells were incubated 15 min in
the dark under standard cell culture conditions. The images were captured with a Leica DMI 6000
(Leica Microsystems, Wetzlar, Germany) with 200×magnification and evaluated with the open source
ImageJ software.

4.5. Gene Expression Analysis

For the isolation of total RNA, the osteoblasts were lysed in TriReagent® (Zymo Research,
Freiburg, Germany) and the samples were stored at −70 ◦C. Total RNA was extracted using Direct-zol™
RNA MiniPrep Kit (Zymo Research) according to the manufacturer’s instructions. Next, 50 ng
of RNA from cells stimulated for one day or 100 ng of RNA from cells stimulated three and
seven days were used for the cDNA synthesis with a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Forster City, CA, USA). Semi-quantitative real-time polymerase chain
reaction (PCR) for collagen type 1 (COL1A1, forward primer: 5′-ACGAAGACATCCCACCAATC-3′,
reverse primer: 5′-AGATCACGTCATCGCACAAC-3′), alkaline phosphatase (ALP, forward
primer: 5′-CATTGTGACCACCACGAGAG-3′, reverse primer: 5′-CCATGATCACGTCAATGTCC-3′),
and osteocalcin (BGLAP, forward primer: 5′-TCAGCCAACTCGTCACAGTC-3′, reverse
primer: 5′-GGTGCAGCCTTTGTGTCC-3′) was performed in triplicates using innuMIX qPCR
MasterMix SyGreen (Analytik Jena AG, Jena, Germany). Ct-values were normalised to the
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house-keeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT, forward primer:
5′-CCCTGGCGTCGTGATTAGTG-3′, reverse primer: 5′-TCGAGCAAGACGTTCAGTCC-3′) and
analysed by the 2−∆∆ct method [41]. The resulting gene expression is presented as the 2−∆∆Ct value.

4.6. Collagen Type I Synthesis

The collagen type I (COL I) synthesis was investigated by the detection of the C-terminal propeptide
of collagen type I (C1CP), which is released into the supernatant and directly correlates to the COL I
protein biosynthesis. Supernatants containing propeptides released from osteoblasts while growing on
electrodes and coverslips were collected after the experiments and stored at −20 ◦C until the analysis by
an enzyme-linked immunosorbent assay (ELISA) (MicroVue™CICP EIA, QUIDEL, Quidel Corporation,
San Diego, CA, USA). The supernatants were treated according to the manufacturer’s instructions,
and the absorbance was measured at a wavelength of 405 nm using Opsys MR microplate reader
(Dynex Technologies, Denkendorf, Germany).

4.7. ALP Activity

For quantifying the alkaline phosphatase activity (ALP), the cells were washed with tris buffered
saline two times and lysed in distilled water containing 1% Triton-X and 1% phenylmethylsulfonyl
fluoride (PMSF) for 10 min at RT. The cell lysates were incubated with 1 mM p-nitrophenyl phosphate,
100 mM 2-amino-2-methyl-1-propanol, and 5 mM MgCl2 in distilled water for one hour at 37 ◦C, and
the reaction was stopped with 2 M NaOH. Absorbance of the solution was detected at 405 nm in a
microplate reader (Tecan, Maennedorf, Switzerland).

4.8. Data Illustration and Statistical Analysis

Each test was conducted with osteoblasts obtained from at least three and up to twelve patients.
The data are depicted as box plots showing the medians, 25th and 75th percentile, and the minimum
and the maximum. For quantification of the cell proliferation, floating bars depicting the minimum,
median, and the maximum value were used because of the small sample number (n = 3). Data from
the samples exposed to the ES were compared to the unstimulated controls and are depicted as a fold
change. Statistical testing was done with GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).
Differences to the controls were statistically analysed by Wilcoxon matched pairs test using raw data.
For gene expression, delta Ct values were compared using Wilcoxon matched pairs test and two-way
ANOVA. Differences between the different ES groups and time points were analysed by two-way
ANOVA using data normalised to the controls. The level of significance was set to p < 0.05.

5. Conclusions

Our in vitro system exclusively enables the electrical stimulation of bone cells growing on a model
implant surface, thereby delivering electrical stimulation of the electrodes and the surroundings in
one experiment. Suitable and inappropriate AC voltages for low-frequency bone stimulation were
identified, as higher electrical stimulation with 2.8 Vsignificantly reduced osteogenic differentiation
factors. The efficiency of short-term ES, as opposed to continuous stimulation, has been demonstrated,
supporting clinical approaches using temporary ES due to its practicability.

Author Contributions: Conceptualization: J.Z., F.S. and A.J.-H.; methodology: J.Z., F.S., and D.H.; software: T.D.;
resources: R.B.; data curation: F.S. and J.Z.; writing—original draft preparation: F.S. and J.Z; writing—review
and editing: A.J.-H. and R.B.; visualization: F.S. and J.Z; supervision: A.J.-H. and R.B.; project administration:
A.J.-H. and R.B.; funding acquisition: A.J.-H. and R.B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the German Research Foundation (DFG) via the GRK 1505 welisa, DFG JO
1483/1-1, and CRC 1270 ELAINE.

Acknowledgments: We gratefully acknowledge Martin Krogull, Vivica Freiin Grote, and Marie-Luise Sellin for
their technical support.



Int. J. Mol. Sci. 2020, 21, 6944 11 of 13

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Cross, M.; Smith, E.; Hoy, D.; Nolte, S.; Ackerman, I.; Fransen, M.; Bridgett, L.; Williams, S.; Guillemin, F.;
Hill, C.L.; et al. The global burden of hip and knee osteoarthritis: Estimates from the Global Burden of
Disease 2010 study. Ann. Rheum. Dis. 2014, 73, 1323–1330. [CrossRef]

2. Bordini, B.; Stea, S.; De Clerico, M.; Strazzari, S.; Sasdelli, A.; Toni, A. Factors affecting aseptic loosening
of 4750 total hip arthroplasties: Multivariate survival analysis. BMC Musculoskelet. Disord. 2007, 8, 69.
[CrossRef] [PubMed]

3. Hailer, N.P.; Garellick, G.; Kärrholm, J. Uncemented and cemented primary total hip arthroplasty in the
Swedish Hip Arthroplasty Register. Acta Orthop. 2010, 81, 34–41. [CrossRef] [PubMed]

4. Hooper, G.J.; Rothwell, A.G.; Stringer, M.; Frampton, C. Revision following cemented and uncemented
primary total hip replacement. J. Bone Jt. Surg. Br. 2009, 91, 451–458. [CrossRef] [PubMed]

5. Corten, K.; Bourne, R.B.; Charron, K.D.; Au, K.; Rorabeck, C.H. What works best, a cemented or cementless
primary total hip arthroplasty?: Minimum 17-year followup of a randomized controlled trial. Clin. Orthop.

Relat. Res. 2011, 469, 209–217. [CrossRef]
6. Springer, B.D.; Fehring, T.K.; Griffin, W.L.; Odum, S.M.; Masonis, J.L. Why revision total hip arthroplasty

fails. Clin. Orthop. Relat. Res. 2009, 467, 166–173. [CrossRef] [PubMed]
7. Nilsdotter-Augustinsson, Å.; Briheim, G.; Herder, A.; Ljunghusen, O.; Wahlström, O.; Öhman, L.

Inflammatory response in 85 patients with loosened hip prostheses: A prospective study comparing
inflammatory markers in patients with aseptic and septic prosthetic loosening. Acta Orthop. 2007, 78, 629–639.
[CrossRef] [PubMed]

8. Bori, G.; Soriano, A.; García, S.; Gallart, X.; Casanova, L.; Mallofre, C.; Almela, M.; Martínez, J.A.; Riba, J.;
Mensa, J. Low sensitivity of histology to predict the presence of microorganisms in suspected aseptic
loosening of a joint prosthesis. Mod. Pathol. 2006, 19, 874–877. [CrossRef]

9. Wolff, J. Das Gesetz der Transformation der Knochen [The law of bone remodeling, translated by P. Maquet and
R. Furlong]. A Hirshwald 1892, 1, 1–152.

10. Fukada, E.; Yasuda, I. On the Piezoelectric Effect of Bone. J. Phys. Soc. Jpn. 1957, 12, 1158–1162. [CrossRef]
11. Griffin, M.; Bayat, A. Electrical Stimulation in Bone Healing: Critical Analysis by Evaluating Levels of

Evidence. Eplasty 2011, 11, e34. [PubMed]
12. Bhavsar, M.B.; Han, Z.; DeCoster, T.; Leppik, L.; Costa Oliveira, K.M.; Barker, J.H. Electrical stimulation-based

bone fracture treatment, if it works so well why do not more surgeons use it? Eur. J. Trauma Emerg. Surg.

2020, 46, 245–264. [CrossRef] [PubMed]
13. Ellenrieder, M.; Tischer, T.; Kreuz, P.C.; Fröhlich, S.; Fritsche, A.; Mittelmeier, W. Arthroskopisch gestützte

Behandlung der aseptischen Hüftkopfnekrose [Arthroscopically assisted therapy of avascular necrosis of the
femoral head]. Oper. Orthop. Traumatol. 2013, 25, 85–94. [CrossRef] [PubMed]

14. Ebner, C.; Su, Y.; Zimmermann, U.; von Rienen, U.; Bader, R. A novel concept for active electrical stimulation
of the osseointegration of an uncemented total hip stem. Biomed. Eng. Tech. 2014, 59, S1162.

15. Schmidt, C.; Zimmermann, U.; van Rienen, U. Modeling of an optimized electrostimulative hip revision
system under consideration of uncertainty in the conductivity of bone tissue. IEEE J. Biomed. Health Inform.

2015, 19, 1321–1330. [CrossRef]
16. Mobini, S.; Leppik, L.; Barker, J.H. Direct current electrical stimulation chamber for treating cells in vitro.

Biotechniques 2016, 60, 95–98. [CrossRef]
17. Hu, W.-W.; Hsu, Y.-T.; Cheng, Y.-C.; Li, C.; Ruaan, R.-C.; Chien, C.-C.; Chung, C.-A.; Tsao, C.-W. Electrical

stimulation to promote osteogenesis using conductive polypyrrole films. Mater. Sci. Eng. C Mater. Biol. Appl.

2014, 37, 28–36. [CrossRef]
18. Meng, S.; Zhang, Z.; Rouabhia, M. Accelerated osteoblast mineralization on a conductive substrate by

multiple electrical stimulation. J. Bone Miner. Metab. 2011, 29, 535–544. [CrossRef]



Int. J. Mol. Sci. 2020, 21, 6944 12 of 13

19. Zhai, M.; Jing, D.; Tong, S.; Wu, Y.; Wang, P.; Zeng, Z.; Shen, G.; Wang, X.; Xu, Q.; Luo, E. Pulsed
electromagnetic fields promote in vitro osteoblastogenesis through a Wnt/β-catenin signaling-associated
mechanism. Bioelectromagnetics 2016, 37, 152–162. [CrossRef]

20. Fassina, L.; Visai, L.; Benazzo, F.; Benedetti, L.; Calligaro, A.; De Angelis, M.G.C.; Farina, A.; Maliardi, V.;
Magenes, G. Effects of Electromagnetic Stimulation on Calcified Matrix Production by SAOS-2 Cells over a
Polyurethane Porous Scaffold. Tissue Eng. 2006, 12, 1985–1999. [CrossRef]

21. Luo, F.; Hou, T.; Zhang, Z.; Xie, Z.; Wu, X.; Xu, J. Effects of Pulsed Electromagnetic Field Frequencies on the
Osteogenic Differentiation of Human Mesenchymal Stem Cells. Orthopedics 2012, 35, e526–e531. [CrossRef]
[PubMed]

22. Wang, J.; An, Y.; Li, F.; Li, D.; Jing, D.; Guo, T.; Luo, E.; Ma, C. The effects of pulsed electromagnetic field on
the functions of osteoblasts on implant surfaces with different topographies. Acta Biomater. 2014, 10, 975–985.
[CrossRef] [PubMed]

23. Eischen-Loges, M.; Oliveira, K.M.C.; Bhavsar, M.B.; Barker, J.H.; Leppik, L. Pretreating mesenchymal stem
cells with electrical stimulation causes sustained long-lasting pro-osteogenic effects. PeerJ 2018, 6, e4959.
[CrossRef] [PubMed]

24. Yan, Y.; Neville, A.; Dowson, D. Biotribocorrosion—An appraisal of the time dependence of wear and
corrosion interactions: I. The role of corrosion. J. Phys. D Appl. Phys. 2006, 39, 3200–3205. [CrossRef]

25. Dauben, T.J.; Ziebart, J.; Bender, T.; Zaatreh, S.; Kreikemeyer, B.; Bader, R. A Novel In Vitro System for
Comparative Analyses of Bone Cells and Bacteria under Electrical Stimulation. Biomed Res. Int. 2016, 2016,
5178640. [CrossRef]

26. Su, C.-Y.; Fang, T.; Fang, H.-W. Effects of Electrostatic Field on Osteoblast Cells for Bone Regeneration
Applications. Biomed Res. Int. 2017, 2017, 7124817. [CrossRef]

27. Rutkovskiy, A.; Stensløkken, K.-O.; Vaage, I.J. Osteoblast Differentiation at a Glance. Med. Sci. Monit.

Basic Res. 2016, 22, 95–106. [CrossRef]
28. Hronik-Tupaj, M.; Rice, W.L.; Cronin-Golomb, M.; Kaplan, D.L.; Georgakoudi, I. Osteoblastic differentiation

and stress response of human mesenchymal stem cells exposed to alternating current electric fields.
Biomed. Eng. Online 2011, 10, 9. [CrossRef]

29. McCullen, S.D.; McQuilling, J.P.; Grossfeld, R.M.; Lubischer, J.L.; Clarke, L.I.; Loboa, E.G. Application of
low-frequency alternating current electric fields via interdigitated electrodes: Effects on cellular viability,
cytoplasmic calcium, and osteogenic differentiation of human adipose-derived stem cells. Tissue Eng.

Part C Methods 2010, 16, 1377–1386. [CrossRef]
30. Grunert, P.C.; Jonitz-Heincke, A.; Su, Y.; Souffrant, R.; Hansmann, D.; Ewald, H.; Krüger, A.; Mittelmeier, W.;

Bader, R. Establishment of a Novel In Vitro Test Setup for Electric and Magnetic Stimulation of Human
Osteoblasts. Cell Biochem. Biophys. 2014, 70, 805–817. [CrossRef]

31. Wieland, D.C.F.; Krywka, C.; Mick, E.; Willumeit-Romer, R.; Bader, R.; Kluess, D. Investigation of the inverse
piezoelectric effect of trabecular bone on a micrometer length scale using synchrotron radiation. Acta Biomater.

2015, 25, 339–346. [CrossRef] [PubMed]
32. Hiemer, B.; Ziebart, J.; Jonitz-Heincke, A.; Grunert, P.C.; Su, Y.; Hansmann, D.; Bader, R. Magnetically induced

electrostimulation of human osteoblasts results in enhanced cell viability and osteogenic differentiation.
Int. J. Mol. Med. 2016, 38, 57–64. [CrossRef] [PubMed]

33. Jin, G.; Kim, G. The effect of sinusoidal AC electric stimulation of 3D PCL/CNT and PCL/β-TCP based
bio-composites on cellular activities for bone tissue regeneration. J. Mater. Chem. B 2013, 1, 1439. [CrossRef]

34. Zhang, J.; Li, M.; Kang, E.-T.; Neoh, K.G. Electrical stimulation of adipose-derived mesenchymal stem cells in
conductive scaffolds and the roles of voltage-gated ion channels. Acta Biomater. 2016, 32, 46–56. [CrossRef]
[PubMed]

35. Shie, M.-Y.; Fang, H.-Y.; Lin, Y.-H.; Lee, A.K.-X.; Yu, J.; Chen, Y.-W. Application of piezoelectric cells printing
on three-dimensional porous bioceramic scaffold for bone regeneration. Int. J. Bioprinting 2019, 5, 210.
[CrossRef]

36. Polley, C.; Distler, T.; Detsch, R.; Lund, H.; Springer, A.; Boccaccini, A.R.; Seitz, H. 3D Printing of Piezoelectric
Barium Titanate-Hydroxyapatite Scaffolds with Interconnected Porosity for Bone Tissue Engineering.
Materials 2020, 13, 1773. [CrossRef]

37. Distler, T.; Boccaccini, A.R. 3D printing of electrically conductive hydrogels for tissue engineering and
biosensors-A review. Acta Biomater. 2020, 101, 1–13. [CrossRef]



Int. J. Mol. Sci. 2020, 21, 6944 13 of 13

38. Qazi, T.H.; Rai, R.; Boccaccini, A.R. Tissue engineering of electrically responsive tissues using polyaniline
based polymers: A review. Biomaterials 2014, 35, 9068–9086. [CrossRef]

39. Lochner, K.; Fritsche, A.; Jonitz, A.; Hansmann, D.; Mueller, P.; Mueller-hilke, B.; Bader, R. The potential role
of human osteoblasts for periprosthetic osteolysis following exposure to wear particles. Int. J. Mol. Med.

2011, 1055–1063. [CrossRef]
40. Su, Y.; Souffrant, R.; Kluess, D.; Ellenrieder, M.; Mittelmeier, W.; van Rienen, U.; Bader, R. Evaluation of

electric field distribution in electromagnetic stimulation of human femoral head. Bioelectromagnetics 2014, 35,
547–558. [CrossRef]

41. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2 (−∆∆CT) method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Long-term stimulation with
alternating electric fields
modulates the differentiation and
mineralization of human
pre-osteoblasts

Franziska Sahm1*, Vivica Freiin Grote1, Julius Zimmermann2,

Fiete Haack3, Adelinde M. Uhrmacher3, Ursula van Rienen2,4,5,

Rainer Bader1, Rainer Detsch6 and Anika Jonitz-Heincke 1*

1Biomechanics and Implant Technology Research Laboratory, Department of Orthopedics, Rostock
University Medical Centre, Rostock, Germany, 2Chair of Theoretical Electrical Engineering, Institute for
General Electrical Engineering, University of Rostock, Rostock, Germany, 3Institute for Visual and
Analytic Computing, University of Rostock, Rostock, Germany, 4Department Life, Light and Matter,
University of Rostock, Rostock, Germany, 5Department Ageing of Individuals and Society, University of
Rostock, Rostock, Germany, 6Department of Materials Science and Engineering, Institute of
Biomaterials, Friedrich Alexander-University Erlangen-Nuremberg, Erlangen, Germany

Biophysical stimulation by electric fields can promote bone formation in bone

defects of critical size. Even though, long-term effects of alternating electric

fields on the differentiation of osteoblasts are not fully understood. Human pre-

osteoblasts were stimulated over 31 days to gain more information about these

cellular processes. An alternating electric field with 0.7 Vrms and 20 Hz at two

distances was applied and viability, mineralization, gene expression, and protein

release of differentiation factors were analyzed. The viability was enhanced

during the first days of stimulation. A higher electric field resulted in

upregulation of typical osteogenic markers like osteoprotegerin,

osteopontin, and interleukin-6, but no significant changes in mineralization.

Upregulation of the osteogenic markers could be detected with a lower electric

field after the first days of stimulation. As a significant increase in themineralized

matrix was identified, an enhanced osteogenesis due to low alternating electric

fields can be assumed.

KEYWORDS

pre-osteoblasts, differentiation, electric stimulation, alternating fields, long-term

stimulation, bone remodeling

1 Introduction

Understanding bone remodeling processes becomes more important as the global

population is getting older. The percentage of the world population aged over 65 years is

presumed to rise from 14.3% in 2020 to 25.3% in 2050 to 33% in 2080, more than doubling

within the next 60 years (United Nations, Department of Economic and Social Affairs,

2019). Hence, characteristics of aging will affect the quality of their life. Typical problems

OPEN ACCESS

EDITED BY

Laurence Vico,
Institut National de la Santé et de la
Recherche Médicale (INSERM), France

REVIEWED BY

Donata Iandolo,
Ecole des Mines de Saint-Étienne,
France
Marco P. Soares Dos Santos,
University of Aveiro, Portugal

*CORRESPONDENCE

Franziska Sahm,
franziska.sahm@uni-rostock.de
Anika Jonitz-Heincke,
anika.jonitz-heincke@med.uni-
rostock.de

SPECIALTY SECTION

This article was submitted to Skeletal
Physiology,
a section of the journal
Frontiers in Physiology

RECEIVED 09 June 2022
ACCEPTED 13 September 2022
PUBLISHED 30 September 2022

CITATION

Sahm F, Freiin Grote V, Zimmermann J,
Haack F, Uhrmacher AM, van Rienen U,
Bader R, Detsch R and Jonitz-Heincke A
(2022), Long-term stimulation with
alternating electric fields modulates the
differentiation and mineralization of
human pre-osteoblasts.
Front. Physiol. 13:965181.
doi: 10.3389/fphys.2022.965181

COPYRIGHT

© 2022 Sahm, Freiin Grote,
Zimmermann, Haack, Uhrmacher, van
Rienen, Bader, Detsch and Jonitz-
Heincke. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Original Research
PUBLISHED 30 September 2022
DOI 10.3389/fphys.2022.965181



during aging, such as the wear and tear of joints, can lead to

limited physical mobility. The reduction of bone density and

impaired healing capacities result in a higher risk of bone

fractures and hip arthroplasty (Maier et al., 2016; Carvalho

et al., 2021). Thus, unharmed bone healing and remodeling

processes are essential for the successful regeneration and

osseointegration of artificial joints (Gruber et al., 2006).

Currently, severe complications occur while healing in

5–10% of bone fractures and 1–5% of joint replacements with

a revision rate of less than 5% beyond 10 years for total hip

replacements (Crawford and Murray, 1997; Buza and Einhorn,

2016; Khan et al., 2016; Ferguson et al., 2018). One possibility to

enhance osseointegration and to increase the early and stable

fixation of bone implants are biophysical and

mechanotransduction processes, particularly the stimulation

with exogenous electric fields (Bhavsar et al., 2020; Hao et al.,

2021). After applying mechanical loading, Fukada and Yasuda

discovered endogenous electric fields in bone (Fukada and

Yasuda, 1957). The described piezoelectricity can be reversed.

It is already successfully used in different electrical stimulation

systems for bone non-unions, ankle and foot unions, spinal

fusions, and necrosis of the femoral head (Griffin and Bayat,

2011; Ellenrieder et al., 2013; Bhavsar et al., 2020).

Several studies were conducted in vitro to understand the

underlying processes. At the cellular level, the exogenously

generated electric fields induce various electrocoupling

mechanisms that cause asymmetric redistribution or

diffusion of electrically charged molecules on the cell

membrane, activating numerous downstream signaling

cascades (Balint et al., 2012; Chen et al., 2019). Another

effector mechanism may be related to cell membrane

depolarization through direct activation of voltage-gated

Ca2+ ion channels (Babona-Pilipos et al., 2018; Leppik

et al., 2020). In addition, the inverse piezoelectric effect is

widely discussed: an electrical stimulus leads to mechanical

strain, resulting in either direct reorganization of cytoskeletal

filaments or interfering with cellular processes regulated by

the cytoskeleton (Leppik et al., 2020). Recent in vitro studies

on electrical stimulation demonstrate the pro-healing

potential of osseous cells following electrical stimulation. In

general, cell behavior can be influenced with respect to

migration, proliferation, differentiation, formation of

extracellular matrix, and mineralization (Leppik et al.,

2020). For osteoblastic cells, the influence on phenotype

expression and differentiation factors, like alkaline

phosphatase (ALP), collagen type 1 and calcium deposition,

could be demonstrated (Ercan and Webster, 2010; dos Santos

et al., 2016; Portan et al., 2019). These findings were obtained

using a variety of different test systems, including approaches

for capacitive, inductive, magnetic, or direct coupling of the

electric fields (Thrivikraman et al., 2018; Leppik et al., 2020).

However, most studies focus on pulsed electromagnetic fields,

whereas only a few studies exist on direct coupling (deVet

et al., 2021). Furthermore, mainly direct current signals are

used, accompanied by significant side effects due to

electrochemical reactions on the electrode (Thrivikraman

et al., 2018). The application of alternating fields can

prevent such chemical reactions and further could act as a

pump to move ions and waste to and from cells in the absence

of vessels. (Balint et al., 2012; deVet et al., 2021).

The stimulation system used for direct coupling of

alternating electric fields is based on the ASNIS IIIs screw

system. The clinically used electrode system served as the basis

for designing an electrode which can be used for in vitro

studies but still has similarities to the in situ used stimulation

device (Hiemer et al., 2018). This should help to improve the

applicability of in vitro gained results. As studies mainly

focused on short-term stimulation up to 7–14 days, current

research focuses on the influence of long-term stimulation on

the differentiation and mineralization behavior of osteoblastic

cells up to 31 days (Sahm et al., 2020; deVet et al., 2021). The

present study aimed to clarify how the initial induction of

osteogenic differentiation can be maintained over a more

extended stimulation period using the direct stimulation

device. As in vivo studies and clinical applications often

last longer than 14 days, the present study extended

investigation of cell effects up to 31 days. In this context,

the study by McCullen et al. (2010) already proves that

prolonged stimulation over 14 days increases the

mineralization capacity and the release of calcium in

adipogenic stem cells and thus osteogenic differentiation

(McCullen et al., 2010). de Sousa et al. (2021) analyzed the

protein synthesis of osteonectin and collagen type 1 of

osteoblasts under the influence of high frequencies using a

capacitive coupled system over 28 days and revealed

significant changes at different time points (de Sousa et al.,

2021). With the following study a broader spectrum of

differentiation factors and signaling molecules should be

analyzed using a direct stimulation system with low

alternating electrical fields. A more detailed observation of

the mineralization processes was done to receive further

information about the calcium deposition under electric

stimulation over time. To reveal new signaling cascades

which might be influenced through the electric stimulation,

a transcriptome analyses of cells stimulated over 7 and 28 days

was performed.

2 Materials and methods

2.1 Isolation and cultivation of human
primary pre-osteoblasts

Human primary pre-osteoblasts were isolated from

patients undergoing total hip replacement as described

previously (Lochner et al., 2011). Femoral heads were
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collected under sterile conditions with the patients’ consent,

following approval by the Local Ethical Committee

(Registration number: A 2010-0010, approval date:

27 January 2017). In brief, the spongiosa was isolated and

digested with collagenase a and dispase (both: Roche, Basel,

Switzerland). The cell suspension was filtered and centrifuged

for further purification. Afterward, it was transferred in cell

culture flask and cultivated in Dulbecco’s Modified Eagle

Medium (DMEM, PAN-Biotech, Aidenbach, Germany)

without calcium, containing 10% fetal calf serum (FCS,

PAN-Biotech, Aidenbach, Germany), 1% amphotericin B,

1% penicillin-streptomycin, and 1% HEPES buffer (all:

Sigma-Aldrich, Munich, Germany). CaCl2 was reduced to

enhance proliferation and to maintain the immature stage

of the osteoblasts. Ascorbic acid (final concentration: 50 μg/

mL), β-glycerophosphate (final concentration: 10 mM), and

dexamethasone (final concentration: 100 nM) (all: Sigma-

Aldrich, Munich, Germany) were added to the cell culture

medium to prevent cells from dedifferentiation and

promoting the osteogenic stage of the cells (Coelho and

Fernandes, 2000). All cultivation steps were performed

under standard cell culture conditions (5% CO2 and 37°C).

After two passages, ALP activity was tested on a random basis

to ensure the pre-osteoblastic cell stage. The cells were stored

in liquid nitrogen until usage.

