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Abstract

Magnetic fields (MFs), including static (SMFs) and extremely low-frequency electromag-
netic fields (ELF-EMFs), have recently emerged as potential modulators of anticancer
drug responses. Evidence indicates that MFs can influence membrane transport, oxidative
stress, DNA damage, apoptosis, and cell cycle regulation, thereby altering the efficacy of
chemotherapeutics and targeted agents. These effects are strongly dependent on MFs’ pa-
rameters and biological context, leading to synergistic, antagonistic and no-effect outcomes.
However, inconsistent exposure protocols, limited reproducibility, and scarce clinical val-
idation remain major obstacles. This review highlights current experimental findings,
proposes mechanistic links between MFs and drug action, and outlines key challenges for
advancing MF-based adjuvant strategies in oncology.

Keywords: magnetic field (MF); static magnetic field (SMF); extremely low frequency
electromagnetic field (ELF-EMF); antitumor agents; cancer therapy

1. Introduction
Cancer is a multifactorial disease and remains the second leading cause of mortality

worldwide, posing a profound global health and socioeconomic challenge [1]. Antitu-
mor drugs—including conventional chemotherapeutic agents, targeted therapies, and
other pharmacological interventions—play a central role in the treatment of malignant
tumors, particularly in advanced or metastatic stages where surgical and radiotherapeutic
options are limited. Yet, the long-term benefits of these therapies are often curtailed by
drug resistance, tumor microenvironmental barriers, and dose-limiting toxicities [2–4]. A
central challenge lies in selectively enhancing tumoricidal activity without exacerbating
systemic burden.

In recent years, biophysical approaches have drawn increasing attention in oncology.
Among them, magnetic fields (MFs) have emerged as a promising modality due to their non-
invasive nature, tunability, and capacity to influence cellular and molecular processes [5].
The inhibitory effects of static magnetic fields (SMFs) and low-frequency electromagnetic
fields (ELF-EMFs) have been studied against a wide variety of human cancer cell lines, such
as fibrosarcoma [6], colon carcinoma [6–8], leukemia [9–11], breast cancer [12–14], lung
cancer [15] and ascites carcinoma [16,17]. Clinical observations have further suggested
that MFs may improve survival and alleviate symptoms in patients with advanced gastric
cancer [18]. At the mechanistic level, MFs can modulate reactive oxygen species (ROS) gen-
eration [19], ion channel dynamics [20], apoptotic signaling [21], gene expression [22], and
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drug transport [23], all of which are intimately related to tumor cell sensitivity to antitumor
agents. These findings provide a rationale for combining MFs with pharmacological thera-
pies to improve treatment outcomes. However, tumor treating fields (TTFs) have already
demonstrated clinical success, particularly in glioblastoma, by applying low-intensity,
intermediate-frequency alternating electric fields (~200 kHz) to disrupt mitotic spindle
assembly and cytokinesis [24–26]. The approval of TTFs for clinical use underscores the
therapeutic potential of non-invasive physical fields in cancer management, highlighting
the feasibility of integrating physical biophysics with pharmacological interventions.

Given the “window effects” of MFs [27,28], variations in exposure parameters such
as intensity, frequency, and duration can lead to diverse biological outcomes. In this
review, we synthesize current evidence on MF–drug interactions, focusing on static and
low-frequency fields. We categorize the synergistic effects of MFs and antitumor agents
into four mechanistic domains: membrane transport, oxidative stress modulation, cell
cycle regulation, and apoptosis induction. Through this framework, we aim to provide
conceptual clarity and guide future studies toward clinical translation of MF-based adjuvant
cancer therapies.

