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Abstract
Electrical stimulation (ES) has emerged as a versatile modality in biomedical 
research, primarily due to its ability to modulate cellular activities across the 
cell membrane. As a barrier to electrical signals, the cell membrane plays a 
crucial role in healing, tissue regeneration, and cancer treatment. This review 
highlights the cellular processes involved in ES, focusing on the changes within 
and across the membrane, including effects on proteins, ions, and signaling 
pathways. ES regulates membrane potential and ion flow, such as calcium and 
sodium ions, which are essential for intercellular signaling and cell survival. In 
addition, ES facilitates electroporation, enhancing membrane permeability to 
allow controlled drug and gene delivery. It also modulates receptor sensitivity 
and cellular signaling efficiency by altering the lipid bilayer configuration and 
protein conformation. The applications of ES are extensive, including its use in 
wound healing, nerve regeneration, and as an adjunct to cancer treatments. 
Bioelectric Meridian Therapy, a new approach, employs ES for pain control, tissue 
repair stimulation, and energy flow regulation. Nevertheless, ES faces limitations 
such as heterogeneity in cellular responses, challenges in determining optimal 
stimulus parameters, and concerns regarding long-term safety. To address 
these issues, there is a need for real-time adaptive systems and personalized 
ES protocols to achieve safety and efficacy in all therapeutic settings. A deeper 
understanding of ES–cell membrane interactions can improve the current 
therapeutic paradigm and enhance the effectiveness of ES-  based treatments. 
Further research is necessary to establish patient-specific ES parameters and 
integrate them into the precision medicine frameworks, minimizing side effects 
and improving treatment outcomes.
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1. Introduction
Electrical stimulation (ES) is an established area of 
biomedical research that plays a significant role in regulating 
cellular functions and enhancing treatment efficacy 
across various fields. ES leverages the body’s electrical 
properties, such as the ability to promote wound healing 
and nerve regeneration, to modulate cellular activity.1 It 
involves the use of controlled electric currents to influence 
cellular behavior, including movement, proliferation, and 
differentiation.2 A central question in this field is how ES 
communicates with cellular membranes, which serve as 
the first line of contact for electrical signals and play a key 
role in determining cellular responses.3

1.1. Background on ES

Researchers have consistently shown much interest in 
the cellular mechanisms that drive physical changes 
in the body. One of the oldest approaches is ES, which 
facilitates cell regeneration and wound healing. ES has 
evolved over the years and is used in various fields, 
including tissue engineering, cancer therapy, and 
neurological intervention.4-6 It has been shown to control 
a process known as galvanotaxis, a phenomenon where 
cells migrate directionally in response to an electric 
field of stem and fibroblast cells, which is critical in 
wound healing and tissue regeneration.7 Cell membranes 
primarily determine the ability of ES to modulate cellular 
responses, as they regulate the transport of ions and 
molecules and play a critical role in signal transduction 
pathways (Figure 1).

1.2. Role of the cell membrane in ES

The cell membrane is sensitive to extracellular electrical 
stimuli due to its composition and organization. The lipid 
bilayer consists of proteins, ions, and receptors that regulate 
the transfer of charged materials into and out of the cell.8 
This regulation is needed to control the concentrations 
of the ions inside the cell and establish the membrane 
potential – the voltage across a membrane – which is very 

important in many cellular activities. When applied, ES 
can alter the membrane potential, impacting the signaling 
function and regulating required cellular behaviors, 
such as division and apoptosis.9 Ion channels within the 
membrane respond to electrical currents, enabling the 
controlled influx and efflux of ions, such as calcium (Ca²+), 
sodium (Na+), and potassium (K+), which in turn trigger 
downstream cellular processes.10

Bioelectric meridian therapy (BMT) is a relatively recent 
therapy modality that relies on the theoretical framework 
of ES. By applying low electric current at specific points 
along the body ’s meridian pathways, BMT can effectively 
relieve muscle tension, remodel damaged cellular tissue, 
and reinstate the energy flows along the meridians. This 
therapy is based on the traditional Chinese medicine 
concept of meridians, which are believed to be pathways 
that conduct energy throughout the body.11

Depending on its impact on the cell membrane, 
through which signals are received, the effectiveness of 
ES as a treatment is closely tied to how the membrane 
responds. Many studies have indicated that the electrical 
charge of the cell membrane affects the ion channels and 
the membrane-bound receptors necessary for growth and 
repair processes.12 ES can thereby modulate these pathways 
to improve tissue remodeling and facilitate regeneration. 
For instance, there is evidence that ES facilitates axonal 
regeneration in various neural tissues and enhances 
nerve functional recovery in peripheral nerve injury.13 
ES activates calcium signaling in muscle cells, which are 
critical for muscle contraction and injury healing, making 
ES beneficial for rehabilitation.14

One of the key goals of current ES research is to describe 
how ES influences specific cellular structures, especially 
the cell membrane. Understanding how the cell membrane 
regulates the effects of ES may reveal new therapeutic 
applications of ES— for example, in suppressing cancer cell 
growth in oncology or directing stem cell differentiation 
in tissue engineering.15 By advancing the knowledge of 
these mechanisms, researchers aim to develop optimized 
ES protocols and parameters to achieve better therapeutic 
goals (Figure 2).

