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A B S T R A C T   

Bioelectronic medicine has tremendous potential in biomedical sector including oncology research, research on 
biomechanical and chemical properties of cells and biomaterials, healing bone tissue using electromagnetic 
fields, and understanding bioelectrical properties of aging. Bioelectronic medicine uses electricity to alter the 
body’s electrical communication systems in order to treat various illnesses. The bioelectric circuits produce an 
endogenous electric field and a resting voltage when the cells are functioning and communicating. Oncology 
research has gained considerable interest focused on the development of emerging bioelectric cancer medicines. 
Reprogrammable circuits that underlie cancer, regeneration, and embryogenesis are known as bioelectric sig-
nalling. It is possible to create new therapeutic options to slow the spread of cancer by taking advantage of the 
bioelectric properties of cancer cells. The treatment of cancer may benefit from bioelectronic medicine. We 
looked into the value of bioelectrical energy in the fight against disease. This communication also covered the 
methods for therapeutically controlling this fatal illness. It is crucial to identify or measure the electrical activity 
of body cells in order to control or modify bioelectricity and bring about changes in cell structure. Knowledge of 
the cell-to-cell ionic interaction, faradaic processes, and their function in developing cancer phenotypes may 
improve cancer treatment approaches. With new evidence supporting an electrical mechanism that promotes this 
phenomenon, the data may also help us understand cancer metastasis better.   

1. Introduction 

Molecular medicine, immunology, neuroscience, electrical engi-
neering, bioengineering, computer science, mechanical engineering, 
artificial intelligence, and other fundamental and clinical disciplines are 
all incorporated into bioelectronic medicine that bring new insights into 
the diagnosis and treatment of diseases. Bioelectronic medicine market 
is expected to grow from $20 billion to $60 billion by 2029. Bio-
electronics for the ocular, auditory, myocardial, oncology and nervous 
system stimulation accounts major capital expenditure [1]. As per the 
neuroscience research report, the central and peripheral nervous sys-
tems are intertwined in cancer leading to a high death rate [2]. By 
examining bioelectrical signals collected from the body, malignant tu-
mours can be quickly identified and successfully treated [3]. In addition 
to the cancers of pancreas, stomach, and skin, malignant brain tumours 
are also linked to faulty brain signals [4]. Ion channels that control 

cellular bioelectricity are abnormally abundant in cancer cells [5–8]. 
Changes in electron transport all across the plasma membrane is another 
major causative factor of cancer growth and its progression [9]. The 
level of cellular bioelectricity influences oncogenic cell invasion, 
migration, extravasation, and colonization [10–14]. Bioelectronic 
medicines are the potential to revolutionize the fight against cancer. 

Bioelectricity has the potential to generate novel bioelectronic 
treatment options for oncological research. Electrical activity sensing or 
measurements include the use of bioelectricity for diagnostic and 
prognostic purposes. It uses electric fields to induce morphological 
changes. Thus, bioelectronics represents a ray of hope in cancer therapy. 
Cancer bioelectronics research, on the other hand, is still in its infancy. 
We discussed a summary of contemporary approaches used in the 
diagnostic, prognostic, and therapeutic management of cancer in this 
review. Fig. 1 depicts the level of bioelectric signalling that influences 
cell behaviour. 
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2. Bioelectronics in cancer management 

Researchers have paid close attention on tumour microenvironment 
activation and its control using bioelectronic devices. By repairing 
electrical impulse patterns and cancer signal transduction pathways, the 
disease progression can be slowed. Bioelectronic medicine is more nat-
ural and risk-free alternative to chemotherapy and surgery. In addition 
to chemotherapy, the electric field treatment method may be beneficial 
for cancer patients. Iontophoretic chemotherapy delivers high doses of 
targeted medication deep into tumour cells using a low direct electrical 
field [15]. Fig. 2 shows a diagrammatic representation of cancer cell 
suppression via bioelectronic medicine. 

Electrophoretic bioelectronics is a promising method for in vivo 
controlling neuronal activation [16]. A link between glial cancer cells 
and brain cells may promote tumour growth [17–19]. Despite these 
findings, the biology of cancer has not yet looked into this. The 
healthcare industry could benefit from these tools. Electrochemotherapy 
has been authorized by the National Institute for Health and Care 
Excellence for cancer treatment [20–22]. Electrical current is expected 
to improve the efficacy of adjuvant chemotherapy. However, it is chal-
lenging to develop an electricity based novel cancer therapeutics for 
more advanced tumours like high-grade prostate cancer [23,24]. Such 
procedures are referred as electromotive drug administration and elec-
trically produced intravenous chemotherapy. Growth of the cancer cell 
blocked by applying tumour-treating fields (TTFs), a well-known 
biomedical device that produces an alternating electric field [24]. It is 
an adjunct to standard-of-care chemotherapy following surgery and 
radiation treatment in recently diagnosed glioblastoma (a grade IV 
astrocytic brain tumour) patients [25]. FDA has approved Novacure’s 
battery-powered bioelectronic gadget (Optune) for patients with glio-
blastoma. It has shown good outcomes in term of both survival and 
quality of life [26,27]. Fig. 3 depicts the use of bioelectronic medicine to 
destroy cancer cells. 

Despite several reports on applications of bioelectronic approaches, 
this area is still unexplored for oncology clinics. The impact of 
bioelectricity on the cancer phenotype needs to be better understood. 
Biomedical engineers and oncologists may pay close attention to this 
when treating various cancers. The research can concentrate on the use 

and critical connections between ionic and cathodic currents [28–31]. 