2. Methods
We systematically searched PubMed, Web of Science, and Scopus for studies pub-

lished between 1996 and 2025 using the keywords “static magnetic field”, “extremely
low-frequency electromagnetic field”, “anticancer drug”, “chemotherapy”, “targeted ther-
apy”, and “drug resistance”. Inclusion criteria were: (1) original experimental studies
(in vitro, in vivo) or clinical reports that investigated the biological effects of externally
applied static or extremely low-frequency magnetic fields in combination with anticancer
drugs; (2) clear description of MF exposure parameters (intensity, frequency, exposure
duration) and drug treatment conditions; and (3) reported biological endpoints relevant to
drug action (viability, apoptosis, ROS, drug uptake, tumor growth, survival). Exclusion
criteria included purely theoretical papers without experimental data, studies lacking
sufficient exposure or outcome details, and reports using high-frequency electromagnetic
exposures outside the static/ELF range. Retrieved records were screened by title and
abstract, followed by full-text assessment. Data were extracted into structured tables in-
cluding experimental model, MF parameters, drug, endpoints, and principal outcomes. We
apologize for any relevant studies not captured despite our efforts.

3. The Types of Magnetic Fields
Humans are exposed daily to artificial and naturally occurring MFs that originate from

many different sources. For instance, there are MFs generated by permanent magnets and
electromagnetic fields produced by electric currents. Based on whether the magnetic field
strength and direction change over time, they can be categorized as static magnetic fields
(SMFs) or dynamic/time-varying magnetic fields (TVMFs). Compared to TVMFs, SMFs
exhibit certain advantages for investigating the mechanisms of magnetic field biological
effects due to fewer variable parameters and the absence of thermal effects. Classification by
magnetic field strength broadly includes weak magnetic fields (<1 mT), moderate magnetic
fields (1 mT~1 T), strong magnetic fields (1 T~20 T), and ultra-strong magnetic fields
(≥20 T) [5]. While the variation rate of the intensity of the MF with spatial displacement is
equal to zero, it is a uniform magnetic field; otherwise, it is a gradient magnetic field (GMF).

Time-varying magnetic fields, characterized by non-constant strength and direc-
tion, are often broadly divided based on frequency into extremely low-frequency
electromagnetic fields (ELF-EMFs, <300 Hz), intermediate-frequency electromagnetic
fields (IF-EMFs, 300 Hz~10 MHz), and radiofrequency electromagnetic fields (RF-EMFs,
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10 MHz~300 GHz) [29]. For example, the power-frequency magnetic field generated by
50 Hz transmission lines belongs to ELF-EMFs, while the magnetic field produced by mo-
bile phones falls under RF-EMFs. Furthermore, if the magnetic field distribution changes
over time, TVMFs are subdivided into alternating magnetic fields (AMFs), pulsed magnetic
fields (PMFs), and rotating magnetic fields (RMFs).

The biological effects of MFs are influenced by multiple parameters, including mag-
netic flux density (mT~T), frequency (Hz~MHz), exposure duration, and magnetic field
type [30,31]. Different parameter combinations exert distinct influences on cellular behav-
ior, potentially leading to inconsistent experimental outcomes. It is important to note that
magnetic field-induced biological effects involve two fundamental molecular mechanisms:
thermal effects and non-thermal effects. Based on the physical mechanisms, ELF-EMFs
(<300 Hz) are regarded as non-thermal effects [32]. The non-thermal effect can be described
as a direct interaction of MF with biological cells that is independent of any heating [33].
In the current review, we focus only on the biological effects of SMFs and ELF-EMFs in
combination with chemotherapy, which have non-thermal effects.

4. SMF and Drugs
SMFs have emerged as a promising adjunct to enhance the efficacy of both conven-

tional chemotherapeutics and targeted anticancer agents. They can modulate DNA damage,
apoptosis, cell cycle progression, oxidative stress, and drug uptake, thereby potentiating
the antitumor effects of drugs such as cisplatin, doxorubicin (DOX), 5-fluorouracil (5-FU),
paclitaxel, and mTOR/EGFR inhibitors. The effects are highly dependent on drug type,
molecular weight, cell line, SMF intensity, orientation, and exposure duration, with both
synergistic and occasionally antagonistic outcomes reported. These findings underscore
the potential of SMFs as a tailored adjuvant strategy in cancer therapy, warranting precise
optimization of experimental parameters. The subsequent section will review the effects of
SMF with different parameters on the efficacy of different types of chemotherapeutic drugs,
as summarized in Table 1.

