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ABSTRACT
Electrical stimulation (ES) has emerged as a promising technique in the field of bioengineering and biomedicine, particularly in 
bone regeneration and cell differentiation. ES using alternating current (AC) is based on the periodic reversal of current direc-
tion, which generates oscillating electric fields. The application of an electric field has effects on cell growth and differentiation, 
as well as on morphology and migration. This study aimed to explore the effect of applying AC electrostimulation within the 
proliferation, differentiation, and morphology process of osteoblastic cells. The electrical stimulation signals were daily applied 
for 3 h during 14 days. Different frequencies were tested (1 Hz, 10 Hz, 100 Hz, and 1 kHz), with amplitudes of 125, 250, 500, 750, 
1000, and 1500 mV/mm. Cell viability was estimated using the AlamarBlue, and MC3T3-E1 differentiation levels were eval-
uated through alkaline phosphatase (ALP) activity. RUNX2, OSX, ALP, OPG, and RANKL gene expression was assessed by 
RT-PCR. Morphological analysis was performed through cell transfection followed by immunofluorescence. Statistical analysis 
was conducted by SPSS.23 and graphs generated through Graph-pad. Viability and ALP activity were optimal at 10 Hz. Once 
the frequency was defined, RUNX2, OSX, ALP, OPG, and RANKL gene expression revealed an increase in the differentiation 
and osteogenic activity levels at 10 Hz and 500–750 mV/mm. As well as, morphological studies showed an increase in the area, 
pseudopodia length, and numbers at 500 mV 10 Hz conditions. The optimal ES condition to differentiate MC3T3-E1 cells is 10 Hz 
500–750 mV/mm. Electrostimulation has emerged as a promising technique in the field of bioengineering and biomedicine, par-
ticularly in bone regeneration and cell early maturation.

1   |   Introduction

Bone regeneration therapy is essential for accelerating fracture 
repair, enhancing implant integration, and treating diseases 
that impair bone formation. Among the different strategies, 

electrostimulation (ES) stands out as a non-invasive approach 
that promotes osteoblast proliferation and differentiation, 
thereby facilitating the formation of new bone tissue. Electrical 
stimulation or electrostimulation is a technique based on 
the application of electrical currents to cells, mimicking the 
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physiological currents, to guide cellular and tissue responses. 
The electrical signal applied is defined by adjusting parameters 
such as frequency, amplitude, and duration of the electrical sig-
nal [1].

Among the different electrostimulation methods, alternating 
current (AC) is particularly remarkable. AC electrostimulation 
is based on the periodic reversal of current direction, which 
generates oscillating electric fields [1]. It has been shown that, 
at a cellular level, the application of ES can affect the elec-
trical environment of cells, thereby modifying ion channels, 
cytoskeleton reorganization, lipid rafts, membrane potential, 
and intracellular signaling pathways [1]. Furthermore, it is 
known that the application of an electric field has effects on 
cell growth and differentiation, as well as on morphology and 
migration [2]. ES has shown significant potential in tissue en-
gineering and regeneration in diverse fields, such as dermatol-
ogy and the nervous system, where it has been reported that it 
induces skin regeneration [3], neurite outgrowth, and synaptic 
plasticity [4].

The first attempt at using ES in the bone tissue field treating 
bone fractures was provided by Mollon and colleagues in 2008 
[5]. Under physiological conditions, bone has an electroneg-
ative matrix. After an external factor such as bone overload 
or the presence of a fracture, this bone area experiences an 
increase in its electronegativity, where electrons and anions 
are accumulated, generating an ionic flow directed toward 
the damaged area [6]. The application of ES modifies this 
dynamic, intensifying the electronegativity and stimulating 
the attraction of osteogenic cells, accelerating bone regener-
ation [7].