3. Bioelectrical activity of the human body and cancer 
treatment 

The electrochemical pathways and membrane-to-membrane move-
ment are interrelated and maintain the biological systems in a state of 
homeostasis [32]. Body cells must communicate and exchange infor-
mation in real-time to maintain body balance and to carry its intended 
activities. Cellular bioelectrical activity can coordinate communication 
between the cells, tissues, and organs [26]. Action potential is linked to 
an excess of electrical activity in neurons and muscles [33]. Electrical 
activity is present in all cell types and participates in a variety of 
physiological processes [28]. Non-excitable cells are present all across 
the human body, but a limited information is available about their 
bioelectrical pathways. Ionic and faradaic currents are formed in non- 
excitable cells by ion mobility, reduction, and oxidation of biological 
molecules [34]. Cellular bioelectricity is provided by ionic and faradaic 
current. Ion pumps or ligand-gated channels that transfer ions are acti-
vated by an electrochemical gradient. The membrane potential is 
generated when charged particles accumulate on both sides of a cell 
membrane [35]. Organelles like mitochondria have a potential gradient 
on both sides of their membranes. Charged molecules may be respon-
sible for cell, tissue, and organ-level polarisation [36,37]. The oxidation 
of living organisms generate faradaic currents. NADPH, NADH, gluta-
thione, ascorbic acid, and ubiquinone are commonly biomolecules 
involved in these processes. Enzymes and cytochromes, which are bio-
molecular electron carriers, may catalyse the oxidation and reduction 
processes [38,39]. Malignant cells differ significantly from healthy cells 
in their shape, development, and metabolic activity [40]. The cancerous 
cells have different electrical characteristics than the healthy cells. Ionic 
and faradaic abnormalities may play a role in cancer cell proliferation 
and migration. 

3.1. Polarization of cellular membranes 

Cell proliferation, differentiation, volume regulation, and pigmen-
tation are influenced by membrane potential bioelectric characteristics 

Fig. 1. Schemetic presentation of level of bioelectric signaling that influences cell behavior. Flux of ions drived by membrane potential. In case of cancer cells, the 
resting membrane potential is more depolarized (A). The flow of ions and biochemical signaling cascades depends on the ion channel activity (B). Effect of external 
electric fields generated form charge-specific domain cells on ion channel activity and membrane potential (C). 
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[41]. In bioelectronic cancer regulators, disease phenotype may act as a 
biomarker for membrane depolarization. Membrane potential promotes 
cell growth by promoting mitosis and DNA synthesis [42]. Cell motility 

may be influenced by Ca2+ concentration. Membrane potential (part of a 
larger "transportome" network) has an indirect impact on cell motility 
[43]. It may produce metastatic phenotypes, which keep cells in a stem 

Fig. 2. Cancer cell supression through bioelectronic medicine.  

Fig. 3. Cancer cell destruction via bioelectronic medicine.  
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cell-like state [44]. Cell type-specific resting potentials may vary from 
10 to 90 mV. Depolarized membranes are common in cells that prolif-
erate rapidly [45]. This is common in rapidly reproducing cancer cells 
with depolarization membranes. Cell membrane potential is influenced 
by (i) ion channels, (ii) ionic composition of extracellular environment, 
and (iii) bioelectronic gradient inside the tissue [9]. Depolarization of 
the cancer cell membrane can therefore have a variety of effects. 

The impact of membrane potential on cell function influences cancer 
phenotype. An upstream process alters the membrane potential. This 
includes the expression of voltage-gated ion channels (VGIC) and 
cellular metabolic activity. Cell type-specific resting potentials are 
available from 10 to 90 mV. A cell that proliferates rapidly is more likely 
to have a depolarized membrane than a cell that proliferates slowly 
[45]. Cancer cells with a depolarized cell membrane have a predispo-
sition tendency to grow fast [46]. Bioelectronic gradient, an ion channel, 
and extracellular environment all affect a cell’s membrane potential. 
This suggests that a number of factors may affect the depolarization of 
cancer cell membrane. Cell function and upstream processes are 
impacted by membrane potential, which leads to the development of 
cancer. VGICs are closely linked to cellular metabolism [47]. 

Despite this, some malignant brain cells have depolarized mem-
branes, increased excitability, and neuroglial connections. Glutamate- 
mediated postsynaptic currents are frequently produced in tumour 
microtubes [14,15,17]. The glutamate-dependent current can electri-
cally activate tumour tissues [18]. The glutamate-driven pathways are 
analogous to breast-to-brain metastases. There is a wide range of VGIC 
expression and activity in distinct cancers. The voltage-gated potassium 
channels (VGPC) are affected by cancer type and stage of malignancy. 
The early phases of tumour formation are associated with an increase in 
the activity of VGPC protein [48]. For late-stage cancers, VGSC activity 
increases due to the increase in membrane excitability and leads to the 
invasion [49]. Cancer development and changes to cell membrane po-
tential have been studied using VGSC, VGPC, and voltage-gated calcium 
channels (VGCC) [50–52]. 

3.2. Cellular metabolism and redox processes 

Increasing aerobic glycolysis is an emerging characteristic of meta-
bolic abnormalities in cancer cells [53,54]. Oxidative phosphorylation 
levels decrease due to this kind of energy metabolism, which is known as 
the Warburg effect [55–57]. Increased synthesis of negative-charged 
lactate anions on the cell surface may result in such a metabolic shift 
in the tumour microenvironment [58–61]. 