4.1. SMF and Cisplatin

Cisplatin, a broad-spectrum chemotherapeutic agent, exerts its antitumor effects
through multiple cytotoxic mechanisms [34]. However, drug resistance and adverse side
effects limit its therapeutic efficacy. Therefore, exploring the combined application of
SMFs and cisplatin may provide new strategies to potentiate cisplatin therapy without
compromising its antitumor activity.

Recent studies have reported synergistic effects of SMFs and cisplatin, although find-
ings are not entirely consistent (Table 1). For example, exposure of human chronic myeloid
leukemia K562 cells to an 8.8 mT SMF enhanced the cytotoxic effects of cisplatin, potentially
by reducing P-glycoprotein (P-gp) expression or increasing DNA damage [10,35]. Similarly,
research using K562 cells observed the appearance of differently shaped holes on the cell
surface following combined treatment [36], suggesting that SMF application may alter
membrane permeability and increase the influx of anticancer drugs. Indirect support for
this hypothesis comes from another study demonstrating that exposure to 10, 15, and
25 mT SMFs promoted cisplatin uptake in human ovarian carcinoma A2780 cells [23]. This
resulted in increased intracellular cisplatin accumulation and reduced cisplatin resistance
in the cisplatin-resistant cell A2780-CP [23]. Further studies demonstrated that the com-
bination of cisplatin and SMFs significantly enhanced the cytotoxic effect on both A2780
and A2780-CP by increasing DNA damage, upregulating the apoptosis genes P53/P21,
and upregulating the drug uptake gene copper transporter 1 (CTR1) [37]. Xu et al. also
found that SMF may be able to synergize with cisplatin to inhibit tumor cell growth by



Magnetochemistry 2025, 11, 89 4 of 28

inducing DNA damage, thereby activating cell cycle checkpoints, such as the arrested
of G2/M phase cells [38]. Furthermore, the combination of a 10 mT SMF with cisplatin
reduced cell viability and increased sensitivity to ROS in HeLa cells [39]. Consistent with
these findings, our previous in vitro and in vivo studies also demonstrated that SMFs can
enhance the anti-tumor efficacy of cisplatin and reduce its nephrotoxicity by modulating
oxidative stress levels [40].

However, synergy is not universal. Continuous exposure to a 1 T SMF for 3 days
failed to enhance cisplatin’s cytotoxic effects against various cancer cells, including breast
cancer and cervical cancer cell lines [41]. Treatment duration can also influence outcomes:
in human neuroblastoma SH-SY5Y cells, a 2 h SMF-cisplatin combination decreased cell
viability and mitochondrial mass while increasing apoptosis and ROS, whereas a 24 h
treatment antagonized cisplatin toxicity [42]. Overall, these studies highlight that the
combined effects of SMFs and cisplatin are strongly influenced by cell type, magnetic field
strength, and exposure duration, emphasizing the need for systematic investigations to
optimize treatment parameters for maximal therapeutic benefit.

4.2. SMF and DOX

The efficacy of DOX, another widely used chemotherapeutic agent, has also been
shown to be enhanced by SMF with certain parameters exposure. Research by Hao et al.
demonstrated that the combination of 8.8 mT SMF and DOX for 12 h significantly inhibited
the metabolic activity of K562 cells, with notable alterations in cell structure and increased
DNA damage observed [43]. This study indicated that SMF treatment led to a reduction
in P-gp expression, which is crucial for mediating drug resistance, thereby enhancing the
cytotoxic effects of DOX [43]. Continuous exposure to 8.8 mT SMF for 24 h also enhanced
DOX-induced death in Hepa1-6 hepatocellular carcinoma cells, causing cell-cycle arrest at
G1 and G2/M phases [38]. Similarly, combining 10 mT SMF with DOX reduced the effective
dose required to kill MCF-7 cells, potentially minimizing side effects associated with high-
dose DOX treatment [44]. Despite the high levels of glutathione (GSH) in cancer cells, the
SMF was able to increase ROS production and lifespan at low doses of DOX treatment and
overcome GSH-mediated drug resistance [44]. A recent study found that SMF enhances
DOX-induced cytotoxicity in osteosarcoma cells by promoting ROS production, altering
metal ion (iron and calcium) homeostasis, and increasing apoptosis [45]. In vivo, 8.8 mT
SMF augmented the antitumor effects of DOX in mammary carcinoma–bearing mice,
although the precise mechanisms were not fully explored [46]. Overall, these findings
highlight the potential of integrating SMF with DOX to enhance therapeutic efficacy while
potentially reducing drug-associated toxicity.

