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Abstract: Precise modulation of the cell cycle via electromagnetic (EM) control presents a
groundbreaking approach for cancer therapy, especially in the development of personalized
treatment strategies. EM fields can precisely regulate key cellular homeostatic mechanisms
such as proliferation, apoptosis, and repair by finely tuning parameters like frequency,
intensity, and duration. This review summarizes the mechanisms through which EM
fields influence cancer cell dynamics, highlighting recent developments in high-throughput
electromagnetic modulation platforms that facilitate precise cell cycle regulation. Addi-
tionally, the integration of electromagnetic modulation with emerging technologies such
as artificial intelligence, immunotherapy, and nanotechnology is explored, collectively
enhancing targeting precision, immune activation, and therapeutic efficacy. A systematic
analysis of existing clinical studies indicates that EM modulation technology significantly
overcomes key challenges such as tumor heterogeneity, microenvironment complexity, and
treatment-related adverse effects. This review summarizes the prospects of electromagnetic
modulation in clinical translation and future research directions, emphasizing its critical
potential as a core element in individualized and multimodal cancer treatment strategies.

Keywords: electromagnetic modulation; cell cycle control; cancer therapy; personalized
treatment; tumor microenvironment

1. Introduction

In recent years, the incidence and mortality rates of cancer have continued to rise
globally, establishing it as a major public health concern and a leading cause of morbidity
and mortality [1]. Conventional cancer treatments, including surgical resection, radio-
therapy, and chemotherapy, though effective in controlling disease progression, possess
considerable limitations. Surgical procedures often cannot fully excise all cancerous tissues
and may cause significant harm to surrounding healthy tissues, affecting organ function [2].
Radiotherapy and chemotherapy, while crucial, are non-specific and may inadvertently
damage healthy cells, leading to severe side effects and complications (Figure 1a) [3,4].
Therefore, there is an urgent need to develop alternative therapeutic strategies that are both
targeted and minimally invasive.
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Figure 1. Comparison of conventional cancer treatments and precise electromagnetic modulation
in cancer therapy. (a) Classification of conventional cancer treatments, including surgical resection,
radiotherapy, and chemotherapy. (b) Schematic of the principle of precise electromagnetic modulation,
which selectively modulates the tumor cell cycle and ultimately accelerates apoptosis. (G1:G1
phase First gap phase. G2:G2 phase Second gap phase. M:M phase Mitosis phase. S:S phase
Synthesis phase.)

The rapid proliferation of cancer cells is closely linked to dysregulation within the cell
cycle. The cell cycle, which governs eukaryotic cell division and proliferation, is composed
of several phases: G1, S, G2, and M phases [5]. A sophisticated network of regulatory
mechanisms ensures orderly progression through these stages, maintaining cellular home-
ostasis [6]. However, cancer cells frequently evade this regulatory network, leading to
uncontrolled cell proliferation, apoptosis resistance, and differentiation blockage [7]. Ab-
normal cell cycle control presents a promising therapeutic target, as interfering with key
cell cycle phases can effectively induce cell cycle arrest or promote apoptosis in cancer cells.

Recently, precise electromagnetic (EM) modulation has garnered substantial attention
in cancer therapy due to its unique benefits, including non-invasiveness, adaptability, and
low side effect profiles [8]. This technology employs specific electromagnetic frequencies to
modulate cell cycle progression, selectively inhibiting cancer cell proliferation and accel-
erating apoptosis (Figure 1b) [9]. Unlike conventional therapies, precise EM modulation
does not rely on chemotherapeutic agents and allows for frequency adjustments tailored to
specific cancer cell types, thereby reducing resistance and sparing normal cells from unnec-
essary damage. Studies suggest that electromagnetic fields can interfere with microtubule
dynamics within cancer cells, blocking mitosis by arresting cells in the M phase, while also
enhancing reactive oxygen species (ROS) production, which activates mitochondrial apop-
tosis pathways [10-12]. This non-invasive approach also reduces infection and scarring
risks associated with surgical treatments, potentially shortening patient recovery times and
lowering healthcare costs.

Although precise EM modulation shows significant promise in cancer treatment,
current theoretical understanding and experimental data are insufficient for widespread
clinical application [13]. The effects of different electromagnetic frequencies on various
cancer cell types are still complex, and the therapeutic efficacy has yet to be thoroughly
validated in clinical trials [14]. Further research is necessary to elucidate the precise mecha-
nisms through which electromagnetic fields interact with the cell cycle in cancer cells and
to establish optimal treatment protocols for diverse cancer types. This review aims to sum-
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marize recent advancements in cell cycle-targeted electromagnetic modulation, highlight
its therapeutic potential in oncology, and provide insights into future research directions.

2. Cell Cycle and Tumor Growth

The cell cycle encompasses a series of events through which a single cell divides to form
two daughter cells. It typically consists of interphase (comprising G1, S, and G2 phases)
and the mitotic (M) phase (Figure 2a) [15,16]. During the G1 phase, RNA and proteins
essential for DNA replication are synthesized. In the S phase, chromosomal replication and
DNA synthesis occur under precise regulatory control to ensure that each daughter cell
receives a complete set of genetic information (Figure 2b). The G2 phase involves further
growth, synthesis of additional RNA and proteins, and preparation for mitosis. The M
phase marks the cessation of cellular growth and the physical division of the cell into two
daughter cells, achieving an accurate distribution of genetic material between them. Each
cell cycle stage is governed by a complex set of regulatory mechanisms, including various
cell cycle checkpoints, which ensure that DNA replication and cell division proceed at the
correct times and prevent damaged DNA from being transmitted to daughter cells [17].
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Figure 2. Overview of the cell cycle in normal and tumor cells. (a) The cell cycle typically consists of
interphase (comprising G1, S, and G2 phases) and the mitotic (M) phase. (b) The dysregulation of
cell cycle in tumor cells often involves aberrant expression and functional impairment of cell cycle
regulatory molecules. (i) Overexpression or aberrant activation of Cyclin D and CDK4/6 results in
rapid cell progress through the G1 phase to the S phase. Mutations or inactivation of p53 and Rb
proteins make it impossible for cells to detect and repair DNA damage or prevent cells from entering
the S phase. (ii) Overexpression or activation of Cyclin E and CDK2 promotes the progression
of S phase. Mutations in DNA repair genes make it impossible for cells to repair DNA damage.
(iii) Overexpression or activation of Cyclin A and CDK2 promotes rapid passage of cells through
G2 phase to M phase. (iv) The inactivation of DNA damage checkpoint proteins prevents cells from
effectively detecting and repairing DNA damage. (v) Overexpression or activation of Cyclin B and
CDK1 promote cell progress.