3.3. Effects of electric field gradients 

Cell types with different cytoskeletons and signaling molecules 
produce intercellular electric fields and polarization, which in turn 
affect cell motility [62,63]. As cells communicate with one another 
through the Gap junctions, the potential gradient may spread 
throughout the body [64]. The formation of apico-basolateral polarity in 
epithelial cells is essential for wound healing and tissue repair [65]. 
Potential gradient has an important role in the migration of cancer cells. 
In cancer cells, aberrant regulation of junction protein genes is thought 
to impact cell migration and invasiveness [66,67]. When a cell travels 
under low electric fields, it is referred as an electro taxi or galvanotaxi. 
The strength of endogenous electromagnetic current may vary across the 
species and cell types [68]. Mesenchymal stem cells migrate toward the 
cathode in response to fields that activate phosphatidylinositol 3-kinase 
(PI3K) and actin-related protein (Arp2/3) signalling pathways [67,68]. 
Despite their predilection for an anode, the Rho family of GTPases, sit-
uated in the nucleus, is critical for macrophage electron taxis [69]. 
Various galvanostatic responses have been reported depending on the 
kind of malignancy. Mutation can be used as an alternate therapy to 
reduce cancer cell growth [8,70–73]. 

3.4. Cellular redox processes 

Biochemical electron transport activities are fundamental to several 
intracellular signalling pathways that are regulated by the redox state 
[74]. Body functioning relies on the intramolecular transport and 
transfer of electrons between enzymes and cofactors via redox proteins. 

3.5. Warburg effect 

Otto Warburg reported change in energy consumption from oxida-
tive to aerobic glycolysis [75]. This phenotype exhibits a reduction in 
glycogenolysis and oxidative phosphorylation. As glycolysis speeds up, 
NADH and other decreased bio-electrochemical mediators become more 
easily accessible. Bio-electrochemical mediators must be oxidised 
quicker so that the glucose can flow more effectively via glycolysis. The 
transfer of electrons across the plasma membrane help in the oxidation. 
It has been hypothesised that this change in energy metabolism may be 
resulted from adaptation to intermittent hypoxia and an increased 
inclination for acidity in tumour cell culture [55,57,76]. Fig. 4 shows 
schematic presentation of glucose-concentration supression process in 
cancer cells. 

3.6. Reverse Warburg effect 

The current state of the art is to determine how many electrophysi-
ologic pathways may be implicated in a metabolic event in malignant 
tumours. The Reverse Warburg effect explains one of these pathways 
[77–79]. Reactive oxygen species (ROS) are used by the cancer cells to 
create Warburg effect in cancer-associated fibroblasts (CAFs). Due to the 
metabolic shunt, the Warburg effect increases the quantity of lactate and 
pyruvate intermediates exported from CAFs. 

3.7. Trans plasma membrane electron transport systems (tPMETs) 

Maintaining Faradaic currents that transfer electrons across the cell 
membrane is essential for cell function. The electron transport mecha-
nisms of the plasma membrane are known as tPMETs or PMETs. To 
reduce extracellular oxidants, it is possible to use electrons from intra-
cellular or shuttled electron donors [80]. t-PMET activity is associated 
with metabolic diseases such as obesity and diabetes [81–84]. Tumour 
cells can modify tPMET activity. Ascorbate metabolism (connected with 
the NADPH synthesis and pentose phosphate shunt) is responsible for 

Fig. 4. Schematic diagram of supression of glucose concentration in can-
cer cells. 
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the shunting of tPMET activity (PPP). Ribonucleotides (the building 
blocks of DNA) are the significant source of NADPH in rapidly devel-
oping cells [85]. In cancer cells, NADP+/NADPH ratio plays a key role in 
overexpressed PPP regulation [86,87]. 

3.8. Relevant electrical interactions 

A connection between cancer homeostasis and faradaic and ionic 
currents has been reported earlier [88]. NHE or NCX may be influenced 
by a change in VGSC function that might affect the intracellular con-
centrations of other ions, particularly Na+, in the cell [51,89]. Changes 
in extracellular pH may affect invasion and metastasis. Na+ absorption 
by mitochondria may cause an increase in Ca2+ concentrations. Alter-
ation in sodium channel function may lead to some other cancer- 
promoting effects [90]. Cell membrane polarisation is affected simi-
larly when ion channels like potassium and chloride are altered. Studies 
have connected cancer with chloride flow, suggesting that the Cl 
channel activity is essential for cell migration and invasion. The 
involvement of membrane potential in mitosis and DNA synthesis helps 
the growth of cancer cells. Due to this, invasive and metastasis-related 
Ca2+ production is triggered by the depolarized membrane. Membrane 
potential is affected by the Warburg effect when lactate is released. 
tPMETs need NADPH to remove electrons from blood, hence, an in-
crease in NADPH concentration is anticipated. Thus, changes in cellular 
metabolism might have an impact on important redox couples [90]. 
tPMETs may alter cell activity in different ways. DcytB transports cat-
ions from DMT1. It is affected by ascorbic acid and iron ions. Some of 
these components may influence ion channel activity and membrane 
potential to alter the tumor pH and create an acidic microenvironment. 
Tumour microenvironment acidity is associated with invasiveness, 
metastasis, and therapy resistance [91–93]. For a better understanding 
of cancer development and potential treatment targets, the entire 
bioelectricity of cancer cells must take into account. 

To explain the electrical characteristics of cancer cells, a detailed 
understanding of ionic and faradaic currents and a links between these 
two currents is needed. This can help in identifying the basic and sec-
ondary ramifications. It can also help in identifying secondary or tertiary 
influences that assists cancer phenotype development. Bioelectronic 
medicines can be used to develop new and innovative cancer treatment 
methods. 