4.3. SMF and 5-FU/Paclitaxel/Topotecan

5-FU can exert its antitumor effect by interfering with DNA synthesis [47], and pa-
clitaxel exerts its anticancer effect by stabilizing microtubule structure, arresting mitosis
and inducing apoptosis [48]. Using four different human tumor cell lines (HeLa, HCT116,
CNE-2Z, and MCF-7), Luo et al. demonstrated that a 1 T SMF enhanced the cytotoxicity
of 5-FU and its combination with paclitaxel, and that the underlying mechanism may
be related to the fact that 1 T SMFs can affect microtubules to disturb mitotic spindles
and delay cells exit from mitosis [41]. Notably, under the same conditions, SMF did not
enhance cisplatin activity, indicating a drug-specific effect [41]. In HL-60 leukemia cells,
exposure to a 1 T SMF for 72 h led to suppressed metabolic activity, both alone and in
combination with multiple chemotherapeutic agents including 5-FU, cisplatin, doxorubicin,
and vincristine [49]. Further, SMF synergized with paclitaxel in K562 cells by increasing
DNA damage and cell membrane permeability, thereby reducing the effective starting
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concentration of paclitaxel [50]. Consistently, Gellrich et al. reported that SMF enhanced the
antitumor activity of paclitaxel by increasing tumor microvessel permeability [9]. Together,
these findings suggest that SMF can augment the effects of 5-FU and paclitaxel, primarily
through modulation of microtubule dynamics and tumor microenvironment properties.

Topotecan, a topoisomerase I inhibitor derived from plant alkaloids, also displayed
enhanced tumor-suppressing activity when combined with a 1 T SMF. Interestingly, this
effect was orientation-dependent: an upward-directed SMF increased topotecan efficacy,
whereas a downward-directed SMF did not produce synergy [51]. This finding highlights
the importance of SMF orientation as a critical experimental parameter.
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Table 1. Summary of the effect of SMF on the antitumor activity of drugs.

Cell Lines/Animal Agent Co-Used SMF Intensity Exposure Time Critical Endpoint Interaction Refs

K562

Cisplatin

8.8 mT 8 h

Enhanced the killing potency;
inhibited metabolic activity,

increased cisplatin uptake, and
decreased P-gp expression

Potentiation [35]

K562 8.8 mT 12 h

Enhanced the anticancer effect,
reducing the efficient killing

concentration;
increased DNA damage

Potentiation [10]

Heap1-6 8.8 mT 24 h

Promoted the killing of tumor cells;
increased the ratio of cells arrested in

G2/M phase, enhanced DNA
damage and caused larger holes in

the cell membrane

Potentiation [38]

K562 9 mT 12 h Altered membrane permeability;
holes appear on the cell surface Potentiation [36]

A2780 and A2780-CP
cell lines 10, 15 and 25 mT 24/48/96 h

Increased the effect of cisplatin on
cell viability percent and decreased

the resistance of A2780-CP cells;
produced large, verruca shaped

structures at the surface of the cell
membrane, increased drug uptake

Potentiation [23]

A2780 and A2780-CP
cell lines 15 mT 24/48/96 h

Increased DNA damage and cell
death; elevated expression levels of

p53, p21, and CTR1, with no
significant effect on Bcl2 expression

levels

Potentiation [37]

Hela 10 mT 48 h Decreased cell viability; increased
ROS levels Potentiation [39]
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Table 1. Cont.