The potential applications of ES are extensive, with new 
facets of bioelectricity and its effects on living organisms 
continually being uncovered. I n regenerative medicine, ES 
has been shown to increase the viability of cells responsible 
for tissue repair, such as fibroblasts and osteoblasts, and 
to accelerate healing rates.16 ES is also being explored for 
its role in inflammation management. It can influence 
immune cell behavior at sites of chronic diseases, such as 
arthritis and chronic ulcers.17 These anti-inflammatory 
properties have made ES a valuable non-invasive tool Figure 1. Effects of electrical signals on cellular processes
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for managing chronic inflammatory conditions and 
promoting post-surgical recovery.

1.3. Review scope

This review highlights the role of ES in inducing cellular 
changes, with a primary focus on the cell membrane as the 
interface for bioelectric signals. Under the influence of ES, 
the cell membrane plays a pivotal role in mediating ion 
dynamics, receptor modulation, and signaling pathways.

In addition to cellular-level effects, the review 
incorporates insights into therapeutic applications 
that extend beyond the cell membrane. These include 
techniques such as BMT and deep brain stimulation, 
which leverage the broader electrical properties of tissues 
and organs for clinical benefits. The inclusion of such 
applications demonstrates the translational potential of ES 
in areas, such as pain management, regenerative medicine, 
and neurological retraining.18

In addition, this review also highlights emerging 
technologies, such as functional ES and spinal cord stimulation, 
which further bridge the gap between fundamental biological 
insights and therapeutic innovations. These multidisciplinary 
approaches underscore the significance of integrating cell 
membrane dynamics with broader clinical applications.

With the growth of the bioelectricity field, ES has 
increasingly been integrated into clinical practices, playing 
a crucial role in addressing current medical challenges. 
This study contributes to clarifying the role of the cell 
membrane in ES response, bringing the concept of 
bioelectric-based therapy closer to clinical reality. Such 
advancements suggest that treatments could eventually 
be tailored to a patient’s natural electrochemical signaling 
patterns. Ongoing research on ES and its interaction with 
the cell membrane holds great promise in discoveries 

that will be relevant to both scientists and clinicians in 
bioelectric medicine. Increasing the efficacy of accessible 
techniques, such as BMT or developing new approaches 
to address complex illnesses through ES can significantly 
impact the future of healthcare policy and practice.

2. Mechanisms of ES on the cell membrane
ES is a biophysical technique that utilizes applied electric 
fields to activate several cellular responses. This interaction 
involves the cell membrane, which is made of a non-
selectively permeable lipid bilayer divided into two by 
a selectively permeable barrier. The embedded proteins 
regulate ion flow and facilitate cellular communication 
and interaction. ES influences membrane structure and 
function at several levels and regulates many processes, 
ranging from neuronal communication to cell remodeling.

2.1. Membrane potential and ion dynamics

The electrical potential across a membrane at rest 
determines cellular functions. This potential arises from 
differences in the intracellular and extracellular ion 
concentrations, which are regulated by ion channels, 
pumps, and exchangers. When ES is applied, it can 
initiate specific ion-related changes depending on the 
characteristics of the stimulus.

2.1.1. Depolarization and hyperpolarization

ES affects the membrane potential by applying an external 
electrical field. Depending on the nature and strength 
of the stimulus, the cell may undergo depolarization, 
where the membrane potential becomes less negative, or 
hyperpolarization, where the membrane potential becomes 
more negative. This alteration is significant in excitable 
cells, such as neurons and myocytes. They can also trigger 
action potential or alter synaptic transmission.19

Figure 2. Role of electrical signals in cell membrane function
Abbreviation: ES: Electrical stimulation.
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2.1.2. Ionic flux

Voltage-gated ion channels play a key role in the cellular 
response to ES by allowing ions such as Na+, K+, and Ca²+ 
to move across the membrane. Among these, voltage-gated 
calcium channels are particularly important, as the influx 
of Ca²+ into the cells is essential for intracellular signaling, 
neurotransmitter secretion, and gene expression. This 
calcium entry is generally coupled with changes in 
intracellular Ca²+ stores and Ca²+ signaling, which 
influences cell viability and renewal.20

2.2. Permeability modulation

The electric current affects the structural and functional 
characteristics of the lipid bilayer and changes membrane 
permeability. This phenomenon is crucial in drug delivery 
systems, gene delivery, and cancer therapies.

2.2.1. Electroporation

Electroporation forms nanopores with the help of high 
electrical pulses to temporarily destabilize the membrane 
integrity. These pores permit molecules such as DNA, RNA, 
and drugs to diffuse passively into the cells. This technique has 
significantly transformed molecular medicine, particularly 
in applications such as gene editing and immunotherapy.21,22

2.2.2. Lipid bilayer dynamics

ES may alter the arrangement of lipids in the bilayer, 
affecting its fluidity and phase behavior. This reorganization 
affects membrane stability and the distribution of signaling 
molecules, such as the formation of lipid rafts. Such changes 
can control receptor aggregation and signal amplification.23

2.3. Membrane protein and receptor impact

Transport proteins, receptors, and ion channels are proteins 
embedded in the cell membrane. They have diverse 
biochemical functions, including signal transduction. 
ES plays a significant role in the structure and coupling 
constitution of these proteins.