Specifically, the effect of ES on osteoblasts has demonstrated an 
improvement in osteoblast function as well as the induction of 
osteogenic differentiation and maturation [8–10]. Osteoblastic 
differentiation is regulated, among other levels, in particular 
at the transcriptional level by transcription factors. RUNX2, a 
member of the RUNX transcription factor family, is crucial in 
embryonic skeletal development, in the early stages of mesen-
chymal stem cells (MSC) differentiation into pre-osteoblasts, 
osteoblastic differentiation, and for maintaining osteoblastic 
functions themselves [11, 12]. Its expression peaks in immature 
osteoblasts and decreases as cells differentiate, highlighting its 
fundamental role in early stages of osteoblastic differentiation 
[13]. Other osteoblast-specific transcription factor is osterix 
(OSX), encoded by the SP7 gene. It plays a crucial role in the 
intermediate stages of maturation, also regulating the activity 
of functional osteoblasts and their subsequent differentiation 
into osteocytes [14, 15]. During maturation process, osteo-
blast increases alkaline phosphatase (ALP) synthesis protein. 
Subsequently, mineralization of the extracellular matrix (ECM) 
occurs through the expression of several osteoblastogenic 
marker genes such as osteocalcin (OCN), along with the contin-
uous expression of ALP [16, 17].

At the molecular level, the RANK/RANKL/OPG system is es-
sential for osteoclastic migration and activation. The RANKL 
protein acts as a ligand for the RANK receptor; its binding in-
duces osteoclastic differentiation and inhibits osteoclast apop-
tosis. Furthermore, RANKL inhibits osteogenesis by causing 

β-catenin degradation and impeding its synthesis [18]. On the 
other hand, osteoprotegerin (OPG), a soluble protein with high 
affinity for RANKL, binds to it, preventing its interaction with 
RANK, thereby inhibiting bone resorption. Osteoblasts are 
the main source of OPG in bone [19]. Therefore, the RANKL/
OPG ratio informs us about the amount of bone to be reab-
sorbed [20].

While several electrostimulation systems have been described in 
the literature, this study introduces and applies a novel, previ-
ously described system [21] to explore the effect of applying AC 
electrical stimulation within proliferation, early differentiation, 
and morphology process of osteoblastic cells MC3T3-E1.

2   |   Experimental Procedures

2.1   |   Materials

Phosphate-buffered saline (PBS), alpha-Minimum Essential 
Medium (α-MEM), OptiMEM medium, penicillin and streptomy-
cin, GlutaMAX I, amphotericin-B, trypsin–EDTA, AlamarBlue 
Cell Viability Reagent, Tryzol, Superscript III first-strand synthesis 
system, Lipofectamine, and 4′,6-diamidino-2-phenylindole (DAPI) 
containing mounting medium were purchased from Thermo-
fisher Invitrogen (San Diego, CA, USA). Heat-inactivated foetal bo-
vine serum was from Capricorn (Ebsdorfergrund, Germany) and 
trypan Blue Stain from BioWhittaker-Lonza (Verviers, Belgium). 
β-glycerophosphate, ascorbic acid, dexamethasone, and all re-
agents of biochemical and molecular biology studies were pur-
chased from MERK Sigma-Aldrich (Madrid, Spain).

2.2   |   Experimental Electrostimulation Setup

The electrostimulation system was previously described by Martin 
et al. [22]. It included a signal generation circuit, a bed for holding 
cell culture plates, and a printed circuit board (PCB) for connec-
tions. The system generates ES signals using the digital to ana-
logue converter (DAC) inside a Nucleo-STM32L4 microcontroller 
development board (STMicroelectronics, Geneva, Switzerland). 
These signals are later adapted and modulated by a set of ampli-
fiers in differential and inverting configurations (OPAx228 Texas 
Instruments, Texas, USA). This system generates biphasic volt-
age squared ES signals, with amplitudes ranging from 125 mV to 
1500 mV, and frequencies from 1 Hz to 1 kHz. Up to four 8W10E+ 
cell culture plates (Applied Biophysics, Troy, USA) were used, 
each with 8 wells and two sets of 20 interdigitated gold electrodes 
(250 μm diameter, 1 mm apart). These plates ensured uniform 
electric fields, with weaker lines at 90° and stronger ones at 45° 
and 135°. The PCB connected the plates to the signal circuit via 9 
connectors and a pin header for interfacing.