Cell Lines/Animal Agent Co-Used SMF Intensity Exposure Time Critical Endpoint Interaction Refs

SH-SY5Y

Cisplatin

31.7–232.0 mT

2 h

Decreased cell viability;
overexpression of the

apoptosis-related cleaved caspase-3
protein, increase in ROS production

and reduction in the number of
mitochondria

Potentiation

[42]

24 h
Antagonizing cisplatin toxicity;

decreased levels of cleaved caspase-3
and ROS production

Antagonism

MDA-MB231
cell/mice 0.2–0.4 T 24 h/24 d

Increased anti-tumor effects and
reduced side effects; altered levels of

oxidative stress
Potentiation [40]

HeLa, HCT116,
CNE-2Z and MCF7 1 T 3 d No effect on the antitumor effect of

cisplatin No effect [41]

K562

DOX

8.8 mT 12 h

Enhanced the cytotoxicity;
altered cellular ultrastructure, cell

cycle arrest in G2/M phase, increased
DNA damage, decreased P-gp

expression

Potentiation [43]

Heap1-6 8.8 mT 24 h

Promote the killing of tumor cells;
cells were almost arrested in G1 and

G2/M phase, enhanced DNA
damage and caused larger holes in

the cell membrane

Potentiation [38]

MCF-7 10 mT 24/48 h
Decreased required dose of

chemotherapy drugs; boosted the
generation and lifetime of ROS

Potentiation [44]

G292 3, 6, 12, 24 mT 24 h

Enhanced cytotoxicity; promoted
ROS production, altering iron and

calcium homeostasis, and increased
apoptosis

Potentiation [45]

Breast cancer
transplant mice 110 mT 4 × 4 h Promoted tumor regression Potentiation [46]
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Table 1. Cont.

Cell Lines/Animal Agent Co-Used SMF Intensity Exposure Time Critical Endpoint Interaction Refs

HeLa, HCT116,
CNE-2Z and MCF7 5-FU/5-FU+ Paclitaxel 1 T 3 d Increased anti-tumor effects; caused

abnormal mitotic spindles Potentiation [41]

K562 Paclitaxel 8.8 mT 24 h
Reduced effective concentration;

increased DNA damage, alteration of
cell membrane permeability

Potentiation [50]

A-Mel-3-tumor-
bearing hamsters Paclitaxel 587 mT 2 h

Improved antitumoral efficacy;
inhibited tumor angiogenesis and

increased tumor microvessel
permeability

Potentiation [9]

A172 TMZ 0.5 mT Reduced cell viability more
effectively Potentiation [52]

HepG2 Capsaicin 0.5 mT 72 h
Enhance the anti-cancer effect;

increased the binding efficiency of
capsaicin for the TRPV1 channel

Potentiation [53]

Primary cultures and
cell lines

Different apoptosis
inducing agents 6 mT 24/48 h

Promotion/inhibition of apoptosis;
interfered with apoptosis in a cell

type- and exposure time-dependent
manner

Potentiation/Antagonism [54]

MDA-MB-468/T47D TRAIL 3 mT 24 h

Induced apoptosis; cell cycle arrest at
the G2/M phase, decreased survivin

protein, and downregulated Cdc2
expression.

Potentiation [55]

MCF-7 Vitamin D 0.2 T 3 h Inhibition of cell proliferation Potentiation [56]

LLC-1 tumor-bearing
mice

EGFR inhibitor
cetuximab 587 mT 2 h/d, 13 d

Interfered with the effects of
cetuximab; Interference of SMF and

EGFR signaling
Antagonism [57]

CNE-2Z, HCT116 c EGFR inhibitor
afatinib 1 T 3 d Increased the antitumor efficacy;

Inhibition of the EGFR pathway Potentiation [58]

CNE-2Z mTOR inhibitor Torin 2 1 T 3 d Increased the antitumor efficacy;
Inhibition of the mTOR pathway Potentiation [59]
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Table 1. Cont.