ES creates an electrical field that alters the conformational 
state of voltage-sensitive membrane proteins. For instance, 
voltage-sensitive phosphatases change conformation to 
regulate the activity of the phosphatases and signaling 
pathways.24

Moreover, ES enhances the functional competence and 
receptiveness of the receptors on the cell membrane. Due 
to increased clustering and redistribution, growth factor 
receptors and neurotransmitters become more responsive, 
leading to enhanced cellular activation. This effect has been 
applied in nerve repair and wound healing treatments.25 A 
recent case report demonstrated the successful application 
of this approach in treating post-COVID-19 symptoms 

effectively. Patients undergoing therapy gained restored 
nerve functioning, muscle strength, and cognition, and an 
overall enhancement in well-being, attributed to improved 
bio-energy circulation. The findings highlight the necessity 
to investigate the effectiveness of BMT as a therapeutic 
approach for viral disease recovery.26

In terms of enhancing protein–ligand binding, ES 
can improve the binding constants of ligands to their 
receptors by altering the local membrane conditions. This 
mechanism is critical in therapy that involves targeted 
drug delivery and tissue engineering.27

The extent of ES effects on cell membrane potentials 
is deemed a promising therapeutic and biological 
phenomenon in medicine and biotechnology. In 
neurorehabilitation, ES is used to restore action potential 
and synaptic plasticity. It assists patients with spinal cord 
injuries, brain injuries, and stroke. Furthermore, it renews 
the axons, fortifies neural connections, and encourages 
functional gain by stimulating neurotrophic elements 
and significant pathways.16 Including ES in rehabilitation 
programs enhances motor activity and decreases the 
muscle tone of the affected patient.

In addition, ES also activates the fibroblast and 
endothelial cells in tissue remodeling, promoting wound 
healing and new blood vessel formation. It also stimulates 
osteoblast proliferation and bone remodeling, facilitating 
the development of next-generation bioelectric scaffolds 
for tissue regeneration.1 In oncology, electroporation-
based therapies apply ES to increase drug uptake into 
cancer cells, augmenting the effect of treatments such as 
electrochemotherapy and reducing systemic side effects.28 
In addition, ES also enhances cancer immunotherapy by 
facilitating the delivery of genes that stimulate immune 
responses in tumors.

ES is very effective in treating cardiac and muscular 
disorders (Figure  3). Devices such as pacemakers and 
defibrillators help regulate heart rhythms in patients with 
arrhythmias or heart failure by synchronizing cardiac 
activity. Similarly, neuromuscular electrical stimulators 
are used to treat muscle atrophy and improve patient 
mobility.29 Recent developments and growing insights into 
the molecular mechanisms of ES suggest that its clinical 
applications will continue to expand in the near future.

3. Biological effects of ES on cellular 
processes
ES has emerged as a complex, multifaceted technique 
with broad applications in cell biology, regenerative 
medicine, and tissue engineering. By regulating different 
cellular functions at or across the cellular signaling level, 
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ES contributed to improved tissue remodeling, repair, and 
therapeutic outcomes. Recent studies have expanded our 
understanding of these processes, integrating established 
and emerging insights into ES’s mechanism of action.

3.1. Activation of signaling pathways

ES activates intracellular signaling by modulating the 
electrical and chemical milieu of the cells. Based on 
the signals from applied electric fields, voltage-gated 
ion channels allow Ca²+ to enter the cells and initiate a 
sequence of intracellular signals. Recent research stresses 
that specific ion channels, including aquaporins, mediate 
ES’s effects. For example, alternating current stimulation 
increases the number of open aquaporin channels without 
altering the membrane potential, providing evidence for a 
selective mechanism of cell hydration and ion transport.30

Furthermore, ES activates the mitogen-activated 
protein kinase/extracellular signal-regulated kinase 
and phosphatidylinositol 3 kinase/protein kinase B for 
cell survival and proliferation. Studies using pulsed 
electromagnetic field stimulation have shown the 
possibility of modulating oxidative stress by reducing 
reactive oxygen species levels and increasing antioxidant 
markers such as superoxide dismutase. This dual effect 
contributes to maintaining cellular stability in physiological 
and therapeutic states.31 Recent research also shows that ES 
plays a role in angiogenesis and inflammation by regulating 
transcription factors such as hypoxia-inducible factor 
1-alpha and nuclear factor kappa beta. These pathways 
enhance cellular metabolism and repair. Notably, the 
ability of ES to target hypoxic or damaged cells suggests 
its potential utility in treating ischemia or chronic wounds.