In tumor cells, cell cycle regulation is disrupted, resulting in uncontrolled proliferation.
This dysregulation often involves the aberrant expression and functional impairment of
cell cycle regulatory molecules [18]. Cyclins, which are essential for advancing through
specific cell cycle phases, are significantly upregulated in many cancers [19]. These proteins
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activate cell cycle transitions from one phase to the next. Meanwhile, Cyclin-dependent
kinase inhibitors (CKlIs) typically function to suppress Cyclin-dependent kinases (CDKs),
halting cell cycle progression when necessary. However, in numerous cancers, CKIs lose
their regulatory roles due to genetic mutations, downregulated expression, or functional
inhibition, leading to uncontrolled cell cycle progression and excessive proliferation. In
tumor cells, signaling pathways frequently upregulate positive regulators of the cell cycle,
such as Cyclins and CDKs, or inhibit negative regulators, such as CKIs [20-22]. This enables
tumor cells to bypass checkpoint restrictions and continuously progress through the cell
cycle [23,24].

Unlike normal cells, tumor cells evade cell cycle regulation, resist natural clearance
mechanisms, and achieve limitless proliferation [25]. Tumor-initiating cells, or cancer
stem cells, are the foundation of this proliferative potential; they possess self-renewal and
differentiation capabilities that sustain proliferative signals, evade growth suppression, and
counteract apoptosis [26]. Tumor growth is further influenced by the tumor microenviron-
ment, which provides nutritional and signaling support while suppressing normal immune
responses, allowing sustained proliferation within the host body [27]. Dysregulated cell
cycle control is fundamental to tumor development, and manipulating cell cycle check-
points can enhance cancer cell sensitivity to chemotherapeutic agents, halting proliferation.
Therefore, understanding cell cycle regulatory mechanisms, identifying inhibitors of key
signaling pathways, and targeting specific cell cycle proteins offer viable strategies for
cancer treatment [28]. CDK4 and CDKS, for instance, are major therapeutic targets, and
several inhibitors, including palbociclib, ribociclib, and abemaciclib, have shown clinical
efficacy against malignancies. Apart from CDK4/6, Cyclin E and CDK2 are potential
targets, while inhibitors of checkpoint proteins such as ATM, ATR, CHK1, and WEE1 are
under clinical investigation to increase tumor cell susceptibility to chemotherapy [29-31].

Targeted cell cycle therapies have demonstrated effectiveness for certain cancer types.
However, the complexity and redundancy within the cell cycle regulatory network may
limit the efficacy of highly selective CDK inhibitors. Although first-generation CDK in-
hibitors have broad activity across multiple CDKs and can disrupt the cell cycle and limit
cell proliferation by reducing CDK enzyme activity, they have poor selectivity and high
toxicity. Therefore, overcoming drug resistance in tumor cells and minimizing damage
to normal cells are current research priorities in advancing cell cycle-targeted therapies.
The development strategy for CDK4/6 inhibitors mainly focuses on the following six key
areas: (1) Developing more specific inhibitors for CDK4/6 to reduce toxicity to normal
cells [32]. (2) Exploring effective combination therapies to enhance efficacy and reduce
resistance [33,34]. (3) Designing next-generation inhibitors that focus on improving chem-
ical structures to overcome the limitations of traditional drugs and extend to targeting
downstream molecules of CDK4/6, such as E2F transcription factors [35]. (4) Optimizing
intermittent dosing regimens to alleviate side effects like inhibition [36]. (5) Identifying
more biomarkers to provide a basis for patient selection [37]. (6) In-depth studies on re-
sistance mechanisms have revealed causes of treatment failure, such as Rb mutations and
CDK&6 amplification, providing new targets to overcome resistance [38]. These strategies
collectively drive the evolution of CDK4/6 inhibitors from first-generation to more effective
and safer treatment options [39].

3. Electromagnetic Effects on Cells

Electromagnetic fields (EMFs) cover a broad spectrum of non-ionizing radiation, from
static magnetic fields to visible light. There is no absolutely unified standard for classifying
the frequencies in the field of bioelectromagnetics [40]. Depending on the research objec-
tives, different researchers and institutions may use slightly different classification methods.
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The following introduces a commonly used classification: static fields (f = 0 Hz), extremely
low frequency (ELF, 0 Hz < f < 300 Hz), intermediate frequency (IF, 300 Hz < f < 500 kHz),
and radio frequency (RF, 500 kHz < f < 300 GHz) [41,42]. Notably, most EMF frequencies
utilized in therapeutic applications fall within the ELF range, highlighting their significance
in treatment modalities. The biological effects of low-frequency magnetic fields are charac-
terized by their non-invasive, non-ionizing, and non-thermal properties [41]. These fields
can enhance cellular oxidative stress responses while also regulating apoptotic signaling
pathways. Specifically, they can alter intracellular calcium (Ca?*) concentrations, leading to
apoptosis [43,44]. This capacity to influence cellular signaling is central to the therapeu-
tic efficacy of ELF-EMF exposure. In contrast, RF exposure is primarily associated with
tissue heating, an effect that has been unequivocally demonstrated in various biological
organisms [45]. Despite extensive research, no definitive deleterious effects, such as the
development of cancer, have been observed in exposed animal subjects [25].

EMFs significantly influence cell cycle regulation through their interaction with intra-
cellular metal ions and ion channels. Metal ions such as calcium, zinc, and iron serve as
key cofactors in cellular processes, including signal transduction, energy metabolism, and
DNA repair. EMFs can modulate the concentration and activity of these metal ions, thereby
regulating cell proliferation and cell cycle progression. For instance, EMF affects intracellu-
lar calcium levels and distribution, which in turn regulates calcium-dependent signaling
pathways, influencing various phases of the cell cycle, particularly the transition between
G1 and S phases. Ca?*, as critical signaling molecules, directly regulate cell proliferation
and division [46,47].