Cell Lines/Animal Agent Co-Used SMF Intensity Exposure Time Critical Endpoint Interaction Refs

HCT116, LoVo Topotecan
Upward 1 T

2 d

Inhibition of cell proliferation; DNA
synthesis Potentiation

[51]
Downward 1 T Does not affect cellular proliferation No effect

Mice bearing GIST-T1 Imatinib mesylate 9.4 T 200 h
Improved the anti-tumor effect,

reduced its toxicity and improved the
mice mental health

Potentiation [60]

Patients with
advanced malignancy

Standard multi-agent
chemotherapy

regimens
3–28 mT 15 min

No differences in the white blood cell
count and the platelet count in

control and treated groups
No effect [61]

Advanced lung cancer
patients receiving

chemotherapy
/ 0.4 T, rotating

frequency of 7.5 Hz 2 h/d, 21 d
Improved life quality and modulated

blood cytokine concentration in
advanced lung cancer patients

Potentiation [62]

HL-60

Mixture of
antineoplastic drugs

5-FU, cisplatin,
doxorubicin and

vincristine

1 T 72 h Metabolic activity retardation Potentiation [49]
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4.4. SMF and Molecularly Targeted Drugs

SMFs interact with molecularly targeted therapies, such as mTOR and EGFR inhibitors,
in a drug-dependent manner, showing either synergistic or antagonistic effects that appear
to be influenced by drug size, mechanism of action, and magnetic field strength. mTOR
(mammalian target protein of rapamycin) inhibitors and EGFR (epidermal growth factor
receptor) inhibitors are two important classes of targeted antitumor drugs that exert an-
ticancer effects by interfering with the signaling pathways of tumor cells [63]. 1 T SMF
enhances the antitumor efficacy of mTOR inhibitors on CNE2Z cells [59] and EGFR in-
hibitors on CNE2Z and HCT116 cells [58]. Interestingly, however, the combination of SMF
with cetuximab—a monoclonal antibody targeting EGFR—produced antagonistic effects in
Lewis lung carcinoma (LLC-1) mouse models: while either SMF or cetuximab alone signif-
icantly inhibited tumor growth, their combination failed to yield additional benefit [57].
Considering the SMF alone can inhibit EGFR activation and increase the efficacy of small-
molecule EGFR inhibitors [58], whereas in combination with the SMF it antagonizes the
efficacy of large-molecule EGFR-targeting antibodies [57], these findings suggest that drug
molecular weight and binding modality may critically influence SMF–drug interactions,
alongside other determinants such as field parameters, drug class, and tumor type.

Beyond moderate-intensity SMFs, strong SMFs have also been explored. A study
employing a 9.4 T SMF demonstrated both intrinsic antitumor activity and synergistic
effects with imatinib mesylate [60]. Prolonged SMF exposure (200 h) alone inhibited tumor
growth by 62.88%, while its combination with 20 mg/kg imatinib achieved a tumor inhibi-
tion rate of 92.75%, comparable to the efficacy of high-dose imatinib (80 mg/kg). Notably,
the high-dose regimen induced severe adverse effects, including reduced body weight
gain, liver dysfunction, and depressive-like behavior, whereas the SMF-combined low-
dose regimen substantially mitigated these toxicities, particularly behavioral abnormalities.
These findings underscore the dual advantage of strong SMFs in enhancing efficacy and
alleviating drug-associated side effects, pointing toward their translational potential in
targeted therapy.

4.5. SMF and Other Drugs

Beyond classical agents such as cisplatin, DOX, and 5-FU, SMFs have also been in-
vestigated in combination with a variety of other drugs. For instance, co-treatment with
apoptosis-inducing agents under a 6 mT SMF produced divergent results: while apoptosis
was inhibited in several primary and tumor cell types, apoptosis was paradoxically en-
hanced in T-cell lymphoma 3DO cells [54]. This observation highlights the strong influence
of cellular context on SMF–drug interactions. A more targeted example involves tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), which exerts potent antitumor
activity through selective engagement of death receptors on cancer cells, sparing normal tis-
sues. Exposure to a 3 mT SMF significantly promoted TRAIL-induced apoptosis in resistant
breast cancer cells by downregulating Cdc2 and subsequently survivin [55]. Importantly,
SMF did not sensitize untransformed human mammary epithelial cells to TRAIL-mediated
apoptosis, suggesting that this combination may offer a selective and safe strategy for
overcoming TRAIL resistance in breast cancer [55].