3.2. Cell adhesion and migration

Cell adhesion and migration are essential in various 
processes, such as wound healing, immune response, 

and tissue remodeling.32 E S enhances these processes 
by modulating the interaction with adhesion molecules 
and regulating the cytoskeletal rearrangements. Studies 
involving low-amplitude direct current fields suggest that 
increased receptor proteins and focal adhesion kinase 
proteins are necessary for cell adhesion and migration into 
the extracellular matrix.4

The movement of cells in response to ES is referred to 
as galvanotaxis or electrotaxis. When the field strength 
is optimized, various cell types, such as keratinocytes, 
fibroblasts, and even immune cells, exhibit directed 
migration toward the cathode. These observations are 
derived from studies using capacitive coupling systems, 
which create homogenous electric fields. Such stimulation 
promotes cell migration and increases the deposition of 
glycosaminoglycans and extracellular matrix components.33 
These findings are clinically valuable, offering promising 
strategies for improving tissue repair.

3.3. Influence on growth and differentiation

ES modulates stem cell behavior and fate by recreating 
physiological electrical signals. For instance, biphasic 
waveforms commonly used in tissue engineering of the 
neural system enhance the differentiation of neural stem 
cells into neurons with increased neurite length and 
branching points. Conductive scaffolds improve this impact 
by creating favorable conditions for neural regrowth.34 
Similarly, mesenchymal stem cells undergoing pulsed ES 
have a higher osteogenic differentiation outcome. Previous 
studies have shown that runt-related transcription 
factor 2 and osteopontin as essential biomarkers that are 
upregulated during this process.35 Furthermore, culturing 
cells with biochemical signals such as sulfated hyaluronan, 
combined with pulsed electromagnetic field stimulation, 
can boost bone matrix development, offering a novel 
strategy for orthopedic medicine.36

Figure 3. Mechanisms of action and clinical applications of electrical stimulation
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Emerging applications of ES also include soft tissue 
engineering involving myogenic and chondrogenic 
differentiation. In these cases, specific electrical parameters, 
such as frequency and amplitude, are essential to obtain 
specific results. For instance, low-frequency stimulation 
(less than 1  kHz) promotes cartilage matrix deposition, 
while higher frequencies support muscle regeneration.4

3.4. Optimization of ES parameters

ES is known to be sensitive to the waveform, intensity 
(typically ranging from 0.1 mA to 10 mA), pulse duration 
(ranging from 0.1 ms to 1 ms), frequency (from 1 Hz to 
1,000  Hz), and polarity of the electrical field.37 These 
parameters should be manipulated to achieve the best 
outcome where ES can activate the intended biological 
response while simultaneously alleviating the negative 
impacts. For instance, studies have shown that for 
skin wound recovery using surface electrodes, optimal 
parameter ranges include an intensity between 1 mA and 
5 mA, a pulse duration of 100 ms to 300 ms, and a frequency 
between 10 Hz and 100 Hz.38 Such targeted configurations 
can enhance tissue repair and reduce inflammation while 
avoiding thermal damage or oxidative stress.

The two key parameters include waveform type 
and electrical field strength. ES encompasses various 
techniques, including monophasic and biphasic 
stimulation, used to influence cellular activity through 
controlled electrical currents. Biphasic stimulation, a subset 
of ES, has emerged as a preferred approach in long-term 
biomedical applications. It is characterized by alternating 
polarity within each pulse, making it particularly effective 
in reducing adverse effects associated with continuous 
stimulation.

Biphasic stimulation has gained popularity, particularly 
for long-term applications, due to its ability to minimize 
charge accumulation at the electrodes.39 Comparative 
studies indicate that biphasic stimulation typically operates 
with frequencies ranging from 10 Hz to 100 Hz and pulse 
durations in the range of a few microseconds to a few 
milliseconds per phase, while monophasic stimulation 
often employs higher currents over shorter durations, 
leading to increased risks of electrode fouling and tissue 
damage.40 These differences make biphasic stimulation 
more favorable for maintaining electrode stability and 
promoting long-term cellular health.

Monophasic currents may result in charge deposited 
on the electrode surface and a higher likelihood of 
electrochemical side reactions through the production 
of hazardous products such as hydrogen and oxygen. 
In contrast, biphasic waveforms are characterized by a 
reversal of polarity per pulse. This characteristic reduces 

the likelihood of electrode fouling and prevents oxidative 
stress, which could damage the neighboring tissues.41 This 
is particularly essential in applications requiring prolonged 
or regenerative uses, such as tissue engineering, where 
a constant stimulus is needed to modify cell behavior 
without causing cell death.

Monophasic stimulation is less safe for long-term 
studies because it can elicit an immediate cellular reaction, 
such as polarization or migration. It also exhibits high 
toxicity during long-term experiments. For example, high 
currents over long periods may result in thermal effects 
at specific sites where current enters and exits the tissue, 
potentially causing thermal damage to the cells.42 However, 
recent advancements in electrode design have mitigated 
some of these issues. New findings highlight that improved 
electrode designs, such as platinum coating or conductive 
polymer applied to the sharpened tips of the electrodes, 
have reduced the effects of charge deposition and improved 
ES effectiveness. Furthermore, in the case of inductive 
or capacitive coupling, a non-invasive solution has been 
developed that eliminates the need to directly touch 
electrodes. These methods involve using electromagnetic 
fields or capacitive plates, transmitting electric fields to 
cells without the risks associated with invasive electrodes, 
which are less effective and more dangerous.43 These 
advances also address challenges related to electrode 
stability and biocompatibility (Table 1).