Darwinian evolution is the most precise theoretical foundation for 
cancer research. Tumor subclones compete for resources and territory as 
the tumour spreads and develops treatment resistance. Only the most fit 
subclones can survive. The electrical circuitry may allow cancer cells to 
adjust their energy needs. According to the Darwinian evolutionary 
system, cells with better bioelectrical circuits are more likely to survive, 
reproduce, and outcompete their competitors. In bioelectronics, redox 
reactions and faradaic currents are frequently overlooked. Using precise 
bioelectrical circuits, new approaches to regulating and interacting with 
cellular bioelectricity are being developed. These could be a promising 
approach to treat cancer by distinguishing between normal and malig-
nant cells. 

4. Strategies to hijack endogenous bioelectricity of cancer cells 

4.1. Detection and monitoring of tumors based on electrical activity 
measurement 

Bioelectricity or bioelectric potential is created by uneven passage of 
ions and electrons across the plasma membrane by ion pumps, enzymes, 
and bio-electrochemical mediators like ubiquinone. A wide spectrum of 
ion channels, including Ca2+, K+, Na+, and anion channels are associ-
ated with tumour growth and metastasis. T-type Ca2+ channels are ab-
sent in healthy mammary epithelial cells, but the presence of these 
channels in breast cancer cells demonstrates their use in clinical diag-
nosis. The membrane-resting potential of breast cancer cells is four times 

higher than the healthy breast cells (− 60 mV) [94]. 
Patients with epithelial ovarian cancer who had a high bioelectric 

potential in their tumours are more likely to have progressed disease 
[95]. Ion channel activity and gene expression can alter the potential, 
making it a valuable new marker for cancer diagnosis. New bioelectronic 
devices that monitor these bioelectric changes might revolutionize 
cancer detection at the point of care. To distinguish between healthy and 
malignant cells, a variety of methods for detecting bioelectric potential 
have been reported [96–99]. Bioelectronics such as electrolytic and 
field-effect transistor (FET) biosensors have been extensively investi-
gated for the detection of tumour biomarkers. Various techniques exist 
for determining bioelectricity. Microelectrodes and amplifiers with 
neutralized input capacity are used for the measurement of intracellular 
potential [100]. High-impedance micropipettes are used to show a dif-
ference in membrane potential between healthy and cancerous cells. A 
potentiometry-based method containing Ag/AgCl and tungsten elec-
trodes is used to measure the bioelectric potential of non-cancerous and 
omental mesothelioma tissue. 

Electrical impedance spectroscopy (EIS) can also be used to differ-
entiate cancerous and non-cancerous tissues [101–103]. Several elec-
tronic sensors can measure the aggressiveness of tumour cells. The 
metastatic breast cancer cells are electrically more active than non- 
metastatic breast cancer cells [104]. Fluorescence reporters are advo-
cated for bioelectricity measurements due to their intrinsic benefits of 
high resolution, easy in vivo analysis, and the capacity to detect 
bioelectric gradients over long durations with continued biological ac-
tivity [105]. An insulated sharp metal wire with a microscopic platinum- 
black tip has been used to detect the bioelectric current near cells and 
tissues in physiological media [106]. The transmembrane potential 
(TMP) of circulating tumour cells (CTCs) may be monitored using an 
electrical double layer FEt platform created by Pulikkathodi et al. The 
device measured bioelectric signals in a physiological salt solution with 
good sensitivity and single-cell resolution ability [107]. An in vivo model 
of triple-negative breast cancer has been studied using vibrating probes 
and glass microelectrodes to measure electric currents and potentials 
[108]. 

Electrode-based methods are hampered by cell-device contact [109]. 
EIS and potentiometry are extensively used noninvasive diagnostic 
methods. However, these methods may provide false-positive results 
because of the difficulty in analyzing tiny signal variations. A fluorescent 
dye can interact with biomolecules and it can be phototoxic. Physical 
factors, such as pH, temperature, and salt content may also influence the 
results and cause misleading positive or negative results. 

Bioelectricity changes can be monitored and detected in real-time 
utilizing tissue-on-a-chip devices based on microfluidics and endo-
scopes with integrated electronics [110–112]. A nanosized device 
composed of biocompatible conductive materials that can be employed 
as an electrical and biological interface to monitor bioelectricity at the 
cellular level. It is expected to detect cancer at an earlier stage using 
nanotechnology-based bioelectronics than the available traditional im-
aging tools such as MRI. Integrating semiconductor nanowire-based 
devices with flexible polymeric electronics, such as PEDOT can make 
it possible to quantify bioelectricity changes [113]. These nanoparticles 
can transform cell-specific bioelectricity into fluorescence signals as 
produced by luminescence. Bioelectronics systems that can detect 
bioelectricity non-invasively with high accuracy would easily be 
accessible in the coming years. 

4.2. Ionic pumps and bio electrochemical systems to control cell 
bioelectricity 

4.2.1. Modulation of cancer bioelectricity through cellular channels 
Cell cycle checkpoints, which rely heavily dependent on 

bioelectricity, have been linked to errors that occur when the number or 
current of sodium channels increases. Targeting ion channel expression 
and activity can modulate cellular bioelectricity [9,114–116]. 
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Malignant processes can be deactivated by manipulating cellular 
bioelectrical patterns [117–120]. A specific channel may be activated or 
deactivated depending on the location and feature of tumour cells 
(stage, aggressiveness, etc.). 