With the involvement of transition metals like iron and zinc, EMFs may alter the
balance of metal ions within the cell, subsequently affecting the activity of enzymes related
to the cell cycle. For example, Fe*, by interacting with iron-sulfur clusters, regulates the
function of several key enzymes, and EMFs can influence the activity of these enzymes by
modulating iron states, thereby impacting the cell cycle [48]. Additionally, Fe?* can interact
with EMFs to form radical pairs, subsequently inducing effects such as DNA damage and
lipid peroxidation. Zn?* plays an important role in various stages of the cell cycle, and
EMFs may also indirectly regulate key proteins and signaling pathways related to the cell
cycle by altering zinc ion concentrations, thus affecting tumor cell proliferation [49].

EMFs also influence the activity of ion channels in the cell membrane, regulating
cellular membrane potential and ion flow, which significantly impacts the cell cycle and
proliferation. Ion channels such as calcium and sodium channels play a crucial role in cell
cycle regulation, and EMFs can modulate these channels’ activities, adjusting intracellular
concentrations of calcium, sodium, and potassium, and altering the cell’s membrane
potential and physiological state [50]. This modulation of membrane potential and ion
channel activity not only affects cell proliferation but may also promote or inhibit the entry
of cells into apoptotic or autophagic pathways [51].

EMF exposure also induces oxidative stress by increasing free radical production and
reducing antioxidant enzyme activity, potentially damaging biological macromolecules [52].
It elevates intracellular calcium levels by activating voltage-gated calcium channels
(VGCCs), subsequently triggering protective responses through the nitric oxide-cGMP-
protein kinase G signaling pathway [53]. Furthermore, EMF exposure has been shown to
reduce cell viability by increasing membrane permeability. This effect is especially notable
in studies examining breast cancer MCF-7 cells compared to normal MCF-10 cells, though
similar impacts have been observed in human buccal epithelial cells and bacterial cells [25].
The influence of EMFs on cell proliferation and differentiation, particularly in stem cells,
varies by frequency and intensity. Low frequencies tend to promote both proliferation
and differentiation, especially in osteogenic and neuronal lineages [54]. Beyond these



Int. ]. Mol. Sci. 2025, 26, 4445

6 of 25

effects, EMF exposure can also lead to genotoxic outcomes, including increased DNA
strand breaks and chromosomal abnormalities [55]. Finally, EMFs can induce cell death
through both apoptosis and necrosis [56]. Evidence suggests that low-energy microwave
radiation may specifically enhance apoptotic processes. However, it is important to note
that cellular responses can vary significantly depending on exposure parameters and the
quality of the studies conducted [57]. Electromagnetic fields (EMFs), particularly extremely
low-frequency EMFs (ELF-EMFs), have drawn significant attention due to their complex
interactions with living cells. Over the past 25 years, studies have explored how ELF-EMF
exposure affects cellular and molecular behavior, with a focus on cancer cell metabolism
and tumor progression [58]. This section reviews these effects, with emphasis on cellular
electrophysiology and tumor cell cycle regulation. Exposure to ELF-EMF, especially at
frequencies around 50/60 Hz, has been shown to alter the cell signaling pathways directly
related to cell proliferation [52]. Such interference in signaling pathways affects various
biological processes and potentially impacts cell growth and development. Studies sug-
gest that ELF-EMF may disrupt redox signaling within cancer cells due to the distinctive
electrical behaviors of these cells compared to normal cells [59]. Disruption of these critical
signaling mechanisms can lead to programmed cell death (apoptosis) in cancer cells [60].
Thus, regulating signal transduction pathways through ELF exposure presents a promising
approach for cancer therapy.

The tumor-suppressive effects of ELF-EMF have gained recent support, suggesting
that ELF-EMF may exert inhibitory effects on tumors, notably in breast cancer. Pulsed
low-frequency EMF (PMF) has emerged as an effective strategy to alter cancer cell mem-
brane integrity, selectively damaging cancer cells without the need for ionizing radiation or
cytotoxic drugs [61]. Consequently, PMF can serve as an adjunctive treatment to enhance
the delivery of anticancer drugs to targeted tumor cells. These mechanisms underscore
the potential of ELF-EMF in clinical settings by reducing the harmful side effects often
associated with conventional cancer therapies. ELF-EMF also modulates the tumor mi-
croenvironment [62]. Trefoil Factor 2 (TFF2) is an anti-inflammatory peptide capable of
inhibiting the proliferation of myeloid precursor cells. Research has shown that vagus nerve
stimulation (VNS) can increase TFF2 expression, subsequently reducing the accumulation
of myeloid-derived suppressor cells (MDSCs) in tumors [63]. This reduction is crucial for
enhancing T cell immune responses, highlighting the role of the nervous system in tumor
progression [64]. Therefore, electromagnetic stimulation may offer a therapeutic pathway
to boost immune responses against tumors, minimizing the side effects associated with
drug interventions.

Based on the current understanding of the interactions between electromagnetic fields
(EMFs) and biological systems, as well as tumor cells, designing effective EMF-based cancer
therapies requires several key factors to be considered. The optimization of frequency is
the primary consideration in such treatments, as different types of cancer may respond
best to specific frequency ranges [65]. At the same time, the precise control of field strength
is equally crucial to ensure sufficient biological effects while avoiding potential harmful
consequences [66]. Exposure duration and patterns are also important factors in treatment
design, and the choice between intermittent or continuous exposure should be based on the
significant impact of different exposure time patterns on cellular responses. Some cancers
may respond better to pulsed EMF than to continuous EMF exposure [67].