2.3   |   Cell Line Culture and Electrical Stimulation 
Protocol

The mouse preosteoblast cell line MC3T3-E1 (subclone 4, ATCC 
CRL-2593) was obtained from American Type Culture Collection 
(Manassas, VA, USA). Cells were cultured in complete growth me-
dium (α-MEM containing 10% FBS, 2 mM GlutaMAX I, 100 units/
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mL penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL amphoter-
icin-B) and kept in an incubator at 37°C2. After 72 h of culture, the 
medium was replaced with osteogenic medium (complete growth 
medium with supplements, i.e., 50 μg/mL ascorbic acid, 10 mM 
β-glycerophosphate and 10 nM dexamethasone). Cells were then 
cultured for 4, 7, and 14 days, being medium replaced three times 
per week. The electrical stimulation signals were daily applied for 
3 h. For AC, different frequencies were tested (1 Hz, 10 Hz, 100 Hz, 
and 1 kHz), with amplitudes of 125, 250, 500, 750, 1000, and 
1500 mV/mm. The waveform used was a biphasic square wave 
with a 50% duty cycle, as described in Martin et  al. [22]. In all 
our experiments, three biological replicates in two independent 
experiments were analyzed for each day of the study in each de-
fined voltage and frequency. in standard humidified atmosphere 
of 95% relative humidity (RH) and 5% CO. Subsequently, the cells 
were maintained with medium changes every other day and sub-
cultured with trypsin–EDTA at 70%–80% confluence. Then cells 
were collected by centrifugation and viable ones counted using 
the trypan blue exclusion test. They were seeded in complete 
growth medium at 175,000 cells/cm.

2.4   |   Cell Viability Assay

Cell viability was estimated using the AlamarBlue, according to 
the manufacturer's recommendations. Briefly, cell culture me-
dium was removed from culture plates and replaced by 300 μL 
AlamarBlue mixture containing 10% AlamarBlue stock solution 
and 90% cell culture medium and incubated at 37°C for 120 min. 
Following incubation, three 50 μL replicates of the aliquots were 
transferred from each sample into a clear 96 well plate. A sample 
control (media plus AlamarBlue reagent) was required on this 
assay. Absorbance readings were taken using an Infinity 200 
Pro microplate reader (TECAN, Switzerland), at 570 nm exci-
tation and 600 nm emission.

2.5   |   Alkaline Phosphatase (ALP) Activity 
Determination

MC3T3-E1 differentiation levels were evaluated through alka-
line phosphatase (ALP) activity, using the Alkaline Phosphatase 
Assay Kit Colorimetric (Abcam ab83369, Abcam, Cambridge, 
UK). The assay was performed according to the manufacturer's 
protocol on the cell culture supernatant of control cells or cells 
subjected to electrical stimulation under different voltages and 
frequency conditions at 4, 7, 10, and 14 days of electrostimula-
tion, in triplicate. Osteoblasts actively release this enzyme into 
the extracellular environment through matrix vesicles during the 
differentiation and mineralization process. While the experiment 
progressed, supernatants were collected and stored at −80°C 
until further use. The absorbance at 405 nm of 4-nitrophenol was 
measured using an Infinity 200 Pro microplate reader. Data were 
expressed as U/mL of pNPP (para-Nitrophenylphosphate).

2.6   |   Gene Expression Analysis

Total RNA was isolated from MC3T3-E1 using Trizol reagent and 
further purified using the RNeasy mini kit (Qiagen, CA, USA) in-
cluding a DNAse I treatment. cDNA was prepared from 1 μg total 

RNA using 500 ng random hexamers (Promega, WI, USA), 10 mM 
dNTPs (Promega), 40 U of RNase inhibitor RNasinPlus (Promega) 
and Superscript III first-strand synthesis system. Quantitative 
PCR was performed on the StepOne system (Applied Biosystems, 
Invitrogen) using FastStart Universal SYBR Green master (Rox) 
(Roche, France) and the specific primers showed in Table  S1. 
Relative expression levels were calculated using the 2−ΔΔCT method 
and the housekeeping gene rRNA18S for normalization.

2.7   |   Expression Vector, Cell Transfection 
and Immunofluorescence (IF)

The pmCherry vector was obtained from Takara Bio Company 
(CA, USA). After 9 or 13 days, culture medium was removed and 
replaced by a mixture containing 0.6 μg of plasmid and 2 μL of 
Lipofectamine in OptiMEM medium. After 3 h incubation, cells 
were washed and cultured in osteogenic medium for another 
15 h. Cells were then fixed and analyzed by IF.