4.2.1.1. Potassium channels. K+ channels are gaining significant atten-
tion as a therapeutic target due to their functions like regulation of 
membrane potential, cell differentiation, and proliferation. Many cancer 
model systems have shown decreased intracellular potassium levels. 
However, its mechanism is unknown [121]. Such pathways may lead to 
cancer development. Various cell types and stages of metastasis affect 
the expression of these channels and make them an important thera-
peutic target in cancer management [121,122]. VGPCs inhibit Kv1.3 and 
Kv1.5 and delay rectifier (KV) channels. This causes apoptosis. Increased 
Kv1.3 channel expression is associated with increased tumour aggres-
siveness [122–124]. However, this has not been demonstrated in breast 
cancer, colon cancer, lymphoma, or leukemic. MgTX (a Kv1.3-targeted 
inhibitor of cell proliferation) reduced lung tumour volume in mice 
and humans [125,126]. Piperine, a potent and selective inhibitor of 
Kv1.3, has been reported in prostate cancer cells [127]. Rituximab is 
recommended in combination with 5-(4-phenoxybutoxy)psoralen (PAP- 
1) for leukemia treatment. 

Tevaethyl ammonium and 4-amino pyridine (4-AP) are nonspecific 
Kv blocks for glioma and breast cancer cells (TEA). Eag1 (Kv10.1) and 
hERG1 are the members of VGPC family of potassium selectivity chan-
nels, which plays a vital role in cancer formation (Kv11.1) [128–133]. 
Overexpression of Eag1 in an ectopic site stimulates excessive prolifer-
ation although it is exclusively located in brain tissue [134,135]. Cer-
vical, colon, and breast cancer patients treated with imipramine, 
astemizole, and tetrandrine showed a reduction in the rate of tumour 
development [136–138]. Proliferation and metastasis are increased 
when hERG1 is overexpressed in cancer cells [139–140]. Glioblastoma, 
leukaemia, melanoma, and colon cancer cell lines showed decreased 
proliferation in the presence of E-4031, which is used to block hERG1 
channel. Inward currents flowing via Kir channels stabilize cell voltages. 
Breast, prostate, and pancreatic malignancies are known to overexpress 
the Kir2.1-Ki4.2 channels [141–143]. Anti-proliferative property of 
gambogic acid is due to the blocking Kir2.x family pores [144,145]. 

Nanoparticles with piezoelectric properties may be used to limit the 
proliferation of breast cancer cells by upregulating Kir3.2 channels and 
interfering with intracellular Ca2+ concentrations, which are associated 
with mitosis-related abnormalities. K2P channels are active over the 
whole membrane potential range. These channels carry outward back-
ground potassium currents. These pH-sensitive channels influence cell 
survival and migration [146,147]. Prostate and ovarian malignancies 
are linked with the overexpression of TREK-1 and TREK-2 in different 
phases of the disease [148–150]. EGCG, curcumin, and quercetin inhibit 
TREK-1 channels, and stop cell growing permanently [151]. Breast 
cancer and lung cancer are linked to TASK-1 and TASK-3 channels 
[152,153]. 

Calcium-activated potassium channel (SK) is linked with cancer 
development [154]. SK is thought to be activated in colorectal cancers 
through increased intracellular calcium levels [155,156]. SK4 (KCa3.1 
or IK) has been associated with glioblastoma, breast, and prostate cancer 
growth, and migration [157]. Tamoxifen may induce cell death when it 
is coupled with NS6180 which blocks SK4 current. TRAM-34, an anti- 
cancer drug, suppressed tumour growth in glioma mice [158]. Cal-
cium activates large potassium channels (BK) in the inner mitochondrial 
membrane of rat and human gliomas [159]. Cytochrome C (released 
from BK channels) is linked to apoptosis [160]. 

4.2.1.2. Sodium Channels. Intrinsic sodium concentration may regulate 
the outflow of H+ and acidify the extracellular environment to enhance 
cell motility [161]. VGSCs have been postulated to regulate H+ efflux, 
which in turn enhances cell migration, as major sodium channel linked 

in tumour metastasis. A higher level of VGSC and NaV1.5 expression is 
associated with a greater likelihood of metastasis and spread of breast 
and colon malignancies [162]. Some non-specific VGSC inhibitors, such 
as ropivacaine and ranolazine in the colon cancer, TTX and propranolol 
in breast cancer cells and EPA in ovarian cancer cells, have shown 
promizing results in inhibiting cell migration and invasion [163–166]. 

Cardenolides target glioblastoma cell expressing 1 sodium pump 
subunit. It may inhibit cell proliferation and migration through disor-
ganization of cytoskeleton actin [167]. Bioelectronic equipment gener-
ates 10-msec 10 V DC pulses to increase intracellular osmotic pressure in 
VGSCs overexpressing breast cancer cells [168]. 

4.2.1.3. Chloride Channels. Cell volume is controlled by chloride leak 
channel. Chloride intracellular channels are important in apoptosis, cell 
attachment, and cell motility [169]. Glanoma cell synthesis of Chloride 
leak channels-3 on membranes and intracellular vesicles has a role in 
cell shrinkage during invasion [170]. During the invasion, chlorotoxin 
may be administered to block this cell shape change [171]. Anthraqui-
none has the potential to halt nasopharyngeal cancer cell cycle pro-
gression with emodin. Colorectal and pancreatic tumours have been 
tested for calcium-dependent chloride channels [171]. 