Additionally, the design of EMF treatment should consider its synergistic effects
with conventional therapies such as chemotherapy, radiotherapy, and immunotherapy
to enhance overall efficacy [68]. The physical characteristics of the tumor microenviron-
ment, such as tissue density, oxygenation status, and pH, can significantly influence EMF
penetration and efficacy and thus should be incorporated into the treatment design [69].
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Regarding biomarkers for predicting tumor sensitivity to EMFs, the expression level
of voltage-gated calcium channels (VGCCs) is considered an important indicator. As the
primary mediators of EMF effects, the differential expression of VGCC subtypes can predict
tumor responsiveness. Not only L-type channels but also T-type, N-type, and P/Q-type
channels may exhibit greater sensitivity to EMF exposure [70]. Intracellular redox markers,
including reactive oxygen species (ROS) levels, antioxidant enzymes, and glutathione,
can also serve as biomarkers for predicting EMF efficacy, as EMF is known to regulate
oxidative stress responses [71]. Calcium-dependent signaling molecules, heat shock protein
expression profiles (especially HSP70 and HSP90), as well as membrane potential and ion
channel expression patterns may also serve as important biomarkers for predicting EMF
treatment responses [72,73]. The reproducibility of EMF treatment across different types of
tumors will benefit from the comprehensive characterization of these biomarkers in pre-
treatment tumor biopsies, thus supporting the personalized selection of EMF parameters.
Furthermore, the real-time monitoring of cellular responses during initial treatment can
enable the adaptive optimization of EMF parameters for individual patients [74]. This field
requires further systematic research to correlate these potential biomarkers with treatment
outcomes across different cancer types, ultimately establishing validated predictive tools
for EMF treatment efficacy.

Emerging evidence indicates that ELF-EMF affects the epigenetic mechanisms in-
volved in cancer progression. This influence occurs through the regulation of DNA methy-
lation, histone modifications, and microRNA (miRNA) expression, which are essential
for maintaining cellular homeostasis [75,76]. These mechanisms disrupt fundamental pro-
cesses like DNA damage repair, apoptosis, and cell cycle regulation. Notably, researchers
found that a 0.2 T, 400 Hz non-sinusoidal magnetic field (NSMF) significantly suppressed
Bcl-2 expression and upregulated caspases 3 and 9 in Bel-7402 cancer cells, indicating
activation of the intrinsic apoptotic pathway and enhanced tumor cell death [77].

EMFs differ from pharmacological epigenome modifiers in multiple ways: EMFs
primarily affect epigenetic states indirectly through oxidative stress [50], while epige-
netic drugs directly target specific enzymes; EMFs lack specificity and affect multiple
gene loci, whereas modern epigenetic drugs exhibit higher specificity [78]; EMFs demon-
strate complex and inconsistent dose—effect relationships with nonlinear dose-response
characteristics, while drugs show more predictable relationships [79]; the duration of
EMF-induced epigenetic changes remains uncertain, whereas drug effects typically have
well-defined characteristics [80]; and in terms of clinical applications, EMFs remain in the
exploratory stage, while multiple epigenetic drugs have received FDA approval for cancer
treatment [81].

4. The Effects of EMFs on Tumor Cell Dynamics and Synergistic Potential
with Conventional Treatments

Low-frequency EMFs exhibit a strong inhibitory effect on tumor cell proliferation
while sparing normal cell growth. Studies reveal that extremely low-level 27.12 MHz
radiofrequency EMFs, modulated at specific frequencies, can inhibit tumor cell growth
by altering gene expression and disrupting mitotic spindles, with frequency-modulated
anti-proliferative effects showing both tumor and tissue specificity. Additionally, low-
intensity EMFs tend to be more effective in slowing down cell proliferation (Figure 3a) [82].
Exposure duration is also critical for the inhibition of cell proliferation. In tumor treat-
ment, the optimization of electromagnetic field exposure parameters (frequency, intensity,
and duration) directly affects clinical outcomes, but currently there is a lack of system-
atic guidelines for parameter selection. Electromagnetic field therapy has developed into
various applications based on different tumor types, showing significant therapeutic po-
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tential. (1) Tumor-Treating Fields (TTFields) has been incorporated as a standard adjuvant
treatment for glioblastoma multiforme (GBM), with an optimal frequency of 200-300 kHz
determined by clinical trial data, requiring patients to use the device for at least 18 h daily
to maintain anti-tumor effects [83]. (2) Radiofrequency ablation (RFA) is suitable for solid
tumors such as liver, kidney, and lung cancers, operating at a frequency of 450-500 kHz
with a treatment duration of 12-30 min, with these parameters being determined based on
thermal effects and tissue penetration [84]. (3) Low-intensity pulsed ultrasound (LIPUS) is
applied to tumors, with a frequency of 1-3 MHz and treatment sessions of 15-20 min, with
parameter settings aimed at balancing tissue damage and therapeutic efficacy [85]. How-
ever, extended EMF exposure often enhances inhibitory effects but may negatively affect
normal cells, thus requiring careful optimization. EMFs promote apoptosis in tumor cells
by increasing reactive oxygen species (ROS) production and regulating cellular signaling
pathways (Figure 3b) [86]. For example, ELF-EMFs have been found to induce apoptosis in
human osteosarcoma cells by increasing ROS levels and activating the p38 MAPK path-
way [87,88]. EMFs also activate mitochondrial pathways and extracellular signal-regulated
kinase (ERK) pathways, contributing to apoptosis induction (Figure 3c) [89]. However, ELF-
EMF-induced apoptosis varies depending on cell type; attached cancer and non-cancer cells
show significant responses, whereas non-adherent cancer cells exhibit little reaction [90].
Studies indicate that low-frequency EMFs can promote migration in certain cancer cells [91].
On the other hand, certain frequencies and intensities of EMFs have been shown to inhibit
tumor cell migration significantly by suppressing signaling pathways and promoting apop-
tosis [92,93]. EMFs also impact tumor cell morphology, membrane structure, metabolism,
growth, adhesion, immune response, and microcirculation, contributing to reduced tumor
recurrence risk [94].
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Figure 3. EMFs’ effect on tumor cells. (a) Inhibiting cell proliferation. (i) Altering gene expression.
(ii) Disrupting mitotic spindles. (b) Promoting cell apoptosis. (i) Increasing ROS production. (ii) Reg-
ulating cellular signaling pathways. (c) Inhibiting cell migration. (i) Suppressing signaling pathways.
(ii) Promoting tumor cell apoptosis.