To determine cell proliferation, morphology and cell differentia-
tion, IF was performed on MC3T3-E1 cells after 14 days of elec-
trical stimulation. Cells were fixed with 4% paraformaldehyde for 
15 min, permeabilized for 15 min at room temperature with 0.5% 
Triton X-100 in PBS and immediately blocked for 1 h with 1% 
bovine serum albumin in PBT (0.1% Triton X-100 in PBS). After 
blocking, the corresponding primary antibodies were added: rabbit 
anti-mCherry at 1:500 dilution (Abcam, Cambrigge, UK) in block-
ing solution and incubated for 1 h. After washing with PBT, the 
secondary antibodies (donkey Cy3 AffiniPure anti-Rabbit (H+L) 
(Jackson InmunoResearch, Cambridge, UK) at 1:500 dilution in 
blocking solution) were added and incubated for an additional 
hour. Plates containing PBS-washed cells were then mounted onto 
glass slides with DAPI-containing mounting medium.

2.8   |   Cell Proliferation Counting 
and Morphometric and Cell Differentiation 
Analysis

Images of 40 random fields per condition or 40 mCherry+ in 
three biological replicates were analyzed for each day of the 
study in each defined voltage at 10 Hz. This analysis was ac-
quired digitally using a 20X objective (Olympus BX50, PA, 
USA). The samples were coded and randomized before micro-
scope visualization. For the cell proliferation estimation, the 
number of DAPI-stained cells per field was counted using the 
Cell Counter plugin in ImageJ software. For the morphometric 
analysis, cell area, number of pseudophilopodia and maximal 
and media lenght of pseudophilodia of mCherry+cells were an-
alyzed by Image J software. Pixel scale calibration is set up for 
each image analysis (1 μm = 12 pixels).

A comprehensive overview of the experimental procedures em-
ployed in this study is shown in Figure 1.

2.9   |   Statistical Analysis

Statistical analyses were carried out in SPSS 23.0 (IBM, Spain) 
and SigmaPlot 12.0 (Grafiti LLC, CA, USA). Data normality was 
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verified with the Shapiro–Wilk test, and all variables satisfied 
the assumption of normal distribution. Comparisons between 
independent groups were performed with Student's t-test (two 
groups) or one-way ANOVA (three or more groups); significant 
ANOVA results were followed by Tukey's post hoc test. Time-
course measurements of ALP activity at 4, 7, 10, and 14 days 
were analyzed using paired t-tests. The impact of voltage and/
or frequency on ALP activity was evaluated with a mixed-factor 
(two-way) ANOVA, incorporating the Greenhouse–Geisser cor-
rection. Effect sizes were expressed as partial eta-squared (ηp2). 
All data are presented as mean ± standard error of the mean 
(SEM). Statistical significance was defined as p < 0.05 (*p < 0.05; 
**p < 0.01; ***p < 0.001). Each experiment was performed in at 
least triplicate.

3   |   Results

Our initial approach consisted of systematically testing different 
combinations of frequencies and voltages to identify the most 
appropriate experimental settings to promote osteoblastic differ-
entiation in MC3T3-E1 cells. Cell viability and ALP activity, both 
acknowledged as indicators of osteoblastic function, were em-
ployed as primary selection criteria. Once the optimal conditions 
were established, all subsequent experiments (gene expression 
analysis, morphometric and cell differentiation analysis) were 
conducted exclusively under these preselected parameters.

3.1   |   Cell Viability

During the cell viability analysis in cell line MC3T3-E1 under AC 
stimulation, variations were observed depending on frequency 
and voltage applied (Figure 2). At lower voltages (125, 250, and 
500 mV), the 100 Hz condition was the only one associated with a 
reduction in viability below 80% (p < 0.001). In contrast, at higher 
voltages (750, 1000, and 1500 mV), this effect was observed exclu-
sively at 1 kHz. Conversely, the 1 Hz condition displayed a more 
stable response across all tested voltages, with minimal changes 
in viability. Notably, the 10 Hz condition exhibited a distinct pro-
file: regardless of the applied voltage, cell viability either remained 
comparable to the control (0 Hz) or significantly increased, as ob-
served at 500 mV (p = 0.005) and 750 mV (p = 0.041).

3.2   |   Alkaline Phosphatase (ALP) Activity

ALP activity in MC3T3-E1 cells exposed to AC electrostim-
ulation was evaluated at different time points (days 4, 7, 10, 
and 14) under a range of voltages (125–1500 mV) and frequen-
cies (1, 10, 100, and 1 kHz). An osteogenic control without 
stimulation was included as reference (Figure 3). Three bio-
logical replicates in two independent experiments were ana-
lyzed for each day of the study in each defined voltage and 
frequency.