For the stimulation experiments, pre-osteoblasts from a

total of 19 different donors, ten females (age: 72.3 ±

8.68 years) and nine males (age: 73.3 ± 6.3 years) were thawed

and cultured for another passage using the same medium and

osteogenic additives (ascorbic acid, β-glycerophosphate,

dexamethasone) as described above. 30,000 cells, each from

a different donor, were seeded on a rat tail collagen-coated

coverslip (diameter: 15 mm, Neuvitro Corporation,

Vancouver, WA, United States) placed in the center of a 6-

well plate. After adhering for 30 min at room temperature, 5 mL

of cell culture medium was added. The medium contained

the osteogenic additives with the addition of 200 mg/L CaCl2

for activating mineralization processes and promote further

cell differentiation into mature osteoblasts during stimulation

(Coelho and Fernandes, 2000). This medium composition was

used for all experiments.

2.2 Electrical stimulation protocol

An in vitro setup for a 6-well cell culture plate, developed

earlier by our working group, was used to analyze the influence

of electrical stimulation on pre-osteoblasts (Hiemer et al.,

2018). The stimulation system is based on the clinically used

ASNIS IIIs screw system, which is a semi-invasive bone

formation stimulating implant. In this system, two

electrodes separated by an insulator are integrated into a

screw that can be implanted into the femoral head. The

system can be used to apply electromagnetic fields with an

additional alternating electric field between 5 and 70 V/m,

and its operation is based on the bipolar induction screw

system (BISS) (Mittelmeier et al., 2004). The electric field

delivered with the stimulation parameters is expected to

stimulate the peri-implant bone tissue and thus accelerate

bone regeneration (Grunert et al., 2014; Su et al., 2014).

This electrode arrangement was appropriately adapted for

cell culture to induce the alternating electric fields directly

without the use of a magnetic coil. The miniaturization

further allows a reduction in the volume of medium used,

which can significantly increase the concentration of secreted

proteins for further protein analysis.

Each electrode for the direct electrical stimulation comprises

two Ti6Al4V cylindrical electrodes, separated by a 5 mm long

insulator made of polyetheretherketone (PEEK) (Figure 1). The

electrode holders were made of PEEK and can generate a 1 mm

or 3 mm gap between the electrodes and the coverslips positioned

on the well bottom. Thus, it is possible to generate two different

electric fields: a higher electric field with the 1 mm gap and a

lower one with a 3 mm gap. Voltage was applied over the

Ti6Al4V contact rods using a Metrix GX 305 and GX

310 function generator (Metrix Electronics, Bramley,

Hampshire, United Kingdom). The electrical stimulation

started 24 h after cell seeding. A sinusoidal signal with

0.7 Vrms and a frequency of 20 Hz was used. The 1 mm and

the 3 mm gaps were used to mimic the periprosthetic gap

between the electrode and the surrounding tissue in vivo. The

AC voltage was applied three times a day for 45 min with

225 min breaks between stimulations and a longer 855 min

break. Electrical stimulation was done using the two

different gaps, and unconnected electrodes were used for the

unstimulated controls. For each time point and assay, the

matching unstimulated control, cultured the same amount of

time as the stimulated cells, served as a control. Gene expression

data were generated from day 1 to day 28 to gather

information about changes in transcription directly after

the stimulation was started. The mineralization was analyzed

from day 3 to day 31 as mineralization processes are

only detectable at later time points. The metabolic

activity and the protein release in the medium were

observed at each time point. Samples were taken always 20 h

after the last stimulation interval was started. All

cultivation steps were implemented using standard cell culture

conditions as mentioned above. The medium was exchanged

every 7 days.

2.3 Electric field simulation

Two distances between the electrode and the well bottom

were used to generate two different electric fields. The small

distance of 1 mm led to a higher electric field (HEF) and the
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3 mm to a lower electric field (LEF). Numerical simulations

were performed to get a first idea of the magnitudes of the LEF

and HEF. The electric field strength was computed using the

Finite Element Method (FEM). Laplace’s equation was solved

on the cell culture medium domain. The height of the cell

culture medium in the center of the well was estimated by

visual inspection. In this work, we did not consider the

meniscus arising due to capillary effects at the well’s walls

and the electrode holder. The numerical solution was post-

processed to obtain the total current through the medium.

Convergence was ensured by locally refining the mesh and

applying adaptive mesh refinement. More detailed

explanations of the underlying theoretical and numerical

approach can be found in an earlier publication

(Zimmermann J et al., 2021). The simulations were

performed using NGSolve (Schöberl et al., 2014) and the

Netgen mesh generator (Schöberl, 1997). COMSOL

Multiphysics was employed to verify the correctness of the

results.

2.4 Cell viability

The cell viability was determined after 1, 3, 7, 14, 21, 28,

and 31 days of stimulation, each 20 h after the last

stimulation interval started. The coverslips with the cells

were transferred from the 6-well plate to a 12-well plate.

The water-soluble tetrazolium salt (WST-1) assay (Takara,

Gothenburg, Sweden) was used in a ratio of 1:10 with

DMEM and transfused on the cells. The reagent was

incubated over 45 min at 37°C and 5% CO2. 100 µL of the

solution were transferred as duplicates into a 96-well plate.

The color change was quantified using the multimode

plate reader Infinite 200 pro (Tecan Group Ltd., Maennedorf,

Switzerland) at a wavelength of 450 nm and a reference filter

of 630 nm. The WST-1 and DMEM solution blank was

carried along with each series and subtracted from the

measured values.

2.5 Assessment of alkaline phosphatase
activity

The activity of the intracellularly generated ALP was

analyzed after 1, 3, 7, 14, 21, and 28 days of stimulation, each

20 h after the last stimulation interval started. The cells were

washed twice using TRIS buffer (50 mM, pH = 8.0) lysed with 1%

Triton X and 1% phenylmethylsulfonyl fluoride (both: Merck,

Darmstadt, Germany) for 10 min. A solution containing 10 mM

4-Nitrophenylphosphat (AppliChem, Darmstadt, Germany),

100 mM 2-amino-2-methyl-1,3-propanediol (Sigma-Aldrich,

Munich, Germany), and 5 mM magnesium chloride (Merck,

Darmstadt, Germany) was added to the lysate and incubated

over 1 h at 37°C and 5% CO2. The reaction was stopped with a

2 M sodium hydroxide solution, and the absorption was

measured at 405 nm with multimode plate reader Infinite

200 pro (Tecan Group Ltd., Maennedorf, Switzerland). A

blank served as an internal control and was subtracted from

each value.

2.6 Gene expression analysis

Gene expression was analyzed after 1, 3, 7, 14, 21, and 28 days of

stimulation, each 20 h after the last stimulation interval started.

Coverslips with the cells were transferred from a 6-well to a 12-

well plate and lysed with the peqGOLD Total RNA Kit (VWR

International GmbH, Darmstadt, Germany), following the

manufacturer’s instructions, to analyze the expression of genes

associated with osteogenic differentiation. The purified RNA was

elutedwith 25 µL of sterile RNase-freewater (Carl RothGmbH&Co.

KG, Karlsruhe, Germany) and RNA concentration was determined

using the plate reader Infinite 200 pro. The High Capacity cDNA

Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA,

United States) was used for the transcription of 100 ng RNA into

complementary DNA (cDNA) following the manufacturer’s

instructions. The program was run at 25°C for 10 min, 37°C for

120 min and 85°C for 15 s. The cDNA was diluted 1:1 with nuclease

FIGURE 1

Electrical stimulation devicewithout andwith culturemedium in a 6-well plate consisting of contact rods, electrode holders, and the electrodes
connected over an insulator.
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free water, and frozen at −20°C until further usage. Samples were

thawed on ice for the semi-quantitative reverse transcription-

polymerase chain reaction (qPCR). The PCR was done in

duplicates using the innuMIX qPCR MasterMix SyGreen Kit

(Analytik Jena, Jena, Germany). The samples were heated up to

95°C for 2 min, and a cycle of 40 reruns was processed with 95°C for

5 s and 60–65°C for 25 s. Primers for the genes of interest are listed in

Table 1. The delta-delta Ct (∆∆Ct) method was used to evaluate the

results (Livak and Schmittgen, 2001). HPRT was used as a

housekeeper gene, and the simulation samples were related to the

matching control.

2.7 Quantification of the secreted proteins

The supernatants used for the quantification of secreted

proteins were collected after 1, 3, 7, 14, 21, 28, and 31 days of

stimulation, each 20 h after the last stimulation interval started.

2.7.1 Quantification of secreted procollagen
type I and osteopontin

The type I C-terminal collagen pro peptide (CICP), and

osteopontin were used as markers for the differentiation capacity

of the pre-osteoblasts. The supernatants containing CICP and

osteopontin were analyzed using enzyme-linked immunosorbent

assays (ELISA). For CICP, the MicroVue CICP ELISA (Quidel,

San Diego, CA, United States), and for osteopontin, the Human

Osteopontin SimpleStep ELISA Kit (Abcam, Cambridge,

United Kingdom) were used. The analyses were done

following the manufacturer’s instructions, and internal

standards served to determine the concentration of each

protein. The absorption was measured using a microplate

reader (Tecan Trading AG, Maennedorf, Switzerland) at a

wavelength of 405 nm. The measured protein concentration

was normalized to the total protein content of each

supernatant. For this purpose, the Invitrogen Qubit Protein

Assay Kit and the Qubit fluorometer Q32857 (both: Thermo

Fisher Scientific, Waltham, MA, United States) were used

according to the manufacturer’s instructions. Included

standards were used to quantify the total protein content.

2.7.2 Quantification of the secreted interleukin-
6, dickkopf-related protein 1 and
osteoprotegerin

Secreted interleukin-6 (IL-6), dickkopf-related protein 1

(DKK-1), and osteoprotegerin (OPG) were analyzed in the

supernatant of each sample with a customized human

BioLegend’s LEGENDplex™ multiplex assay (Biolegend, San

Diego, CA, United States) containing antibodies for IL-6,

DKK-1, and OPG. Analysis was done following the

manufacturer’s instructions, and internal standards served to

determine the concentration of each protein. The multiplex assay

was measured with a BD FACSVerse™ (Becton, Dickinson and

Company, Franklin Lakes, NJ, United States) and analyzed with

TABLE 1 Primer sequences for the genes of interest.

Gene Sequence

Alkaline phosphatase (ALPL) For: 5′-CATTGTGACCACCACGAGAG-3′

Rev: 5′-CCATGATCACGTCAATGTCC-3′

Alpha-1 type I collagen (COL1A1) For: 5′-ACGAAGACATCCCACCAATC-3′

Rev: 5′-AGATCACGTCATCGCACAAC-3′

Caspase 8 (CASP8) For: 5′-TGTTTTCACAGGTTCTCCTCCTTT-3′

Rev: 5′-GAGAATATAATCCGCTCCACCTT-3′

Hypoxanthine-guanine phosphoribosyl transferase (HPRT) For: 5′-CCCTGGCGTCGTGATTAGTG-3′

Rev: 5′-TCGAGCAAGACGTTCAGTCC-3′

Integrin binding sialoprotein (IBSP) For: 5′- ATTTTGGGAATGGCCTGTGC-3′

Rev: 5′- GTCACTACTGCCCTGAACTGG-3′

Bone gamma-carboxyglutamate protein—osteocalcin (BGLAP) For: 5′-TCAGCCAACTCGTCACAGTC-3′

Rev: 5′-GGTGCAGCCTTTGTGTCC-3′

Secreted protein acidic and cysteine rich-osteonectin (SPARC) For: 5′- CTGGACTACATCGGGCCTTG-3′

Rev: 5′- ATGGATCTTCTTCACCCGCAG-3′

Secreted phosphoprotein 1—osteopontin (SPP1) For: 5′-AACGCCGACCAAGGAAAACT-3′

Rev: 5′-GCACAGGTGATGCCTAGGAG-3′

Receptor activator of nuclear factor-kappa-B ligand (RANKL) For: 5′-TCTTCTATTTCAGAGCGCAGATGG-3′

Rev: 5′-CTGATGTGCTGTGATCCAACG-3′

Runt-related transcription factor 2 (RUNX2) For: 5′- CGCCTCACAAACAACCACAG-3′

Rev: 5′- ACTGCTTGCAGCCTTAAATGAC-3′
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the LEGENDplex™ Data Analysis Software. The measured

protein concentration was normalized to each supernatant’s

total protein content (see 2.7.1).

2.8 Quantification of mineralization

The amount of calcium phosphate mineralization was

determined after 1, 3, 7, 14, 21, 28, and 31 days of

stimulation, each 20 h after the last stimulation interval

started. The mineralization processes were examined on top

of the cells and the surrounding well bottom. The glass

coverslips were transferred to a 12-well plate to analyze the

amount of calcium nodules on the cell layer. They were washed

with PBS, fixed with PFA for 10 min (Grimm med. Logistik

GmbH, Torgelow, Germany), and washed with deionized water

before staining with 1% alizarin red (Santa Cruz Biotechnology,

Dallas, TX, United States). After an incubation of 10 min, the

coverslips containing the cell monolayer were rewashed with

deionized water to remove the excess dye. The glass coverslips

were dried at room temperature overnight. Pictures of the entire

coverslip were generated using the digital microscope VHX-

6000 (Keyence, Osaka, Japan) with an automatically stitching

process of single pictures taken with a 200x magnification. The

percentage of the colored surface area of the entire coverslip was

determined with the open-source software ImageJ by three

different researchers, and the mean value was used to

prevent subjective evaluation.

The amount of deposited calcium surrounding the cell-

seeded coverslips was analyzed using the remaining 6-well

plates (Supplementary Figure S1). After removing the

coverslips containing the cells, the well’s bottom was

washed with deionized water, and the calcium layer was

dissolved by adding 2 ml of 0.5 M HCl. After overnight

incubation, the pH was neutralized using 2 M NaOH. The

calcium concentration was measured with the colorimetric

Calcium Assay Kit (Abcam, Cambridge, United Kingdom),

and internal standards served to determine the concentration.

Measurements without human pre-osteoblast served further

as controls for calcium deposition in the LEF or in

unstimulated wells (Supplementary Figure S2). The assay

was carried out following manufactures instructions, and

the measurement was done at a wavelength of 575 nm

using a microplate reader (Tecan Trading AG, Maennedorf,

Switzerland).

2.9 Transcriptome analysis

The transcriptome analysis was performed by ATLAS

Biolabs (Berlin, Germany). Pre-osteoblasts from three

different donors were stimulated in duplicates 7 and

28 days with the HEF and without electric stimulation

(control). The total RNA of each donor was isolated and

afterward pooled from the three donors. The pooling was

necessary due to the need of a high RNA amount for the

transcriptome analysis and the comparatively low cell number

used in the experiments. In the transcriptome analysis data set

provided by ATLAS Biolabs, the signal intensity of more than

55,335 annotated probe sets, hence RNA transcripts were

determined.

Based on the normalized, logarithmic (basis 2) probe set

intensity measured for each transcript in pooled control and HEF

stimulated cells, fold change values were calculated for each

stimulation time, i.e., for cells stimulated 7 or 28 days.

For pathway analysis the data set was further reduced by

removing all transcripts with missing gene description or any

GO-annotation referring to biological or molecular functions.

Further we concentrated on genes and omitted functional RNA

species, such as miRNA.

The pathway enrichment analysis was done using the g:

profiler and EnrichmentMap pipeline, as described in

Reimand et al. (2019) (Reimand et al., 2019). The version of

g:profiler used in this analysis was e105_eg52_p16_e84549f, with

database update on 03/01/2022. Only annotated genes were used

in the analysis and all queries were issued with the following

parameters. The organism h. sapiens was chosen. As data

sources, molecular function and biological process of gene

ontology (GO) were used as annotations, and KEGG and

Reactome were used as pathway data bases. The resulting data

annotation set and gene enrichment map (gmt and gem files,

respectively) were downloaded and subsequently used for

visualization in cytoscape version 3.9.1. (Shannon et al., 2003).

2.10 Display of the data and statistical
analysis

The data obtained in this study were depicted related to the

unstimulated control (100%) of each time point. Therefore, every

graph shows the changes resulting from the electric stimulations

compared to the related unstimulated control. The data were shown

in heatmaps and individual values with median and the 25%- and

75%-quartile. The heatmaps show the median while an upregulation

with a median higher than the related control is shown in blue, a

downregulation with a lower median is shown in orange.

The data were statistically analyzed using GraphPad Prism

software (GraphPad Software, San Diego, CA, United States). For

all experiments, a minimum of five replicates, each from a

different donor, were used for each time point. The normal

distribution was verified using the Shapiro-Wilk test. The results

of each electrical stimulation and their respective control were

compared with a paired t-test for normal distribution or a

Wilcoxon for not normal distribution to identify significances.

Differences resulting from stimulation time were analyzed using

a one-way ANOVA with Tukey for normal distribution or a
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Kruskal-Wallis Test with Dunn’s for not normal distribution.

The results for the two different electric fields were compared

with a two-way ANOVA, but no significant changes (p < 0.05)

could be determined.

3 Results

3.1 Numerical simulation of alternating
electric fields

The electric field strengths were simulated for the 1 mm

distance (Figure 2A) and the 3 mm distance (Figure 2B) from the

electrode to the well’s bottom. The smaller gap results in a HEF

with up to 150 V/m in the cell medium (Figure 2AA) and at the

well’s bottom (Figure 2AB). The larger distance results in a LEF.

The electric field strength decreased from approx 150 V/m near

the electrode with increasing distance in the medium

(Figure 2BA). According to the simulation, the electric field on

the bottom of the well was a maximum of 100 V/m (Fig. BB).

The predicted total current through the well was 17.76 mA

for the HEF. The current for the LEF was about 5% smaller. In

preliminary current measurements, we recorded a current of

about 0.77 mA. The measured smaller current can be mainly

explained by the impedance of the electrode-electrolyte interface,

which we did not consider in our model. Regarding the ratio

between the measured and the predicted current, the prevailing

electric field in the well could be about 20 times smaller than

predicted by the simulations.

3.2 Cell viability

Compared to unstimulated cells, a significant increase in the

cell viability of the pre-osteoblasts could be detected 1 day after

stimulation for the HEF (p = 0.0225) and a slight increase after

3 days for the LEF (p = 0.0632). Further stimulation time did not

influence the viability. Besides, no significant difference between

the electric fields could be detected (Figure 3).

3.3 Gene expression

The gene expression of COL1A1, ALPL, RUNX2, IBSP,

SPARC, BGLAP, SPP1, RANKL, and CASP8 was analyzed

following stimulation with HEF and LEF. The respective gene

expression results are summarized in the heatmaps for HEF

(Figure 4A) and LEF (Figure 4F). Since Ct values for RANKL did

not reach the limit of 29, the results were not included in this

study.

For cells stimulated with HEF, a slight downregulation for

RUNX2 after 7 days (p = 0.0541, Figure 4C) and for ALPLmRNA

FIGURE 2

Simulation of the electric field using a sinusoidal signal with 20 Hz and 0.7 Vrms. (A) Distribution of the electric field with a distance of 1 mm,
leading to a higher electric field (HEF) (B) Distribution of the electric field with a distance of 3 mm, resulting in a lower electric field (LEF). AA and BA

distribution of the electric field between the electrode and the well’s bottom. AB and BB electric field distribution on the well’s bottom. The 1 mm
distance results in a higher electric field up to 150 V/m, and the 3 mm distance results in a lower electric field up to 100 V/m.
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after 14 days (p = 0.0519, Supplementary Figure S3C) was

detectable. After 21 days of stimulation, a slight reduction for

IBSP could be detected (Supplementary Figure S3D) and after

28 days of stimulation, COL1A1 (p = 0.0671) was upregulated

(Figure 4B). Pre-osteoblasts stimulated with the HEF showed

decreased CASP8 gene expression (p = 0.0503, Supplementary

Figure S3A) after 3 days of stimulation. No changes in the

expression of SPARC, BGLAP and SPP1 were observed due to

the electric stimulation. (Figures 4D,E and Supplementary

Figure S3B).

Stimulation with the LEF led to a downregulation of

COL1A1 mRNA on day 3 (p = 0.061), and of RUNX2 on

day 7 (p = 0.0581, Figures 4G,H). A stimulation over 21 days

led to a significant upregulation of COL1A1 (p = 0.0285),

RUNX2 (p = 0.034), SPARC (p = 0.0248), BGLAP (p =

0.0433) (Figures 4G–J), and a non-significant increase of

SPP1 (Supplementary Figure S3F). The upregulation did not

continue until 28 days. Contrary, a significant downregulation

of RUNX2 (p = 0.0475) was detected. For cells stimulated with

LEF, the mRNA transcription of ALPL and IBSP was not

affected (Supplementary Figures S3G,H). Moreover, the

CASP8 gene expression was not influenced through the

electric stimulation during the first days. At day 21 a slight

increase in CASP8 was detectable (p = 0.0607). (Supplementary

Figure S3E).

3.4 Alkaline phosphatase activity and
secretion of proteins

The release of different signaling proteins and the enzyme

activity of ALP were analyzed for the two different distances from

the electrode. The data are summarized in the heatmaps for HEF

(Figure 5A) and LEF (Figure 5H). During the first stimulation

days, CICP was significantly upregulated (day 1: p = 0.0034, day

3: p = 0.0104) following stimulation with HEF. A higher

concentration could be detected for OPG and IL-6, with a

peak at 14 and 21 and a decline at days 28 and 31. OPG and

IL-6 were significantly upregulated during days 14 (OPG: p =

0.0156, IL-6: p = 0.0391) and 21 (OPG: p = 0.0158, IL-6: p =

0.0117). Moreover, OPN was significantly increased after 21 days

(p = 0.0243) compared to the unstimulated control, and the

concentration of OPG, IL-6, and DKK-1 dropped until 31 days.

The electrical stimulation did not influence the ALP activity.

Only after 28 days a slight decrease could be measured (p =

0.0503) (Figures 5B–G).

For the stimulation with the LEF, the CICP concentration

was not significant influenced during the first days of

stimulation but dropped until it reached its lowest value

after 31 days (p = 0.0879) compared to the unstimulated

control. ALP was not significantly influenced by the

electrical stimulation but showed a similar downward trend

at days 21 and 28 as CICP. The concentration of OPN and

OPG was mainly upregulated 3 days (OPN: p = 0.0427, OPG

p = 0.0156) and 7 days (OPG: p = 0.0781) after stimulation,

and dropped after 14 days (OPN: p = 0.007). After 28 and

31 days a similar downturn as for CICP could be detected for

OPN (p = 0.0368), OPG and IL-6 (p = 0.0565). DKK-1 was

upregulated after 7 days (p = 0.0156) of electrical stimulation

(Figures 5I–N).

3.5 Mineralization capacity

The mineralization capacity of the human pre-osteoblastic

cells under electrical stimulation was determined by the amount

of calcium deposited on the surrounding well (Supplementary

Figure S1) and the calcium nodule formation on the cells

FIGURE 3

Metabolic activity of human pre-osteoblasts undergoing electrical stimulation. Pre-osteoblasts were stimulated over 31 days with two different
electric fields [(A) higher electric field: HEF and (B) lower electric field: LEF] and without electrical stimulation (control). Analysis time points were 1, 3,
7, 14, 21, 28, and 31 days with assays performed 20 h after the last stimulation interval started. Metabolic activity of stimulated pre-osteoblasts related
to the unstimulated control, determined viaWST-1 assay. Results are shown as individual values with median and the 25%- and 75%-quartile to
present the distribution of the total results [n ≥ 5]. *p < 0.05: significant differences between the stimulated and control groups.
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(Figure 6A). Deposition of mineralized matrix increased during

cultivation time, both on the cells and the surrounding (Figures

6A–C). Stimulation without cells did not lead to calcium

deposition (Supplementary Figures S2A,B). Cells cultivated

under HEF showed an upregulation in the calcium nodule

formation on the cells after 21 days (p = 0.0683) compared to

unstimulated controls whereas calcium deposition on the

surrounding well was not influenced (Figure 6B). Stimulation

with the LEF led to higher precipitation of calcium on the

surrounding on days 7 (p = 0.0736) and 31 (p = 0.0743). The

calcium nodule formation was upregulated on day 7 (p = 0.0625)

and significantly upregulated on days 14 (p = 0.0260), 28 (p =

0.005), and 31 (p = 0.0469) (Figure 6C).

3.6 Transcriptome analysis

Based on the probe intensity in the microarray data, the fold

change of each gene transcript between unstimulated control cells

and cells with HEF stimulation was estimated after 7 and 28 days,

respectively. For the subsequent analysis only, transcripts were

considered that have a higher/lower fold change value than 1/-1

(log2), which corresponds to double/halve expression values when

comparing control and stimulation.

Interestingly, for most transcripts affected by the stimulation,

the expression fold change is clearly distinct for both stimulation

times (see Figure 7A). Only for a small set of genes stimulation

with HEF induced an up- or downregulation at both time points.

FIGURE 4

Gene expression analysis of osteogenic differentiation marker following stimulation with two different electric field strengths [(A–E) higher
electric field: HEF, (F–J) lower electric field: LEF] related to the unstimulated control. Human pre-osteoblasts were stimulated over 28 days; the
analysis time points were 1, 3, 7, 14, 21, and 28 days with assays performed 20 h after the last stimulation interval started. Gene expression rates were
acquired via qPCR and related to the control using the 2-∆∆Ct method. (A,F) Results within heatmaps are shown as medians whereby the
downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar gene expression as the control in white [ = 1]. (B–E,G–J) The
distribution of the total results [n ≥ 5] are depicted as individual values with median and the 25%- and 75%-quartile. *p < 0.05: significant differences
between the stimulated and control groups.
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The remaining transcripts either show an up or down-regulated

expression after 7 or 28 days of stimulation compared to

unstimulated control, but not at both time points. Therefore,

the gene expression at day 7 and 28 was considered separately in

the pathway enrichment analysis.

The top 10 genes with highest and lowest expression fold

changes are shown in Figure 7B. Among other genes, MMP1 and

CXCL8 were both upregulated after 7 and 28 days of stimulation.

SPX was one of the genes with the highest fold change for 7 days

and ACKR4 for 28 days. Different G protein-coupled receptors

FIGURE 5

Secretion of proteins by pre-osteoblasts stimulated with two different electric field strengths [(A–G) higher electric field: HEF, (H–N) lower
electric field: LEF] related to the unstimulated control. Pre-osteoblasts were stimulated over 31 days. The analysis time points were 1, 3, 7, 14, 21, 28
(for ALP), and 31 days (for CICP, OPN, OPG, IL-6, and DKK-1) with assays performed 20 h after the last stimulation interval started. Protein levels were
acquired for CICP, OPN, OPG, IL-6, and DKK-1 from the supernatant and related to the total protein content of the supernatant. The activity
level of ALP was generated through the lysis of the cells. The unstimulated control of each time point was used for normalization. (A,H) Results within
heatmaps are shown asmedianswhereby the downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar protein secretion
as the control in white [ = 1]. (B-G, I-N) The distribution of the total results [n ≥ 5] are depicted as individual values withmedian and the 25%- and 75%-
quartile. *p < 0.05, **p < 0.01: significant differences between the stimulated and control groups.

Frontiers in Physiology frontiersin.org10

Sahm et al. 10.3389/fphys.2022.965181



were up- or downregulated e.g., OR5H14, OR52I2, OR2T29,

OR1J1, and ORC6.

To gain an overview over the different cell responses revealed

through the transcriptome analysis, a pathway enrichment

analysis was created with separate lists for day 7 and day

28 containing all genes with distinct expression fold change

(i.e., higher/lower fold change value than 1/-1 (log2)). Both

gene lists were separately used as input for pathway

enrichment analysis and to create gene enrichment maps with

the help of g:profiler web-service. The resulting network shown

in Figure 7C combines both gene enrichment maps of day 7 and

day 28. It depicts all GO terms of molecular and biological

functions that were overrepresented in the provided gene lists

and further provides color-coded information, whether the

associated genes were down- or upregulated. The network

underlines the activation of different pathways by varying

time points. Seven days stimulation led to a regulation of the

binding, signaling pathway and activity of G protein-coupled

receptors. Further, the metabolic processes of prostaglandin,

eicosanoid, unsaturated fatty acids and prostanoid were

upregulated. The stimulation over 28 days resulted in, among

others, an increased cellular response to stimulus and stress, and

different localization, locomotion reactions as well as an increase

in the movement of cell or subcellular component. (Figure 7C).