3.5. Latest developments and future directions

ES is expected to shift from conventional procedures to 
complex techniques due to bioelectronics and real-time 
monitoring, especially from 2024. It is likely that the 
integration of intelligent systems, which will allow the 
stimulation parameters to be adapted based on cellular 
response, will dramatically evolve ES applications. These 
systems can assess the cellular response in real time, altering 
parameters such as current, frequency, and waveform to 
achieve the best therapeutic results. This approach may 
have the capacity to improve the accuracy and effectiveness 
of ES therapies, particularly in regenerative medicine, 
where differentiation responses depend on the tissue type.44 
Another rapidly advancing area is the design of conductive 
scaffolds at the nanoscale. These scaffolds are engineered to 
integrate with body tissues, providing mechanical support 
and bioelectric guidance to cells. The combination of ES 
with such advanced materials marks a new era in tissue 
engineering, particularly in the regeneration of bones, 
cartilage, and nerve tissues.45

In addition, the combination of ES with additional 
physical cues, such as mechanical stress and light, has 
provided new directions toward possible treatments. 
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Recent research has focused on optimizing the duration 
and mechanical forces applied during ES to better mimic 
the physiological environment and enhance tissue 
regeneration efficacy. For example, applying mechanical 
loading in combination with electrical fields can encourage 
stem cells to differentiate into mature bone- forming cells 
called osteoblasts. Similarly, photo-biomodulation therapy 
leverages cellular responses to light, and when combined 
with ES, can simultaneously promote the reparative and 
regenerative processes.46 These multimodal strategies hold 
significant promise for tissue engineering, especially in 
tissues that require complex cellular behavior to regain 
their functionality. The superposition of electrical fields, 
mechanical stimuli, and light signals presents a powerful 
approach for localized therapy. It may improve severe 
conditions, such as spinal cord trauma, articular cartilage 
pathology, and chronic non-healing ulcers.

4. Applications of ES in biomedical research
Recently, ES has emerged as an effective technique in 
biomedical studies due to its role in modulating cellular 
responses and functions. It has been used experimentally to 
investigate various treatment options by applying specific 
electrical currents to cells and tissues. These applications 
extend to various fields, such as wound healing and tissue 
engineering, drug and gene delivery, cancer treatment, 

and novel therapies, such as BMT, that may be useful in 
treating lymphedema. These areas demonstrate how ES 
could enhance treatments for various illnesses, offering 
patient-friendly alternatives for managing multiple 
pathophysiologic states.47 ES has recently garnered 
significant attention for its application in wound healing. 
Non-healing ulcers, caused by diabetes or pressure injuries, 
often do not respond to conventional treatments and may 
benefit from adjuvant therapies, such as ES. Sarco-ES may 
contribute to enhanced cellular functions such as cellular 
migration, proliferation, and deposition of collagen 
filaments, which are essential in wound healing. Scientific 
evidence also shows that ES can activate fibroblasts and 
keratinocytes, two cells crucial for healing.48 Moreover, it 
has been shown that ES induces the expression of growth 
factors, including transforming growth factor-  beta and 
vascular endothelial growth factor, which are essential in 
tissue remodeling and neoangiogenesis. ES also promotes 
the release of anti-inflammatory cytokines, contributing to 
a more favorable healing environment at the wound site.16 
These discoveries have led to the recognition of ES as a 
possible modality for chronic, non-healing wounds as an 
additional treatment modality.

Recent advancements in ES have exhibited significant 
results for targeting drugs, DNA, or RNA in tissues. 
This is mainly achieved through electroporation, where 

Table 1. Summary of the biological effects of electrical stimulation

Biological 
effect

Mechanism Signaling 
pathway

Ion channels/
proteins

Cellular outcomes Applications Advancements Optimization References

Signaling 
pathway 
activation

Voltage‑gated 
ion channels 
increase calcium 
ion influx.

MAPK/ERK, 
PI3K/Akt

Voltage‑gated 
calcium ion 
channels

Reduces reactive 
oxygen species 
and increases 
antioxidants.

Tissue repair, 
chronic 
wound 
healing, 
ischemia

Improved 
oxidative stress 
management

Calcium 
ion channel 
activation, 
antioxidative 
effects

30,31 

Adhesion and 
migration

Upregulates 
integrins and 
focal adhesion 
kinaseproteins.

Not specified Integrins, focal 
adhesion kinase 

Improves cell 
anchorage, 
migration, and 
extracellular matrix 
deposition.

Tissue 
regeneration, 
immune 
responses

Enhanced 
galvanotaxis

Extracellular 
matrix 
stimulation

32,33

Growth and 
differentiation

Promotes 
stem cell 
differentiation

Biochemical 
signals 
(e.g., bone 
morphogenetic 
protein )

Osteoblast 
proteins

Improves neural 
regeneration, 
osteogenesis, and 
cartilage formation.