SMFs have also been shown to modulate the effects of other bioactive agents. Pacini
et al. reported that SMF abrogated the proliferative action of low-dose vitamin D on MCF-7
breast cancer cells while enhancing the anti-proliferative activity of high-dose vitamin
D [56]. Similarly, a 2018 study demonstrated that SMF exposure potentiated the anticancer
effect of the natural compound capsaicin in HepG2 hepatocellular carcinoma cells through
a mitochondria-dependent apoptotic pathway. This synergism was proposed to arise from
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an SMF-facilitated increase in capsaicin binding efficiency to its receptor channels on the
cell surface [53].

4.6. Clinical Research

Compared with extensive cell and animal studies, clinical investigations on the effects
of MFs in cancer therapy remain limited. In 2003, Joseph et al. conducted a Phase I trial to
evaluate whether SMFs could alter chemotherapy metabolism and toxicity in patients with
advanced cancer [61]. No significant increase in chemotherapy-related toxicity, assessed by
white blood cell and platelet counts, was observed compared with historical controls [61].
While this study demonstrated the safety of combining SMF with chemotherapy, it did
not provide evidence regarding its impact on antitumor efficacy. More recently, Zhu et al.
performed a randomized, double-blind, controlled trial to assess 0.4 T rotating SMF therapy
in lung cancer patients [62]. The results showed no significant reduction in tumor burden
or prolongation of progression-free survival, suggesting that MF alone has minimal direct
antitumor effects and does not enhance the efficacy of chemotherapy in this setting [62].
Factors such as short treatment duration, low MF intensity, and advanced disease stage
may have contributed to these outcomes. Notably, MF exposure was associated with
improved quality of life in patients receiving chemotherapy, indicating potential utility
as a supportive adjuvant therapy [62]. Overall, these findings underscore that clinical
application of SMFs in oncology requires rigorous safety evaluation, careful optimization
of treatment parameters, and long-term studies to fully assess risks and potential benefits.

5. ELF-EMF and Drugs
Accumulating evidence indicates that ELF-EMFs can modulate the activity of

chemotherapeutic drugs. In vitro and animal studies show that ELF-EMFs may enhance
apoptosis, oxidative stress, and differentiation, thereby improving the efficacy of agents
such as temozolomide, methotrexate, 5-FU, doxorubicin, and cisplatin. They may also
help overcome drug resistance and allow for dose reduction. However, the outcomes vary
considerably with cancer type, EMF parameters, and drug specificity. Clinical data remain
limited, with small pilot studies suggesting benefits in reducing toxicity and improving
tolerance but lacking survival evidence. Overall, ELF-EMFs hold promise as adjuvants in
chemotherapy, yet their application requires standardized protocols and rigorous clinical
validation. The following section will present a compendium of the effects that differing
parameters of ELF-EMF have on the anti-cancer effects of a variety of chemotherapeutic
agents, as summarized in Table 2.