4.2.1.4. Calcium Channels. Secondary messenger (calcium) influences 
several aspects of cell fate. Cancer cell motility and invasion are facili-
tated by Ca2+-binding proteins (protein that control the cytoskeleton 
and protease activity). It also controls volume and pH of cells [172,173]. 
Ca2+ signalling pathway targeted chemotherapy and the pharmacolog-
ical control of calcium channels may be ineffective in certain tumours 
[174]. Inhibition of L- and T-type VGCCs activity in HT-39 and HCT116 
breast cancer cells may result in anti-proliferative effects [175]. 
Expression of cyclin E in the breast cancer cell can be boosted by acti-
vating SOCE pathways (store-operated calcium entry) [176]. This is 
linked to the cell cycle progression, migration, and metastatic spread 
[177]. This mechanism includes apoptosis, evasion, and proliferation. 
Detecting the presence of TRPV6 in invasive tumour locations may 
indicate the aggressiveness of the tumour in prostate, ovarian, and 
breast malignancies. TRPV6 increases intracellular Ca2+ levels, which 
aids in cell proliferation and invasion [178]. SOR-C13, a TRPV6 inhib-
itor, may be useful for cancer treatment [179]. The number of channels 
involved in cancer growth demonstrates the complexity of bioelectrical 
cellular systems. Each type of tumour necessitates an in-depth exami-
nation of the underlying processes as well as the development of novel 
treatment options. 

4.2.2. Modulation of cancer bioelectricity by controlling bio electrochemical 
systems and metabolism 

Cancer cells have an increased metabolic rate, redox imbalance, and 
oxidative stress. Redox states may impact cell fate by altering the fara-
daic electric impulses generated during these processes. The Warburg 
effect, which regulates cellular metabolism and homeostasis, might be 
disrupted to create new treatment approaches. 

4.2.2.1. Increasing ROS production. To meet their energy requirements, 
cancer cells frequently increase glycolysis. ROS levels rise as a result of 
redox imbalance in cancer cells. Anticancer drugs like paclitaxel, 
dobutamine, and cisplatin may lead to the oxidative stress. Natural pro- 
oxidant redox molecules like ascorbic acid is prescribed to cancer pa-
tients. Electron donor ascorbate may kill certain cancer cells [180,181]. 

Mitochondrial damage may result from the disruption of electron 
flow in the respiratory chain. H2O2 produced by ascorbate harms DNA 
and decreases glycolysis flux [182]. Ascorbic acid may be combined 
with the other drugs or nanomaterials to enhance anticancer activity 
[183–188]. Depletion of glutathione in cells (GSH) may contribute to 
oxidative stress (BSO). As a defense against excessive ROS, GSH is pro-
duced during glucose metabolism [189–191]. When ROS levels rise, 
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caspase-3 and caspase-8 become active, which causes cell death [191]. 

4.2.2.2. Targeting the Warburg effect. Glucose absorption via glucose 
transporters is the first rate-limiting step of aerobic glycolysis in cancer 
cells, which is used to fulfill the high ATP and metabolite demands 
(GLUT). Small molecule inhibitors of GLUT-1 may be effective in the 
management of many types of cancers [192]. STF-31 and WZB117 are 
the small compounds under clinical investigation [193]. As a result of 
glycolysis, tumour cells utilize glutamine as a carbon source for the TCA 
cycle [194,195]. CB-839, a particular GLS-inhibitor, can stop the hy-
drolysis of glutamine in the mitochondria. Breast cancer cells exposed to 
CB-839 demonstrated decreased growth [196]. 

4.2.2.3. Trans plasma membrane electron transport systems (tPMETs). 
Tumor-specific PMETs are implicated in metabolic reprogramming and 
energy consumption in cancer. Due to the increased flow of glycolysis, 
NAD(P)+/NADH oxidation and dehydrogenation occur more often in 
cancer cell metabolism. Less NAD(P)+ is produced when oxidative 
phosphorylation is decreased. This is because tPMETs play an important 
function in promoting NAD(P)+ oxidation as well as replenishing NAD 
(P)H during mitochondrial respiration. Through the involvement of 
tPMETs in cancer, glycolysis enhances metabolic flux that reduces 
cellular stress [197–200]. Cancer aggressiveness and metastasis may be 
reduced by inhibiting Complex I activity, which oxidizes NADH. This 
can also be achieved using NAD+ precursors supplements. A decrease in 
NAD+/NADH ratio occur, although the baseline NAD+/NADH ratio 
stayed constant (perhaps through tPMET). Autophagy reduces the 
spread of breast cancer, but this ratio must remain high to maintain high 
levels of aerobic glycolysis [201]. To replace ascorbate, tPMETs coupled 
to ascorbate may be produced using the NADH: AFR oxidoreductase 
system [202]. NADH may directly reduce dehydroascorbate (DHA) in 
erythrocytes [203]. In addition, NADPH-dependent processes and GSH 
(which utilizes NADPH for regeneration) link PPP to decrease cyto-
plasmic DHA/AFR [204]. A higher NAD+/NADPH ratio increases 
tPMET activity, which in turn increases PPP activity. 

The tumour aggressiveness may linked to the activation of tPMETs. 
Several neuroblastoma cell lines showed alterations in N-myc concen-
trations [204,205]. During the tPMET activity examination, no varia-
tions in NADH ferricyanide reductase rate or inhibitor sensitivity 
between nonmetastatic and metastatic Ehrlich ascites tumour cells were 
recorded [206]. More proliferative Ehrlich cell strains have less plasma 
membrane redox system activity than the less proliferative cells [207]. 