A clear frequency-dependent pattern was observed across all 
conditions. High-frequency stimulation (100 Hz and 1 kHz) in-
duced only modest changes or even decreases in ALP activity, 
with 1 kHz consistently associated with significant decreases 
over time compared with the control. Conversely, stimulation 
at 1 Hz resulted in stable values, with no significant variations 
throughout the experimental period.

The most consistent and robust increases in ALP activity were 
obtained under 10 Hz stimulation, nevertheless of the applied 
voltage. At lower voltages (125–500 mV), the enhancement was 
particularly evident, with significantly higher levels than the 
osteogenic control at days 10 and 14. At higher voltages (750–
1500 mV), the same trend was maintained, albeit with slightly 
lower magnitudes of response, reinforcing the reproducibility of 
this effect.

These findings demonstrate that 10 Hz stimulation promotes 
a sustained enhancement of ALP activity in MC3T3-E1 cells, 
whereas high-frequency conditions are less effective or even in-
hibitory. Furthermore, the 10 Hz frequency produced the best 
results without relying on the highest amplitudes, thus avoiding 
possible, although unlikely, unwanted harmful effects produced 
using higher voltages. Considering these results alongside the 
viability data, 10 Hz was selected as the optimal condition for 
subsequent experiments, as it combined high cell survival with a 
significant promotion of early osteoblastic differentiation. As we 
expected, it was observed a progressive increase in ALP activity 
throughout the study period at 10 Hz, as this enzyme serves as 
a hallmark marker of osteoblastic differentiation, reflecting the 
maturation of pre-osteoblasts into a functional, matrix-secreting 
phenotype.

FIGURE 1    |    Experimental procedures. Summary.

Alkaline 
Phosphatase

ActivityMC3T3-E1
Murine Preosteoblats Alternating current (AC):

Voltages: 125mV, 250mV, 500mV, 750mV, 
1,000 mV y 1,500 mV

Frequencies: 1Hz, 10Hz, 100Hz, 1,000Hz

Cell Viability

Cell culture in
electrostimulation plate

Gene Expression 
Analysis

Proliferation and 
Morphology

studies
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3.3   |   Gene Expression Analysis

To determine the effects of alternating current electrical stim-
ulation on the expression of genes involved in osteoblastic dif-
ferentiation, maturation, and osteogenic activity, we evaluated 
the transcriptional response of RUNX2, OSX, ALP, OPG, and 
RANKL at 10 Hz.

3.3.1   |   Osteoblastic Differentiation Gene Analysis

In preosteoblastic MC3T3-E1 cells (Figure  4A–C), low-to-
moderate stimulation intensities (125–750 mV) did not signifi-
cantly alter RUNX2 expression, although a voltage-dependent 
upward tendency was observed. In contrast, high-intensity stim-
ulation (1000 and 1500 mV) significantly repressed RUNX2 tran-
scription, with reductions of 20.00% ± 0.009 and 15.25% ± 0.04, 
respectively.

A similar pattern was detected for OSX. Stimulation between 
125 and 750 mV did not induce significant changes, although 
expression levels tended to increase. However, higher volt-
ages (1000 and 1500 mV) evidently reduced OSX expression to 

0.37-fold ±0.11 (p < 0.05) and 0.37-fold ±0.07 (p < 0.05) relative 
to non-stimulated controls. Statistically significant differences 
were found between high-voltage conditions and the 250–
750 mV range.

As it was shown before, AC stimulation enhanced ALP enzy-
matic activity, so the study of ALP gene expression was nec-
essary. Low and intermediate voltages (125–500 mV) did not 
produce significant changes, although a consistent upward trend 
was noted. At 750 mV, ALP expression increased significantly 
(0.76-fold ±0.30, p = 0.021), indicating that cells were likely 
undergoing intermediate stages of differentiation. Conversely, 
stimulation at 1000 and 1500 mV suppressed ALP expression to 
0.33-fold ±0.067 (p < 0.05) and 0.24-fold ±0.06 (p < 0.05), respec-
tively, suggesting that high voltages exert an inhibitory effect on 
osteoblast maturation.