EMFs exhibit notable synergy when combined with other treatments, such as physi-
cal therapies, radiotherapy, chemotherapy, and immunotherapy [95]. EMFs, when com-
bined with other physical therapies, enhance tumor treatment outcomes. For instance,
studies have shown that combining EMFs with ultrasound therapy can enhance local
thermal effects, accelerating tumor cell apoptosis or necrosis [96]. Combining EMFs with
radiotherapy significantly enhances the inhibitory effect on tumor cells, particularly by
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increasing tumor cell radiosensitivity [97,98]. Specific EMF frequencies not only increase
tumor cell apoptosis but also inhibit DNA damage repair, thus boosting radiotherapy
effectiveness [56]. EMFs demonstrate synergy with chemotherapy drugs, allowing for dose
reduction while maintaining anticancer effects, which reduces side effects and increases
patient tolerance. Research shows that EMFs can improve chemotherapy drug permeability,
enhancing cytotoxicity against tumor cells [99]. For example, ELF-EMFs combined with pa-
clitaxel increased the drug’s cytotoxic efficacy [43]. Additionally, alternating electric fields
enhance chemotherapy by affecting cell membrane permeability, disrupting cancer cell
division [100]. EMF application can enhance the efficacy of immunotherapy by increasing
immune cell activity and enhancing penetration into the tumor microenvironment, thereby
improving the anti-tumor response of immunotherapy [101,102]. Research indicates that
EMF has synergistic effects with anti-PD-1/PD-L1 therapy, and EMF-induced ICD can
enhance tumor antigen presentation and T cell activation. Furthermore, research indicates
that the timing sequence between EMF and immunotherapy is crucial; EMF treatment prior
to checkpoint inhibition may be more effective [103].

5. Precise Electromagnetic Regulation of the Cell Cycle

This section discusses the application of precise electromagnetic regulation on the
cell cycle of tumor cells, which promises to bring revolutionary breakthroughs to cancer
treatment. We will introduce the technology in three aspects of cell cycle regulation.
Cellular electrophysiological signals, such as membrane potential [104,105], ion channel
activity [106], and intracellular ion concentration, play a critical regulatory role at various
stages of the cell cycle and are closely related to the health and functionality of the cell.
A feedback control system based on electrophysiological signals can monitor changes in
these signals and adjust the cellular environment or external stimuli accordingly, thereby
maintaining or restoring the normal functional state of the cells. For example, during
different cell cycle phases such as the G1 and G2 phases, variations in membrane potential
and ionic concentrations can be dynamically tracked using technologies like embedded
microelectrode arrays (RoMEA) [107], electrical impedance tomography (EIT) [108], and
bioimpedance spectroscopy (BIS) [109]. Interventions can then be applied for precise
targeting. By adjusting EMF frequency and intensity in real time based on feedback
information, EMF can be targeted to affect tumor cells at specific stages while minimizing
interference with normal cells.

Different tumor cell types and their cycle dynamics respond differently to electromag-
netic fields. Adaptive control methods [110] have been developed to track and suppress can-
cer cell proliferation and optimize electromagnetic device settings through multi-objective
algorithms, which are central to the development of EMF control in cancer treatment.
Through a feedback control system based on cellular electrophysiological signals, the
precise targeting of electromagnetic regulation can be achieved. Constructing a feedback
control system with sensors, signal processors, and actuators enables the real-time monitor-
ing of target cells’ electrophysiological states, such as ion channel activity and membrane
potential. This feedback system can adjust EMF parameters based on the cell’s cycle and
physiological state, influencing activities like tumor cell cycle protein expression, apoptosis
markers, and membrane permeability to achieve optimal inhibitory effects [111]. Machine
learning and artificial intelligence algorithms are also helpful in designing electromagnetic
parameters [112]. Machine learning algorithms have already been applied to analyze
electrochemical signals [2]. For example, as illustrated in Figure 4, real-time monitoring
of cell cycle-specific electrophysiological features, such as membrane potentials and ion
concentrations, enables machine learning algorithms to analyze and learn from the data.
This process facilitates the development of predictive models that determine how various
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tumor cell types respond to different EMF parameters, ultimately allowing for the selection
of optimal parameters to regulate the tumor cell cycle. This facilitates the selection of
optimal parameter combinations, improving accuracy and efficiency.
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Figure 4. Feedback mechanisms based on electromagnetic modulation of cellular potentials. (a) Ac-
quiring information about the potentials of different cell cycles. (b) Algorithm modeling based
on acquired data. (c) Calculating the current optimal electromagnetic parameters according to the
algorithm. (d) Applying the most appropriate parameters to the cell.

In recent years, several key breakthroughs in EMF regulation technology have pro-
moted advancements in electromagnetic regulation therapy. Firstly, high-throughput
screening (HTS) is a widely used experimental technique in biological and medical research.
HTS, through automated processes and efficient data acquisition, can rapidly screen a
large number of compounds or biological factors for specific bioactivities [113,114]. This
technology, crucial in drug discovery, gene screening, and cell signaling studies [115-117],
is also applicable to studying tumor cell electrophysiology under different EMF parameters.
Advancements in electromagnetic field regulation equipment design are another critical
area. By implementing specialized structural designs, these devices can provide a more sta-
ble EMF, enhancing precision and stability while reducing external interference [118,119].
They can also integrate real-time frequency monitoring and adaptive feedback mecha-
nisms [120,121], allowing for automated frequency or intensity adjustments in line with
different cell cycle phases. New gain and dissipation technologies enable devices to adjust
EMF based on cellular feedback signals at various cycle stages, achieving the precise control
of tumor cells. Together, high-throughput screening and the design of electromagnetic
regulation equipment constitute the two primary innovations in EMF regulation technology.
HTS can quickly evaluate the impact of numerous compounds or genetic variations on bio-
logical processes, facilitating the identification of sensitive cell populations for EMF-based
modulation, thus providing a scientific foundation for precision therapy.