4 Discussion

Electrical stimulation is known to influence bone healing

processes and increase bone formation in vivo. Bhavsar et al.

compared animal and clinical studies and revealed a positive

influence of electrical stimulation in 77% of the animal studies

and 73% of the clinical ones (Bhavsar et al., 2020).

Despite this availability of studies, the underlying cellular

processes are not yet fully understood. While there is a

substantial amount of data on short-term electric field

FIGURE 6

Mineralization behavior of human pre-osteoblasts undergoing electrical stimulation. Pre-osteoblasts were stimulated over 31 days with two
different electric fields (higher electric field: HEF, lower electric field: LEF) and without electrical stimulation (control). Analysis time points were 3, 7,
14, 21, 28, and 31 days with assays performed 20 h after the last stimulation interval started. (A) Calcium nodule formation on the cells after electrical
stimulation with HEF, LEF, and without electrical stimulation colored with alizarin red. (B,C) Evaluation of themineralization behavior for HEF (B)
and LEF (C) relative to the mineralization behavior of the unstimulated control. The amount of calcium nodule formation was determined after
alizarin staining of the cells grown on coverslips (c) by proportioning the colored areas to the uncolored areas using ImageJ. The concentration of the
calcium deposition on the surrounding (s) was determined after dissolving the mineralized matrix with HCl with the colorimetric Calcium Assay Kit.
The unstimulated control of each time point was used for normalization. Results within heatmaps are shown as medians whereby the
downregulation is identified in orange [< 1], the upregulation in blue [> 1], and a similar mineralization capacity as the control in white [ = 1]. The
distribution of the total results [n ≥ 5] are depicted as individual values with median and the 25%- and 75%-quartile. *p < 0.05, **p < 0.01: significant
differences between the stimulated and control groups.
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exposure studies (Supronowicz et al., 2001; Creecy et al., 2013;

Bique et al., 2016), there is a lack of knowledge on the biological

response in long-term in vitro studies using directly coupled

alternating electrical fields. Therefore, the focus of this research

was to stimulate human osteoblasts with alternating electric fields

over a period of 31 days to investigate the differentiation and

mineralization behavior of the cells at different time points. Due

to the chosen setup, we were able to stimulate the cells with two

different electric field strengths. In addition, we used a numerical

simulation to obtain information about the distributions of the

HEF and LEF electric fields used for stimulation. Our main

findings in this study were: 1) High alternating electric fields

(HEF) induced increased secretion of CICP, OPN, OPG, and IL-6

across different time points. 2) Low alternating electric fields

(LEF) induced gene expression of important osteogenic markers

at day 21. Moreover, LEF increased the amount of mineralized

matrix already after 7 days of stimulation. This increased

mineralization was observed throughout the stimulation

period. Thus, it can be concluded that directly coupled low-

level alternating electric fields promote bone mineralization in

vitro.

During the first days of stimulation, the cell viability of pre-

osteoblasts was slightly increased, and no negative long-term

effect was noticable. Similar outcomes were observed by other

studies using alternating electric fields with a rise in cell number

after 1 day’s stimulation or an increase in proliferation after

2 days (Supronowicz et al., 2001; Sahm et al., 2020). Studies with

other stimulation systems revealed an influence on the cell

FIGURE 7

Results of the transcriptome analysis. (A) Heatmap of all genes with higher/lower fold change value than 1/-1 (log2), compared between
unstimulated control cells andHEF stimulated cells after 7 and 28 days. (B)Heatmap of top 10 geneswith highest and lowest fold changes (log2) each
day. (C) Pathways influenced by the electric stimulation. Each node (circle) represents a distinct molecular or biological function, and edges (green
lines) represent the number of overlapping genes, determined using a similarity coefficient (Shannon et al., 2003). Yellow and orange circles
represent upregulatedmolecular or biological functions after 7 (yellow) and 28 days (orange) of HEF stimulation, respectively. Green and blue circles
represent downregulated molecular or biological functions after 7 (green) and 28 days (blue) of HEF stimulation, respectively.
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number or metabolic activity during the first days of stimulation

and no further change in osteoblast-like cells’ proliferation up to

29 days (Hronik-Tupaj et al., 2011; Zhu et al., 2017, 2019; Leppik

et al., 2018; Bloise et al., 2020; Konstantinou et al., 2020; de Sousa

et al., 2021). Even though these studies used different culture

conditions, various stimulation systems and different cell types, a

similar trend for the viability of pre-osteoblasts could be

observed. As most of the studies analyzed the proliferation or

viability, effects on cell apoptosis were not studied. CASP8 is a

widely described apoptotic marker for different cell types

(Nicholson, 1999). The downregulation of CASP8 with HEF

after 3 days matches the slightly increased viability during the

first days of stimulation. However, the upregulation of CASP8 at

day 21 with LEF was not reflected in the viability. In contrary, at

day 21 the gene expression of several differentiation markers was

increased. CASP8 is not only known for its role in the cell death

signaling but also has been shown to be important for the

differentiation of the macrophage lineage (Kang et al., 2004).

Furthermore, in osteoblastic cells, it was found that a reduction of

CASP8 transcripts decreased the expression of the osteogenic

genes BGLAP and PHEX (phosphate-regulating neutral

endopeptidase, X-linked gene) (Kratochvílová et al., 2020).

Therefore, it can be assumed that an increase in CASP8

mRNA following stimulation with LEF led to an increase to

the investigated differentiation factors (BGLAP, SPARC,

COL1A1) in our study. However, further work is required to

evaluate a direct correlation between these signal cascades.

Besides CASP8, stimulation with LEF induced the mRNA

transcription of COL1A1, RUNX2, SPARC, BGLAP, and SPP1

after 21 days. These genes are involved in the induction of bone

matrix formation and differentiation of osteoblasts (Bruderer

et al., 2014). RUNX2 is one of the initial markers for osteogenic

differentiation and decisive for the progression of pre-osteoblasts

into active osteoblasts. During this differentiation process,

RUNX2 is essential for the expression of bone matrix proteins

like collagen 1, osteopontin, osteocalcin, and osteonectin (Huang

et al., 2007; Rucci, 2008; Bruderer et al., 2014). Accordingly to

Supronowicz et al. (2001) the detectable overexpression after

21 days suggests a promoting effect of electric fields on the

further development of pre-osteoblasts into mature osteoblasts

and for the further formation of mineralized bone matrix

(Supronowicz et al., 2001). Also other studies observed a

similar upregulation of osteogenic gene expression but with

earlier upregulations after 7, 14, or 21 days (Hronik-Tupaj

et al., 2011; Creecy et al., 2013; Wechsler et al., 2016; Zhu

et al., 2017). Different stimulation systems, applied

frequencies, voltages, or even the cell type origin or

cultivation conditions can trigger different gene expressions at

different time points (Griffin et al., 2011; Bique et al., 2016;

Leppik et al., 2020). Chaudhari et al. examined the OPG

expression using a variety of frequencies and voltages and

revealed up- and downregulations of OPG depending on the

electric field strength (Chaudhari et al., 2021). This observation

can be supported with our result obtained for the secretion of

OPG by the pre-osteoblasts stimulated with different electric field

strengths. Besides OPG, the HEF upregulated the protein

synthesis rate of IL-6, OPN and DKK-1 after 14 or 21 days of

stimulation. A similar trend was detected for the LEF at an earlier

stage, as the upregulation started already after the first day of

stimulation. The cells seem to react differently to the varying

electric field strengths underlining the importance of an optimal

electric field used for stimulating bone cells.

Moreover, LEF caused a significant upregulation of the

mineralized matrix after 14, 28, and 31 days of stimulation.

During these days, the amounts of the investigated proteins

were not influenced or even downregulated, suggesting a

promoting effect on the mineralization capacity. In particular,

our data demonstrate the correlation of secreted OPN on the

mineralization capacity of pre-osteoblasts following stimulation

with LEF. OPN in its phosphorylated state inhibits

mineralization processes (Jono et al., 2000), and as the

amount of ALP did not vary during stimulation,

phosphorylated OPN can be assumed. When comparing

mineralization and OPN release, a coherent trend becomes

apparent. Is OPN upregulated or similar to the control, the

mineralization capacity is not upregulated. The amount of

mineralized matrix increases significantly when OPN is

downregulated, confirming the regulatory effect of OPN on

mineralization during electric stimulation (Jono et al., 2000).

The increased deposition of mineralized matrix was detectable

not only on the cell-seeded coverslips but also outside of them in

the surrounding wells. It is likely that secreted microvesicles,

which include Ca2+ and Pi ions (Bourne et al., 2021), are

circulated throughout the well. At those sites where type

1 collagen has been deposited, crystallization of CaP then

occurs (Bourne et al., 2021). We assume that osteoblastic

deposition of a collagen matrix is not only limited to the

coverslips, so that a clear mineralization can also be detected

in the complete well. Moreover, as described before, the

regulation of the mineralization layer seems to be dependent

on the alkaline phosphatase activity and OPN secretion.

HEF, on the contrary, did not affect the mineralization

processes to the same extent as LEF did, but led to a prolonged

and later upregulation of secreted protein levels of OPG, IL-6,

OPN, and DKK-1. These proteins are known to be involved in

bone remodeling processes (Rucci, 2008; Einhorn and

Gerstenfeld, 2015; Si et al., 2020). OPG is known for its

influence on bone growth through the RANKL/RANK/OPG

signaling system (Boyce and Xing, 2008). OPN can influence

progenitor cells like mesenchymal stem cells, hematopoietic

stem cells and osteoclast migration and adhesion (Walker et al.,

2010; Si et al., 2020). A common underlying mechanism

triggered by the electrical stimulation for DKK-1 and IL-6

may be the Wnt signaling pathway, as both are known to be

involved in this pathway (Malysheva et al., 2016). DKK-1 is

mainly known for inhibiting osteoblastic function but can also
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play a role in the mineralization processes of mature osteoblasts

(Westendorf et al., 2004; van der Horst et al., 2005). IL-6 has a

controversial role in bone remodeling processes as it can

activate or deactivate osteoblasts and osteoclasts, probably

depending on the presence of other cytokines and the

differentiation stage of the cells (Blanchard et al., 2009; Feng

et al., 2017). Because these proteins were upregulated in HEF

over a longer stimulation time than in LEF, a stronger influence

of HEF on bone remodeling and possibly on bone resorption

processes can be assumed. Further studies are necessary to

prove this assumption. The cultivation of osteoclast-like cells

with the supernatants generated from stimulated osteoblasts or

the simultaneous stimulations in co-cultures may give insights

into the activation and differentiation of osteoclasts through the

released cytokines. The interaction between osteoblast and

osteoclast is important to understand the up- and

downregulation of cytokines which are essential for

promoting healing rates in stimulated bone. A 3D printed

scaffold can generate a surrounding to study the crosstalk

between different cells like osteoblasts, osteoclast or

endothelial cells (Sieberath et al., 2020; Kanwar and

Vijayavenkataraman, 2021). It would allow the

differentiation of osteoblasts into osteocytes, as 3D systems

are necessary for generating osteocytes in vitro (Sawa et al.,

2019). Further, a 3D system would enable better comparison

between in vitro and in vivo conditions to increase knowledge

about the influence of electrical stimulation on bone

remodeling processes. Future in vivo studies are necessary to

confirm the assumptions made through this study and to

examine crosstalk between different cell types. One

conceivable application would be the insertion of an

electrically active stimulation device into an artificial hip

stem or the use in bone defects of critical size (Zimmermann

U et al., 2021). As in vivo processes are more complex through

the interplay of different cells, the fluid flow and the bone

matrix, it can be that the observed effects are diminished,

unchanged or intensified. In vivo analysis of the healing

process under electrical stimulation using sensors like the

bioMEMS are possible to generate more data about the

optimal stimulation conditions for increasing bone healing

rates under electric stimulation in vivo (McGilvray et al., 2015).

To identify fundamental key factors and signaling

pathways, which are the link between the external field and

the increased differentiation, further studies are needed. The

calcium-sensing receptor and channels like piezo 1 and

2 seems to be key factors which might be involved in the

signal transduction (Lee et al., 2014; Cianferotti et al., 2015). A

first try to reveal the underlying signaling cascades was done

by the transcriptome analysis of cells stimulated 7 and 28 days

with the HEF. The comparison between the early and late time

point emphasizes the importance of a long-time stimulation

in vitro as different gene expression profiles were observed.

Under electric stimulation, the gene expression changed

depending on the stimulation time. The gene expression

profile of the 7 day stimulation revealed an increase in the

metabolic processes of eicosanoids like prostaglandin and

prostanoid and a reduction of the G protein-coupled

receptor (GPCR) activity. Eicosanoids are known to be

important signaling molecules and are mainly recognized

by cell membrane GPCRs (Calder, 2020). As the GPCR

activity was reduced, the enhanced eicosanoids processes

might suggest an increase in the cell communication with

other cell types triggered through the electric stimulation.

Another possible target could be nuclear receptors in the cells

like the peroxisome proliferator-activated receptors which are

known to be involved in proliferation and differentiation

processes (Chinetti et al., 2000). The 28 days stimulation

led to an increase in cellular responses to stimulus, stress

and to an activation and regulation of locomotion, localization

and movement. The influence of electrical stimulation in the

movement and migration of the cells is mainly known for

direct current and electromagnetic field stimulation (Ferrier

et al., 1986; Mycielska and Djamgoz, 2004; Zhang et al., 2018).

As the influence of alternating electric fields on the migration

was not yet described, further research needs to be done

regarding long-term stimulation with alternating fields and

the observation of the movement of the cell or subcellular

components. In the conjunction with the enhanced migration,

the transcriptome analysis revealed increased chemotaxis and

taxis. It can be assumed that released chemokines influence

the migration behavior not only for the osteoblastic cells but

also for other cells types. The increased gene expression of

osteoblastic differentiation factors at day 21 might be the

possible trigger for further chemotaxis and migration. These

observations underline the importance of co-culture models

to understand the interplay between different cell types. The

implemented transcriptome analysis is, through the pooling of

analyzed samples, just a first insight. Further investigations

regarding the gene expression profiles are necessary. More

time points can give a better understanding on how the

electric stimulation is changing the signaling cascades over

time. Analysis from cells 24 h after the start of the electric

stimulation might reveal cascades which are involved in the

proliferation. Advanced timings are important to understand

cell signaling which is fundamental for the increased

mineralization.

In order to achieve more comprehensive comparability

between studies, the specification of the electric field and

validation of the utilized fields should be sought after. With

information about the applied electric fields, research data can

be put in the proper context, and the optimal electric field for

bone regeneration may be identified. The numerical

simulation of the electric fields used in our study is the first

attempt to estimate the field resulting from the used

parameters. One limitation of the numerical simulations is

the assumption that the electrode-electrolyte interface
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impedance does not affect the current density distribution on

the electrode surface. At low frequencies such as 20 Hz, an

electrochemical double layer may arise on the electrode,

reducing the electric field in the surrounding. Moreover,

the model makes the postulation of an electrochemically

inert and stable system. Due to the cells, the progressive

mineralization processes, and the electric field,

electrochemical reactions in the system might occur. These

electrochemical reactions would influence the electric field as

well. Furthermore, electrochemical reactions on the electrode

could lead to corrosion on the surface of the electrode,

resulting in reduced field strengths. The first steps in

addressing these issues have been made and will be refined

in future research (Zimmermann J et al., 2021). Measurements

with electrochemical impedance spectroscopy, local

measurements of the induced voltage in the medium, and

the constant documentation of the current and the voltage

during stimulation will give more information about the

electric field strength and possible confounding factors.

Investigations about probable corrosion processes or

deposits on the surface of the Ti6Al4V during electrical

stimulation could answer if electrochemical reactions on

the electrode arise and how strongly they influence the

electric field strength. This is also important when thinking

about future in vivo applications. In vivo devices may need to

be controllable as the electric field is reduced by the deposition

of extracellular matrix. With an adjustable device, a desired

electric field can be kept constant over time by increasing

parameters such as frequency or voltage. Despite a presumed

reduction of the simulated field strengths during stimulation

in this study, the percentage difference between the fields will

remain the same. Thus, it can be assumed that the two

electrode configurations with different distances will always

lead to different electric fields with constant ratios.

5 Conclusion

In conclusion, our study demonstrates the importance of

long-term stimulation for a better understanding of the effects

of electric fields on osteoblastic cells. The impact of electrical

stimulation on the cells can change as time progresses, so

experiments on long-term stimulation are essential. The

metabolic activity was promoted during the first days of

stimulation, gene expression and protein release changed

over time. The electrical stimulation with low frequency

alternating electric fields activated the osteogenic

differentiation of pre-osteoblast and influenced bone

remodeling processes. The LEF led to an increase in the

mineralization capacity over time until 31 days. In contrast,

HEF did not influence the mineralization but led to a later but

longer-lasting increase in the bone remodeling markers OPN,

OPG, IL-6, and DKK-1. This could predict a higher efficiency

in bone formations due to lower electric fields. Further

experiments with immune cells and osteoclasts should be

performed to understand better the influence of the

released cytokines and the crosstalk between different cell

types and the resulting bone remodeling processes under long-

term electrical stimulation. With increased studies of electric

field strengths in vitro and in vivo through validation and

simulation of field distribution, more information on optimal

stimulation parameters can be obtained.

Data availability statement

The datasets generated during the current study are available

from the corresponding author on reasonable request.

Ethics statement

The studies involving human participants were reviewed and

approved by Medical Departmend University Rostock, Local

Ethical Committee (Registration number: A 2010-0010,

approval date: 27 January 2017). The patients/participants

provided their written informed consent to participate in this

study.

Author contributions

Conceptualization: FS and AJ-H; data curation: FS and VFG;

simulation: JZ; pathway enrichment analysis: FH; formal

analysis: FS, JZ, FH; funding acquisition: AJ-H, RD, UV, and

RB; methodology: FS and VFG. project administration: AJ-H;

Resources: AJ-H and RB; supervision: AJ-H and RB;

visualization: FS, AJ-H, JZ, FH; writing—original draft

preparation: FS, JZ, FH; writing—review and editing: VFG, JZ,

UV, FH, AJ-H, RD, and RB. All authors have read and agreed to

the published version of the manuscript.

Funding

This work was supported by the Deutsche

Forschungsgemeinschaft (DFG, German Research

Foundation)—JO 1483/1-1, and SFB 1270/1,2 - 299150580.

Acknowledgments

We gratefully acknowledge Doris Hansmann, Vivien Krebs,

Wendy Bergmann, and Michael Müller (from the Core Facility

for Cell Sorting and Cell Analysis, Rostock University Medical

Centre) for their technical support.

Frontiers in Physiology frontiersin.org15

Sahm et al. 10.3389/fphys.2022.965181



Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.965181/full#supplementary-material

References

Babona-Pilipos, R., Liu, N., Pritchard-Oh, A., Mok, A., Badawi, D., Popovic, M.
R., et al. (2018). Calcium influx differentially regulates migration velocity and
directedness in response to electric field application. Exp. Cell Res. 368, 202–214.
doi:10.1016/j.yexcr.2018.04.031

Balint, R., Cassidy, N. J., and Cartmell, S. H. (2012). Electrical stimulation: A
novel tool for tissue engineering. Tissue Eng. Part B Rev. 19, 48–57. doi:10.1089/ten.
teb.2012.0183

Bhavsar, M. B., Han, Z., DeCoster, T., Leppik, L., Costa Oliveira, K. M., Barker,
J. H., et al. (2020). Electrical stimulation-based bone fracture treatment, if it works
so well why do not more surgeons use it? Eur. J. Trauma Emerg. Surg. 46, 245–264.
doi:10.1007/s00068-019-01127-z

Bique, A. M., Kaivosoja, E., Mikkonen, M., and Paulasto-Kröckel, M. (2016).
Choice of osteoblast model critical for studying the effects of electromagnetic
stimulation on osteogenesis in vitro. Electromagn. Biol. Med. 35, 353–364. doi:10.
3109/15368378.2016.1138124

Blanchard, F., Duplomb, L., Baud’huin, M., and Brounais, B. (2009). The dual role
of IL-6-type cytokines on bone remodeling and bone tumors. Cytokine Growth
Factor Rev. 20, 19–28. doi:10.1016/j.cytogfr.2008.11.004

Bloise, N., Patrucco, A., Bruni, G., Montagna, G., Caringella, R., Fassina, L., et al.
(2020). In vitro production of calcified bone matrix onto wool keratin scaffolds via
osteogenic factors and electromagnetic stimulus. Mater. (Basel) 13, 3052. doi:10.
3390/ma13143052

Bourne, L. E., Wheeler-Jones, C. P., and Orriss, I. R. (2021). Regulation of
mineralisation in bone and vascular tissue: A comparative review. J. Endocrinol. 248
(2), R51–R65. doi:10.1530/JOE-20-0428

Boyce, B. F., and Xing, L. (2008). Functions of RANKL/RANK/OPG in bone
modeling and remodeling.Arch. Biochem. Biophys. 473, 139–146. doi:10.1016/j.abb.
2008.03.018

Bruderer, M., Richards, R. G., Alini, M., and Stoddart, M. J. (2014). Role and
regulation of RUNX2 in osteogenesis. Eur. Cell. Mat. 28, 269–286. doi:10.22203/
ecm.v028a19

Buza, J. A., III, and Einhorn, T. (2016). Bone healing in 2016. Clin. Cases Min.
Bone Metab. 13, 101–105. doi:10.11138/ccmbm/2016.13.2.101

Calder, P. C. (2020). Eicosanoids. Essays Biochem. 64, 423–441. doi:10.1042/
EBC20190083

Carvalho, M. S., Alves, L., Bogalho, I., Cabral, J. M. S., and da Silva, C. L. (2021).
Impact of donor age on the osteogenic supportive capacity of mesenchymal stromal
cell-derived extracellular matrix. Front. Cell Dev. Biol. 9, 747521. doi:10.3389/fcell.
2021.747521

Chaudhari, S. D., Sharma, K. K., Marchetto, J. J., Hydren, J. R., Burton, B. M., and
Moreno, A. P. (2021). Modulating OPG and TGF-β1 mRNA expression via
bioelectrical stimulation. Bone Rep. 15, 101141. doi:10.1016/j.bonr.2021.101141

Chen, C., Bai, X., Ding, Y., and Lee, I.-S. (2019). Electrical stimulation as a novel
tool for regulating cell behavior in tissue engineering. Biomater. Res. 23, 25. doi:10.
1186/s40824-019-0176-8

Chinetti, G., Fruchart, J.-C., and Staels, B. (2000). Peroxisome proliferator-activated
receptors (PPARs): Nuclear receptors at the crossroads between lipid metabolism and
inflammation. Inflamm. Res. 49, 497–505. doi:10.1007/s000110050622

Cianferotti, L., Gomes, A. R., Fabbri, S., Tanini, A., and Brandi, M. L. (2015). The
calcium-sensing receptor in bone metabolism: From bench to bedside and back.
Osteoporos. Int. 26, 2055–2071. doi:10.1007/s00198-015-3203-1

Coelho, M. J., and Fernandes, M. H. (2000). Human bone cell cultures in
biocompatibility testing. Part II: Effect of ascorbic acid, β-glycerophosphate and
dexamethasone on osteoblastic differentiation. Biomaterials 21, 1095–1102. doi:10.
1016/S0142-9612(99)00192-1

Crawford, R. W., and Murray, D. W. (1997). Total hip replacement: Indications
for surgery and risk factors for failure. Ann. Rheum. Dis. 56, 455–457. doi:10.1136/
ard.56.8.455

Creecy, C. M., O’Neill, C. F., Arulanandam, B. P., Sylvia, V. L., Navara, C. S., and Bizios,
R. (2013). Mesenchymal stem cell osteodifferentiation in response to alternating electric
current. Tissue Eng. Part A 19, 467–474. doi:10.1089/ten.TEA.2012.0091

de Sousa, B. M., Correia, C. R., Ferreira, J. A. F., Mano, J. F., Furlani, E. P., Soares
dos Santos, M. P., et al. (2021). Capacitive interdigitated system of high
osteoinductive/conductive performance for personalized acting-sensing implants.
NPJ Regen. Med. 6, 80. doi:10.1038/s41536-021-00184-6

deVet, T., Jhirad, A., Pravato, L., and Wohl, G. R. (2021). Bone bioelectricity and
bone-cell response to electrical stimulation: A review. Crit. Rev. Biomed. Eng. 49,
1–19. doi:10.1615/CritRevBiomedEng.2021035327

dos Santos, M. P. S., Marote, A., Santos, T., Torrão, J., Ramos, A., Simões, J. A.
O., et al. (2016). New cosurface capacitive stimulators for the development of
active osseointegrative implantable devices. Sci. Rep. 6, 30231. doi:10.1038/
srep30231

Einhorn, T. A., and Gerstenfeld, L. C. (2015). Fracture healing: Mechanisms and
interventions. Nat. Rev. Rheumatol. 11, 45–54. doi:10.1038/nrrheum.2014.164

Ellenrieder, M., Tischer, T., Kreuz, P. C., Fröhlich, S., Fritsche, A., and
Mittelmeier, W. (2013). [Arthroscopically assisted therapy of avascular necrosis
of the femoral head]. Oper. Orthop. Traumatol. 25, 85–94. doi:10.1007/s00064-011-
0072-4

Ercan, B., and Webster, T. J. (2010). The effect of biphasic electrical stimulation
on osteoblast function at anodized nanotubular titanium surfaces. Biomaterials 31,
3684–3693. doi:10.1016/j.biomaterials.2010.01.078

Feng,W., Liu, H., Luo, T., Liu, D., Du, J., Sun, J., et al. (2017). Combination of IL-6
and sIL-6R differentially regulate varying levels of RANKL-induced
osteoclastogenesis through NF-κB, ERK and JNK signaling pathways. Sci. Rep.
7, 41411. doi:10.1038/srep41411

Ferguson, R. J., Palmer, A. J. R., Taylor, A., Porter, M. L., Malchau, H., and Glyn-
Jones, S. (2018). Hip replacement. Lancet 392, 1662–1671. doi:10.1016/S0140-
6736(18)31777-X

Ferrier, J., Ross, S. M., Kanehisa, J., and Aubin, J. E. (1986). Osteoclasts and
osteoblasts migrate in opposite directions in response to a constant electrical field.
J. Cell. Physiol. 129, 283–288. doi:10.1002/jcp.1041290303

Fukada, E., and Yasuda, I. (1957). On the piezoelectric effect of bone. J. Phys. Soc.
Jpn. 12, 1158–1162. doi:10.1143/JPSJ.12.1158

Griffin, M., and Bayat, A. (2011). Electrical stimulation in bone healing: Critical
analysis by evaluating levels of evidence. Eplasty 11, e34.