3.3.2   |   Osteoblastic Activity Gene Analysis

To further knowledge about the osteogenic activity of the cells, 
we evaluated the expression of OPG and RANKL, two key regu-
lators of the osteoblast–osteoclast function.

FIGURE 2    |    Effect on MC3T3-E1 cell viability applying alternating current (AC) stimulation after 14 days of culture. Cell responses were assessed 
at frequencies of 0, 1, 10, 100, and 1000 Hz under different voltages: 125 mV (A), 250 mV (B), 500 mV (C), 750 mV (D), 1000 mV (E), and 1500 mV (F). 
Values are expressed as percentage of viability relative to the unstimulated control (0 Hz). Statistical differences: ***p < 0.001; **p < 0.01; *p < 0.05.
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FIGURE 3    |    Alkaline phosphatase (ALP) activity in MC3T3-E1 cells subjected to alternating current (AC) stimulation for 4, 7, 10, and 14 days. 
Frequencies of 0, 1, 10, 100, and 1000 Hz were tested under different voltages: (A) 125 mV, (B) 250 mV, (C) 500 mV, (D) 750 mV, (E) 1000 mV, and (F) 
1500 mV. Data are expressed as U/mL and statistical comparison with the unstimulated osteogenic control (0 Hz) in the day of the study. Statistical 
differences: ***p < 0.001; **p < 0.01; *p < 0.05. (*1000 Hz; # 100 Hz; $ 10 Hz).

FIGURE 4    |    Gene expression in MC3T3-E1 cells after 14 days of AC stimulation (10 Hz; 125–1500 mV) versus cells without electrostimulation (0 mV). 
*p < 0.05. (A) RUNX2 expression; (B) OSX expression; (C) ALP expression; (D) OPG expression; (E) RANKL expression; (F) RANKL/OPG ratio.
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For OPG, (Figure 4D–F), no significant differences were detected 
across the stimulation conditions. However, a voltage-dependent 
tendency toward upregulation was observed between 125 and 
750 mV, similar to the pattern previously well known for RUNX2, 
OSX, and ALP. At higher voltages (1000 and 1500 mV), OPG 
expression declined. In contrast, RANKL expression remained 
largely unaffected by AC stimulation, with no significant differ-
ences between stimulated and control groups. Consequently, the 
RANKL/OPG ratio, an indicator of resorptive versus osteogenic 
activity, did not differ significantly under any of the tested condi-
tions, suggesting that AC stimulation did not alter the osteoblas-
tic–osteoclastic balance in MC3T3-E1 cells.

3.4   |   Cell Proliferation Counting

MC3T3-E1 cells nuclei quantification across 40 random fields 
revealed a voltage-dependent proliferative response. Significant 
increases were observed at 125 mV (52.86% ± 2.95, p < 0.001), 
250 mV (55.13% ± 2.40, p < 0.001), and 500 mV (69.62% ± 3.52, 
p < 0.001). At 750 mV, proliferation also increased significantly, 
though to a lesser extent (34.92% ± 5.95, p = 0.017). In contrast, 
higher voltages (1000 and 1500 mV) did not produce significant 
differences compared to non-stimulated controls (Figure 5).

3.5   |   Morphometric and Cell Differentiation 
Analysis

Cell morphology was analyzed in mCherry+ MC3T3-E1 cells 
subjected to AC stimulation at 10 Hz during 14 days with differ-
ent voltages. Quantification of cell area revealed significant re-
ductions only at high voltages, with values of 41.71 ± 11.43 μm2 

at 1000 mV and 37.89 ± 11.58 μm2 at 1500 mV, compared with 
86.78 ± 24.61 μm2 in controls (p < 0.001). At lower voltages (125–
750 mV), no decreases were observed. Remarkably, 500 mV in-
duced a significantly superior area (99.06 ± 5.05 μm2) compared 
with 77.64 ± 3.03 μm2 at 750 mV (p = 0.036), indicating a favor-
able condition for cell spreading.

The mean number of pseudophilopodia per cell remained un-
changed across all conditions, averaging 3.51 ± 0.34 pseudopo-
dia/cell, suggesting that AC stimulation neither promoted the 
formation of new extensions nor induced retraction of exist-
ing ones.