There is no evidence to support the use of tPMET for cancer-fighting 
purposes [208]. Ascorbate transport and DcytB (processes that change 
PPP) are of particular importance. Some cancer cells use DcytB and Glut 
transporter tPMETs more frequently than others. Ascorbic acid trans-
porters DcytB and Glut generate faradaic currents. A little is known 
about the interaction of ionic and faradic currents in eukaryotic species. 
The combination of tPMETs, which link bioelectrical relays based on 
ionic and faradaic currents, has demonstrated to enable cancer cells to 
reprogram their energy demands. DcytB, ferrous transport, and ascor-
bate shuttling all work together to ensure that the tPMETs have enough 
ascorbate to operate. DcytB can decrease AFR to ascorbate through the 
reduction, oxidation and/or dismutation. Ascorbate can regenerated 
both internally and externally [208–210]. Proof-of-concept studies 
using cellular electricity to induce cancer cell death is a possible 
approach to innovative therapies. Model cells are utilized to provide 
electrical current to induce pyrrole polymerization into the polypyrrole 
[211]. 

4.2.2.4. Associated multi-targeting of channels and metabolism. It is crit-
ical to investigate the bioelectricity of cancer cells via a multichannel 
and multi-metabolic pathway [113]. Furthermore, these cells have 
adapted to aerobic glycolysis and membrane depolarization based on 
the intracellular ion concentrations. Several channels and 

electrochemical techniques need to investigate and customized to the 
specific cell type and environment in order to regulate cell bioelectricity. 
Patients who had hERG1 positive and GLUT-1 negative expression had a 
poor prognosis with non-metastatic colorectal cancer. 

In addition to the inhibition of Kv1.5 channels and stimulating 
membrane polarisation, dichloroacetate reverses the direction of cyto-
plasmic glycolysis and initiates mitochondrial glucose oxidation 
[212,213]. These methods can be used to halt tumour growth and 
apoptosis. The NS1643, a specific hERG1 blocker, inhibits breast cancer 
cell proliferation while increasing ROS generation and DNA damage 
[214]. Knockdown of Kir2.2 increases ROS production and decreases 
tumorigenic activity [207]. However, more research is needed to iden-
tify new compounds or combinations of existing compounds that can 
interfere with cell bioelectricity. 

4.2.3. Induction of morphological aberrations under electrical stimulation 
Several cellular processes including migration and cell division are 

influenced by the cell shape. A promising therapeutic path needs to be 
explored using electric fields to alter the cell shape. Using alternating 
electric fields to halt cell division and high potentials to introduce pores 
in the cell membrane (electroporation) are two of the main areas of such 
investigations. 

4.2.3.1. Tumor treating fields (TTFs). In TTFs, a high-frequency electric 
field is applied ex vivo to prevent cell division and apoptosis. Optune is 
approved for the treatment of brain tumours in the United States. Pre-
clinical studies with other cancer cell types have also shown positive 
results [215]. The electric field hinders cell division during metaphase 
and telophase/cytokinesis phases of the cell cycle. Tubulin dimers co-
ordinate with the electric field (EF) during metaphase/anaphase and 
disrupt mitotic spindle formation [216,217]. A nonuniform electric field 
in the telophase/cytokinesis pulls charged and polar macromolecules 
and organelles to the cleavage furrow, resulting in cell division error and 
cellular death. Due to the resistant nature of the cell membrane, EF ef-
fects may develop on the cell membrane in a specific range of electric 
field [218,219]. A better understanding of how EF affects the cell 
membrane and how it affects cell function could lead to the development 
of more simple EF-based treatment options. TTFs provide a new alter-
native for treating glioblastoma patients [220]. Several additional 
clinical trials are underway for the treatment of non-small cell lung 
cancer (NSCLC), brain metastases, pancreatic tumours, ovarian and 
hepatic tumours, and mesothelioma using TTFs [221]. TTFs can be used 
in conjunction with chemotherapy [222–225]. TTFs are not yet 
approved for GBM treatment in many countries, despite their wide-
spread popularity and well-documented efficacy. More breakthroughs in 
cost-cutting technology are expected to lead to widespread adoption. 

4.2.3.2. Electroporation and electrochemotherapy. Membrane electropo-
ration has a significant effect on cells. Membrane electroporation has 
been shown to be effective in treating cancers of the breast, pancreas, 
prostate, and brain [226–228]. IREP and REP electroporation is used by 
oncologists to treat cancer. IREP has a limiting value over which the 
membrane cannot be repaired, ultimately causing cell death. DcEF 
pulses may generate pores using IREP or dcEF technique [229–231], 
leading to cell membrane repair in REP without cell death. Temporary 
pores are used in ECT and EGT to deliver drugs or genes into the body to 
cause cell death (EGT) [232]. IREP and REP act on electrodes to make 
EFs, which enables them to be employed in specific locations. Neo-
vascularization effect of ECT may result in immunostimulatory cell 
death, may be a more effective method of treating tumours. When used 
in conjunction with high doses of interleukin 12 (IL-12), EGT has shown 
the effectiveness of this systemic approach [233]. Improvements in 
these therapies are expected using models, image-guided electrode 
placement, and multi-carrier patterns [234–237]. Table 1 presents pat-
ent coverage based on bioelectric medicines. 
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5. Recent reports on bioelectric research and roadmap for 
bioelectric medicines 