Griffin, M., Iqbal, S. A., Sebastian, A., Colthurst, J., and Bayat, A. (2011).
Degenerate wave and capacitive coupling increase human MSC invasion and
proliferation while reducing cytotoxicity in an in vitro wound healing model.
PLoS One 6, e23404. doi:10.1371/journal.pone.0023404

Gruber, R., Koch, H., Doll, B. A., Tegtmeier, F., Einhorn, T. A., and Hollinger,
J. O. (2006). Fracture healing in the elderly patient. Exp. Gerontol. 41, 1080–1093.
doi:10.1016/j.exger.2006.09.008

Frontiers in Physiology frontiersin.org16

Sahm et al. 10.3389/fphys.2022.965181



Grunert, P. C., Jonitz-Heincke, A., Su, Y., Souffrant, R., Hansmann, D., Ewald, H., et al.
(2014). Establishment of a novel in vitro test setup for electric andmagnetic stimulation of
human osteoblasts. Cell biochem. Biophys. 70, 805–817. doi:10.1007/s12013-014-9984-6

Hao, Z., Xu, Z., Wang, X., Wang, Y., Li, H., Chen, T., et al. (2021). Biophysical
stimuli as the fourth pillar of bone tissue engineering. Front. Cell Dev. Biol. 9,
790050. doi:10.3389/fcell.2021.790050

Hiemer, B., Krogull, M., Bender, T., Ziebart, J., Krueger, S., Bader, R., et al. (2018).
Effect of electric stimulation on human chondrocytes and mesenchymal stem cells
under normoxia and hypoxia. Mol. Med. Rep. 18, 2133–2141. doi:10.3892/mmr.
2018.9174

Hronik-Tupaj, M., Rice, W. L., Cronin-Golomb, M., Kaplan, D. L., and
Georgakoudi, I. (2011). Osteoblastic differentiation and stress response of
human mesenchymal stem cells exposed to alternating current electric fields.
Biomed. Eng. Online 10, 9. doi:10.1186/1475-925X-10-9

Huang, W., Yang, S., Shao, J., and Li, Y.-P. (2007). Signaling and transcriptional
regulation in osteoblast commitment and differentiation. Front. Biosci. 12,
3068–3092. doi:10.2741/2296

Jono, S., Peinado, C., and Giachelli, C. (2000). Phosphorylation of osteopontin is
required for inhibition of vascular smooth muscle cell calcification. J. Biol. Chem.
275, 20197–20203. doi:10.1074/jbc.M909174199

Kang, T.-B., Ben-Moshe, T., Varfolomeev, E. E., Pewzner-Jung, Y., Yogev, N.,
Jurewicz, A., et al. (2004). Caspase-8 serves both apoptotic and nonapoptotic roles.
J. Immunol. 173, 2976–2984. doi:10.4049/jimmunol.173.5.2976

Kanwar, S., and Vijayavenkataraman, S. (2021). Design of 3D printed scaffolds for
bone tissue engineering: A review. Bioprinting 24, e00167. doi:10.1016/j.bprint.
2021.e00167

Khan, M., Osman, K., Green, G., and Haddad, F. S. (2016). The epidemiology of
failure in total knee arthroplasty: Avoiding your next revision. Bone Jt. J. 98-B,
105–112. doi:10.1302/0301-620X.98B1.36293

Konstantinou, E., Zagoriti, Z., Pyriochou, A., and Poulas, K. (2020). Microcurrent
stimulation triggers MAPK signaling and TGF-β1 release in fibroblast and
osteoblast-like cell lines. Cells 9, 1924. doi:10.3390/cells9091924

Kratochvílová, A., Vesela, B., Ledvina, V., Svandova, E., Kleparnik, K., Dadakova,
K., et al. (2020). Osteogenic impact of pro-apoptotic caspase inhibitors in MC3T3-
E1 cells. Sci. Rep. 10, 7489. doi:10.1038/s41598-020-64294-9

Lee, W., Leddy, H. A., Chen, Y., Lee, S. H., Zelenski, N. A., McNulty, A. L., et al.
(2014). Synergy between Piezo1 and Piezo2 channels confers high-strain
mechanosensitivity to articular cartilage. Proc. Natl. Acad. Sci. U. S. A. 111,
E5114–E5122. doi:10.1073/pnas.1414298111

Leppik, L., Oliveira, K. M. C., Bhavsar, M. B., and Barker, J. H. (2020). Electrical
stimulation in bone tissue engineering treatments. Eur. J. Trauma Emerg. Surg. 46,
231–244. doi:10.1007/s00068-020-01324-1

Leppik, L., Zhihua, H., Mobini, S., Thottakkattumana Parameswaran, V.,
Eischen-Loges, M., Slavici, A., et al. (2018). Combining electrical stimulation
and tissue engineering to treat large bone defects in a rat model. Sci. Rep. 8,
6307. doi:10.1038/s41598-018-24892-0

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402–408. doi:10.1006/meth.2001.1262

Lochner, K., Fritsche, A., Jonitz, A., Hansmann, D., Mueller, P., Mueller-hilke, B.,
et al. (2011). The potential role of human osteoblasts for periprosthetic osteolysis
following exposure to wear particles. Int. J. Mol. Med. 28 (6), 1055–1063. doi:10.
3892/ijmm.2011.778

Maier, G. S., Kolbow, K., Lazovic, D., and Maus, U. (2016). The importance of
bone mineral density in hip arthroplasty: Results of a survey asking orthopaedic
surgeons about their opinions and attitudes concerning osteoporosis and hip
arthroplasty. Adv. Orthop. 2016, 8079354. doi:10.1155/2016/8079354

Malysheva, K., de Rooij, K., Lowik, C. W., Baeten, D. L., Rose-John, S., Stoika, R.,
et al. (2016). Interleukin 6/wnt interactions in rheumatoid arthritis: Interleukin
6 inhibits Wnt signaling in synovial fibroblasts and osteoblasts. Croat. Med. J. 57,
89–98. doi:10.3325/cmj.2016.57.89

McCullen, S. D., McQuilling, J. P., Grossfeld, R. M., Lubischer, J. L., Clarke, L. I.,
and Loboa, E. G. (2010). Application of low-frequency alternating current electric
fields via interdigitated electrodes: Effects on cellular viability, cytoplasmic calcium,
and osteogenic differentiation of human adipose-derived stem cells. Tissue Eng.
Part C Methods 16, 1377–1386. doi:10.1089/ten.tec.2009.0751

McGilvray, K. C., Unal, E., Troyer, K. L., Santoni, B. G., Palmer, R. H., Easley, J. T.,
et al. (2015). Implantable microelectromechanical sensors for diagnostic
monitoring and post-surgical prediction of bone fracture healing. J. Orthop. Res.
33, 1439–1446. doi:10.1002/jor.22918

Mittelmeier, W., Lehner, S., Kraus, W., Matter, H. P., Gerdesmeyer, L., and
Steinhauser, E. (2004). BISS: Concept and biomechanical investigations of a new

screw system for electromagnetically induced internal osteostimulation. Arch.
Orthop. Trauma Surg. 124 (2), 86–91. doi:10.1007/s00402-003-0594-9

Mycielska, M. E., and Djamgoz, M. B. A. (2004). Cellular mechanisms of direct-
current electric field effects: Galvanotaxis and metastatic disease. J. Cell Sci. 117,
1631–1639. doi:10.1242/jcs.01125

Nicholson, D. W. (1999). Caspase structure, proteolytic substrates, and function
during apoptotic cell death. Cell Death Differ. 6, 1028–1042. doi:10.1038/sj.cdd.
4400598

Portan, D. V., Deligianni, D. D., Papanicolaou, G. C., Kostopoulos, V., Psarras, G.
C., and Tyllianakis, M. (2019). Combined optimized effect of a highly self-organized
nanosubstrate and an electric field on osteoblast bone cells activity. Biomed. Res. Int.
2019, 7574635. doi:10.1155/2019/7574635

Reimand, J., Isserlin, R., Voisin, V., Kucera, M., Tannus-Lopes, C., Rostamianfar,
A., et al. (2019). Pathway enrichment analysis and visualization of omics data using
g:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat. Protoc. 14, 482–517. doi:10.
1038/s41596-018-0103-9

Rucci, N. (2008). Molecular biology of bone remodelling. Clin. Cases Min. Bone
Metab. 5, 49–56.

Sahm, F., Ziebart, J., Jonitz-Heincke, A., Hansmann, D., Dauben, T., and Bader, R.
(2020). Alternating electric fields modify the function of human osteoblasts growing
on and in the surroundings of titanium electrodes. Int. J. Mol. Sci. 21, 69444–E7013.
doi:10.3390/ijms21186944

Sawa, N., Fujimoto, H., Sawa, Y., and Yamashita, J. (2019). Alternating
differentiation and dedifferentiation between mature osteoblasts and osteocytes.
Sci. Rep. 9, 13842. doi:10.1038/s41598-019-50236-7

Schöberl, J., Arnold, A., Erb, J., Melenk, J. M., and Wihler, T. P. (2014).
C++11 implementation of finite elements in NGSolve. Report number: 30/2014.
Vienna, Austria: Vienna University of Technology.

Schöberl, J. (1997). NETGEN an advancing front 2D/3D-mesh generator based
on abstract rules. Comput. Vis. Sci. 1, 41–52. doi:10.1007/s007910050004

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: A software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498–2504. doi:10.1101/gr.1239303

Si, J., Wang, C., Zhang, D., Wang, B., and Zhou, Y. (2020). Osteopontin in bone
metabolism and bone diseases.Med. Sci. Monit. 26, e919159e919159. doi:10.12659/
MSM.919159

Sieberath, A., Della Bella, E., Ferreira, A. M., Gentile, P., Eglin, D., and Dalgarno,
K. (2020). A comparison of osteoblast and osteoclast in vitro Co-culture models and
their translation for preclinical drug testing applications. Int. J. Mol. Sci. 21, 912.
doi:10.3390/ijms21030912

Su, Y., Souffrant, R., Kluess, D., Ellenrieder, M., Mittelmeier, W., van Rienen, U.,
et al. (2014). Evaluation of electric field distribution in electromagnetic stimulation of
human femoral head. Bioelectromagnetics 35 (8), 547–558. doi:10.1002/bem.21879

Supronowicz, P. R., Ajayan, P. M., Ullmann, K. R., Arulanandam, B. P., Metzger,
D. W., and Bizios, R. (2001). Novel current-conducting composite substrates for
exposing osteoblasts to alternating current stimulation. J. Biomed. Mat. Res. 59,
499–506. doi:10.1002/jbm.10015

Thrivikraman, G., Boda, S. K., and Basu, B. (2018). Unraveling the mechanistic
effects of electric field stimulation towards directing stem cell fate and function: A
tissue engineering perspective. Biomaterials 150, 60–86. doi:10.1016/j.biomaterials.
2017.10.003

United Nations, Department of Economic and Social Affairs (2019). World
Population Prospects 2019,Old-age dependency ratio (ratio of population aged
65+ per 100 population 15-64. New York, US: United Nations.

van der Horst, G., van derWerf, S.M., Farih-Sips, H., van Bezooijen, R. L., Löwik, C.
W. G. M., and Karperien, M. (2005). Downregulation of Wnt signaling by increased
expression of dickkopf-1 and -2 is a prerequisite for late-stage osteoblast differentiation
of KS483 cells. J. Bone Min. Res. 20, 1867–1877. doi:10.1359/JBMR.050614

Walker, C. G., Dangaria, S., Ito, Y., Luan, X., and Diekwisch, T. G. H. (2010).
Osteopontin is required for unloading-induced osteoclast recruitment and modulation
of RANKL expression during tooth drift-associated bone remodeling, but not for super-
eruption. Bone 47, 1020–1029. doi:10.1016/j.bone.2010.08.025

Wechsler, M. E., Hermann, B. P., and Bizios, R. (2016). Adult human
mesenchymal stem cell differentiation at the cell population and single-cell
levels under alternating electric current. Tissue Eng. Part C Methods 22,
155–164. doi:10.1089/ten.TEC.2015.0324

Westendorf, J. J., Kahler, R. A., and Schroeder, T. M. (2004). Wnt signaling in
osteoblasts and bone diseases. Gene 341, 19–39. doi:10.1016/j.gene.2004.06.044

Zhang, Y., Yan, J., Xu, H., Yang, Y., Li, W., Wu, H., et al. (2018). Extremely low
frequency electromagnetic fields promote mesenchymal stem cell migration by
increasing intracellular Ca(2+) and activating the FAK/Rho GTPases signaling
pathways in vitro. Stem Cell Res. Ther. 9, 143. doi:10.1186/s13287-018-0883-4

Frontiers in Physiology frontiersin.org17

Sahm et al. 10.3389/fphys.2022.965181



Zhu, B., Li, Y., Huang, F., Chen, Z., Xie, J., Ding, C., et al. (2019). Promotion of the
osteogenic activity of an antibacterial polyaniline coating by electrical stimulation.
Biomater. Sci. 7, 4730–4737. doi:10.1039/c9bm01203f

Zhu, S., Jing, W., Hu, X., Huang, Z., Cai, Q., Ao, Y., et al. (2017). Time-dependent
effect of electrical stimulation on osteogenic differentiation of bone mesenchymal
stromal cells cultured on conductive nanofibers. J. Biomed. Mat. Res. A 105,
3369–3383. doi:10.1002/jbm.a.36181

Zimmermann, J., Budde, K., Arbeiter, N., Molina, F., Storch, A., Uhrmacher, A.
M., et al. (2021). Using a digital twin of an electrical stimulation device to monitor
and control the electrical stimulation of cells in vitro. Front. Bioeng. Biotechnol. 9,
765516. doi:10.3389/fbioe.2021.765516

Zimmermann, U., Ebner, C., Su, Y., Bender, T., Bansod, Y. D., Mittelmeier, W.,
et al. (2021). Numerical simulation of electric field distribution around an
instrumented total hip stem. Appl. Sci. (Basel). 11, 6677. doi:10.3390/app11156677

Frontiers in Physiology frontiersin.org18

Sahm et al. 10.3389/fphys.2022.965181



Citation: Sahm, F.; Jakovljevic, A.;

Bader, R.; Detsch, R.; Jonitz-Heincke,

A. Is There an Influence of

Electrically Stimulated Osteoblasts

on the Induction of

Osteoclastogenesis? Appl. Sci. 2022,

12, 11840. https://doi.org/10.3390/

app122211840

Academic Editor: Rossella Bedini

Received: 6 October 2022

Accepted: 15 November 2022

Published: 21 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Is There an Influence of Electrically Stimulated Osteoblasts on
the Induction of Osteoclastogenesis?

Franziska Sahm 1,* , Ana Jakovljevic 1, Rainer Bader 1, Rainer Detsch 2 and Anika Jonitz-Heincke 1,*

1 Biomechanics and Implant Technology Research Laboratory, Department of Orthopedics, Rostock University
Medical Centre, 18057 Rostock, Germany

2 Department of Materials Science and Engineering, Institute of Biomaterials, Friedrich-Alexander University
Erlangen-Nuremberg, 91058 Erlangen, Germany

* Correspondence: franziska.sahm@uni-rostock.de (F.S.); anika.jonitz-heincke@med.uni-rostock.de (A.J.-H.);
Tel.: +49-381-494-9306 (A.J.-H.)

Abstract: Bone is a highly dynamic tissue characterized mainly by the interactions of osteoblasts
and osteoclasts. When the healing ability of bone regeneration is disturbed, targeted biophysical
stimulations such as electrical stimulation are applied. In this study the indirect effects of electrically
stimulated human osteoblasts on osteoclastogenesis were investigated to better understand detailed
cellular interactions. Therefore, two different cell developmental stages were examined: peripheral
blood mononuclear cells (PBMCs) as precursors and pre-osteoclasts as differentiated cells. Previously,
over a 21-day period, human osteoblasts were stimulated with a low-frequency alternating electric
field. The supernatants were collected and used for an indirect co-culture of PBMCs and pre-
osteoclasts. The cellular viability and the induction of differentiation and activity were analyzed.
Further, the secretion of relevant osteoclastic markers was examined. Supernatants of 7 d and 14 d
stimulated osteoblasts led to a decrease in the viability of PBMCs and an increased number of
cells containing actin ring structures. Supernatants from osteoblasts stimulated over 7 d induced
PBMC differentiation and pre-osteoclastic activation. Furthermore, pre-osteoclasts showed varying
mRNA transcripts of MCP-1, ACP5, CA2, and CASP8 when cultivated with media from osteoblasts.
Supernatants from day 21 did not influence PBMCs at all but increased the viability of pre-osteoclasts.
We could show that different time points of stimulated osteoblasts have varying effects on the cells
and that changes can be observed due to the differentiation stages of the cells. Through the effects of
the indirect stimulation, it was possible to underline the importance of studying not only osteoblastic
differentiation and mineralization behavior under electric stimulation but also analyzing changes in
osteoclastogenesis and the activity of osteoclasts.

Keywords: indirect co-culture; biophysical stimulation; alternating electric fields; PBMCs; pre-osteoclasts;
osteoclastogenesis; bone remodeling

1. Introduction

Electrical stimulation is a frequently used medical application to treat different disor-
ders in nerves, muscles, and cardiac tissue, and it can play an essential role in wound heal-
ing [1]. Since Fukada and Yasuda described the piezoelectric properties of bone, research
has been conducted using externally applied electric fields to improve bone healing [2,3].
Animal studies and even clinical applications of electric stimulation devices revealed posi-
tive effects on bone regeneration; however, the fundamental cellular processes are still not
fully understood [3,4].

There are different possibilities to apply electric fields, such as capacitive coupling,
inductive coupling with pulsed electromagnetic fields (PEMF), and direct coupling. For
the capacitive coupling, electrodes are placed outside of the tissue or the cell culture plate,
avoiding possible side reactions with the environment. Due to the barriers between the
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stimulated cells and the electrodes, electrical signals are reduced, resulting in the need for
high voltages. PEMF are applied by placing a conductive coil over the tissue of interest
or the cell culture. While current flows through the coil, an electromagnetic field arises.
The pulsed signals are used to mimic natural voltage potentials. The third type, often
used in in vitro studies, is direct coupling. During direct stimulation, the electrodes are
placed in contact with the tissue or cell culture medium [5,6]. Due to this direct contact,
the biocompatibility of the materials used is essential. Furthermore, the direct current (DC)
can lead to a rise in temperature, changes in the pH, the accumulation of charged proteins
on the electrode, and harmful faradic by-products such as hydrogen peroxide and free
metal ions from the used electrode [1,7,8]. Biphasic electrical stimulation such as alternating
current (AC) can avoid these effects.

Several studies have already used alternating electric fields to stimulate osteoblasts, but
little is known about the effect on osteoclastogenesis and osteoclast-like cells [7,9–11]. A balance
between bone resorption through the activation of osteoclasts and bone formation through
osteoblast activity is essential for bone regeneration [12,13]. Therefore, studies regarding the
differentiation of macrophages and the activity and formation of osteoclasts under electrical
fields are essential. Among the few studies regarding this issue, most use PEMF or sometimes
direct stimulation with DC [14–19]. Stimulation via PEMF leads to a decrease in cell numbers,
an increased apoptotic rate, and reduced osteoclast formation [14,16,19,20]. Stimulation with
DC revealed different migration behaviors of osteoblasts and osteoclasts as they moved in
opposite directions during stimulation [18]. There are no studies yet on the effects of direct
alternating fields. The situation is similar regarding studies of the influence of electrical
stimulation on macrophages generated out of peripheral blood mononuclear cells (PBMCs)
and possible osteoclast precursors. Electrical stimulation is mainly performed with PEMF, and
in some cases with DC, revealing both anti-inflammatory and pro-inflammatory effects with
low-frequency electromagnetic field stimulation [21,22]. Furthermore, reduced proliferation,
higher apoptosis rates, and altered migration behavior of macrophages were observed under
PEMF and DC [23–25]. Due to the mentioned problem of monophasic stimulation, analyses
with alternating electrical fields are necessary.

Studies regarding human macrophages and osteoclasts are as crucial as studies on os-
teoblasts in understanding fundamental bone remodeling processes under electric stimulation.
Indirect and direct co-culture systems allow the investigation of the interaction and interplay
between these cell types [26]. These cellular interactions could even be shown in an osteoid
model, i.e., non-mineralized bone tissue [27]. In general, secreted cytokines and released
factors modify the cell reaction of each cell type; thus, the crosstalk can change cell behavior
in comparison to mono-cultured cells [28]. Shankar et al. revealed the importance of a co-
culture system between osteoblasts and osteoclasts while observing the influence of PEMF [17].
Changes in differentiation and the bone-resorption capability of osteoclasts were observed
after incubating cells with a medium derived from PEMF-stimulated osteocytes [29].

Therefore, in our present study, the effect of electrically stimulated human osteoblasts
on osteoclast formation processes was investigated. The aim of our study was to gain
a better understanding of the effects of cytokines released by electrically stimulated os-
teoblasts with alternating electric fields on osteoclastogenesis (Figure 1). Consequently,
the indirect influence of electric stimulation on the viability and differentiation of PBMCs
and osteoclast-progenitor cells was investigated. Study data should help to understand
the activation of PBMCs and pre-osteoclasts in the periphery of electrically active bone
implants by releasing cytokines from osteoblasts in direct proximity to the electrical field.
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Figure 1. Schematic overview of the study aim. Stimulated osteoblasts produce signaling molecules
that influence osteoclastogenesis through recruiting and remodeling processes. Single pictures were
used from Servier Medical Art (http://smart.servier.com/, accessed on 14 June 2022).

2. Materials and Methods

The setup used to analyze the indirect influence of electrically stimulated osteoblasts
on osteoclastogenesis is shown in a graphical overview in Figure 2. A detailed description
of each step can be found in the following sections.

Figure 2. Schematic overview of the used methods. Single pictures were used from Servier Medi-
cal Art (http://smart.servier.com/, accessed on 23 May 2022) or bioicons (https://bioicons.com/,
23 May 2022).
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2.1. Electrical Stimulation of Human Primary Osteoblasts

Human primary osteoblasts were isolated, cultivated, and electrically stimulated
for the experiments, as previously described by Sahm et al. [30]. In brief, spongiosa was
isolated from femoral heads allocated from patients undergoing total hip replacement
(registration number: A 2010-0010, approval date: 27 January 2017). After digestion with
collagenase a and dispase (both: Roche, Basel; Switzerland), the cell suspension was puri-
fied through filtration and centrifugation steps. The cells were cultivated in a cell culture
flask with Dulbecco’s Modified Eagle Medium without CaCl2 to increase proliferation
(DMEM, PAN-Biotech, Aidenbach, Germany), containing 10% fetal calf serum (FCS, PAN-
Biotech, Aidenbach, Germany), 1% amphotericin B, 1% penicillin-streptomycin, and 1%
HEPES buffer (all: Sigma-Aldrich, Munich, Germany). Ascorbic acid (final concentration:
50 µg/mL), β-glycerophosphate (final concentration: 10 mM), and dexamethasone (final
concentration: 100 nM) (all: Sigma-Aldrich, Munich, Germany) were added to bring cells
to a similar stage of differentiation. The cells were kept in cell culture under standard
cell culture conditions (5% CO2 and 37 ◦C) until the second passage and stored in liquid
nitrogen until use.

For the electrical stimulation experiment, osteoblasts from seven different human
donors (four females (age: 77.25 ± 2.21 years), three males (age: 73 ± 9.54 years)) were
thawed and cultured for another passage at 37◦C and 5% CO2. Rat tail collagen-coated
coverslips (diameter: 15 mm, Neuvitro Corporation, Vancouver, WA, USA) were placed
in a 6-well plate, and 30,000 cells were seeded on each coverslip. The cells adhered for
30 min, and 5 mL of cell culture medium (Dulbecco’s Modified Eagle Medium (DMEM w/o
calcium)) was added with 10% fetal calf serum (FCS, both: PAN-Biotech, Aidenbach,
Germany), 1% amphotericin B, 1% penicillin-streptomycin, and 1% HEPES buffer (all:
Sigma-Aldrich, Munich, Germany) containing the osteogenic additives ascorbic acid (final
concentration: 50 µg/mL), β-glycerophosphate (final concentration: 10 mM), dexametha-
sone (final concentration: 100 nM) (all: Sigma-Aldrich, Munich, Germany) and CaCl2
(final concentration: 1.8 mmol/L) for mineralization. An in vitro stimulation electrode was
used, which was designed similarly to the clinically used ASNIS III s-series stimulation
screw system [31,32]. The electrode consists of two 14 mm Ti6Al4V cylindrical electrodes
separated by a 5 mm long insulator made of polyetheretherketone. The detailed stimulation
protocol can be found as described by Sahm et al. [30]. The stimulation electrodes were
placed in each well. In addition to the electrically stimulated osteoblasts (ESO), uncon-
nected electrodes served as a control (non-stimulated osteoblasts—NSO). A sinusoidal
signal with 0.7 Vrms and 20 Hz was applied 24 h after cell seeding using a Metrix GX 305
and GX310 function generator (Metrix Electronics, Bramley, Hampshire, UK). The distance
between the electrode and the well bottom was 1 mm, which leads to an electric field of
approximately 150 V/m in the cell medium and the well bottom under the center of the
electrode [30]. The alternating current was applied 3 × 45 min/d with 225 min breaks
between stimulations and a longer 855 min break between the last and the first new stimula-
tion. This was performed to keep comparability with clinical studies [31]. The supernatant
was collected and refreshed after 7, 14, and 21 days. The supernatant was collected 20 h
after the last stimulation interval had started. It was centrifuged, pooled, and frozen for
indirect stimulation.

2.2. Isolation and Differentiation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from eight
anonymous donors using SepMateTM-50 mL tubes and Histopaque®-107, following manu-
facturers’ instructions. The approval was obtained by the Local Ethical Committee (registra-
tion number: A2011-140, approval date: 24 November 2021). The generated cells were resus-
pended in Roswell Park Memorial Institute (RPMI) 1640 medium (PAN™-Biotech GmbH,
Aidenbach, Germany) containing 10% fetal calf serum, 2% glutamine, and 1% penicillin-
streptomycin. After seven days of culture in suspension cell culture flasks to increase the
number of mononuclear cells (Greiner bio-one GmbH, Frickenhausen, Germany), the cells
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were harvested [33]. Nonadherent cells were transferred into a 50 mL centrifugation tube;
adherent cells were incubated twice over 10–15 min with cold PBS and then gently scraped
from the bottom of the flask. Cells were pooled, centrifuged at 120× g for 8 min, and
counted with trypan blue. A total of 100,000 viable cells were plated in each well of a
48-well plate to form a monolayer on the bottom of the well. Each donor was divided into
“PBMCs” and “pre-osteoclasts”.

2.3. Indirect Stimulation

For the experiments, PBMCs were cultured for 72 h until further use and osteoclasts
were cultured for 14 d with the above-mentioned medium supplemented with 25 ng/mL
Macrophage Colony-Stimulating Factor (M-CSF) and 50 ng/mL Receptor Activator of
Nuclear Factor-κB Ligand (RANKL) (both: PreproTech EC, London, UK). Medium was
refreshed for the “pre-osteoclasts” after 5 and 10 d.

To analyze the indirect influence of electric stimulation by released mediators, PBMCs
and pre-osteoclasts were cultivated for 48 h with the supernatants of the stimulated os-
teoblasts over 48 h. The media from the ESO and the NSO were used after the stimulation
time points of 7 d, 14 d, and 21 d. The pooled supernatants were mixed 1:1 with fresh RPMI
1640 containing 2% fetal calf serum, 2% glutamine, and 1% penicillin-streptomycin.

2.4. Cell Viability

To determine cell viability after 48 h, the supernatant was removed and replaced with
a suspension of the water-soluble tetrazolium salt (WST-1, Roche GmbH, Grenzach-Wyhlen,
Germany) in the medium. Therefore, the WST-1 reagent was diluted 1:10 with RPMI 1640
and transfused into the cells. Diluted WST-1 reagent without cells served as a blank. After
an incubation time of 30 min at 37 ◦C and 5% CO2, 100 µL of the solution was transferred
as duplicates into a 96-well plate. The color change was quantified using the Infinite 200 pro
multimode plate reader (Tecan Group Ltd., Maennedorf, Switzerland) at a wavelength of 450 nm
and a reference filter of 630 nm. The blank was subtracted from the values of each sample.