In contrast, pseudophilopodia length showed voltage-dependent 
modulation. Mean length progressively increased up to 500 mV 
(14.28 ± 4.97 μm vs. 7.44 ± 3.08 μm in controls, p < 0.001), with 
250 mV also producing a significant effect (12.28 ± 1.17 μm, 
p = 0.017). Maximal pseudophilopodia length was significantly 
extended only at 500 mV (19.88 ± 6.02 μm vs. 13.27 ± 5.49 μm in 
controls, p = 0.0053) (Figure 6).

Taken together, 500 mV produced the strongest enhancement 
of proliferation, cell area, and pseudophilopodia elongation, 
whereas 750 mV was the only condition associated with signifi-
cant overexpression of ALP, consistent with osteoblastic matu-
ration. These observations identified 10 Hz and 500–750 mV as 
the most favorable conditions to induce an earlier osteoblastic 
differentiation.

4   |   Discussion

Electrostimulation has emerged as a promising technique in the 
field of bioengineering and biomedicine, particularly in bone re-
generation and cell differentiation in terms of an induction of 
the early osteogenic phenotype. The objective of this study was 
to evaluate the effects of different ES conditions on the cellular 
viability and osteoblastic differentiation of the MC3T3-E1 cell 
line. This analysis focuses on evaluating how changes in ES 
frequency and voltage amplitude of squared biphasic ES sig-
nals impact osteoblastic cell proliferation, differentiation, and 
morphology.

A notable feature of this experimental setup is the electrode con-
figuration, which has allowed the cells in culture to grow on top 
of the electrodes and be influenced by the complete applied elec-
trical potential generated. In turn, it was possible to determine 
the direction of this electric field because ionic charge moved 
from the anode to cathode [22].

ES was applied for 14 days with the objective of accelerating os-
teogenic differentiation. The duration of stimulation is an essen-
tial parameter for clinical application, as highlighted by Wang 
and colleagues [9]. Prolonged exposure to 50 Hz can induce 
DNA damage and reduce cell viability [23]. Therefore, the stim-
ulus time is fundamental for optimizing ES protocols.

Parameters such as frequency and voltage are critical. 
Frequencies outside the 10–1000 Hz range do not promote cell 
proliferation [24]. Mahadeo and colleagues [25] also used 10 Hz, 
since higher frequencies degraded RNA and the electrodes. Our 

FIGURE 5    |    MC3T3-E1 cell proliferation after 14 days of AC stimula-
tion at 10 Hz with voltages of 125, 250, 500, 750, 1000, and 1500 mV. 40 
random fields were analyzed in each defined voltage at 10 Hz. (*p < 0.05; 
**p < 0.01; ***p < 0.001).
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data show that the MC3T3-E1 cells reached maximum viability 
and proliferation at 10 Hz with 500 and 750 mV/mm. In contrast, 
higher voltages and frequencies decrease cell viability, suggest-
ing cytotoxic effects [25]. Therefore, 10 Hz frequency is con-
sidered safe and effective, being in concordance with previous 
studies [24].

Cell viability results are consistent with ALP activity. The high-
est enzymatic ALP activity in MC3T3 was observed at 10 Hz 
with 500 and 750 mV/mm, supporting findings from Wang et al. 
[9]. These results emphasize the importance of carefully adjust-
ing frequency and voltage to avoid ion accumulation, ROS gen-
eration, or abrupt pH changes that may damage DNA [23].

At the genetic level, ES induced osteoblastic early differentiation 
and osteogenic activity by increasing the expression of RUNX2, 
OSX, ALP, and OPG at 10 Hz with 500 and 750 mV/mm, consis-
tent with Sahm et al. 2020 [26].

Regarding the gene expression profile, it is important to note 
that while ALP showed a significant upregulation under op-
timized AC stimulation (10 Hz, 750 mV/mm) at day 14, no sig-
nificant differences were observed for RUNX2 and OSX at this 
time point. This observation is likely attributable to the tempo-
ral dynamics of osteogenic markers; RUNX2 and OSX are key 
early-stage transcription factors whose expression typically 
peaks during the initial phases of pre-osteoblast proliferation. 
By day 14, the culture has progressed toward matrix maturation, 
a stage where ALP activity is more prominent, being an essential 
marker of differentiation, as evidenced by our results. Therefore, 

the lack of significant changes in RUNX2 and OSX at day 14 does 
not necessarily imply a lack of stimulus-induced differentiation, 
but rather suggests that the evaluation was performed beyond 
their transitory peak expression. These findings highlight the 
importance of the stimulation window and suggest that AC pa-
rameters effectively enhance early differentiation, as confirmed 
by the sustained increase in ALP expression.