6. Application Cases and Challenges

In recent years, electromagnetic modulation has made significant strides in cancer
treatment (Figure 5), with various successful applications. One notable technique is Tumor-
Treating Fields (TTFields), which has been extensively researched for treating different
types of tumors, including glioblastoma, mesothelioma, and liver cancer [122,123]. TTFields
utilizes specific frequencies and intensities of electric fields to disrupt the mitotic process
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of cancer cells, thereby inhibiting tumor growth and spread [124]. Its non-invasive nature
and minimal impact on healthy cells present TTFields as a promising and relatively safe
treatment option for cancer patients [125]. The first human trial using TTFields was the
EF-02 study, which included patients with various tumor types such as breast cancer,
malignant melanoma, pleural mesothelioma, and glioblastoma (GBM). Patients underwent
TTFields therapy at frequencies of 100-200 kHz with an electric field strength of 0.7 V/cm
over a 2-4-week period. Among six participants, one patient with metastatic breast cancer
exhibited partial remission, and the treatment demonstrated good tolerability with an
adherence rate of 80%, experiencing only grade 1 skin irritation as a side effect, showcasing
the potential of TTFields [126,127].

TTFields
Low-fr nc
EF-02 EF-07/EF-14/EF-32 ow-lrequency
electromagnetic fields

© 100-200 kHz The TTFields combined Use a spoon-shaped antenna to
@ 0.7 Vicm with radiotherapy and deliver electromagnetic fields
® Over a 24 weeks TMZ. internally.

Significant improvements in Inhibit the growth of malignant
Good tolerance and

overall survival for the tumor and the curative effect is
minimal side effects. o

combination therapy group. remarkable.

Figure 5. An introduction to the successful cases and efficacy evaluation of electromagnetic regulation
in specific tumor treatment.

In 2004, a pilot clinical trial (EF-07) on TTFields for treating GBM recruited 20 pa-
tients (10 with recurrent GBM and 10 newly diagnosed GBM) [128]. Newly diagnosed
GBM patients received postoperative radiation therapy and adjuvant temozolomide (TMZ)
chemotherapy, and received TTFields treatment while on maintenance TMZ therapy, and
they showed progression-free survival (PFS) of 155 weeks and overall survival (OS) ex-
ceeding 39 months, significantly longer than contemporaneous control patients” PFS and
historical control patients” OS [129]. Recurrent GBM patients received TTFields as the sole
salvage therapy, having a median time to disease progression (TTP) of 26.1 weeks and a
median OS of 62.2 weeks, which was more than double that of the historical controls. Ten
years later, the EF-14 trial confirmed that the combination of TMZ with TTFields resulted in
superior outcomes compared to TMZ alone, with a median PFS of 6.7 months and median
OS of 20.9 months [130]. For patients experiencing their first recurrence, those receiving
TTFields in combination with chemotherapy had a median survival of 11.8 months, com-
pared to 9.2 months for those undergoing chemotherapy alone [131]. The prospective
TIGER study (NCT03258021) involved 429 newly diagnosed glioblastoma patients treated
with TTFields [132]. As of 1 June 2024, the results indicated a median overall survival of
19.6 months and a median progression-free survival of 10.2 months, with one-, two-, three-,
and four-year survival rates of 79.2%, 42.4%, 31.5%, and 27.7%, respectively. This result
was aligned with EF-14 and once again validates the effectiveness of TTFields in the real-
world setting. The EF-32 trial further investigated the efficacy of the TTFields combined
with radiotherapy and TMZ, showing significant improvements in overall survival for the
combination therapy group [133].

In addition to glioblastoma, TTFields has shown significant therapeutic effects in a
variety of other malignant tumors. Studies have demonstrated that TTFields significantly
improves survival in patients with malignant pleural mesothelioma, with 1-year and 2-year
survival rates of 62.2% and 41.9%, respectively, and no serious adverse events related to the
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treatment [134]. In non-small-cell lung cancer (NSCLC), TTFields effectively inhibits tumor
cell proliferation and, when combined with chemotherapy drugs, significantly extends
patient survival [135]. TTFields also shows good results in pancreatic cancer, significantly
inhibiting cancer cell proliferation and improving patient survival [136]. For liver cancer
patients, TTFields combined with sorafenib significantly enhances efficacy without causing
systemic side effects [137]. Additionally, TTFields has shown synergistic effects in the
treatment of ovarian cancer, gastric cancer, and other malignancies, particularly when used
in combination with chemotherapy and immunotherapy, significantly improving patient
survival rates [138,139]. These studies suggest that TTFields not only effectively treats
glioblastoma but also shows great potential in the treatment of many other tumor types,
offering a broad range of applications.

Despite the promising prospects of TTFields in certain clinical applications, this tech-
nology still faces multiple challenges. First, the significant structural differences in tissues
across various organs of the human body necessitate the customization of electric field
parameters and the optimization of treatment plans for specific tumor types, along with fur-
ther clinical research [67]. Second, while TTFields has the advantage of being a non-invasive
treatment, it can still cause discomfort such as skin irritation, redness, and pain, and the
existing care protocols require improvement [140]. In certain cases, TTFields may also
interfere with normal dividing cells, leading to adverse reactions. Additionally, patients
may refuse to shave their heads due to esthetic concerns [141]. Moreover, the long-term ef-
fectiveness of TTFields and the potential issue of resistance deserve attention, as prolonged
use may lead to adaptive changes in tumor cells, reducing treatment efficacy [142]. Finally,
the high cost of the technology (approximately EUR 240,000) severely limits its widespread
use in resource-limited areas [143]. Overcoming these limitations is crucial to fully unlock
the therapeutic potential of TTFields and provide patients with safer and more effective
cancer treatment options.

In addition to TTFields [144,145], high-frequency electromagnetic field therapy plays
an important role in the treatment of solid tumors. High-frequency electromagnetic field
therapy mainly includes radiofrequency ablation (RFA), microwave ablation (MWA), ca-
pacitive coupling high-frequency field hyperthermia, and electromagnetic nanoparticle
hyperthermia. These techniques deliver precise electromagnetic energy to achieve the
targeted treatment of tumor tissues while maximizing the protection of the surrounding
healthy tissues. High-frequency electromagnetic field therapy has shown significant effi-
cacy in a variety of solid tumors, with advantages such as minimal trauma, quick recovery,
and repeatability, making it an important treatment option beyond surgery, radiotherapy,
and chemotherapy.