2.5. Actin-DAPI Staining

Fluorescence images were used to visualize the cell morphology and confirm the
osteoclastic differentiation of the pre-osteoclasts via the formation of actin rings. After 48 h
of incubation, cells were fixed with 4% paraformaldehyde (Grimm MED Logistik GmbH,
Torgelow, Germany) for 10 min at room temperature (RT), washed with phosphate-buffered
saline (PBS, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), and permeabilized
with 1:200 diluted Triton X (Merck KGaA, Darmstadt, Germany) for 5 min. After another
rinsing step with PBS, Acti-stain™ 488 (Cytoskeleton, Inc., Denver, CO, USA) was di-
luted 1:140 with PBS to a concentration of 100 nM and transferred onto the cells. The
cells were incubated in the dark for 30 min and washed 3 x with PBS afterward. The
4′,6-Diamidin-2-phenylin-dol (DAPI, Merck KGaA, Darmstadt, Germany) reagent was
diluted 1:1000 with PBS, and cells were incubated with the solution for 5 min in the dark.
A final rinse with PBS completed the staining process before the plates were stored at 4 ◦C,
protected from light until further use. The images were captured using FITC (EX480/30,
DM505, BA535/45) and DAPI (EX375/28, DM415, BA460/60) fluorescent filters with the
Nikon Eclipse TS100 microscope and the Nikon digital sight DS-2Mv camera (all: Nikon
GmbH, Duesseldorf, Germany). The superimposition of the images was performed with
Gimp (GNU Image Manipulation Program).

2.6. Gene Expression Analysis

The gene expression of stimulated and unstimulated PBMCs and pre-osteoclasts was
analyzed after 48 h incubation time. The RNA was extracted with the peqGOLD Total
RNA Kit (VWR International GmbH, Darmstadt, Germany) following the manufacturer’s
instructions. Cells were lysed with the lysis buffer, and the lysate of the corresponding
duplicate determinations was placed together in one column. By adding 25 µL of 60 ◦C
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nuclease-free water (Carl Roth GmbH & Co. KG, Karlsruhe, Germany), the RNA was eluted
by centrifugation for 2 min at the highest possible speed. RNA concentration was measured
using the Tecan Reader Infinite® 200 Pro, and nuclease-free water was used to determine
the blank value. The transcription of 150 ng RNA into complementary DNA (cDNA) was
performed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instructions. Afterward, all samples were
diluted 1:1 with nuclease-free water and stored at −20 ◦C for further usage. Semi-quantitative
reverse transcription-polymerase chain reaction (qPCR) was performed in duplicate using
the innuMIX qPCR MasterMix SyGreen Kit (Analytik Jena, Germany). The primers used in
this process are listed in Table 1. The results were evaluated using the delta-delta Ct (∆∆Ct)
method [34]. HPRT served as a housekeeper gene, and the stimulated samples were related to
the matching non-stimulated osteoclast control from the same time point.

Table 1. Primer sequences for the genes of interest.

Gene Abbreviation Sequence

Caspase 8 CASP8 For: TGTTTTCACAGGTTCTCCTCCTTT
Rev: GAGAATATAATCCGCTCCACCTT

Receptor Activator of NFκB RANK For: AGAAAACCACCAAATGAACCCC
Rev: GCCAGAGCCTCATTGATTC

Tartrate Resistant Acid phosphatase 5 ACP5 For: GGGAGATGTGTGAGCCAGTG
Rev: GTCCACATGTCCATCCAGGG

Carbonic anhydrase 2 CA2 For: TGGGGTTCACTTGATGGACAA
Rev: CAGCACTCTTGCCCTTTGTT

Cathepsin K CTSK For: GGAAGCAATTAACAACAAGGTGGA
Rev: GGGGCCTACCTTCCCATTC

Matrix Metallopeptidase 9 MMP9 For: ACGCAGACATCGTCATCCAG
Rev: AACCGAGTTGGAACCACGAC

Hypoxanthine-Guanine
Phosphoribosyl

Transferase
HPRT For: CCCTGGCGTCGTGATTAGTG

Rev: TCGAGCAAGACGTTCAGTCC

2.7. Quantification of the Secreted Proteins

Secreted tartrate-resistant acid phosphatase 5 b (TRAP5b), bone morphogenetic pro-
tein 2 (BMP2), cystatin C, interferon-β (IFN-β), interleukin 10 (IL-10), interleukin-17A
(IL-17A), interleukin-1β (IL-1β), interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-23
(IL-23), osteopontin (OPN), free active transforming growth factor-β 1 (TGF-β1), and tumor
necrosis factor-α (TNF-α) were analyzed out of the supernatant of each sample with a
customized human BioLegend’s LEGENDplex™ multiplex assay (Biolegend, San Diego,
CA, USA). Analysis was performed following the manufacturer’s instructions, and internal
standards served to determine the concentration of each protein. The volume of used
samples, standards, and kit reagents was adjusted to 15 µL. The samples and standards
were incubated with the beads overnight. The multiplex assay was measured with a BD
FACSVerse™ (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

To identify the initial concentration of the cytokines secreted by electrically stimulated
osteoblasts, the supernatant used for stimulation was diluted 1:1 with RPMI medium,
as explained in 3.3. The multiplex assay was measured directly with a BD FACSVerse™.
Further, the diluted supernatant was incubated under standard cell culture conditions
(5% CO2 and 37 ◦C) for 48 h and was then handled as the PBMC and pre-osteoclast samples.
This measurement served as an internal control to validate the number of proteins that
would be degraded during the 48 h incubation. The internal control was named “control
incubated without cells” (controliwc).

The total protein content of each supernatant was determined to normalize the protein
concentration measured with the LEGENDplex™ multiplex assay. Therefore, the supernatant
was analyzed with the Invitrogen Qubit Protein Assay Kit and the Qubit fluorometer Q32857
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(both: Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer instructions.
The quantification of the total protein content was ensured through included standards.

2.8. Display of the Data and Statistical Analysis

The statistical analysis was performed using GraphPad PRISM (GraphPad Software,
San Diego, CA, USA). All experiments were conducted with eight replicates, each from a
different donor. The ROUT method was used to identify any outliers. The analysis of the
released proteins led to non-detectable amounts of protein for some donors for varying
proteins. Therefore, and through the ROUT method, the number of replicates was reduced
to n ≥ 7 for osteoclasts and n ≥ 6 for the PBMCs. The normal distribution was verified
with the Shapiro–Wilk test. The two-way ANOVA with Tukey was used to compare the
results of the electric stimulations among each other and with the control, as well as the
different time points. p-values smaller than 0.05 were included as significant. The data
were shown in boxplots and heat maps. Boxplots represented the median, the 25% and 75%
quartile, and whiskers for indicating minimum and maximum.

3. Results

3.1. Initial Concentration of Cytokines in the Supernatants

The indirect influence of electric stimulation was analyzed using PBMCs and pre-
osteoclasts. The supernatants of electrically stimulated osteoblasts (ESO) and non-stimulated
osteoblasts (NSO) were collected after 7 d, 14 d, and 21 d, pooled, and used for the stimula-
tion. The supernatants were diluted 1:1 with RPMI, as described in Section 2.3.

The concentration of possible mediators released by human osteoblasts that might
affect the PBMCs and pre-osteoclasts was analyzed before incubating the diluted super-
natant with the cells. The protein concentrations of BMP-2, cystatin C, IFN-β, IL-10, IL-1β,
IL-6, OPN, TGF-β1, and TNF-α were determined via LEGENDplex™ multiplex assay. No
signal was detectable for BMP-2, cystatin C, IL-1β, and OPN. The concentrations for TNF-α,
IL-6, IL-10, IFN-β, and TGF-β1 are shown in Table 2. The highest concentration of TNF-α
was detectable with the ESO for all time points: about twice as high as with the NSO. The
amount of IL-6 rose in the ESO supernatants constant over time. The IL-6 concentration for
the NSO peaked at 14 d. IL-10, IFN-β, and TGF-β1 were not detectable for all time points.
IL-10 was just determined for 14 d ESO, 7 d NSO, and 21 d NSO. IFN-β was determined for
ESO only at 14 d. The IFN-β concentration in the control varied between the stimulation
times, with the highest amount at 21 d. The TGF-β1 concentration was only measurable in
HEF after 21 d whereas, for the control, it was also measurable at 7 d.

Table 2. Protein concentration of the pooled supernatants of electrically stimulated osteoblasts (ESO)
and non-stimulated osteoblasts (NSO) after 7, 14, and 21 days.

ESO NSO

Time [d] 7 14 21 7 14 21

Pro-osteoclastic

TNF-α [pg/mg] 6.00 6.20 5.70 2.56 3.27 2.55

Anti-osteoclastic

IL-10 [pg/mg] 0.00 0.92 0.00 0.96 0.00 1.47
IFN-β [pg/mg] 0.00 1.48 0.00 1.3 0.76 2.36

Bone remodeling

TGF-β1 [pg/mg] 0.00 0.00 0.59 0.69 0.00 0.62

IL-6 [pg/mg] 176.45 213.29 387.33 231.20 318.82 278.55
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3.2. Influence of Conditioned Osteoblastic Supernatants on Peripheral Blood Mononuclear
Cell (PBMC)

3.2.1. Morphology and Viability

Different cell morphologies were expressed in PBMC cell cultures by treatment with
various supernatants. Smaller and larger cell morphologies were seen in all stimulation
groups, reflecting the different cell types of PBMCs. A few cells with a green actin ring
structure were observed at all stimulation time points with ESO. The NSO showed fewer
actin rings on days 7 and 14; stimulation with the 21 d control medium led to a rise in the
number of cells with ring structures (Figure 3a,b).

α

β

β

Figure 3. Morphology and viability of PBMCs after 48 h incubation with pooled supernatant of
osteoblast stimulated over 7, 14, and 21 d (ESO) and without electric stimulation (NSO). (a) Mor-
phology of PBMCs. The actin skeleton is visualized in a green color and the nucleus in blue. Cells
with an actin ring structure are highlighted with an orange arrow. The scale bar measures 50 µm.
(b) PBMC with an actin ring. The scale bar measures 20 µm. (c) The viability of ESO PBMCs related
to the viability of NSO PBMCs. Significant differences were determined using the two-way ANOVA
with Tukey. # indicates significant differences between the stimulated and control groups: # p < 0.05.
* indicates significant differences between stimulation time points: ** p <0.01 [n = 8]. (d) CASP8 gene
expression data with ESO related to NSO PBMCs using the 2−∆∆Ct method. Significant differences
were determined using the two-way ANOVA with Tukey [n = 8].

The viability of PBMCs was influenced by indirect stimulation (Figure 3c). The super-
natant of ESO obtained after 7 and 14 d reduced the viability of PBMCs compared to the
unstimulated control. This reduction was significant after 7 d (p = 0.036) and not significant
after 14 d (p = 0.062). After 21 d of stimulation, the medium had no impact on viability. The
rise in viability from 7 d to 21 d was significant (p = 0.042) as well. No significant changes
were observed in the CASP8 gene expression (Figure 3d).
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3.2.2. Gene Expression

The gene expression of PBMCs stimulated with osteoblastic cell culture supernatants
was analyzed for RANK, ACP5, CTSK, CA2, and MMP9. RANK was significantly higher
with the 14 d supernatant compared to the 21 d (p = 0.017). ACP5 was significantly enhanced
while using the 7 d (p = 0.025) and 14 d (p = 0.025) supernatants of the ESO compared to the
21 d supernatant (Figure 4a). A similar trend was observable for CTSK and MMP9. CTSK
was significantly upregulated with the 7 d ESO supernatant (p = 0.042), slightly upregulated
with 14 d, and unaffected with 21 d. MMP9 gene expression showed an upward trend with
7 d and a downward trend with 21 d. The supernatants did not significantly influence the
gene expression of CA2 for ESO (Figure 4a).

μ
μ

−∆∆

−∆∆

Figure 4. Gene expression and protein data of PBMCs after 48 h incubation with pooled supernatant
of osteoblast (ESO) stimulated over 7, 14, and 21 d and without electric stimulation (NSO). (a) Gene
expression data were related to the NSO using the 2−∆∆Ct method. Boxplots are used to present
the distribution of the total results with significant changes [n = 8]. Significant differences were
determined using the two-way ANOVA with Tukey. # indicates significant differences between
ESO and NSO cultivation: # p < 0.05. * indicates significant differences between stimulation time
points: * p < 0.05. (b) The protein concentration was related to the total protein concentration of the
supernatant of each sample. Afterward, the respective protein concentration from the controliwc was
subtracted. Boxplots are used to present the distribution of the total results [n ≥ 6]. Significant differ-
ences were determined using the two-way ANOVA with Tukey. * indicates significant differences:
* p < 0.05, ** p < 0.01.

3.2.3. Released Mediators

The amounts of released TRAP5b, BMP-2, cystatin C, IFN-β, IL-1β, -4, -6, -10, -17A, -23,
OPN, TGF-β1, and TNF-α were analyzed for PBMCs stimulated with ESO and NSO, and
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the controliwc. The concentration of the controliwc was subtracted from the concentration
of the cultivated PBMCs.

No proteins could be detected for IL-1β, -4, -17A-23, and BMP-2. For OPN, cystatin
C, TRAP5b, IL-10, and TGF-β1, no significant changes in the protein concentration could
be determined (Figure S1). The concentration of released TNF-α was not influenced by
the 7 d and 14 d media (Figure 4b). The 21 d medium led to an increased amount with
the ESO compared to the NSO (p = 0.015). IFN-β was downregulated for the 7 d medium
(p = 0.0055). Later stimulation times did not influence the IFN-β release. New IL-6 was
mainly produced by cells stimulated with the 7 d medium. The 7 d medium led to an
increase in IL-6 compared to the NSO (p = 0.051) and the 14 d ESO (p = 0.023). The additional
stimulation times 14 d and 21 d did not affect the IL-6 concentration (Figure 4b).

3.3. Influence of Conditioned Osteoblastic Supernatants on Pre-Osteoclasts

3.3.1. Morphology and Viability

The morphology of the pre-osteoclasts was visualized through staining of the actin
cytoskeleton (Figure 5a,b). The cells were mainly round-shaped and larger than PBMCs.
Some cells showed a more intense green glowing actin ring structure. Multinuclear cells
with more than three nuclei could not be observed.

μ
μ

−∆∆

Figure 5. Morphology and viability of pre-osteoclasts after 48 h incubation with pooled supernatant
of osteoblast stimulated over 7, 14, and 21 d (ESO) and without electric stimulation (NSO). (a) The
morphology of PBMCs shows mostly round cell shapes. The actin skeleton is visualized in a green
color and the nucleus in blue. Cells with an actin ring structure are highlighted with an orange
arrow. The scale bar measures 50 µm. (b) Pre-osteoclast with an actin ring. The scale bar measures
20 µm. (c) The viability of pre-osteoclasts related to the viability of the control. Significant differences
were determined using the two-way ANOVA with Tukey, * indicates significant differences between
stimulation time points: * p <0.05 [n = 8]. (d) CASP8 gene expression data with ESO related to
NSO PBMCs using the 2−∆∆Ct method. Significant differences were determined using the two-way
ANOVA with Tukey, # indicates significant differences between the stimulated and control groups:
## p < 0.01 [n = 8].
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The 7 d and 14 d media of the stimulated osteoblasts did not influence the viability
of the pre-osteoclasts. With the 21 d supernatant, the viability rose compared to 7 d and
14 d. The rise in viability from 14 d to 21 d was significantly higher (p = 0.012) (Figure 5c).
The CASP8 expression was reduced with the further stimulation time of the ESO. On
day 21 CASP8 was significantly downregulated compared to NSO (p = 0.006) (Figure 5d).

3.3.2. Gene Expression

The gene expression of RANK, ACP5, CTSK, CA2, and MMP9 was determined to
analyze the influence of released osteoblastic mediators on pre-osteoclastic differentiation
and activity (Figure 6a). The 14 d and 21 d supernatants from ESO led to a downregulation
of ACP5, which was significant for 14 d (p = 0.034). RANK, CA2, CTSK, and MMP9 were
upregulated with the medium of 7 d stimulated osteoblasts and downregulated with 14 d
and 21 d media. RANK and CTSK did not significantly change. The expression of CA2 was
upregulated with 7 d medium and dropped significantly compared to 14 d (p = 0.0012) and
21 d (p = 0.054). CA2 was downregulated compared to the control with 21 d (p = 0.032).
MMP9 was significantly upregulated with 7 d ESO compared to the control (p = 0.0462)
and dropped when compared to 14 d (p = 0.0241) and 21 d (p = 0.0469). In addition, the
gene expression of the recruiting marker monocyte chemoattractant protein (MCP1) was
analyzed (Figure S2). A significant increase in the MCP1 gene expression could be detected
with the 7 d ESO (p = 0.0455).

3.3.3. Released Mediators

The release of TRAP5b, BMP-2, cystatin C, IFN-β, IL-1β, -4, -6, -10, -17A, -23, OPN,
TGF-β1, and TNF-α were analyzed for the pre-osteoclasts stimulated with ESO and NSO,
and the controliwc. The concentration of the controliwc was subtracted from the concen-
tration of the cultivated pre-osteoclasts. The data for IFN-β are not shown as no proteins
could be detected.

The different stimulation conditions did not significantly influence the concentration of
IL-1β, OPN, cystatin C, TRAP5b, TGF-β1, and IL-17A (Figure S3). For TNF-α and IL-6 lower
amounts of proteins were detected after the stimulation with pre-osteoclasts compared
to the incubated medium without any cells (controliwc). As the protein concentrations of
the controliwc were subtracted from the protein concentrations of the sample, negative
concentrations are shown (Figure 6c).

The concentration of IL-4 was downregulated by 7 d, 14 d, and 21 d ESO media
compared to NSO. This downregulation was significant for 7 d (p = 0.0008) and for 14 d
(p = 0.0087). A similar trend was observed for IL-10, IL-23, and BMP-2. The IL-10 concen-
tration was downregulated with 7 d and 14 d ESO media and significantly downregulated
for 21 d compared to the NSO (p = 0.0002). For IL-23, differences between the ESO and the
control were the most pronounced after 7 d (p = 0.008) and slighter at 14 d (p = 0.051) and
21 (p = 0.08). The concentration of BMP-2 was mainly changed through indirect stimulation
with the 21 d medium. BMP-2 was reduced with the ESO supernatant (p = 0.059) compared
to the NSO (Figure 6b).

For TNF-α, the lowest protein amount was detected for the cultivation with 7 d ESO
supernatant compared to the NSO (p < 0.0001). With 14 d and 21 d, no changes between
the ESO and NSO were observed. IL-6 was mainly regulated by the 7 d supernatant;
stimulation with ESO led to a significant upregulation of IL-6 compared to NSO (p = 0.0036).
Media generated after 14 d and 21 d stimulation did not affect the IL-6 release (Figure 6c).
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Figure 6. Gene expression and protein data of pre-osteoclasts after 48 h incubation with pooled
supernatant of osteoblast (ESO) stimulated over 7, 14, and 21 d and without electric stimulation
(NSO). (a) Gene expression data were related to the NSO using the 2−∆∆Ct method. Boxplots are used
to present the distribution of the total results with significant changes [n = 8]. Significant differences
were determined using the two-way ANOVA with Tukey. # indicates significant differences between
the ESO and NSO: # p < 0.05. * indicates significant differences between stimulation time points:
* p <0.05. (b, c) Protein concentration related to the total protein concentration of the supernatant.
The respective protein concentration from the controliwc was subtracted. Boxplots are used to present
the distribution of the total results [n ≥ 6]. Significant differences were determined using the two-
way ANOVA with Tukey. * indicates significant differences: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. (b) Proteins that were produced by the pre-osteoclasts (c) proteins that were consumed
by the pre-osteoclasts.
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4. Discussion

The tailoring of bone remodeling processes through external stimulation is essential
for the treatment of osteoporosis, critical-size bone defects, and poorly ingrown artificial
joints. Electric stimulation with externally applied electrical fields is one possible treatment
method. Positive results have been observed in clinical use in the past, but open questions
remain regarding the cellular processes [35]. Various in vitro studies focus on the influence
of electric fields on the differentiation of osteoblasts and their bone-forming potential [3].
However, bone healing depends not only on the bone formation capacity of the osteoblast.
Bone resorption processes through osteoclasts play an essential role in bone turnover and
fracture healing.

Co-cultures between osteoblasts and osteoclasts are essential to verify cellular behavior
and interaction, as differences between cells in co-culture and cells in monoculture have
been noted [28,36]. Consequently, they improve the comparability of in vitro studies with
in vivo studies [37]. The system used in this study gives the first insights into how released
cytokines from osteoblasts can influence osteoclastogenesis. With the exchange of the su-
pernatant of stimulated osteoblasts, a study focused on the changes in osteoclast formation,
differentiation, and activity through indirect stimulation was possible. However, this study
can only make assumptions about the impact on osteogenesis through the feedback of the
osteoclasts. Further studies using a trans-well system or 3D scaffolds are important to
include the direct exchange and feedback of the cells. Nevertheless, results obtained in this
study revealed indirect effects of ESO (Figure 7): (I) Electrical stimulation of osteoblasts
resulted in the release of various cytokines that influence osteoclastic differentiation and
activation. They respond with an additional release of pro-and anti-inflammatory cytokines.
(II) The viability of PBMCs is most influenced by the supernatants from the ESO of the
two earlier time points. At the same time, osteoclastogenesis is induced in the cells. (III)
Pre-osteoclasts revealed an increased activity when cultivated with 7 d medium, and ESO
supernatants at day 21 led to higher viability.

α β
α

Figure 7. Schematic overview of the aims and results of this study. Stimulated osteoblasts produce
signaling molecules that influence osteoclastogenesis through recruiting and remodeling processes.
The observed changes in gene expression and protein release of the progenitor cells and osteoclasts-
like cells are shown in pink. Single pictures were used from Servier Medical Art (http://smart.servier.
com/, accessed on 14 June 2022).
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4.1. Differentiation of PBMCs

Monocytes as well as macrophages play an important role in inflammation, home-
ostasis, tissue development, and injury repair [38]. They have the potential to differentiate
into osteoclasts. Therefore, understanding their differentiation potential is important for
further information on bone remodeling processes [39]. This study focused on the impact
of indirect stimulation with ESO on the induction of PBMC differentiation into osteo-
clasts. It was possible to initiate osteoclastic differentiation of PBMCs without the external
differentiation factors M-CSF and RANKL [28] by using supernatants from stimulated
osteoblasts. A higher number of osteoclast-like cells were seen with 7 d and 14 d ESO
media, and an increase in ACP5 gene expression could be observed. Further, a significant
upregulation in CTSK gene expression could be observed with the 7 d medium, a gene that
is an important marker for the activity of osteoclastic cells [40]. As no major changes in
the RANK gene expression were noticeable, it can be assumed that RANKL was not the
key factor for the induced osteoclastogenesis. Studies have shown that other mediators
such as TNF-α, TGF-β, and IL-33 have the potential to enhance osteoclast differentiation in
the absence of the RANK-RANKL pathway [41–43]. In this study, TNF-α was doubled in
the ESO supernatants; thus, the differentiation through TNF-α can be assumed [41,44,45].
Further, Lei et al. revealed the inhibition of RANKL-induced osteoclastogenesis in directly
electrically stimulated macrophages, which would underline the assumption of a RANKL-
independent differentiation observed in this study [20]. Another argument supporting the
hypothesis is the IFN-β concentration, as IFN-β is an anti-osteoclastogenic cytokine [46].
The highest amount of released IFN-β was detectable in PBMCs cultivated with the 7 d NSO
medium. Comparing the protein concentration of ESO and NSO proves that, especially
after seven days, the presence of osteoclastic antagonists such as IFN-β and IL-10 were
present in the NSO medium, but not in the ESO medium. IL-10, like IFN-β, is known for
its possible role in inhibiting osteoclast formation [47]. Vice versa, the induction of ACP5
and CTSK mRNA transcripts in PBMCs cultivated with the 7 d ESO medium correlates
with the absence of IFN-β and IL-10 proteins. Although the anti-osteoclast mediators
IL-10 and IFN-β were detectable in the ESO medium after 14 days, the induction of the
osteoclastic differentiation and activity markers was still demonstrated. However, besides
the presence of higher IL-6 protein concentrations, the clearly enhanced concentration of the
TNF-α protein in particular seemed to be more inductive for osteoclastogenesis. Although
IFN-β and IL-10 were no longer detectable in the 21 d ESO medium, the composition
of the medium did not affect osteoclastogenesis. This could be due to the presence of
other mediators in the medium, which we did not consider in our setup. However, in
our previous work, we could show that, especially on day 21, the highest mineralization
of osteoblasts was detectable following stimulation with alternating electric fields [30].
Since osteoclastogenesis is particularly inhibited by enhanced calcium ion levels [48] the
accumulation of calcium in the 21 d ESO medium might have a greater inhibitory effect on
osteoclastogenesis than the ESO media of the earlier time points.

4.2. Activation of Pre-Osteoclasts

Osteoclasts are the major antagonists for osteoblasts, and their interplay is essential for
bone turnover and remodeling [36]. On the one hand, excessive activity of osteoclasts can
lead to diseases such as osteoporosis, periprosthetic osteolysis, or bone tumors; on the other
hand, reduced activity can lead to osteopetrosis [49]. Therefore, studying osteoclastic cell
behavior under electric stimulation is important to understand bone remodeling processes.
Before the pre-osteoclast cells were incubated with the specific osteoblast supernatants, they
were first stimulated with RANKL and M-CSF. Both are essential factors that induce and
promote osteoclastogenesis in vitro [50]. The subsequent change of cell culture conditions
with the osteoblast media was intended to clarify whether the factors secreted by osteoblasts
can maintain osteoclastogenesis.

As for the PBMCs, most of the changes were observed with the 7 d medium. MMP9
and CA2 were upregulated in pre-osteoclasts cultured with the ESO supernatant compared
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to the NSO. MMP9 plays an important role in bone resorption processes and remodeling
by degrading the organic matrix and releasing the extracellular matrix proteins [51]. Olive-
ria et al. reported an upregulation of MMP9 during the improved healing process of an
amputated rat limb through electric stimulation [52]. This highlights the importance of
MMP9 and its role as a marker for osteoclastogenesis through electric stimulation. CA2 is
important for bone resorption as it regulates the pH through H+ production, leading to an
acidification of the extracellular environment [53]. The simultaneous upregulation of MMP9
and CA2 indicates an increased induction of osteoclast activity through the cultivation with
7 d ESO supernatants. This increase in activity can be related, as explained before, to the
increased TNF-α concentration in the ESO medium compared to the NSO medium. Further,
the medium of the NSO contained a higher concentration of the osteoclastic antagonists
IFN-β and IL-10. This could have led to the higher activity of the pre-osteoclasts which were
cultured with the ESO medium compared to the cells cultured with the NSO medium. In
addition, a higher IL-6 protein release and MCP1 expression were observed. IL-6 is known
to trigger the expression of MCP-1 in cells, and the resulting higher MCP-1 expression may,
in turn, further increase osteoclastogenesis [54–56], resulting in the enhanced recruitment of
monocytic cells through the 7 d ESO supernatant. It can be postulated that the stimulation
with electric fields alters the osteoblastic secretion of proteins, which in turn influence the
differentiation and activity of osteoclastic cells and therefore affect remodeling processes.
This fact might be more marked at the earlier stimulation time points than the later ones, as
the induction and the maintenance of osteoclastogenesis were more prominent with 7 d
ESO medium.

It was not possible to generate multinuclear osteoclasts through the pre-stimulation
or through the cultivation with the ESO or NSO media. To improve the outcome in the
generation of osteoclasts, the usage of mineralized surfaces or scaffolds can be implemented.
Through the cultivation on apatite-containing materials, osteoclastogenesis is enhanced and
more robust sealing zones are formed compared to the cultivation on plastic [57]. Further,
resorption pits, as results from osteoclast activity, can be used to make assumptions about
the resorption activity [57–59].