Although a limitation of this study is that the opaque gold-
electrode substrate of the 8W10E+ chambers may interfere with 
colorimetric quantification required for mineralization assays. 
Moreover, our electrostimulation protocol was validated up to 
14 days, and potential effects of prolonged culture (21–28 days), 
including electrode stability and byproduct accumulation, were 
not assessed. Future work should incorporate mineralization 
assays (Alizarin Red, von Kossa), calcium deposition quantifica-
tion, and mature osteoblast markers such as osteocalcin protein 
expression, ideally using transparent-bottom chambers and pro-
tocols specifically designed to evaluate electrode functionality 
over extended periods.

Other studies as Wang et al. [9], identified frequency as a dom-
inant factor, showing that 10–100 Hz overexpress genes such as 
RUNX2 and ALP. In our study, OSX and ALP were repressed at 
higher voltages (1000 and 1500 mV/mm) and at 10 Hz, while ALP 
was induced at 750 mV/mm. These effects could be mediated by 
the BMP-2 signaling pathway via Smad1/5/8, which promotes 
RUNX2 expression [27]. Other studies have also demonstrated 
that ES induces genes such as RUNX, ALP, and OCN in MG-63 
osteosarcoma and Saos-2 cells [10, 28].

FIGURE 6    |    Immunofluorescence of MC3T3-E1 cells after 14 days of AC stimulation at 10 Hz with voltages of 125, 250, 500, 750, 1000, and 
1500 mV compared to control (0 mV). (A) Red (mCherry) indicates cells transfected with the mCherry plasmid, and blue (DAPI) marks cell nuclei. (B) 
Cell area (μm2). (C) Number of pseudophilopodia. (D) Mean pseudophilopodia length. (E) Maximum pseudophilopodia length. All measurements 
were performed in MC3T3-E1 cells after 14 days of AC stimulation at 10 Hz under the indicated voltages compared to control (0 mV). 40 transfected 
cells were analyzed for each day of the study in each defined voltage at 10 Hz. (*p < 0.05; **p < 0.01; ***p < 0.001).
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This study analyses in this electrostimulation setup the effect 
of electrostimulation conditions on the expression of RANKL 
and OPG genes in MC3T3-E1 cells. OPG was overexpressed at 
10 Hz and 750 mV/mm. Furthermore, while RANKL expression 
and the RANKL/OPG ratio did not show statistically significant 
changes, a discernible trend in the direction of an osteogenic 
balance. This tendency of decreasing favors bone formation, 
similar to what is observed with electromagnetic fields [29], 
which suggests that ES could modulate bone remodeling too.

At the morphological level, ES increased pseudophilopodia 
length at 500 mV/mm, whereas higher voltages reduced cell 
area, suggesting a negative effect [30]. Optimal voltages pro-
moted the elongation of pseudophilopodia. Enhancing adhesion 
and chemotaxis, processes that depend on morphology [31, 32]. 
ES also modifies the expression profile of membrane proteins 
such as integrins [33] and vinculin [34]. This could be explained 
by galvanotaxis, where the negative membrane potential guides 
cell migration [35, 36].

In summary, this study demonstrates that ES is a promising 
strategy to promote osteogenesis. While we acknowledge that 
the effects of AC on osteoblasts have been previously explored 
[37–39], the novelty of our work is based on the systematic op-
timization of specific frequency and voltage parameters (10 Hz, 
750 mV/mm) within our unique experimental setup. Taking that 
item into account, this study provides a comprehensive charac-
terization of how AC frequency and voltage parameters jointly 
influence proliferation, viability, early differentiation, and mor-
phology in MC3T3-E1 cells using this electrostimulation system. 
The optimization of stimulation parameters—especially dura-
tion, frequency and voltage—is essential. Notably, ES at 10 Hz 
and 750 mV/mm induced cell proliferation, early differentiation, 
and favorable morphological changes in MC3T3-E1 cells, high-
lighting it as a promising advance in regenerative medicine.
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