Neural repair, 
orthopedic 
medicine

Bone/cartilage 
scaffolding

Neural and 
tissue matrix 
optimization

34,35,36

Parameter 
optimization

Biphasic 
waveforms 
minimize 
oxidative stress.

Not specified Capacitive 
coupling 
electrodes

Safe, sustained 
stimulation, minimal 
side effects.

Chronic 
stimulation, 
tissue 
engineering

Reduced 
electrode fouling

Focused 
waveforms

39,41,42

Emerging 
techniques

Real‑time 
adaptive 
systems for 
precise control.

Multimodal 
pathways

Nano‑scaffolds Enhanced accuracy, 
biocompatibility, and 
regeneration.

Spinal injury 
repair, 
soft tissue 
engineering

Integration of 
nano‑approaches

Adaptive 
methods for 
real‑time 
control

44,45,46

Abbreviations: MAPK/ERK: Mitogen‑activated protein kinase/extracellular signal‑regulated kinase; PI3K/Akt: Phosphatidylinositol 3‑kinase/protein 
kinase B.
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electrical impulses induce the opening of cellular 
components within the cell membrane, allowing large 
molecules to enter the cell.49 This mechanism has 
important implications for gene therapy, as the efficient 
delivery of genetic material to target cells is essential for 
treating genetic diseases. Electroporation enhances gene 
transfer by increasing the uptake of DNA or RNA into 
cells, improving therapeutic outcomes. Electroporation 
also facilitates drug uptake, making it valuable for 
the delivery of chemotherapeutic agents, antiviral 
medications, and other drugs requiring targeted 
administration. By modifying the intensity, duration, and 
frequency of electrical pulses, the delivery process can be 
made more effective, allowing for greater precision and 
control in treatment applications.50

ES has also been reviewed as a complementary modality 
for use with conventional cancer treatments, including 
chemotherapy and radiation. ES may have potential for 
clinical application due to its ability to destabilize the 
membrane of cancer cells and trigger apoptosis. Several 
studies have noted that ES can increase the cytotoxic 
effect of chemotherapy and radiation on tumor cells by 
increasing membrane permeability.5,51 This sensitization of 
cancer cells augments the effectiveness of standard cancer 
therapies. ES can also positively influence the tumor 
microenvironment by improving blood flow to tumor sites, 
enhancing the transport of oxygen-rich blood and other 
therapeutic agents required for effective cancer treatment.52 
In addition, transcutaneous electrical nerve stimulation 
has been used to manage cancer-related pain and enhance 
the quality of life of cancer patients undergoing intensive 
treatment regimes.53 These promising results indicate that 
ES could serve as a valuable adjunct in comprehensive 
cancer therapy strategies.

BMT is a relatively novel use of ES, which has shown 
potential in treating lymphedema, a condition in which an 
abnormal buildup of lymphatic fluid in the limbs causes 
pain, swelling, and limitation of movement. BMT is based 
on the application of low-intensity ES to the affected area, 
aiming to enhance the lymphatic system’s function by 
stimulating muscle contractions and activating lymphatic 
capillary beds.54 The process promotes lymphatic stability 
and accelerates the removal of excess fluid from the 
tissues, thereby reducing swelling and improving mobility. 
Research has found that BMT can greatly enhance edema 
management compared to manual lymphatic drainage and 
compressions.55 Compared to conventional approaches, 
BMT is less labor-intensive and offers more sustained 
control of lymphedema. Its adaptability for home-based 
care provides patients with a convenient therapy that 
reduces reliance on manual procedures.14 Furthermore, 

BMT has fewer side effects and may be better suited for 
patients with chronic lymphedema, particularly when 
other treatments may not be as effective or difficult to 
administer.54 Unlike many other therapies, BMT addresses 
both the physical and functional symptoms of lymphedema 
and has a strong potential to improve patient outcomes 
and quality of life.

5. Limitations and challenges
ES is increasingly recognized as a significant approach 
for modulating cellular processes, including proliferation, 
differentiation, and migration. However, several 
limitations and challenges were identified that render 
ES impracticable in real-life practice. One of the most 
significant challenges is the difficulty in eliciting an 
intended cellular response, as these responses vary 
depending on cell type, cell age, and environmental 
conditions. For example, fibroblasts, neurons, and 
endothelial cells may each respond differently to the same 
type of electrical input, making it difficult to predict the 
effects of ES across various biological contexts.56 Moreover, 
factors such as disease states (e.g., cancer or diabetes) or 
certain culture conditions can further influence cellular 
responsiveness, adding to the uncertainty. Even within 
the same cell type, variability in samples can complicate 
efforts to standardize ES procedures. This inconsistency 
makes it difficult to compare results across studies and 
reduces the reproducibility of experiments.9

Another key challenge lies in the complexity of 
treatment parameters. The effectiveness of E S depends 
on four parameters: voltage, frequency, pulse duration, 
and waveform. However, there is no universally optimal 
combination of these parameters. For example, extremely 
low-frequency electrical fields in our natural environment 
can promote cell division in specific cell types, while 
high-frequency ES may be more effective in guiding 
differentiation or improving cell functions.57 Despite 
the growing body of evidence, identifying a universally 
applicable stimulation regimen remains elusive, which 
complicates the development of standardized clinical 
protocols. In addition, non-optimal electrical factors 
such as oxidative stress, apoptosis, or inflammation, as 
described by Meng et al.,58 can have a detrimental effect 
on the cellular level. This variability in cellular responses 
reinforces the notion that ES, while promising, requires 
meticulous parameter tuning in clinical settings, where 
precise outcomes are critical to patient safety and 
therapeutic success.