Radiofrequency ablation (RFA) uses high-frequency electromagnetic fields around
500 kHz, delivered via an electrode needle inserted directly into tumor tissue, gener-
ating localized high temperatures (60-100 °C), which causes protein denaturation and
irreversible cell death. In the treatment of liver cancer, long-term follow-up studies by
Takayama and others have shown that for early-stage hepatocellular carcinoma patients
with tumors < 3 cm in diameter, the 5-year survival rate after RFA treatment can reach
40-60%, approaching the results of surgical resection, while significantly reducing com-
plications and hospital stay time [146]. For inoperable lung cancer, a study by Simon et al.
showed that the local tumor control rate after RFA treatment reached 78%, with 1-year,
2-year, and 3-year survival rates of 78%, 57%, and 36%, respectively, and about 90% of
patients could be discharged within 24 h after RFA treatment [147]. In the treatment of bone
metastases, RFA not only effectively alleviates pain but also reduces the risk of fractures
and improves patients’” quality of life.
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Microwave ablation (MWA) uses higher-frequency electromagnetic waves (915 MHz-
2.45 GHz), which can generate a wider and more uniform thermal effect in a shorter
amount of time, raising the tissue temperature to above 150 °C. Cui et al. analyzed and
compared the effects of MWA and RFA in the treatment of hepatocellular carcinoma and
found that for patients with moderately or poorly differentiated HCC, the 5-year overall
survival rate in the MWA group was significantly higher, and the complete ablation rate
was significantly higher than that of the RFA group [148].Liu et al. analyzed and suggested
that radiofrequency ablation (RFA) appears to be more effective than microwave ablation
(MWA) in the treatment of lung cancer/lung metastases (LC/LMs), showing better survival
rates (overall survival, OS, and progression-free survival, PFS), with comparable safety.
The advantage of PFS increases as survival time is prolonged [149].

Capacitive coupling high-frequency field hyperthermia (13.56 MHz) applies high-
frequency electric fields to the target area through external electrode plates, maintaining
tissue temperatures between 40 and 44 °C. It does not directly kill tumor cells but enhances
their sensitivity to radiotherapy and chemotherapy and activates immune responses. A
randomized clinical trial, EORTC 62961-ESHO 95, conducted by Issels et al. on 341 high-risk
soft tissue sarcoma patients, showed that the median overall survival (67.3 months) in
the local hyperthermia combined with chemotherapy group was significantly longer than
the chemotherapy-only group (29.2 months) [150]. In the treatment of locally advanced
breast cancer, a randomized multicenter study by the European Society for Hyperthermic
Oncology (ESHO 1-85) demonstrated that adding hyperthermia as an adjunct to radiother-
apy significantly improved treatment outcomes. This study found that the combination
of hyperthermia and radiotherapy resulted in a higher local control rate and increased
complete response rates compared to radiotherapy alone. This effect was particularly
evident in patients with larger tumors or those who had failed previous radiotherapy.
Additionally, the combined treatment was well tolerated, with no significant increase in
side effects. This study supports the use of hyperthermia as an effective adjuvant therapy
to enhance the efficacy of radiotherapy in locally advanced breast carcinoma [151].

Electromagnetic nanoparticle hyperthermia combines bio-targeted nanoparticles and
high-frequency electromagnetic fields to achieve more precise tumor hyperthermia. This
method first delivers magnetic nanoparticles (usually coated iron oxide particles) to the
tumor tissue and then applies an alternating magnetic field (usually hundreds of kHz) to
generate heat from the nanoparticles [152]. A study by Mahmoudi et al. showed that after
combining magnetic nanoparticle hyperthermia with radiotherapy, the median survival
was significantly longer than that for the historical control group, with mild treatment-
related side effects [153].

Clinical applications have proven that these high-frequency electromagnetic field
therapies have multiple advantages in tumor treatment: (1) minimal invasiveness, making
them suitable for high-risk surgical patients; (2) precise targeting of the treatment area,
reducing damage to normal tissues; (3) quick recovery, with most patients able to be
discharged within 2448 h; (4) repeatable application, especially suitable for recurrent or
metastatic tumors; and (5) can be combined with other treatments (such as chemotherapy,
radiotherapy, immunotherapy) to produce synergistic effects. With the advancement of
imaging guidance technologies and improvements in electromagnetic field control accuracy,
these treatment methods are rapidly evolving from palliative to curative therapies and are
expected to play a more important role in future comprehensive cancer treatment.

A study conducted by Swiss, French, Brazilian, and American researchers highlighted
remarkable results using low-frequency electromagnetic fields in treating malignant tu-
mors. Patients used a spoon-shaped antenna to deliver electromagnetic fields internally,
resulting in tumor volume reductions or stabilization after three weeks of treatment, while
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surrounding healthy cells remained unaffected. A clinical study on rotating magnetic field
therapy enrolled 77 patients in the magnetic field (MF) group. Compared with the control
group, more patients (66.7% vs. 25.9%) who received the low-frequency rotating magnetic
field improved their quality of life at day 21 without an increase in adverse events [154].