Central role of bioelectricity in the neural function and embryo-
genesis has resulted in recent advancements in bioelectricity research in 
basic understanding of evolution and developmental biology along with 
the synthetic bioengineering and regenerative medicine [244]. When 
medications or surgery are ineffective for treating an illness, a new 
family of selective closed-loop controlled neurostimulator known as 
bioelectronic medications can address these constraints [245].The goal 
of bioelectronic medicine is to combine electronic with the biological 
component to create more efficient treatment options and diagnostic 
tools [246]. The best example of a bioelectronic organ is the artificial 
pancreas. It is a system that is regarded as the pinnacle of diabetes 
treatment. By detecting blood glucose and delivering the correct quan-
tity of insulin to regulate that level via a feedback control mechanism, 
this may give closed-loop control of glucose [247]. The participation of 
cellular components at organ level structural order has been evidenced 
with the advancement in computational modelling and study of devel-
opmental bioelectric circuits. These developments offer a path forward 
for utilizing bioelectric signalling for cancer reprogramming and 
regenerative medicine, and synthetic bioengineering therapies. Similar 
to how computer science has advanced, management of the bioelectric 
dynamics that governs organ level anatomical subroutines could 
advance biomedicine beyond the current emphasis on exploiting the 
flexible "software" that directs multi-scale morphogenesis [248]. In a 
recent communication, epigenetic and bioelectric difference in left/righ 
breast tissues have been reported [249]. A bioelectric test method has 
been utilised to track the dynamics of glioma stem cell death in response 
to GD2-targeted CAR T cells over a seven-day period in order to confirm 
GD2 as a promising target [250]. Due to its late diagnosis and palliative 
treatment, pancreatic-biliary cancer presents a challenge for clinicians. 
For the detection of pancreatic mucinous cysts protein markers (MUC1) 
in human serum, Sarcina et al. reported a unique method called Single- 
Molecule assay with a large Transistor (an Electrolyte-gated FET based 
technology) [251]. The development and use of bioelectric signalling 
interventions is expected to have a significant influence as an alternative 
to gene therapy and genomic editing for a several applications including 
regeneration, birth abnormalities, cancer, and immunology [252]. 

6. Future aspects and conclusions 

A significant progress has been made in the building blocks of bio-
electronic medicines including biomaterials, organic electronics, brain 
interfaces, and implantable devices. Fundamental scientific discovery 
and application of these building blocks are being investigated in pre-
clinical and clinical settings. It’s interesting to note that in pre-clinical 
settings, bioelectronics is constantly locating and focusing on neural 
circuits that play a part in a variety of disorders. Rodent models are 

thought to be the most useful diseased models for the development of 
bioelectronic therapeutics because they can offer chronic stimulation. 
To adapt the technology for its commercial applications, scientists from 
academia, industries, and the medical practitioners must collaborate. 

Conventional treatment options available for cancer have potential 
side effects. Non-invasive and biocompatible bioelectronic devices are 
expected to overcome the limitations of existing conventional treatment 
options. Bioelectronics devices with nanoscale conductivity may serve 
as physical transducers of cell electrical activity in response to electrical 
or mechanical stimulation. Nano-sized bioelectronics can reduce the 
severity of adverse effects. Bioelectronic cancer therapies fall into two 
categories: (i) electrical inputs in the form of bioelectronic devices that 
can be employed in concert with other treatments, and (ii) bioelectronic 
devices carrying drugs that affect ion transport or redox enzymes that 
mediate faradaic behaviour. Biocompatible and electrically conductive 
gold nanoparticles can be utilized as transducers to monitor and control 
cell chemistry when they are driven outside. The electrical activity of 
cancer cells can be affected by devices that can detect and act on them. 
New 3D bioelectronic manufacturing capabilities are required to deal 
with the three-dimensional character of biological systems. Develop-
ment of new types of inks is needed for 3D printing technologies (like 2 
photon lithography) that use submicron 3D printing. To understand the 
role of bioelectricity in biology, we need to create new tools for moni-
toring in vivo nanoscale electric field, potential, and currents. Utilizing 
electron genetics, redox-activated CRISPR technology can modify fara-
daic current. Cancer cells have malfunctioning electrical systems. Thus, 
considering the present scenario, bioelectronics are expected to emerg as 
new therapeutic options for cancer management. Advanced bioelectric 
treatment options are predicted to emerge in the future. 
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D. Mordechovich, Z. Gurvich, E. Shmueli, D. Goldsher, Y. Wasserman, Y. Patil, 
Chemotherapeutic treatment efficacy and sensitivity are increased by adjuvant 

alternating electric fields (TTFields), BMC Med. Phys. 9 (2009) 1–3, https://doi. 
org/10.1186/1756-6649-9-1. 

[228] R.E. Neal II, R. Singh, H.C. Hatcher, N.D. Kock, S.V. Torti, R.V. Davalos, 
Treatment of breast cancer through the application of irreversible electroporation 
using a novel minimally invasive single needle electrode, Breast Cancer Res. 
Treat. 123 (2010) 295–301, https://doi.org/10.1007/s10549-010-0803-5. 

[229] K.P. Charpentier, F. Wolf, L. Noble, B. Winn, M. Resnick, D.E. Dupuy, Irreversible 
electroporation of the pancreas in swine: A pilot study, HPB (Oxford). 12 (2010) 
348–351, doi:10.1111%2Fj.1477-2574.2010.00174.x. 

[230] J. Rubinsky, G. Onik, P. Mikus, B. Rubinsky, Optimal parameters for the 
destruction of prostate cancer using irreversible electroporation, J. Urol. 180 
(2008) 2668–2674, https://doi.org/10.1016/j.juro.2008.08.003. 

[231] P.A. Garcia, T. Pancotto, J.H. Rossmeisl Jr., N. Henao-Guerrero, N.R. Gustafson, 
G.B. Daniel, J.L. Robertson, T.L. Ellis, R.V. Davalos, Non-thermal irreversible 
electroporation (N-TIRE) and adjuvant fractionated radiotherapeutic multimodal 
therapy for intracranial malignant glioma in a canine patient, Technol. Cancer 
Res. Treatm. 10 (2011) 73–83, https://doi.org/10.7785/tcrt.2012.500181. 
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