Furthermore, the following technical difficulties are 
observed as risks associated with ES and possible implications 
of its future use. While the short-term benefits of ES, such 
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as enhanced wound healing and tissue regeneration, are 
well-documented and supported by several studies,59 the 
long-term impacts of prolonged ES application remain 
ambiguous. According to some researchers, electrical fields 
may deteriorate cells, alter gene function, or contribute to 
carcinogenic changes in some instances.60 In addition, the 
systematic effects of ES on neighboring organs and tissues, 
particularly in in vivo models, have not been thoroughly 
explored. The lack of information on the procedure’s long-
term effects on tissues and cells presents a significant 
challenge to its safe implementation, especially in strategies 
that involve continuous stimulation over months or years, 
for chronic diseases or tissue regeneration. Safety concerns 
are further heightened by device failure, heat generation, 

electrical circuit malfunctions, and signal variability, all of 
which could cause adverse effects or therapeutic failure in 
clinical applications.61 The examined device-related issues 
further complicate the use of ES in clinical practice since 
standard tools utilized for the interventions are sufficiently 
safe and comparable across studies (Table 2).

These three problems, the variability of cellular 
response, the absence of optimized stimulation parameters, 
and the uncertain side effects of ES, prove that ES is not a 
simple therapeutic approach. However, the field is still in 
its early stages. Further research is necessary to standardize 
the protocols for applying ES, optimize the parameters, 
and understand the long-term effects of ES on cells and 
tissues. Addressing these challenges will be essential for 

Table 2. Challenges and solutions in electrical stimulation applications

Issue Challenges Factors 
influencing 
outcomes

Examples/
implications

Current 
limitations

Potential risks Proposed 
solutions

Research 
needs

References

Standardization 
difficulties

Variability across 
individual samples 
hampers the 
reproducibility 
and comparability 
of studies.

Sample 
variations, 
experimental 
setup differences

Difficulty 
comparing 
results across 
studies

No 
standardized 
experimental 
protocols

Limited 
reproducibility 
across studies

Create 
harmonized 
guidelines for 
experimental 
protocols

Conduct 
meta‑analyses 
to harmonize 
methodologies

9

Variability 
in cellular 
responses

Cellular responses 
are not uniform 
across cell 
types, age, and 
environmental 
conditions.

Cell type, cell 
age, culture 
conditions

Difficult to 
predict effects 
on fibroblasts, 
neurons, and 
endothelial 
cells

Variability 
across studies 
and patient 
outcomes

Unpredictable 
therapeutic 
outcomes

Standardizing 
protocols 
through 
comprehensive 
studies

Further 
understanding 
of cell‑specific 
responses

56

Difficulty in 
parameter 
optimization

Delicate voltage, 
frequency, pulse 
duration, and 
waveform tuning 
are required.

Voltage, 
frequency, 
pulse duration, 
waveform

Extremely 
low‑frequency 
fields stimulate 
division; 
high‑frequency 
fields induce 
differentiation

No universal 
optimal 
settings for 
stimulation 
parameters

Ineffective 
or harmful 
stimulation

Develop 
cell‑type‑specific 
protocols

Optimization 
of stimulation 
parameters

57

Non‑optimal 
electrical 
factors

Adverse effects 
due to oxidative 
stress, apoptosis, 
or inflammation

Non‑optimized 
parameters

Negative 
cellular 
responses

Limited 
understanding 
of adverse 
effects

Oxidative 
damage or 
inflammation

Enhance 
optimization 
algorithms 
for clinical 
applications

Study the 
mechanisms 
of adverse 
electrical 
stimulation 
effects

58

Safety and 
long‑term 
effects

Limited 
knowledge 
of chronic 
effects; risks of 
degeneration, 
gene changes, or 
carcinogenesis

Prolonged 
stimulation, 
neighboring 
tissue impact

Tissue 
degeneration, 
inflammation, 
or potential 
cancer risks

Lack of 
systematic 
studies on 
chronic 
impacts

Potential 
carcinogenesis 
or tissue 
damage

Longitudinal 
studies to assess 
chronic safety 
impacts

Study chronic 
effects on 
various tissues

60

Device‑related 
issues

Device failure, 
heat generation, 
electrical circuit 
issues, and signal 
fluctuations

Device design, 
reliability, and 
maintenance

Treatment 
failure or 
adverse effects 
in clinical 
applications

Insufficiently 
reliable and 
safe medical 
devices

Treatment 
failure or 
adverse side 
effects

Improve device 
reliability and 
implement 
rigorous safety 
testing

Development 
of robust and 
standardized 
devices

61
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developing ES from an experimental concept to a reliable 
model for clinical practice.