Despite the promise of electromagnetic modulation in clinical cancer treatment, several
technical challenges remain, as shown in Figure 6. Firstly, the limited penetration of electro-
magnetic fields into biological tissues poses a significant challenge for treating deep-seated
tumors [155]. Several methods can be employed to address the issue of electromagnetic
field penetration depth in biological tissues. First, using higher-frequency electromagnetic
fields can increase their penetration ability, but it is necessary to balance frequency with
biological safety [156]. Secondly, combining magnetic nanoparticles (MNPs) can enhance
the localized effect of the electromagnetic field under an external magnetic field, improving
the treatment of deep-seated tumors [157]. Additionally, multimodal therapies, such as the
combination of electromagnetic fields with hyperthermia, radiotherapy, or immunotherapy,
can overcome the limitations of penetration depth [158]. Ultimately, adjusting the electric
field strength and application method can also precisely target deep tumors while minimiz-
ing damage to normal tissues [159]. Integrating these methods can effectively improve the
efficacy of electromagnetic field therapy for deep-seated tumors. Additionally, different
tissue types exhibit varying absorption and scattering characteristics, leading to uneven
energy attenuation during penetration, thereby affecting treatment efficacy. It is imperative
to minimize damage to healthy tissues while employing electromagnetic fields for tumor
treatment. However, the spatial resolution of electromagnetic fields is restricted by wave-
length, making it difficult to precisely control the treatment area, potentially jeopardizing
nearby healthy tissues [160]. Research on the effects of electromagnetic fields on normal
cells and optimizing treatment parameters to enhance safety is essential. Due to individ-
ual variations among cancer patients, it is crucial to tailor electromagnetic modulation
treatments to each patient’s specific circumstances [161]. Korshoej et al. systematically
analyzed the impact of different electrode array positions on the field distribution in tumor
regions and found that adjusting the electrode placement based on the tumor’s anatomical
location significantly enhances the field strength in the tumor area, particularly in brain
tumor treatment, where this adjustment is critical for optimizing the field distribution [162].
Ballo et al.’s research emphasizes the influence of tumor size on field strength distribution,
noting that larger tumors require more precise electrode configuration to ensure adequate
field coverage, thereby improving survival rates [142]. Mun et al. pointed out that different
tumor types have varying sensitivities to electric field frequencies, such as NSCLC being
most sensitive to 200 kHz, while ovarian cancer responds better to 150 kHz [83]. This
difference may be related to the distinct cell membrane characteristics and intracellular
structures of different tumors, suggesting that the optimal frequency should be adjusted
based on the tumor type to enhance efficacy. Lacouture et al. studied the impact of patients’
skin conditions on the TTFields treatment and recommended adjusting field strength and
treatment strategies based on patients’ skin sensitivity and previous treatment history to
reduce adverse reactions [140]. Additionally, Kasey Rangan et al. pointed out that the
special considerations for pediatric patients with gliomas necessitate the use of less harmful
treatment methods [163]. In conclusion, personalized electromagnetic field treatment plans
should comprehensively consider the tumor’s anatomical location, size, type, and the
patient’s physiological characteristics.
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Technical challenges and bottlenecks in therapeutic electromagnetic field applications
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Figure 6. Overview of the current technical challenges of electromagnetic regulation in clinical
transformation.

Addressing these technical challenges is vital for unlocking the full potential of electro-
magnetic modulation as a viable treatment for various malignancies. While electromagnetic
modulation presents great promise in cancer therapy; it is still regarded as an emerging
treatment modality, facing numerous challenges that limit its acceptance in the broader
medical community. The complex nature and variability of human tissues impact the
penetration and effectiveness of electromagnetic fields, underscoring the need for ongoing
research and innovation in this field.

7. Future Directions of Electromagnetic Control Technology in
Tumor Treatment

Electromagnetic control technology holds significant promise in overcoming major
challenges in cancer treatment, including tumor heterogeneity, the complexity of the tu-
mor microenvironment, and therapeutic side effects [164,165]. This technology allows for
highly specific spatiotemporal control, potentially enabling the modulation of tumor cell
proliferation, apoptosis, and repair processes in a patient-specific manner. For instance, by
targeting microtubule stability through magnetic field modulation, the metastatic potential
of certain tumor cells can be reduced [166]. As illustrated in Figure 7a, customized elec-
tromagnetic treatment plans tailored to each patient’s molecular and genetic profile could
improve treatment precision, with applications such as Tumor-Treating Fields (TTFields)
therapy exemplifying the capacity to inhibit tumor cell growth without relying on tumor-
specific mutations.

The integration of artificial intelligence (AI) with electromagnetic therapy has paved
the way for increasingly personalized cancer treatments. Al algorithms can analyze vast
clinical and electromagnetic parameter data [167,168], enabling real-time monitoring and
optimization of electromagnetic field parameters based on cellular responses, as shown
in Figure 7b. This smart system adapts electromagnetic exposure to enhance therapeutic
efficacy [169]. Additionally, combining electromagnetic modulation with immunotherapy
shows great potential, as electromagnetic fields can enhance tumor antigen presentation
and stimulate immune responses [170]. Emerging applications include coupling with
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immune checkpoint inhibitors and CAR-T therapies to amplify anti-tumor immunity
(Figure 7c) [171-173].
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Figure 7. Future directions of electromagnetic control technology in tumor treatment. (a) Customized
electromagnetic treatment plans tailored to each patient’s molecular and genetic profile. (b) Inte-
gration of artificial intelligence (AI) with electromagnetic therapy. (c) Combining electromagnetic
modulation with immunotherapy. (d) Application of nanotechnology in electromagnetic modulation.
(e) Electromagnetic modulation synergizes with traditional modalities.

Nanotechnology has further improved electromagnetic targeting and therapeutic
effectiveness [174]. Magnetic nanoparticles, for instance, can be designed to release drugs
or heat in response to electromagnetic fields [175], thus allowing precision delivery to tumor
sites (Figure 7d). These nanoparticles could also be used as biosensors to detect changes
in the tumor microenvironment, integrating diagnostics with therapy [176]. However,
the precise molecular mechanisms behind the cellular response to electromagnetic fields
require further exploration, as does the optimal combination of electromagnetic fields with
nanomaterials for clinical outcomes.

While still in the early stages, the clinical translation of electromagnetic control technol-
ogy shows promise. Beyond the direct modulation of tumor cell activity, electromagnetic
treatments can potentially synergize with traditional modalities like chemotherapy and
radiotherapy [177,178], minimizing side effects and addressing tumor recurrence risks
by activating immune cells in the tumor microenvironment or other means (Figure 7e).
Future research should focus on understanding tumor-specific response mechanisms, es-
tablishing individualized electromagnetic control parameters, and developing multimodal
treatment combinations [179]. Large-scale clinical trials are crucial for validating the safety
and efficacy of these therapies [180,181], alongside refining the reliability and usability of
electromagnetic devices for broader clinical application.

In conclusion, electromagnetic control technology represents a promising avenue for
personalized cancer therapy, offering a novel approach that could be integrated into clinical
oncology practices. Its ongoing development and clinical validation could provide not
only alternative treatment options but also a foundation for future cancer research and
innovative therapeutic strategies.
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