4.3. Influence on Cell Viability during Osteoclastogenesis

The ESO supernatants influenced the viability of both PBMCs and pre-osteoclasts.
Thereby, the 7 d and 14 d ESO supernatants led to different changes in viability compared
to the 21 d supernatants. The 7 d and 14 d supernatants reduced the viability of cultivated
PBMCs but did not influence pre-osteoclasts. Supernatants from day 21 did not change
PBMCs’ viability but increased the viability of pre-osteoclasts. This reveals a cell stage-
dependent influence on the viability through the released cytokines and chemokines from
stimulated osteoblasts. PBMCs consist of multipotent progenitor cell populations with a
high capacity to differentiate into different cell types [60]. In addition to this differentiation
potential, PBMCs as precursors have a higher proliferation capacity than already differen-
tiated cells [61]. ESO supernatants of 7 d and 14 d increased the differentiation potential
of PBMCs compared to the fewer-differentiated cells cultivated with NSO. It is possible
that the enhanced differentiation reduced the viability of the cells. This assumption can be
strengthened by the reduced differentiation with 21 d and the simultaneous unchanged
viability. Further investigations are necessary to confirm this assumption.

Compared to the PBMCs, the pre-osteoclasts were further differentiated, as actin
ring structures were observed in all cultivation conditions. The 21 d supernatants did
not enhance the osteoclasts’ activation or differentiation but increased the viability of the
cells. Further, the CASP8 gene expression was downregulated by the 21 d supernatant.
As CASP8 is known to be an initiator for apoptosis, reduced apoptosis can be assumed,
leading to higher viability [62]. Cell cycle analysis and live dead assays can provide further
information about cell viability. Especially the cell cycle analysis can reveal the proliferation
possibilities and provide more details on the differentiation state of the cells [61]. Moreover,
other possible cytokines could have influenced the proliferation rate. Therefore, a more
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comprehensive screening of the ESO supernatant can be implemented to increase the
understanding of stimulation factors released from osteoblasts under electric stimulation.

4.4. Feedback Signaling on Osteogenesis and Bone Remodeling

Due to the differentiation and activation of PBMCs and pre-osteoclasts, feedback
signals are assumed. Compared to the NSO media, lower amounts of IL-4, IL-23, and
TNF-α were observed in the supernatants of pre-osteoclasts cultivated with ESO media.
These proteins are known for their anti-osteoclastogenic properties, leading to reduced
osteoblastic differentiation and activity [63,64]. As electric stimulation indirectly reduced
the amount of released IL-4, IL-23, and TNF-α, promoting feedback on osteoblasts can be
expected. The increase in IL-6 concentration supports this assumption, as IL-6 is known to
be important for osteogenesis [65–67]. Moreover, a rise in IL-6 can also improve the recruit-
ment of new osteoclastic progenitors, as it can act as a proinflammatory signal [68,69]. The
analyzed BMP-2 concentration is in contrast to the previous hypotheses, as lower amounts
of BMP-2, an inducer of osteoblast differentiation [70], were observed with ESO. Further
studies on osteogenesis are necessary to observe the impact of the released cytokines. It
can be expected that the indirect stimulation of PBMCs and pre-osteoclasts influences bone
remodeling processes.

Therefore, analyses of the interaction between progenitor cells, osteoclasts, and os-
teoblasts are necessary. Co-cultures such as trans-well systems or 3D scaffolds would allow
the observation of feedback signals and the resulting changes in cell differentiation simulta-
neously [71]. Moreover, 3D scaffolds with a matrix that is similar to bone tissue would give
a more physiological environment and allow the study of osteoblastic and osteoclastic cells
together in one culture setup. Further, it has been described that exosomes and apoptotic
bodies as osteoclast-derived extracellular vesicles can carry different miRNAs, which can
influence osteogenesis [72]. Therefore, a protein screening of the supernatant as well as the
determination of extracellular vesicles might give a more detailed insight into the signaling
and interplay between the different cell types.

5. Conclusions

The application of external electric fields is a method that is used to improve bone
healing, but there are still open questions regarding the fundamental cellular mechanisms
and how to improve clinical outcomes. For this reason, we have postulated the following
question: Is there an influence of electrically stimulated osteoblasts on the induction of
osteoclastogenesis? It could be shown that electrically stimulated human osteoblasts release
signaling factors in a time-dependent manner which affects the viability, differentiation,
and activity of PBMCs and pre-osteoclasts. In this context, different stimulation times
of osteoblasts led to different cell responses in both PBMCs and pre-osteoclasts. Further
studies with direct co-culture systems are necessary to understand the effect of electrical
stimulation on osteoblasts and osteoclasts simultaneously and how their interaction affects
cell behavior.
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electrical stimulation, Figure S2: MCP1 expression of pre-osteoclasts after 48 h incubation with pooled
supernatant of osteoblast stimulated over 7, 14, and 21 d and without electrical stimulation, Figure S3:
Released cytokines of pre-osteoclasts after 48 h incubation with pooled supernatant of osteoblast
stimulated over 7, 14, and 21 d and without electrical stimulation.
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[ 2, 9 ] h a v e i d e nti 昀椀 e d a n ot h er r e a s o n: i n s uf 昀椀 ci e nt d e vi c e s p e ci 昀椀 c ati o n s 

t h at pr e v e nt s r e pli c ati o n of el e ctri c al sti m ul ati o n e x p eri m e nt s. I n t hi s 

w or k, w e will n ot c o n si d er p ul s e d el e ctr o m a g n eti c 昀椀 el d s a n d i n st e a d 

f o c u s o n dir e ct el e ctri c al sti m ul ati o n (i. e., el e ctri c 昀椀 el d s e v o k e d b y a n 

a p pli e d v olt a g e). F urt h er m o r e, w e will n ot c o n si d er dir e ct c urr e nt ( D C) 

sti m ul ati o n (i. e., sti m ul ati o n wit h c o n st a nt, z er o-fr e q u e n c y v olt a g e s or 

c urr e nt s). F or a di s c u s si o n of t hi s c a s e, w e r ef er t o [ 1 0 ] . Pl e a s e n ot e t h at 

c h all e n g e s f or a c c ur at e 3 D si m ul ati o n m o d el s, w hi c h w e will pr e s e nt i n 

t hi s w or k, li e i n t h e c a s e of D C sti m ul ati o n i n a l a c k of k n o wl e d g e of t h e 

el e ctr o c h e mi c al st at e of t h e el e ctr o d e a n d m ulti pl e s c al e s t h at m u st b e 

bri d g e d i n t h e m o d elli n g a p pr o a c h [ 1 1 ] . T h u s, w e will r e stri ct o ur s el v e s 

t o alt er n ati n g c urr e nt ( A C) a p pli c ati o n s, w hi c h i n cl u d e si n e w a v e 

sti m ul ati o n or r e ct a n g ul ar p ul s e s a s t h e m o st p o p ul ar t y p e s. 

I n g e n er al, it h a s n ot y et b e e n e st a bli s h e d w hi c h q u a ntiti e s h a v e t o b e 

k n o w n t o c o m p ar e diff er e nt sti m ul ati o n a p pr o a c h e s. Oft e n, t h e el e ctri c 

昀椀 el d str e n gt h i s c o m p ar e d i n lit er at ur e r e vi e w s [ 1, 1 2 – 1 4 ]. I n c o ntr a st, 

Ni c k si c et al. [ 2, 9 ] s u g g e st t o c o n si d er, a m o n g ot h er s, t h e c urr e nt d e n-

sit y a n d t h e el e ctr o d e m at eri al. W e s u g g e st e d t o r e p ort t h e m e a s ur e d 

c urr e nt a n d v olt a g e [ 1 5 ] , w hi c h al s o p er mit s t o e sti m at e t h e pr e v aili n g 

el e ctri c 昀椀 el d a n d c urr e nt d e n sit y u p o n i niti al e x p eri m e nt al c ali br ati o n 

* C o rr e s p o n di n g a ut h or s at: I n stit ut e of G e n e r al El e ctri c al E n gi n e e ri n g, U ni v e r sit y of R o st o c k, D- 1 8 0 5 1 R o st o c k, G e r m a n y ( U. v a n Ri e n e n a n d J. Zi m m er m a n n). 

D e p a rt m e nt of O rt h o p a e di c s, Bi o m e c h a ni c s a n d I m pl a nt T e c h n ol o g y R e s e ar c h L a b o r at or y, R o st o c k U ni v e r sit y M e di c al C e nt e r, D- 1 8 0 5 7 R o st o c k, G e r m a n y ( A. J o nit z- 

H ei n c k e). 
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[11]. In the aforementioned works, measurements of the electric 昀椀eld or 
current density have been suggested but not implemented. Already in 
the 1980 s, Gundersen and Greenebaum [16] presented three methods 
to measure the electric 昀椀eld in a relatively simple system that generated 
a mostly homogeneous 昀椀eld. The 昀椀eld strength of a homogeneous 昀椀eld 
can be estimated by an analytical formula. However, in real stimulation 
experiments often inhomogeneous 昀椀elds are applied. These 昀椀elds usu-
ally require numerical simulations. We consider a stimulation device 
that has originally been developed to study the interaction of an elec-
trical stimulation implant with chondrocytes and mesenchymal stem 
cells [17]. The electric 昀椀eld strength delivered by the stimulation device 
has been estimated using numerical simulations [17]. In previous 
research, it has been attempted to validate the numerical simulations by 
manually moving a reference electrode to different positions. The 
recorded voltages have then been compared to experimental data [18]. 
A good agreement of the simulated electric potential and the measured 
electric potential has only been observed at particular points. The nu-
merical simulations have predicted a higher 昀椀eld strength than actually 
measured. Thus, it has only been possible to estimate an upper bound of 
the applied 昀椀eld strength by scaling the numerical simulations to match 
the measured values [17]. In this work, we will improve on that and 
outline how the numerical simulations are related to the different 
measurement approaches. With this, we would like to contribute to 
bridging the gap between guidelines focused mostly on experiments 
[9,19] and works on the numerical simulations [20,21]. 

We will use two methods described by Gundersen and Greenebaum 
[16]. One method requires measurement of the applied voltage, 
resulting current and conductivity of the stimulated sample. The other 
method scans the local voltage distribution in the stimulation chamber. 
Both methods can be used to validate numerical simulations and permit 
to estimate the prevailing local electric 昀椀eld and current density. 
Frequency-dependent electrochemical effects occur at stimulation 
electrodes in direct contact with the sample [19,22]. We compare two 
methods that are frequently used to integrate electrochemical effects 
into numerical models. Moreover, we present how an initial calibration 
of the stimulation electrode over a wide frequency range can be used to 
detect electrochemical ageing. Finally, we discuss the general applica-
bility of the suggested work昀氀ow to electrical stimulation in vitro and in 
vivo. 

2. Materials and methods 

2.1. Electrical stimulation device 

The considered electrical stimulation device (see Fig. 1) is based on 
the clinically used ASNIS IIIs screw system, which is used among others 
for the treatment of avascular femoral head necrosis [23,24]. It consists 
of two titanium pieces separated by an insulator. It has been developed 
to work with standard 6-well plates [17]. An earlier version of the 
stimulation device had been used to study the effect of electrical stim-
ulation on bone cells and bacteria but had required custom-built 
chambers [18]. Different waveforms, frequencies and stimulation volt-
ages, currents or 昀椀eld strengths are of interest in electrical stimulation 
[13]. Both devices have been used exclusively with sine waves. 
Parameter combinations have been considered that are typically chosen 
for applications in bone or cartilage regeneration. Chondrocytes and 
mesenchymal stem cells have been stimulated with this device using 1 
kHz sine waves [17] with voltages of a root mean square (RMS) value of 
0.7 V. With the earlier version of the device, osteoblasts and bacteria 
have been exposed to 20 Hz sine waves with RMS values of 0.2 V to 2.8 V 
[18,25]. With other devices, a frequency of 60 kHz has been considered 
for the stimulation of chondrocytes [3,26] and bone cells [27]. In this 
case, the applied voltage had, for example, a 昀椀xed root mean square 
(RMS) value of less than 1 V [26] or was chosen such that an estimated 
昀椀eld strength of 2 Vm 1 was achieved [3]. However, the 昀椀eld strength 
has, to the least of our knowledge, never been measured but has been 

estimated using analytical or numerical models. We would like to 
mention that varying the applied voltage to achieve a certain 昀椀eld 
strength is very similar to current-controlled stimulation. In current- 
controlled stimulation, the voltage is varied until a pre-set current is 
reached. 

In Schematic 1, the general stimulation experiment and the corre-
sponding model are shown. The electrode was connected to a signal 
generator (or the output of a power ampli昀椀er that stabilises the signal 
provided by the signal generator). An oscilloscope was used to record 
the stimulation input signal and the voltage drop across a shunt resistor 
R , which is used to estimate the current. Both the input signal and the 
current were measured with respect to a common ground (GND). Hence, 
the total impedance can be computed from the amplitudes and phase 
shift of the signals. An equivalent circuit model can be employed to 
account for the interface impedance and integrate experimental data 
into numerical simulations [11]. When a reference electrode (depicted 
in blue and black in Schematic 1) was used, the local voltage in the cell 
culture medium was also recorded with the oscilloscope. 

Moreover, a digital representation of the device geometry is shown in 
Schematic 1, which is required for numerical models. The 3D geometry 
was prepared using SolidWorks1 and SALOME2. The electrode can be 
placed in two con昀椀gurations in the culture well: the ‘high con昀椀guration 
corresponds to a spacing of 3 mm between the well bottom and the 
electrode, and the ‘low con昀椀guration to a spacing of 1 mm between the 
well bottom and the electrode. We prepared a computer model for both 
geometries. 

Due to capillary forces, there was a meniscus of the cell culture 
medium visible (i.e., the medium is more elevated close to the wall of the 
well) [28]. However, due to the electrode holder and also the electrode 
placement, it appeared to be impossible to estimate the shape of the 
meniscus reliably for all volumes used in actual in vitro experiments. For 
a low volume of 5 mL, which has been used for in vitro experiments, the 
medium barely covered the electrode and did not cover the electrode 
holder. Microscope images of the electrode immersed in liquid did not 
help to create a better geometry model. Hence, the cell culture medium 
was modelled as a cylinder. Only for volumes greater than 10 mL, which 
covered the entire electrode and the holder, the meniscus was modelled. 
Then, the parameters c 2 0 and h0 2 0 for the meniscus model of 
Schuderer and Kuster [28] were used. The height of the medium in the 
centre of the well was measured manually (and later also using a 3D 
printer, see Section 2.3.4). For 10 mL, it was about 11 mm to 12 mm. A 
volume of about 7 mL marks a special case as the height of the medium is 
then approximately equal to the height of the electrode holders. The 
昀椀nal geometry for the individual models was prepared using the OCCT3 

kernel in NGSolve for computer-aided design (CAD) modelling. 

2.2. Modelling approach 

2.2.1. Lumped-element model 
The entire stimulation device can be described by an equivalent 

circuit comprising lumped elements (see also Fig. 1). The elements 
correspond to the properties of the individual parts of the system. The 
model can be reduced to three elements.  

1. the impedance of external circuitry, which is usually known a priori. 
This includes also a shunt resistor, which can be used to measure the 
current or to limit the current.  

2. the impedance of the cell culture medium or, more general, the 
sample to be stimulated. This impedance will be discussed in the next 
section.  

3. the impedance of the electrode electrolyte interface (EEI). 

1 https://www.solidworks.com/  
2 https://www.salome-platform.org/  
3 https://www.opencascade.com/open-cascade-technology/ 
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T h e E EI c a n b e u n d er st o o d a s a t hi n i o ni c d o u bl e l a y er. U p o n el e c-

tri c al sti m ul ati o n (t h e a p pli c ati o n of a n e xt er n al v olt a g e si g n al), 

c a p a citi v e c h ar gi n g of t h e d o u bl e l a y er a n d c h ar g e tr a n sf er t hr o u g h t h e 

d o u bl e l a y er o c c ur at t h e i nt e rf a c e [ 2 9 ] . T h e c h ar g e tr a n sf er i s d u e t o 

f ar a d ai c pr o c e s s e s, i. e. o xi d ati o n /r e d u cti o n r e a cti o n s a n d c a n b e 

d e s cri b e d b y a c h ar g e tr a n sf er r e si st a n c e ( e. g., R I F i n Fi g. 1 ). T h e 

c a p a citi v e c h ar gi n g m a nif e st s it s elf i n a p h a s e s hift of t h e c urr e nt wit h 

r e s p e ct t o t h e i n p ut v olt a g e. 

T h er e e xi st m et h o d s t o a c c o u nt f or t h e el e ctr o d e – el e ctr ol yt e i nt er-

f a c e i n n u m eri c al m o d el s [1 1, 2 1, 2 2 ]. T h e E EI i m p e d a n c e i s t h e n 

d e s cri b e d b y eit h er a l u m p e d or di stri b ut e d el e m e nt. It s v al u e i s d eri v e d 

fr o m e x p eri m e nt al d at a ( e. g., fr o m [ 2 9 ] ) a n d r e s c al e d a c c or di n g t o t h e 

si z e of t h e a ct u al el e ctr o d e [ 2 1, 2 2 ] . T h u s, t h e y ar e o nl y v ali d f or t h e 

el e ctr o d e, t e m p er at ur e a n d v olt a g e r a n g e c o n si d er e d i n t h e ori gi n al 

e x p eri m e nt. 

2. 2. 2. Fi nit e el e m e nt m o d el 

F or l o w fr e q u e n ci e s (i. e, D C t o M H z r a n g e), t h e el e ctr o m a g n eti c 

昀椀 el d s d u e t o t h e a p pli e d el e ctri c al sti m ul ati o n c a n b e r e g ar d e d a s sl o wl y 

v ar yi n g. T hi s m e a n s t h at t h e m a g n eti c 昀椀 el d c a n b e n e gl e ct e d a n d a n 

e sti m at e of t h e el e ctri c 昀椀 el d c a n b e o bt ai n e d fr o m t h e el e ctr o q u a si st ati c 

昀椀 el d e q u ati o n [ 2 0 ] . W h e n ti m e- h ar m o ni c 昀椀 el d s ar e u s e d, all el e ctri c 

pr o p erti e s c a n b e d e s c ri b e d b y p h a s or s (i. e., t h e y ar e c o m pl e x- v al u e d 

wit h c h ar a ct eri sti c a m plit u d e a n d p h a s e at t h e gi v e n fr e q u e n c y). T h e 

el e ctr o q u a si st ati c 昀椀 el d e q u ati o n r e a d s 

∇ ⋅(σ * ∇ Φ ) = 0 , E = − ∇ Φ . ( 1)  

H er e, Φ i s t h e el e ctri c p ot e nti al, E t h e el e ctri c 昀椀 el d a n d σ * i s t h e c o m pl e x 

c o n d u cti vit y. T h e c o m pl e x c o n d u cti vit y i s c o m p ut e d fr o m t h e di el e ctri c 

pr o p erti e s, w hi c h ar e t h e r e al c o n d u cti vit y σ a n d p er mitti vit y ε , a s σ * =

σ + jω ε . T h e di el e ctri c pr o p erti e s u s e d i n t hi s w or k ar e s u m m ari s e d i n 

T a bl e 1 . 

H e n c e, it i s r e q uir e d t o k n o w t h e di el e ctri c pr o p erti e s of all c o m p o-

n e nt s t o b uil d a m e a ni n gf ul si m ul ati o n m o d el. M or e o v er, t h e a p pli e d 

v olt a g e a m plit u d e U i s s et a s a b o u n d ar y c o n diti o n. F or t h at, o n e el e c-

tr o d e i s a s si g n e d 0 V (i. e., gr o u n d p ot e nti al) a n d t h e ot h er el e ctr o d e i s 

a s si g n e d t h e n o n- z er o i n p ut v olt a g e U i n. B e c a u s e E q. ( 1) i s li n e ar, a 昀椀 x e d 

v olt a g e of 1 V i s u s u all y a p pli e d u nl e s s ot h er wi s e st at e d. If a n y ot h er 

v olt a g e i s a p pli e d i n t h e e x p eri m e nt or t h e gr o u n d l e v el i s n ot 0 V, t h e 

n u m eri c al s ol uti o n c a n b e s c al e d a n d s hift e d t o m at c h t h e e x p eri m e nt al 

r e alit y. 

U n d er c ert ai n c o n diti o n s, a r e d u c e d m o d el c a n b e u s e d. W h e n t h e 

c o n d u cti vit y σ i s m u c h gr e at er t h a n t h e c a p a citi v e t er m ω ε 0 ε r , a 

c a p a citi v e b e h a vi o ur of t h e c ell c ult ur e m e di u m i s n ot t o b e e x p e ct e d. 

T h u s, o nl y t h e c ell c ult ur e m e di u m h a s t o b e c o n si d er e d. B e c a u s e w e 

t h e n h a v e o nl y o n e d o m ai n ( c ell c ult ur e m e di u m), t h e n u m eri c al s ol u-

ti o n s f or t h e p ot e nti al a n d el e ctri c 昀椀 el d ar e i n d e p e n d e nt of t h e c o n-

d u cti vit y a n d it s uf 昀椀 c e s t o s ol v e L a pl a c e ’s e q u ati o n. T hi s m e a n s t h at 

Δ Φ = 0 i s s ol v e d i n st e a d of E q. ( 1). Fr o m a p h y si c s p oi nt of vi e w, t h e 

r e d u c e d m o d el a s s u m e s t h at t h er e o c c ur n o di el e ctri c l o s s e s i n t h e w all 

of t h e P etri di s h, t h e p ol y et h er et h er k et o n e ( P E E K) i n s ul at or b et w e e n 

t h e t w o m et al el e ctr o d e s or t h e air a b o v e t h e c ell c ult ur e m e di u m. T hi s 

a s s u m pti o n i m pli e s t h at t h er e i s n o si g ni 昀椀 c a nt c u rr e nt 昀椀 o w t hr o u g h 

t h e s e str u ct ur e s. 

A s t h e el e ctr o d e i s i n dir e ct c o nt a ct wit h a n i n s ul at or, el e ctri c 昀椀 el d 

e n h a n c e m e nt i s e x p e ct e d at t hi s p oi nt. T h u s, w e e m pl o y e d a 

Zi e n ki e wi c z- Z h u err or e sti m at or f or a d a pti v e m e s h r e 昀椀 n e m e nt [ 3 0 ] . All 

c o m p ut ati o n s w er e p erf or m e d u si n g t h e 昀椀 nit e el e m e nt m et h o d ( F E M) 

li br ar y N G S ol v e [ 3 1 ] wit h N E T G E N a s t h e m e s h er [ 3 2 ] . U nl e s s ot h er wi s e 

st at e d, t h e F E M s y st e m s of e q u ati o n s w er e s ol v e d u si n g a c o nj u g at e 

gr a di e nt ( C G) s ol v er wit h a b al a n c e d- d o m ai n d e c o m p o siti o n ( B D D C) 

pr e c o n diti o n er c o m bi n e d wit h a n al g e br ai c m ulti gri d ( A M G) pr e c o n di-

ti o n er. M or e d et ail s o n t h e m o d elli n g a p pr o a c h c a n al s o b e f o u n d i n 

[ 1 1 ] . 

E v e n t h o u g h t h e c o n d u cti vit y d o e s n ot n e e d t o b e k n o w n t o o bt ai n 

t h e n u m eri c al s ol uti o n of L a pl a c e’s e q u ati o n, it h a s t o b e k n o w n t o e s-

ti m at e t h e c urr e nt t hr o u g h t h e m e di u m ( a n d t h u s t h e r e si st a n c e of t h e 

m e di u m) a n d t h e c urr e nt d e n sit y. I n t h e el e ctr o q u a si st ati c r e gi m e, t h e 

c urr e nt d e n sit y e q u al s t h e c o m pl e x c o n d u cti vit y ti m e s t h e el e ctri c 昀椀 el d, 

w hi c h c a n b e c o m p ut e d a c c or di n g t o E q. ( 1). 

T h e E EI i m p e d a n c e c a n b e i n cl u d e d i n t h e F E M m o d el b y a R o bi n 

b o u n d ar y c o n diti o n [ 2 2 ] . T h e n, t h e E EI i m p e d a n c e i s a s s u m e d t o b e 

e q u all y di stri b ut e d o n t h e el e ctr o d e s urf a c e. T h e s p e ci 昀椀 c i m p e d a n c e of 

t h e el e ctr o d e s urf a c e i s z s = Z A , w h er e Z i s t h e (l u m p e d) E EI i m p e d a n c e 

a n d A i s t h e el e ctr o d e s urf a c e ar e a. T h e R o bi n b o u n d ar y c o n diti o n t a k e s 

t h e n or m al c o m p o n e nt of t h e c urr e nt d e n sit y J n 

− J n =
1

z s

(Φ − U ).
( 2)  

H er e, U i s t h e sti m ul ati o n v olt a g e, w hi c h i s u s u all y i m p o s e d, a n d Φ t h e 

u n k n o w n p ot e nti al t o b e c o m p ut e d. T h e i m p e d a n c e c a n i n pri n ci pl e b e 

di stri b ut e d o n b ot h el e ctr o d e s. W e c o n si d er e d t w o o pti o n s: ( 1) a n 

a s y m m etri c di stri b uti o n wit h t h e i m p e d a n c e di stri b ut e d o nl y o n t h e 

hi g h- si d e el e ctr o d e a n d ( 2) a s y m m etri c di stri b uti o n w h er e b ot h t h e 

el e ctr o d e s w er e a s si g n e d h alf of t h e i m p e d a n c e. A n e x a m pl e of t hi s 

c h oi c e c a n al s o b e f o u n d i n [ 1 1 ] . 

S c h e m ati c 1. A s c h e m ati c of t h e e x p eri m e nt al a n d 

n u m e ri c al a p p r o a c h i s s h o w n. T h e el e ctr o d e (t w o 

tit a ni u m b a r s s e p a r at e d b y a p ol y et h er et h er k et o n e 

( P E E K) i n s ul at o r a n d s u p p ort e d b y P E E K el e ctr o d e 

h ol d e r s) w a s pl a c e d i n a c ell c ult ur e w ell 昀椀ll e d wit h 

c ell c ult ur e m e di u m. A g e o m et ri c al m o d el of t h e 

e nti r e sti m ul ati o n s et u p w a s p r e p ar e d a n d u s e d t o 

c o m p ut e t h e el e ctri c 昀椀 el d i n a n d t h e r e si st a n c e of t h e 

c ell c ult u r e m e di u m R m . F or t h e 昀椀 el d c o m p ut ati o n, 

t h e m o d el w a s i nt e gr at e d i nt o a n e q ui v al e nt cir c uit 

m o d el ( s e e al s o [ 1 1 ] ).   

T a bl e 1 

A s s u m pti o n s f o r t h e di el e ct ri c p r o p e rti e s of t h e diff e r e nt m at e ri al s c o n si d er e d i n 

t hi s w o r k. T h e c o n d u cti vit y of t h e K Cl s ol uti o n w a s c h a n g e d d e p e n di n g o n t h e 

t e m p e r at u r e a s s p e ci 昀椀 e d b y t h e m a n uf a ct u r er.  

D o m ai n C o n d u cti vit y / S m − 1 P er mitti vit y 

D M E M at 3 7 ◦ C 1. 8 4 8 0 

K Cl at r o o m t e m p e r at u r e 1. 2 2 8 0 

Pl a sti c 1 0 − 1 4 2 

Ai r 1 0 − 1 4 1  
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2.2.3. Integrating a reference electrode 
When using a reference electrode to measure the local voltage, this 

electrode should also be included in the model. The reference electrode 
also has a 昀椀nite surface impedance and is polarised in the external 昀椀eld 
[33]. Moreover, the input impedance of the recording device (in our case 
an oscilloscope) should be much greater than the sample impedance to 
avoid current 昀氀ow. The treatment of measuring electrodes in an external 
昀椀eld is of great relevance in the 昀椀eld of electrical impedance tomogra-
phy. Somersalo et al. [34] have shown that experimental data is best 
matched if the electrode is assigned a boundary condition as described in 
Eq. (2). The only difference to the aforementioned boundary condition is 
that the 昀椀xed value of the voltage on the electrode is not known a priori 
but treated as an additional unknown. This value corresponds to the 
expected measurement value. In the case of a vanishing surface 
impedance, the 昀氀oating potential problem has to be solved. Mathe-
matical details of this approach can, for example, be found in [35]. 