6. Future perspectives
The influence of ES on cell membranes has stimulated 
considerable interest in cell membrane-based therapeutic 
approaches. Further research development in this area 
presents several future trends with potential in clinical and 
molecular biology.

6.1. Advancements in ES technology

New developments have been achieved in ES techniques, 
particularly in enhancing parameter control for biological 
experiments and therapeutic applications. For example, 
transcranial direct current stimulation and deep brain 
stimulation have improved over the years in their ability to 
affect cell membranes in target tissues.62 A more ambitious 
prospect is the integration of nanotechnology and 
bioelectronic interfaces, extending ES applications to even 
more localized modes. For example, improving the type of 
electrodes on the nanoscale and micro electromechanical 
systems could enhance the accuracy of ES, enabling 
more accurate engagement of specific cellular reactions.63 
Such progress is likely to pave the way for tailored 
treatments across different fields, such as neurological and 
cardiovascular sciences.

6.2. Personalized medicine

However, as individuals respond differently to ES, 
the notion of patient-tailored medicine is becoming 
increasingly relevant in ES-based therapies. A  patient’s 
characteristics, including genetic predisposition, type of 
tissue, and disease status, may affect how cells react to ES.64 
The current density and frequency should be adjusted with 

the client’s distinctive features to improve the therapeutic 
outcomes and reduce adverse effects. This personalized 
approach to ES-based therapies holds promise for 
enhancing the treatment of conditions, such as chronic 
pain, neurodegenerative diseases, and wound healing.

6.3. Expanding molecular understanding

Although there is an increasing understanding of the 
impact of ES, the molecular basis remains an essential focus. 
Future studies are expected to extend the knowledge of the 
molecular mechanisms underlying ES effects, particularly 
on signaling pathways, gene expression in various cell 
types, and ion channel regulation. New possibilities involve 
identifying more effective interventions based on the 
specific molecular targets that regulate cellular responses 
to electric signals.65 Detailed insights into molecular 
changes in cells exposed to ES are likely to emerge with 
the help of advanced technologies, such as genomics, 
proteomics, and single-cell RNA sequencing.66 Applying 
these advances to clinical practice can potentially improve 
therapeutic outcomes while offering a better perspective 
of the cellular and molecular changes elicited by ES. The 
ongoing collaboration between biologists, engineers, and 
clinicians is not merely beneficial but critical for harnessing 
the full potential of ES technologies. Emphasizing this 
interdisciplinary collaboration highlights the crucial role 
each field plays in advancing ES technologies.

6.4. BMT

BMT has seen remarkable innovation in recent years. It is 
being applied in pain management, physical therapy, and 
areas, such as treating wounds and skin care.67 It has been 
reported that it can enhance tissue repair more rapidly 
by stimulating fibroblast activity, promoting collagen 

Figure 4. Future perspectives and applications of electrical stimulation
Abbreviations: BMT: Bioelectric Meridian Therapy; DBS: Deep brain stimulation; ES: Electrical stimulation; MEMS: Micro-electromechanical system; 
tDCS: Transcranial direct-current stimulation.
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synthesis, and improving vasculature.68 Recent clinical trials 
using BMT to treat chronic back pain and osteoarthritis 
in patients showed promising results, including pain 
reduction and improvement in patient mobility.

Furthermore, efforts are being made to combine 
BMT with other treatments, such as physiotherapy or 
acupuncture, to achieve better patient outcomes. When 
integrated with patient-specific exercises or manual 
therapy, BMT may enhance recovery rates and tissue 
performance.69 Figure 4 illustrates the future perspectives 
and applications of ES in clinical and research fields, 
highlighting its advancements, personalized applications, 
and molecular understanding.

7. Conclusion
This review focuses on how ES has emerged as a unique 
research platform in the biomedical field, with novel 
therapeutic applications in wound healing, regenerative 
medicine, and oncology. The cell membrane plays a critical 
role in ES, acting as a flexible barrier that modulates 
cellular responses to electrical impulses. Electrical stimulus 
plays an essential role in regulating and controlling 
various biological activities, including cell signaling, cell 
movement, and specialization. These effects are achieved 
through changes in ion concentrations, alterations in the 
membrane permeability, and modifications to protein 
structures. ES applications have shown promise in 
improving wound healing, nerve regeneration, and cancer 
treatment through electroporation facilitated by BMT. The 
advancements highlighted in the literature emphasize ES’s 
potential in alleviating pain, repairing tissues, and treating 
complicated ailments. However, several challenges remain, 
such as variability in cellular response, the optimization of 
measurement parameters, and concerns regarding long-
term safety. To address these issues, further development 
of ES technologies is needed, especially by combining real-
time adaptive systems and personal medicine. Modifying 
ES protocols based on the characteristics of each patient 
receiving the treatment and fine-tuning the stimulation 
parameters may also improve therapeutic efficacy and 
reduce adverse effects. As research continues to uncover 
the molecular and biophysical mechanisms underlying ES, 
the field may offer new approaches for numerous medical 
challenges and eventually shape the field of bioelectrical 
medicine—a potential new discipline, which could be 
recognized as “bioelectromediotronics.”
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