To gain an understanding of the system with a measurement elec-
trode, an approximate model of a cannula (a needle) was used. It had 
been considered as it is available in every medical laboratory and is easy 
to handle. The geometry is standardised. For a typical cannula type 21G, 
the diameter is 0.8 mm and it has a sharp tip. To avoid numerical ar-
tefacts, we modelled the cannula by a cylinder of matching diameter 
with a semi-sphere of the same diameter as the measurement tip. Then, 
different con昀椀gurations of the cannula-like probe were considered: 
straight, tilted in one direction (tilted #1) and tilted in two directions 
(tilted #2) as well as a mirror of this con昀椀guration (tilted #3, see 
Schematic 2). 

In a second step, the shaft of the probe was insulated and only the tip 
was left 昀氀oating. Subsequently, a thinner probe with a diameter of 200 
m was considered. All these simulations were performed for a medium 

height of 5 mL. The measurement points were chosen along a line in x- 
direction at the bottom of the well (0.5 mm distance between the tip and 
the bottom, see Schematic 2). This setup aimed at resembling the 
manual measurement of local voltages during a cell culture experiment. 

The 昀氀oating part of the electrode was also modelled using a surface 
impedance. As the exact value of the surface impedance is not known, 
we chose two numerical values that represent an intermediate (103 

mm2) and a large surface (106 mm2) impedance. 
The arising linear system was solved using the direct solver MUMPS 

[36] available in NGSolve and the FieldSplit block preconditioner [37] 
together with the 昀氀exible GMRES solver, both implemented in PETSc 
[38 40] and available in NGSolve through the ngs-petsc interface4. When 
considering the surface impedance, CG with an AMG preconditioner was 
used as an iterative solver. 

2.3. Experimental approach 

To characterise the device, an electrolyte solution with known 
properties is used. We used KCl solution of known conductivity (Hanna 
Inst.) at ambient conditions (22 to 25 C). To predict the in vitro 
behaviour, cell culture medium (DMEM, without calcium, containing 
10% fetal calf serum (PAN-Biotech, Aidenbach, Germany), 1% ampho-
tericin B, 1% penicillin streptomycin, and 1% HEPES buffer (Sigma-
Aldrich, Munich, Germany)) was used at a temperature of 37 C. The 

cell culture medium has a conductivity of about 1.84 Sm 1 at 37 C 
(measured with a handheld conductivity meter, LF 325-A, Wissen-
schaftlich Technische Werkstatten, Weilheim, Germany). Different vol-
umes according to the experimental speci昀椀cations were used and will be 
stated in the following. 

2.3.1. Electrochemical impedance spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) was performed with 

the Gamry Reference 600 potentiostat. The impedance was measured 

over a broad frequency range using small voltage amplitudes (25 mV 
and 50 mV). As the Gamry potentiostat is relatively expensive, we also 
used 昀椀eld-programmable gate array (FPGA) based frequency response 
analysers (Moku:Go and RTB2004 with frequency response analyser 
R&S(C) RTB-K36, Rohde&Schwarz, Munich, Germany), which are more 
affordable. The measured impedance spectra were 昀椀tted against 
lumped-element models using the open-source package ImpedanceFitter 
[41]. 

2.3.2. Current and voltage measurements 
The current was recorded by measuring the voltage drop across a 

shunt resistor (1 or 10 , see also Fig. 1) with an Rigol MSO5104 
oscilloscope. The other channels of the oscilloscope were used to record 
the applied voltage and the voltage of the reference electrode. The 
voltage was supplied by a frequency generator (Metrix GX310, Chauvin 
Arnoux, Annecy, France). As the frequency generator has a limited 
power output, we used a linear ampli昀椀er (F30PV, FLC, Gothenburg, 
Sweden) with a gain of 10. The voltage drop across the shunt and the 
voltage of the reference electrode were also ampli昀椀ed if necessary (with 
F10A, FLC, Gothenburg, Sweden with a gain of 10 or an Agilent 33502a, 
Santa Clara, CA, USA with a gain of 5). Importantly, the ampli昀椀ers have 
a high bandwidth that permits to measure signals up to at least 60 kHz. 

2.3.3. Local voltage measurements 
To measure the local voltage, a measurement electrode is inserted in 

the cell culture medium. We performed preliminary measurements of 
the voltage inside KCl solution using a manually positioned cannula 
(hollow needle) with and without an insulated shaft. For the 昀椀nal 
measurements, a 3D printer (MP Select Mini Pro, Monoprice, Berlin, 
Germany) was modi昀椀ed such that a small measurement probe could be 
moved along de昀椀ned grid points. We used a customised unipolar 
microelectrode with a diameter of 370 m and a few m of the metal tip 
uninsulated (PI2PT33.0B10, Microprobes, Gaithersburg, MD, USA) and 
a Ag/AgCl wire of diameter 200 m with only the tip uninsulated. 

The measurement probe was manually positioned in the holder such 
that the bottom of the well corresponded to the zero level of the tip. This 
position served as the calibration point, where z 0 . It is required 
to perform a calibration for each positioning device to be able to repli-
cate the experiments. We give a more detailed description of the 
modi昀椀ed 3D printer, measurement electrodes and calibration procedure 
in the Supplementary Material (Figs. S1 and S2). Throughout the mea-
surements with the reference electrode we recorded the input voltage 
and current to ensure stable conditions and detect possible variations 
due to the electrode or temperature changes. The exact data acquisition 
and data analysis will be described in the following. 

2.3.4. Data acquisition and analysis work昀氀ow 
The goal of the presented approach is to validate numerical simu-

lations. Thus, experimental and numerical data should be compared in a 
well-de昀椀ned and automated fashion. For that, we developed the 
following work昀氀ow to automate data acquisition and analysis:  

1. Measure the height of the medium in the centre of the well. Switch on 
the stimulation voltage and move down the electrode until a sinu-
soidal signal with the stimulation frequency appears on the oscillo-
scope screen.  

2. Prepare the geometry model. Load the standard electrode geometry 
and add a cylinder with the radius of the well and the measured 
height. Reshape the cylinder to account for the meniscus using the 
model of Schuderer and Kuster [28].  

3. Compute the expected current or impedance and estimate the 
voltage drop across the shunt resistor. Choose the dimensions of the 
shunt resistor such that the voltage drop is within the measurement 
range of the oscilloscope.  

4. Choose the measurement grid along which the measurement probe 
should be moved. 4 https://github.com/NGSolve/ngs-petsc 
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5. A p pl y t h e sti m ul ati o n v olt a g e a n d s c a n t h e v olt a g e di stri b uti o n i n-

si d e t h e m e di u m. T h e m e a s ur e m e nt r e s ult at e a c h p oi nt i s writt e n t o 

a Y A M L- 昀椀l e. P yt h o n s cri pt s f or s y n c hr o ni si n g t h e 3 D pri nt er m o v e-

m e nt s a n d t h e o s cill o s c o p e r e a di n g s c a n b e f o u n d o n Git H u b 5 .  

6. U s e a ut o m at e d P yt h o n s cri pt s t o e xtr a ct t h e i n p ut a m plit u d e, c urr e nt 

a n d m e a s ur e d v olt a g e fr o m 昀椀t s t o si n e f u n cti o n s.  

7. T h e e x p e ct e d v olt a g e i s c o m p ut e d fr o m t h e b e n c h m ar k si m ul ati o n 

r e s ult s b y s hifti n g a n d s c ali n g. T o a c c o u nt f or t h e s h u nt r e si st or, a 

v olt a g e di vi d er e q u ati o n i s u s e d t o c o m p ut e t h e eff e cti v e v olt a g e 

dr o p a cr o s s t h e c h a m b er. F or t h at, t h e a b s ol ut e v al u e of t h e i m p e d-

a n c e of t h e e ntir e s y st e m Z i s c o m p ut e d b y di vi di n g t h e v olt a g e 

a m plit u d e b y t h e c urr e nt. T h e n, t h e v olt a g e at t h e l o w si d e of t h e 

c h a m b er i s c o m p ut e d b y U l o w = U i n
R s h u nt

Z . T h e b e n c h m ar k si m ul ati o n 

r e s ult i s s c al e d b y t h e v olt a g e dr o p a cr o s s t h e c h a m b er U i n − U l o w a n d 

s hift e d b y a d di n g U l o w.  

8. T h e e x p e ct e d v olt a g e i s e v al u at e d at t h e m e a s ur e m e nt p oi nt s. B ot h 

e x p e ct e d a n d m e a s ur e d v olt a g e ar e i nt er p ol at e d o n a tri a n g ul ati o n of 

t h e gri d u si n g M at pl otli b [ 4 2 ] a n d t h eir i nt er p ol at e d v al u e s ar e 

c o m p ar e d ( e. g., b y c o m p uti n g a n d vi s u ali si n g t h e a b s ol ut e a n d 

r el ati v e diff er e n c e). 

If t h e c o m p ari s o n of t h e e x p e ct e d a n d m e a s ur e d v olt a g e r e v e al s a 

diff er e n c e, m or e d et ail e d a n al y si s i s r e q uir e d, w hi c h w e will di s c u s s i n 

t h e R e s ult s s e cti o n. 

3. R e s ult s 

3. 1. N u m eri c al m o d elli n g 

T h e n u m eri c al m o d elli n g c a n b e s u b di vi d e d i nt o t w o p art s: t h e i niti al 

m o d elli n g t o d et er mi n e p h y si c all y cr u ci al p art s of t h e e x p eri m e nt a n d t o 

r e d u c e t h e c o m pl e xit y of t h e m o d el a n d t h e s u b s e q u e nt pr o d u cti v e 

m o d elli n g pr o c e s s i d e all y u si n g m e a s ur e d d at a. 

3. 1. 1. I niti al n u m eri c al a n al ysis — g ai ni n g i nsi g ht i nt o t h e e x p eri m e nt 

T h e 昀椀r st st e p of t h e n u m eri c al a n al y si s i s t o f or m ul at e h y p ot h e s e s. T o 

e sti m at e, if t h e f ull el e ctr o q u a si st ati c s 昀椀 el d E q. ( 1) h a s t o b e s ol v e d, t h e 

u p p er fr e q u e n c y li mit of t h e i m p e d a n c e a n al y si s, 5 M H z, w a s c o n si d-

er e d. P arti c ul arl y, it i s of i nt er e st if t h e i n s ul ati n g P E E K pi e c e s e p ar ati n g 

t h e m et al pi e c e s of t h e el e ctr o d e a ct s si mil ar t o a di el e ctri c i n a c a p a cit or 

a n d i n 昀椀 u e n c e s t h e e x p e ct e d i m p e d a n c e. 

T h e a n al y si s w a s p erf or m e d f or t h e hi g h a n d l o w el e ctr o d e c o n 昀椀 g-

ur ati o n s wit h 5 m L, 7 m L a n d 1 0 m L of m e di u m. W h e n u si n g 5 m L, a 

s p h eri c al d o m ai n r e p r e s e nti n g air w a s a d d e d. Wit h t hi s, it w a s 

a c c o u nt e d f or t h e f a ct t h at t h e el e ctr o d e w a s n ot f ull y c o v er e d b y m e-

di u m. T h e f ull m o d el f or t h e l o w c o n 昀椀 g ur ati o n aft er a d a pti v e m e s h 

r e 昀椀 n e m e nt h a d 2, 7 6 4, 9 1 0 d e gr e e s of fr e e d o m. T h e c o m p ut e d i m p e d-

a n c e h a d a m a g nit u d e of 5 6. 2 5 8 Ω a n d a p h a s e of 0. 0 1 3 ◦ . T h e r e d u c e d 

m o d el h a d 5 3 2, 3 4 8 d e gr e e s of fr e e d o m a n d t h e c o m p ut e d r e si st a n c e w a s 

5 6. 2 5 9 Ω . F or t h e hi g h c o n 昀椀 g ur ati o n, si mil ar r e s ult s c o ul d b e o bt ai n e d. 

T h e f ull m o d el yi el d e d a n i m p e d a n c e m a g nit u d e of 6 5. 6 3 7 Ω wit h a 

p h a s e of 0. 0 1 3 ◦ h a vi n g 2, 9 1 3, 9 1 8 d e gr e e s of fr e e d o m, w hil e t h e r e d u c e d 

m o d el yi el d e d a n i m p e d a n c e m a g nit u d e of 6 5. 6 4 6 Ω wit h a p h a s e of 

0. 0 1 3 ◦ h a vi n g 4 3 2, 2 0 4 d e gr e e s of fr e e d o m. E vi d e ntl y, t h e s y st e m b e-

h a v e s m ai nl y a s a r e si st or a n d i s f ull y c h ar a ct eri s e d b y it s r e si st a n c e. A 

si mil ar r e s ult w a s o bt ai n e d f or t h e ot h er v ol u m e s. F or a v ol u m e of 7 m L, 

b ot h t h e l o w a n d t h e hi g h c o n 昀椀 g ur ati o n yi el d e d a r e si st a n c e of 3 8. 5 7 Ω . 

T hi s w a s t o b e e x p e ct e d a s b ot h c o n 昀椀 g ur ati o n s ar e g e o m etri c all y e q u al if 

t h e m e ni s c u s i s n e gl e ct e d. F or a v ol u m e of 1 0 m L, t h e l o w c o n 昀椀 g ur ati o n 

yi el d e d a r e si st a n c e of 3 3. 3 5 Ω . U si n g t h e s a m e v ol u m e b ut t h e hi g h 

c o n 昀椀 g ur ati o n yi el d e d a r e si st a n c e of 3 1. 7 Ω , i. e. a b o ut 5 % l e s s t h a n f or 

t h e l o w c o n 昀椀 g ur ati o n. T o p ut it i n a n ut s h ell, t h e el e ctri c 昀椀 el d i n t h e c ell 

c ult ur e m e di u m c a n b e m o d ell e d u si n g L a pl a c e ’s e q u ati o n i n st e a d of t h e 

f ull el e ctr o q u a si st ati c s e q u ati o n. H e n c e, t h e n u m b er of d e gr e e s of 

fr e e d o m c a n b e r e d u c e d si g ni 昀椀 c a ntl y c o m p ar e d t o t h e f ull el e ctr o-

q u a si st ati c m o d el. M or e o v er, t h e f a st a n d r eli a bl e pr e c o n diti o n e d C G 

s ol v er c a n b e u s e d. 

T h e el e ctri c 昀椀 el d di stri b uti o n f or a v ol u m e of 1 0 m L i s s h o w n f or 

r e pr e s e nt ati v e c ut pl a n e s i n Fi g. 1 . T h e el e ctri c 昀椀 el d i s hi g h e st i n t h e ar e a 

b el o w t h e i n s ul at or, w hi c h s e p ar at e s t h e el e ctr o d e s, a n d c a n r e a c h 

v al u e s u p a b o ut 1 5 0 V m − 1 . F or t h e l o w c o n 昀椀 g u r ati o n, el e ctri c 昀椀 el d 

str e n gt h s of si mil ar or d er c a n b e r e a c h e d at t h e b ott o m of t h e w ell, 

w h er e u s u all y t h e c ell s ar e l o c at e d. I n c o ntr a st, t h e 昀椀 el d i s o nl y a b o ut 

S c h e m ati c 2. P o siti o ni n g of t h e m e a s u r e m e nt pr o b e 

i n t h e c ell c ult u r e m e di u m ( bl u e, tr a n s p ar e nt). T h e 

s urf a c e s E 1 a n d E 2 b el o n gi n g t o t h e a cti v e el e ctr o d e s 

a r e s h o w n i n g r e y. F o ur c o n 昀椀 g ur ati o n s of t h e m e a-

s ur e m e nt el e ct r o d e w e r e c o n si d e r e d: a str ai g ht pr o b e 

( n a m e d str ai g ht, b r o w n), tilt e d i n o n e dir e cti o n 

( n a m e d tilt e d # 1, g ol d e n), tilt e d i n t w o dir e cti o n s 

( n a m e d tilt e d # 2, li g ht g r e y) a n d a mi rr or of tilt e d # 2 

( n a m e d tilt e d # 3, d ar k g r e y). T h e m e a s ur e m e nt pr o b e 

w a s m o v e d al o n g t h e x- a xi s at 昀椀 x e d y- a n d z- p o siti o n s. 

F o r c o m p a ri s o n, a p h ot o g r a p h wit h t w o c a n n ul a e 

pl a c e d r o u g hl y at p o sti o n s # 2 a n d # 3 i s s h o w n. T o 

m a k e t h e c o m p a ri s o n b et w e e n t h e m o d el a n d r e alit y 

e a si e r, t h e p h ot o g r a p h w a s r ot at e d.   

5 htt p s: / / git h u b. c o m /j- zi m m e r m a n n / P y VI S A S c o p e /tr e e / m a st e r / e x a m pl e s / 

3 D P ri nt e r 
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1 0 0 V m − 1 at t h e b ott o m i n t h e hi g h c o n 昀椀 g ur ati o n. Pl e a s e n ot e t h at t h e 

v al u e s f or t h e el e ctri c 昀椀 el d w er e c o m p ut e d f or a v olt a g e dr o p a cr o s s t h e 

w ell of 1 V. T hi s s h o ul d n ot b e mi st a k e n wit h t h e a p pli e d v olt a g e 

a m plit u d e of 1 V. T h e a p pli e d v olt a g e i n t h e e x p eri m e nt m a y b e di vi d e d 

d u e t o t h e diff er e nt el e m e nt s i n t h e cir c uit ( e. g., t h e s h u nt r e si st or) s o 

t h at t h e v olt a g e dr o p a cr o s s t h e w ell i s n ot e q u al t o t h e a p pli e d v olt a g e 

a m plit u d e. T h e n, t h e v olt a g e dr o p a cr o s s t h e w ell h a s t o b e a dj u st e d i n 

t h e si m ul ati o n s. I n t hi s c a s e, t h e el e ctri c 昀椀 el d c a n b e s c al e d li n e arl y wit h 

r e g ar d t o t h e a dj u st e d v olt a g e dr o p. T h e el e ctri c 昀椀 el d b el o w t h e el e c-

tr o d e di d n ot si g ni 昀椀 c a ntl y d e p e n d o n t h e v ol u m e, w hi c h i s i n li n e wit h 

t h e r e s ult s of o ur pr e vi o u s w or k [ 1 1 ] . 

I n a d diti o n, t h e r e si st a n c e of t h e c ell c ult ur e m e di u m c a n b e e a sil y 

s c al e d a c c or di n g t o t h e m e di u m c o n d u cti vit y wit h o ut r e-r u n ni n g t h e 

si m ul ati o n s ( s e e d et ail e d e x pl a n ati o n i n [ 1 1 ] ). F o r EI S m e a s ur e m e nt s, 

t hi s r e s ult m e a n s t h at a r e al- v al u e d i m p e d a n c e i s pr e di ct e d. A s it c a n b e 

e x p e ct e d t h at a n E EI i m p e d a n c e will al s o b e pr e s e nt f or t hi s el e ctr o d e, a 

r e al- v al u e d i m p e d a n c e i s t o b e e x p e ct e d at fr e q u e n ci e s gr e at er t h a n t h e 

c ut off fr e q u e n c y. A d e 昀椀 niti o n of t h e c ut off fr e q u e n c y c a n b e, f or 

e x a m pl e, f o u n d i n [ 1 9 ] . T h e c ut off fr e q u e n c y c a n b e u n d er st o o d a s t h e 

fr e q u e n c y fr o m w hi c h t h e E EI i m p e d a n c e i s n ot d o mi n a nt a n y m or e. 

I n st e a d, t h e i m p e d a n c e of t h e s a m pl e b e gi n s t o d o mi n at e fr o m t hi s 

fr e q u e n c y o n. T h e c ut off fr e q u e n c y i s t o b e d et er mi n e d b y EI S. M or e-

o v er, t h er e s h o ul d n ot b e a si g ni 昀椀 c a nt diff er e n c e b et w e e n t h e hi g h a n d 

l o w c o n 昀椀 g ur ati o n s if a v ol u m e of 1 0 m L i s u s e d. F or s m all er v ol u m e s, e. 

g. 5 m L, a n ot a bl e diff er e n c e s h o ul d b e m e a s ur e d. H o w e v er, it m u st b e 

m e nti o n e d t h at t h e i m p e d a n c e of t h e c o n 昀椀 g ur ati o n s wit h a s m all v ol u m e 

str o n gl y d e p e n d s o n t h e h ei g ht of t h e m e di u m. A s m e nti o n e d b ef or e, it 

w a s n ot p o s si bl e t o a c c ur at el y m e a s ur e t h e h ei g ht of t h e m e di u m a n d 

t h u s n o a ut o m at e d u n c ert ai nt y q u a nti 昀椀 c ati o n a n al y si s t o q u a ntif y t h e 

v ari ati o n of t h e i m p e d a n c e w a s p erf or m e d. A n e x a m pl e of u n c ert ai nt y 

q u a nti 昀椀 c ati o n a n al y si s f or a n el e ctri c al sti m ul ati o n d e vi c e c a n b e f o u n d 

i n [ 1 1 ] . 

3. 1. 2. Pr o d u cti v e si m ul ati o ns — i nt er a cti n g wit h t h e e x p eri m e nt 

T h e pr o d u cti v e si m ul ati o n r u n s s h o ul d t a k e i nt o a c c o u nt t h e e x p er-

i m e nt al r e alit y. A s o nl y L a pl a c e’s e q u ati o n h a s t o b e s ol v e d, n o c o m pl e x 

n u m b er s h a v e t o b e c o n si d er e d a n d t h e si m ul ati o n s will b e p erf or m e d 

o nl y f or t h e a b s ol ut e v al u e s of, f or e x a m pl e, t h e c urr e nt. P ot e nti al p h a s e 

s hift s will b e n e gl e ct e d. I n r e alit y, t h e y c orr e s p o n d t o a ti m e s hift of t h e 

a p pli e d si n u s oi d al si g n al s, w hi c h s h o ul d h a v e n o eff e ct o n t h e bi ol o gi c al 

r e s p o n s e a s t h e y ar e s m all c o m p ar e d t o t h e t ot al sti m ul ati o n ti m e. P y-

t h o n s cri pt s w er e pr e p ar e d t o t a k e i nt o a c c o u nt t h e a p pli e d v olt a g e, 

s h u nt r e si st or a n d c o n d u cti vit y of t h e m e di u m. M or e o v er, s cri pt s w er e 

pr e p ar e d t o c o n si d er t h e E EI i m p e d a n c e i n t h e F E M m o d el b y t h e l u m-

p e d- a n d di stri b ut e d- el e m e nt a p pr o a c h e s ( c o m p ar e S e cti o n 2. 2. 2 ). 

I n a l a st st e p, t h e l o c al v olt a g e m e a s ur e m e nt s s h o ul d b e pr e p ar e d. 

F or t h at, t h e m e a s ur e m e nt el e ctr o d e w a s i nt e gr at e d a s d e s cri b e d i n 

S e cti o n 2. 2. 3 . T h e si m ul ati o n s r e v e al e d t h at t h e p o siti o ni n g of t h e 

m e a s ur e m e nt el e ctr o d e i s t h e m o st cr u ci al p ar a m et er if t h e s h aft of t h e 

m e a s ur e m e nt pr o b e i s n ot i n s ul at e d ( Fi g. 2 ). If t h e pr o b e i s n ot k e pt 

str ai g ht, t h e m e a s ur e d v al u e c a n d e vi at e si g ni 昀椀 c a ntl y (i. e., u p t o a b o ut 

5 0 %) fr o m t h e e x p e ct e d b e n c h m ar k v al u e. T hi s m e a n s t h at t h e n u m er-

i c al si m ul ati o n s c o ul d n ot b e v ali d at e d c orr e ctl y u si n g t hi s a p pr o a c h. 

H o w e v er, w h e n t h e pr o b e w a s k e pt str ai g ht, t h e r el ati v e d e vi ati o n b e-

t w e e n b e n c h m ar k a n d m e a s ur e d v al u e w er e b el o w 1.2 % at all m e a-

s ur e m e nt p oi nt s. I n o u r pr eli mi n ar y e x p eri m e nt s, w e o b s er v e d e x a ctl y 

t hi s b e h a vi o ur: if t h e c a n n ul a w a s n ot k e pt str ai g ht, t h e m e a s ur e m e nt 

v al u e c h a n g e d. 

B a s e d o n t h e si m ul ati o n r e s ult s, it c a n b e e x p e ct e d t o d et e ct t h e 

d e vi ati o n i ntr o d u c e d b y t h e m e a s ur e m e nt pr o b e. I ntr o d u ci n g a f ull y 

u ni n s ul at e d m et al pr o b e i n t h e s y st e m l e a d s t o a c h a n g e i n t h e t ot al 

c urr e nt u n d er t h e a s s u m pti o n t h at t h er e i s n o s urf a c e i m p e d a n c e o n t h e 

el e ctr o d e ( Fi g. 3 ). A s t hi s c h a n g e i s p o siti o n- d e p e n d e nt f or c o n 昀椀 g ur a-

ti o n s t h at l e a d t o a p ert ur b e d m e a s ur e m e nt r e s ult, r e c or di n g t h e c urr e nt 

d uri n g e x p eri m e nt c a n h el p t o d et e ct t hi s u n w a nt e d i n 昀椀 u e n c e of t h e 

m e a s ur e m e nt pr o b e. U nf ort u n at el y, t h e c h a n g e di d n ot e x c e e d 1 .6 %, 

w hi c h s u g g e st s a hi g h-r e s ol uti o n c urr e nt m e a s ur e m e nt t o b e r e q uir e d f or 

s u c c e s sf ul d et e cti o n. N e v ert h el e s s, t h e str ai g ht c o n 昀椀 g ur ati o n l e d t o a 

s m all c h a n g e i n t h e c urr e nt of n ot m or e t h a n 0 .2 %, w hi c h i s m o st li k el y 

n ot d et e ct a bl e i n a r e al e x p eri m e nt. If a s urf a c e i m p e d a n c e w a s 

c o n si d er e d, t h e c urr e nt di d n ot d e vi at e si g ni 昀椀 c a ntl y ( Fi g. 3 ). 

T h e s e 昀椀r st r e s ult s c o ul d b e i m pr o v e d b y i n s ul ati n g t h e s h aft of t h e 

el e ctr o d e, w hi c h l e d t o a d e vi ati o n of l e s s t h a n 1 .5 % f or all c o n 昀椀 g ur a-

ti o n s. T h e a c c ur a c y c o ul d b e f urt h er i m pr o v e d b y r e d u ci n g t h e di a m et er 

of t h e el e ctr o d e. 

I n s u m, t h e m e a s ur e m e nt pr o b e s h o ul d b e wi d el y i n s ul at e d a n d o nl y 

t h e ti p s h o ul d b e l eft u ni n s ul at e d t o s e n s e t h e l o c al v olt a g e. T h e n, t h e 

p o siti o ni n g of t h e el e ctr o d e h a s a n e gli gi bl e i n 昀椀 u e n c e a n d i n st e a d of 

r u n ni n g m ulti pl e si m ul ati o n s f or t h e diff er e nt pr o b e l o c ati o n s, t h e e x-

p e ct e d m e a s ur e m e nt v al u e c a n b e e xtr a ct e d fr o m t h e b e n c h m ar k 

si m ul ati o n. N e v ert h el e s s, a str ai g ht p o siti o ni n g i s e x p e ct e d t o yi el d t h e 

m o st a c c ur at e m e a s ur e m e nt r e s ult s. T h e s urf a c e i m p e d a n c e of t h e 

m e a s ur e m e nt pr o b e i s i n g e n er al u n k n o w n b ut di d n ot a p p e ar t o i n 昀椀 u-

e n c e t h e e x p e ct e d m e a s ur e m e nt v al u e. T h u s, it d o e s n ot h a v e t o b e 

d et er mi n e d a pri ori f or t h e c h o s e n pr o b e g e o m etr y. 

T h e v ali d ati o n of t h e si m ul ati o n r e s ult s s h o w n i n Fi g. 1 r e q uir e s 

Fi g. 1. T h e el e ct ri c 昀椀 el d st r e n gt h i s c o m p a r e d at t h e b ott o m pl a n e of t h e w ell f o r hi g h ( A ) a n d l o w (B ) c o n 昀椀 g u r ati o n wit h a v ol u m e of 1 0 m L. F urt h e r m or e, t h e 昀椀 el d i s 

s h o w n o n t h e c e nt e r pl a n e f o r hi g h ( C ) a n d l o w (D ) c o n 昀椀 g ur ati o n. I n C a n d D , t h e el e ct r o d e i s c ut o ut t o s u p p o rt t h e i d e nti 昀椀 c ati o n of t h e c e nt e r pl a n e fr o m Fi g. 1 . 
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scanning the local voltage at many points to successfully resolve the 
inhomogeneity of the 昀椀eld. The negative gradient of the recorded local 
voltage serves as an estimate of the electric 昀椀eld. As the area under the 
electrode is not easily accessible, a small probe shall be used to scan the 
area above the electrode using a volume of 10 mL. A grid was con-
structed using 330 points with a spacing of 1 mm in x- and y-direction at 
two planes 1 mm and 3 mm above the electrode. The electrode was 
moved to the grid points in straight con昀椀guration. As for the previous 
example (Schematic 2), the measurement probe could successfully 

reproduce the benchmark simulation without signi昀椀cant differences. 
When modelling the probe con昀椀gurations, the iterative solver failed 

for 4 out of the 330 con昀椀gurations while the direct solver could always 
solve the problem. It is unclear why it happened only for these con昀椀g-
urations. In future research, it is desirable to use a projection-based 
preconditioner such that the inde昀椀nite linear system can also be 
solved by conjugate gradient [43]. 

Fig. 2. Comparison of the benchmark values derived from a simulation without inserted measurement probe and simulation results for different con昀椀gurations of a 
昀氀oating measurement probe. In A, the measured voltage extracted from the simulations is compared. In B, the deviation between measured and expected benchmark 
values is shown. For more details regarding the naming, please see Schematic 2. 

Fig. 3. Comparison of the computed current through 
a well with and without measurement probe. 
Different con昀椀gurations of a 昀氀oating measurement 
probe were studied. For more details regarding the 
naming, please see Schematic 2. In A, a perfectly 
conducting probe without a surface impedance was 
considered, while in B a surface impedance of 103 

mm2 was considered. Note that the scales are 
different for the sake of better comparability between 
the benchmark and the results for different probe 
con昀椀gurations.   

Fig. 4. Comparison of two electrodes before and after 
a cleaning treatment with 10% acetic acid for about 
20 min. The impedance was measured for the low 
con昀椀guration using 7 mL KCl conductivity standard at 
19 C with a conductivity of 1.143 Sm 1. To highlight 
the high-frequency behaviour, the impedance is 
shown only for frequencies above 10 kHz. The elec-
trodes were used in stimulation experiments before 
the treatment. Evidently, the untreated electrodes 
show capacitive behaviour, i.e. a non-zero imaginary 
part, up to very high frequencies. This stands in 
contrast with the simulation result that predicted 
purely resistive behaviour, i.e. an imaginary part 
tending to zero, at high frequencies. After the cleaning 
treatment, both electrodes show resistive behaviour at 
high frequencies. By 昀椀tting a constant-phase element 
in series with a resistor, the resistance at high fre-
quencies could be determined. The resistance of 
electrode #1 was estimated to be 58.9 , while elec-
trode #2 had a resistance of 59.7 . For the setup 
here, the simulations predicted 62.1 . This is in good 
agreement with the measured values (deviation not 
signi昀椀cantly greater than 5%) particularly given the 
fact that the meniscus was ignored.   
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3.2. Experimental results 

3.2.1. Electrochemical impedance spectroscopy initial assessment 
Initially, the goal was to validate the setup for the volume used in the 

in vitro experiments, 5 mL. During these investigations, a fresh electrode 
was compared to an electrode that had been in use multiple times. The 
impedance measurements revealed signi昀椀cant differences between the 
two electrodes (data not shown). The predicted purely resistive 
impedance was not observed at high frequencies. Instead, unexpected 
capacitive behaviour appeared with the multiply used electrodes in the 
MHz-range (Fig. 4). An elemental analysis of the electrode surface using 
energy-dispersive X-ray spectroscopy revealed that a layer of calcium 
and phosphorus covered the electrode surface. We speculated that a 
layer of calcium phosphate must have built on the titanium surface; most 
likely due to corrosive processes. It is known that titanium implants in 
aqueous environment corrode [44] and that calcium phosphate forms on 
titanium in electrolyte solution [45]. This process can potentially be 
enhanced by active electrical stimulation as titanium can be coated by 
calcium phosphate by electrochemical deposition [46]. However, the 
focus did not lie on the determination of the exact mechanism behind 
the corrosion. Instead, the removal of the calcium phosphate layer was 
paramount to regenerate the electrical properties of the electrode. For 
that, 10% acetic acid was employed successfully (Fig. 4). Hence, the 
experimental lab protocol could be successfully updated to ensure 
reproducible stimulation conditions. Most importantly, the corrosion of 
the electrode could not be easily identi昀椀ed by visual inspection as the 
calcium phosphate layer is probably only a few hundred nm thick. 
Instead of thinking of corrosion, we 昀椀rst assumed that the electrode 
surface was scratched. Evidently, the electrode corrosion could not have 
been detected without the numerical prediction. 

3.2.2. Electrochemical impedance spectroscopy validation measurements 
We measured the impedance of the two con昀椀gurations using liquids 

of different conductivity (Table 2). The relative error between the pre-
dicted and 昀椀tted resistance was usually below 5%. This indicates a very 
good agreement between theory and experiment. The uncertainty of the 
numerical prediction due to the assumed conductivity can be estimated 
to about 2% (see detailed reasoning in [11]). Two different electrodes 
were compared using 7 mL (Fig. 4). The 昀椀tted resistance deviated by less 
than 1 . This deviation corresponds to a relative error of about 1 4%, 
which is close to the accuracy of the potentiostat (1%). Thus, the 
manufacturing uncertainty was assumed to be negligibly small. 
Furthermore, this result permits to de昀椀ne a reference state for perfor-
mance assurance. Every manufactured electrode can be tested using the 
presented experimental approach. If, for example, the 昀椀tted resistance 
or measured impedance at high frequencies signi昀椀cantly deviates (e.g., 
more than 5%) from the expected value, the electrode should not be 
used for stimulation experiments until the reason for the deviation has 

been found and eliminated. 
Aside of the manufacturing uncertainty the height of the cell culture 

medium can be expected to be the main source of uncertainty. Partic-
ularly at low volumes (5 mL and 7 mL) it cannot be extracted accurately 
and the meniscus was therefore not included. At a volume of 10 mL, we 
could estimate its height using an uncertainty of about 1 mm with a 
median height of 11 mm. Moreover, the meniscus was modelled. 
Changing the height from the assumed 11 mm to 12 mm, yielded a 
resistance of 31.67 , which deviates about 5% from the predicted 
value. Furthermore, it yields a value closer to the measured resistance of 
31.92 . In sum, this rough estimate of the uncertainty of the numerical 
prediction demonstrates the agreement of measured and predicted 
values. Hence, the chosen geometrical model appeared to be valid. 

Yet, the in昀氀uence of the EEI has to be considered. In principle, it can 
be modelled by an equivalent circuit as, for example, done in the 昀椀tting 
of the resistance. However, the electrode has been used only for stim-
ulation at a single frequency. Thus, no information on the frequency- 
dependent behaviour of the impedance can be extracted from the 
stimulation signal. Instead, only the impedance magnitude and phase at 
one frequency can be obtained from the stimulation voltage and 
resulting current signals. To extract the impedance of the EEI at this 
frequency, the cell culture medium resistance is subtracted from the 
measured impedance. By monitoring the impedance over time, elec-
trochemical changes and temperature changes can be detected. How-
ever, unlike in the example in [11], the contributions from 
electrochemistry and temperature cannot be distinguished. For that, EIS 
measurements would have to be conducted regularly as, for example, 
done in [47]. An economic possibility to realise such a setup could be 
FPGA-based frequency response analysers. The two different frequency 
response analysers could reproduce the spectra recorded with the by-far 
more expensive potentiostat with reasonable accuracy. As both fre-
quency response analysers can also just provide the stimulation signal, 
they might be a viable option for future integrated experimental solu-
tions. Currently, efforts to automate the approach using easy-to- 
understand Python scripts are underway. In the following, we want to 
explore if the numerical simulations can be validated by local voltage 
measurements. 

3.3. Local measurements 

We chose three frequencies, which have both biological and elec-
trical relevance, to study the voltage distribution in the well:  

1. 20 Hz: This frequency has been considered for bone regeneration 
[18,21]. Similar frequencies are considered for other applications 
[14]. The impedance of the EEI is expected to be very large such that 
the electric 昀椀eld is much smaller than predicted from the raw 
simulations.  

2. 1 kHz: This frequency has been considered for chondrocytes and 
mesenchymal stem cells [17], but frequencies in this range have also 
found application in, for example, neural stimulation [13]. Here, the 
EEI impedance is expected to have only a small in昀氀uence. 

3. 60 kHz: This frequency has been used for the stimulation of chon-
drocytes [26] and bone cells [27]. At this frequency, the EEI 
impedance becomes negligible and a good agreement between raw 
simulation and measurement is to be expected. 

As expected, the measurement results at 60 kHz are in good agree-
ment with the simulation results (Fig. 5). The relative difference is below 
10% for most of the measurement points (Fig. 6). However, it is evident 
that the positioning by the 3D printer might not be suf昀椀ciently accurate 
as 昀氀uctuations are visible in the recorded values. Sometimes the posi-
tioning failed and shifts occurred in the recorded voltages. Currently, it 
is investigated how to make the experimental approach more robust. 

The electric 昀椀eld can be estimated from the local voltage distribution 
(Fig. 7) by taking the gradient of the voltage. The general 昀椀eld 

Table 2 
Comparison of the 昀椀tted resistance from EIS measurements (see Fig. 4 for more 
details) and the resistance predicted by numerical simulations. To reduce the 
昀椀tting error, the impedance was considered at frequencies greater than 1 kHz. In 
this range, a constant-phase element in series with a resistor yielded a relative 
difference of usually less than 2% between the 昀椀tted resistance and the measured 
impedance modulus (which at high frequencies is equal to the resistance). 
Different con昀椀gurations were compared. The different conductivities are due to 
the different ambient temperatures.  

Con昀椀guration Conductivity Fitted Predicted Relative  
/ Sm 1 resistance/ resistance/ difference/ % 

5 mL, low 1.84 55.20 56.26 1.9 
5 mL, low 1.191 88.1 86.99 1.3 
5 mL, high 1.264 91.29 95.56 4.5 
7 mL, low 1.143 58.90 62.09 5.1 
7 mL, low 1.143 59.70 62.09 3.9 
10 mL, low 1.84 31.92 33.35 4.3  
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distribution is in agreement with the numerical predictions. Neverthe-
less, the uncertainty of the positioning propagates. Hence, the 昀椀eld 
distribution is, for example, not symmetric as predicted and 昀氀uctuates. 
Nevertheless, the expected and measured 昀椀eld strength agree well. 

It takes about 30 min to scan the voltage distribution in the well. In 
contrast, global properties such as the current can be measured in a 
couple of seconds. At 60 kHz, the measured current has a phase shift of 
about 1 ( 1 ) with respect to the stimulation voltage and deviates less 
than 5% from the expected current. This result was expected and in-
dicates that it is suf昀椀cient to record the current (both amplitude and 
phase shift) to validate the numerical simulations. Moreover, current 
recordings throughout a stimulation experiment can be used to monitor 

the status of the stimulation electrodes. Hence, for high frequencies such 
as 60 kHz, a digital twin was successfully established for the considered 
stimulation setup. This means that there is a clear relation between 
measurement data (in this case the electric current) and the numerical 
simulations. With that it becomes feasible to, for example, estimate the 
temperature of the electrolyte or identify electrochemical ageing. More 
details are described in [11]. 

In contrast, the results at 20 Hz and 1 kHz were less promising. At 20 
Hz, the voltage drop across the medium was only a few mV, which is 
close to the measurement resolution. The measurement results at 20 Hz 
can be found in the Supplementary Material (Figs. S3 and S4). Due to the 
noise in the recordings and the limited measurement resolution, we will 
only show the results at 1 kHz for the high con昀椀guration and cell culture 
medium to demonstrate the general approach. At 1 kHz, the general 
shape of the recorded local voltage looks similar (Fig. 8) to the expected 
result (Fig. 5). However, the voltage drop across the medium is smaller 
than expected. Moreover, the measured current has a phase shift of 
about 22 and is also about 21 5% smaller than expected. 

Instead of the expected impedance of about 31.1 , an impedance of 
about 42.6 was measured after subtracting the shunt resistor. This 
suggests that the EEI impedance is about 11.5 . With this information, 
the EEI can be taken into account. In the lumped-element approach, the 
benchmark result is scaled to match the voltage drop across the medium 
that is estimated using the EEI impedance. In the distributed-element 
approach, the EEI impedance is distributed across the electrode sur-
face (see Section 2.2.2 for more details). 

It must be noted that the computed current using the distributed- 
element approach deviates slightly from the measured value, which 
was used to calibrate the simulation model. Instead of the expected 
17.87 mA, the computed current was 16.38 mA (symmetrically 
distributed impedance) and 16.85 mA (asymmetrically distributed 
impedance). A possible reason for these observations could be the 
assumption that the surface impedance z equals the global EEI imped-
ance Z multiplied by the surface area A. However, the global impedance 
(if considered in ) is in general related to the surface integral of the 
local impedance [48] 

Z

(
∫

S z x
S

)

(3)  

where S is the electrode surface and z x the position-dependent local 
impedance. Evidently, the surface impedance z can be computed reli-
ably from the global impedance Z only under the assumption that the 
surface impedance is not position-dependent. This assumption is not 

Fig. 5. Local voltage recording in cell culture 
medium at 60 kHz and 37 C for the high 
con昀椀guration and 1 V input voltage amplitude. 
The left side shows the measured values at two 
different heights relative to the well bottom, 
which corresponds to z 0 . The black dots 
indicate the measurement points. The measured 
values were interpolated to generate a heatmap. 
The right side shows the corresponding ex-
pected values, which were numerically 
computed. The relative difference between 
measured and expected values is shown in 
Fig. 6.   

Fig. 6. The relative difference between measured and expected values at two 
different heights relative to the well bottom, which corresponds to z 0 . 
The measured and expected values are shown in Fig. 5. The measurements were 
performed in cell culture medium at 60 kHz and 37 C for the high con昀椀gu-
ration and 1 V input voltage amplitude. The corresponding absolute difference 
between measured and expected values is in the range of a few mV. 
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justi昀椀ed in general. Indeed, we observed a position-dependent phase 
shift between the recorded local voltage and the stimulation voltage 
when the EEI impedance had a signi昀椀cant in昀氀uence (Fig. 9). This result 
was also con昀椀rmed using a different reference electrode made of Ag/ 
AgCl (not shown). At 60 kHz, where the EEI impedance has no signi昀椀-
cant effect, a position-dependent phase could not be observed (not 
shown). This result suggests that the choice of a 昀椀xed surface impedance 
is not perfectly re昀氀ecting reality. Nevertheless, the predicted and 
observed 昀椀eld distributions agree well. By visual inspection, the asym-
metric distributed-element approach yielded the best agreement be-
tween measurement and simulation (Fig. 10). Still, the symmetric 
distributed-element approach did not deviate considerably. The lumped- 
element approach overestimated the 昀椀eld. Moreover, there was no 
constant ratio between the measured and the expected voltage (not 
shown). This result suggests that the lumped-element approach based on 
a voltage divider is not applicable as it would employ a linear scaling of 
the voltage drop across the medium. In comparison to the electric 昀椀eld 
strength predicted without the in昀氀uence of the EEI, the maximal 
observed 昀椀eld strength is about 30% smaller. 

4. Discussion 

In this work, experimental and numerical methods to characterise 
electrical stimulation devices were presented. The goal was to establish 
reliable estimates of the prevailing electric 昀椀eld and thus also current 
density. Furthermore, a clear relation between numerical simulations 
and experimental approaches should be outlined. This is required to 
remove roadblocks on the way to clinical translation of electrical stim-
ulation approaches [2,9]. Unfortunately, many studies cannot be repli-
cated at the moment due to an insuf昀椀cient amount of documentation 
[2,9,10,12,49] or yield different estimated 昀椀eld strengths than initially 
reported [11]. To overcome this limitation, we suggest a work昀氀ow that 
in our opinion suits the results of the presented methods (Fig. 11). 

Initially, the geometry of the electrode, surrounding parts and bio-
logical sample(s) (here only the cell culture medium) have to be known 
precisely. For the considered electrode, the height and surface shape of 
the cell culture medium are expected to carry the largest uncertainty. 
Hence, they should be quanti昀椀ed with the best possible accuracy. The 
geometric dimensions are together with the dielectric properties at the 

Fig. 7. The electric 昀椀eld strength was estimated from the voltages recorded in cell culture medium at 60 kHz and 37 C (shown in Fig. 5) by computing the gradient. 
Again, the measured values are shown on the left for two different heights relative to the well bottom, which corresponds to z 0 . On the right, the expected 
electric 昀椀eld is shown. 

Fig. 8. Local voltage recording in cell cul-
ture medium at 1 kHz and 37 C for the high 
con昀椀guration and 1 V input voltage ampli-
tude (A). The voltage was measured at two 
different heights relative to the well bottom, 
which corresponds to z 0 . For com-
parison, the voltage distribution at 60 kHz is 
shown in B. Please note the different voltage 
scales, which arise due to the EEI impedance 
present at 1 kHz. Moreover, the EEI imped-
ance changes the shape of the voltage dis-
tribution. This evidences that the voltage- 
divider approach is not suitable to integrate 
the EEI impedance into the model. The 
voltage-divider approach would only lead to 
a scaled and shifted voltage but not to a 
different shape of the distribution.   
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desired stimulation frequency and temperature the key ingredient to 
developing the initial numerical model. The stimulation voltage does 
not necessarily have to be known as the models are initially linear. At 
this point, the 昀椀rst challenge of the approach arises with regard to a 
translation to an in vivo setting. The dielectric properties of tissue at 
relevant frequencies for regenerative medicine applications are not 
known unambiguously [50]. Moreover, the dielectric properties of many 
materials are to our knowledge not tabulated for a broader temperature 
range. Thus, it is recommended to always perform the initial charac-
terisation with an electrolyte solution or phantom of known conduc-
tivity. Nevertheless, the work昀氀ow is supposed to work for in vivo 
settings once the input information is reliable. 

Using the provided initial information, a detailed initial numerical 
model can be developed. The focus of this model should lie on the 
reduction of the complexity. Thus, parts that do not contribute to the 
measured impedance should be removed. For the device considered 
here, this applied to the insulators and the air. A simple measure to 
determine these parts is the current density: whenever it is much smaller 
than in other parts of the domain, these parts do not contribute to the 
total impedance of the device. With this information, it should be 
possible to reduce the initially complex-valued system of equations to a 
purely real-valued system. The real-valued system can be solved by the 
reliable preconditioned conjugate gradient method. In addition to the 
detailed model, lumped-element or circuit models should be developed. 
However, in contrast to the FEM-based models presented here and in 
[11], circuit models cannot resolve the spatial distribution of the electric 
昀椀eld [51]. Detailed numerical simulations based on the real geometry 
drastically improve the understanding of the stimulation device. 

From the initial numerical models, hypotheses are derived to be 
tested in validation experiments. The 昀椀rst method to be considered is 
EIS. It yields the cutoff frequency and also the device impedance, which 
is predicted by the initial model. In agreement with the results of Zim-
mermann et al. [11], the numerical models are only predictive at fre-
quencies above the cutoff frequency. Once the numerical models are 
validated by EIS, they can be extended to include, for example, reference 
electrodes for local voltage measurements. We demonstrated that from 
the numerical simulations valuable information about the positioning 
and dimensions of the reference electrode can be obtained. 

Furthermore, corrosive processes can be clearly identi昀椀ed by 
changes of the impedance and thus the cutoff frequency. The numerical 
models helped to unambiguously identify these processes. With this 
result, we extend the guideline of Boehler et al. [19] who in greater 
detail explain electrochemical characterisation methods of electrical 
stimulation electrodes. At frequencies below the cutoff frequency, the 
electrochemical effects have to be considered and integrated into the 
numerical model. While an electrode system previously studied by us 
has revealed no signi昀椀cant difference between the lumped- and 
distributed element approach [11], we identi昀椀ed signi昀椀cant differences 
between the approaches in this work. They were revealed by local 
voltage recordings, which agreed better with the distributed-element 
approach. However, the resolution of the experiments has to be 
improved to obtain a general best practice. The focus of this work was on 
practical and economic solutions, which are not suitable to measure 

Fig. 9. Phase shift between the local voltage recorded in cell culture medium at 
1 kHz and 37 C for the high con昀椀guration (shown in Fig. 8) and the applied 
input voltage of 1 V amplitude. The voltage was recorded at two different 
heights relative to the well bottom, which corresponds to z 0 . 

Fig. 10. The electric 昀椀eld strength was estimated from the voltage recorded in cell culture medium at 1 kHz and 37 C for the high con昀椀guration (shown in Fig. 8) by 
computing the gradient. The measured values are shown on the left for two different heights relative to the well bottom, which corresponds to z 0 . On the 
right, the expected electric 昀椀eld is shown computed using the asymmetric distributed-element approach. 
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electrochemical processes with the required accuracy. Still, it is, in our 
opinion, possible to use the presented setup to obtain reliable estimates 
of the electric 昀椀eld and current density. The simulations were calibrated 
using only the measured current, input voltage and conductivity of the 
medium. Nevertheless, the electric 昀椀eld predicted by the simulations 
using a distributed-element approach agreed well with the local voltage 
recordings (Fig. 10). A limitation of this approach is that the tempera-
ture of the medium and thus its conductivity have to be accurately 
known and that the geometry of the electrode must not change during 
the experiment. Thus, additional sensors should be used during a stim-
ulation experiment. We speculate that the assumption of a 昀椀xed surface 
impedance is not realistic as we observed local phase shifts (Fig. 9). 
Probably, empirical nonlinear models that use a surface impedance 
depending on the overpotential could help to contribute [22]. However, 
such models require much more detailed knowledge of the surface 
electrochemistry and are thus possibly too detailed for a use in lab 
practice. Hence, we recommend to compare the lumped- and 
distributed-element approaches using measured values for each stimu-
lation electrode. Attention should be paid to the predicted current in the 
distributed-element approach: if it deviates signi昀椀cantly from the 
measured current, it indicates that the model is not reliable. For the 
electrode speci昀椀ed in this work and at a frequency of 1 kHz, we observed 
a deviation of only about 5%, which is acceptable given the experi-
mental accuracy. At lower frequencies, such as 20 Hz, the EEI impedance 
was about 10 times the impedance of the medium. Nevertheless, the 
computed current did not deviate more than a few percent from the 
measured current. This result is however only valid for the considered 
electrode geometry and cannot be generalised. 

For meaningful local voltage recordings, it is paramount to choose 
the measurement points such that effective voltage differences in the 
measurement range of the used instrumentation can be expected. For 
example, the results in the centre of the well (at x 0 mm) are always 

about 0.5 V for the considered stimulation voltage of 1 V (compare 
Figs. 5 and 8) irrespective of the frequency and height of the measure-
ment probe. This is mostly for geometrical reasons. If one measured only 
along this line at x 0 mm, one will 昀椀nd very good agreement between 
simulation and experiment. Nevertheless, this is not suf昀椀cient for vali-
dation as the measurement at different x-positions would reveal 
frequency-dependent deviations and also the current would not match 
the expectations for certain frequencies. Furthermore, the EEI imped-
ance at 20 Hz was so large that the voltage drop across the medium 
became so small that it could not be well resolved with the used oscil-
loscope. Advanced instrumentation has to be considered for this case. 
For now, the 昀椀eld strength can only be estimated using the numerical 
approach estimated at 1 kHz. This result also poses a problem for the DC 
case. In previous research, we found that the resistance of the EEI of a Pt 
electrode is about a hundred times larger than the resistance of the 
medium [11]. Likewise, the voltage drop across the medium is small. 
Moreover, the resistance changes with time due to electrochemical re-
actions unlike in the AC application considered here. This problem must 
be addressed in future research. Ideally, electrochemically stable elec-
trodes will be employed. 

After the initial experimental and numerical characterisation, a 
reference state has been obtained. Whenever a stimulation experiment is 
performed, the monitored voltage and current or impedance can be 
compared to the reference state to identify changes in the stimulation 
device. In this work, we did not consider faradaic reactions during the 
stimulation [52]. They manifest themselves in nonlinear properties of 
the EEI in the low-frequency region (roughly below 1 kHz) [29,53,54]. 
In this range, the EEI impedance decreases with increasing voltage 
[29,54]. We expect this nonlinear behaviour to be identi昀椀able by com-
parison to the reference state at the respective frequency. For a detailed 
investigation, a harmonic analysis of the nonlinear processes has to be 
conducted [29,54]. As faradaic reactions indicate corrosive processes, a 

Fig. 11. Suggested work昀氀ow to obtain a controlled and monitored electrical stimulation experiment with reliable electric 昀椀eld and current density estimates.  
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procedure to refresh the electrode such that it reaches the reference state 
again should be considered. Here, we cleaned the electrode for about 20 
min with 10% acetic acid to remove possible calciumphosphate layers 
from the electrode surface. Ideally, a digital twin of the stimulation 
device can be designed to help identify various processes already during 
the stimulation experiment. 

The presented work昀氀ow is deterministic in its nature because the 
electric 昀椀eld can be described by Maxwell s equations. No stochastic 
processes are expected to in昀氀uence the physics. Hence, it is suf昀椀cient 
that we considered only a few electrodes with a few con昀椀gurations. 
Nevertheless, it is desirable to obtain a better overview of the 
manufacturing accuracy. For that, every employed electrode should be 
characterised and its properties saved in a database. We are working on 
the realisation of this idea. Furthermore, the in昀氀uence of surface 
roughness and other manufacturing-related aspects on the EEI imped-
ance are to be investigated. This information can then be used to re昀椀ne 
the accuracy estimates and possibly improve the digital twin. 

5. Conclusion 

The presented numerical and experimental methods contribute to an 
improved documentation of electrical stimulation experiments. We 
provide a software that automates the suggested work昀氀ow (Fig. 11) 
based on open-source software. All in all, a data set is generated that can 
be shared, for example, in the supplementary material of a publication. 
As the required hardware equipment is relatively affordable (in sum less 
than 5000 EUR if FPGA-based frequency response analysers are used), it 
should pose no problem to adapt the suggested work昀氀ow. The numerical 
simulations and data evaluations can be run on a standard PC or laptop 
with at least 12 GB memory. Hence, we expect the use of the presented 
methods to greatly contribute to a better understanding of the electrical 
stimulation experiments and help to overcome the limitations pointed 
out in various critical assessments [2,9 11,15,49]. 
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