5.1. ELF-EMF and Cisplatin/Carboplatin

Platinum-based chemotherapeutics, such as cisplatin and carboplatin, are widely used
in cancer treatment, and accumulating evidence indicates that their efficacy can be either
enhanced or attenuated by ELF-EMF exposure, depending on cellular and experimental
contexts. Most studies suggest that ELF-EMFs can enhance the efficacy of platinum-based
chemotherapeutic agents by modulating cellular processes. For example, the combina-
tion of ELF-EMF with cisplatin significantly increased the sensitivity of cisplatin-resistant
ovarian cancer cells to the drug, achieving this effect by inducing apoptosis and mod-
ulating the expression of key genes, such as P53 and MMP-2 [64]. Similarly, in MCF-7
and SH-SY5Y cells, cisplatin + ELF-EMF co-treatment enhanced the downregulation of
non-homologous end-joining pathway-related genes compared with cisplatin alone, sug-
gesting that ELF-EMF may potentiate cisplatin cytotoxicity by sensitizing cells to DNA
double-strand breaks [65]. Consistent with this, exposure to 50 Hz ELF-EMF in combination
with cisplatin and bleomycin increased drug sensitivity in MCF-7 cells, but not in SH-SY5Y
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cells, an effect linked to cell-type-specific differences in DNA repair gene expression (e.g.,
GADD45A, XRCC1, Ku70, Ku80) [66]. These findings indicate that ELF-EMF may en-
hance cisplatin efficacy by modulating DNA repair pathways, thereby improving tumor
selectivity while sparing neuronal cells.

In vivo evidence further supports these observations. Yuan et al. reported that com-
bined exposure to cisplatin and a superimposed MF (SMF + 50 Hz ELF-EMF) significantly
enhanced antitumor effects in both nephroblastoma and neuroblastoma cell lines, as well
as in G401 nephroblastoma xenografts in nude mice [67]. The combined treatment not
only reduced tumor mass but also caused only mild liver injury, while MF exposure alone
did not impair liver or kidney function [67]. Similarly, in Ehrlich carcinoma models, ELF-
EMF + cisplatin co-treatment significantly increased DNA damage and inhibited tumor
growth [68]. Together, these studies reinforce the potential of ELF-EMF as a promising
adjuvant to platinum-based chemotherapy.

However, not all findings are consistent. In the AT478 carcinoma cells, exposure
to 50 Hz, 1 mT ELF-EMF for a period of 16 min resulted in a reduction in the effects
of cisplatin-induced oxidative stress and DNA damage, as well as a further decrease in
MDA levels, suggesting an antagonistic effect [69]. In contrast, ELF-EMF alone increased
oxidative stress, raising the possibility that EMF effects are highly context-dependent [69].
Likewise, in human glioblastoma cells, carboplatin cytotoxicity was attenuated when
combined with 50 Hz, 70 G ELF-EMF for 24 h, though the underlying mechanisms remain
unclear [70]. Taken together, these studies highlight that while ELF-EMF can enhance
the anticancer activity of cisplatin by promoting DNA damage and apoptosis, conflicting
reports underscore that the outcomes are strongly dependent on cell type, field strength, and
exposure duration. Future work should systematically evaluate different MF parameters
across multiple tumor models to establish reproducible therapeutic benefits.

5.2. ELF-EMF and Temozolomide

Temozolomide (TMZ) is the standard first-line chemotherapeutic agent for glioblas-
toma multiforme, yet resistance limits its efficacy in 60–75% of patients [71,72]. Recent
studies indicate that ELF-EMF exposure can potentiate the cytotoxic effects of TMZ, pro-
viding a promising approach to overcome drug resistance in GBM. For instance, Zeinab
et al. demonstrated that the combination of TMZ with a 100 Hz, 100 G ELF-EMF markedly
enhanced apoptosis in U87 and T98G glioblastoma cells [73]. This was associated with
upregulation of P53, Bax, and Caspase-3, alongside downregulation of Bcl-2 and Cyclin-
D1. ROS production and expression of the redox-sensitive gene HO-1 were also elevated,
suggesting that ELF-EMF may strengthen TMZ’s pro-apoptotic activity through oxidative
stress and redox-regulatory mechanisms. In addition, combined treatment was shown to
decrease stem cell marker expression and promote differentiation of glioblastoma cells, of-
fering a potential strategy to overcome TMZ resistance [74]. Consistent with these findings,
studies in glioblastoma A172 cells reported that SMFs (50 G) or ELF-EMFs (10 Hz, 50 G)
combined with TMZ reduced cell viability more effectively than TMZ alone [52]. This effect
was accompanied by increased free radical generation and enhanced p53 gene and protein
expression, supporting a role for MF–mediated oxidative stress and p53 pathway activation
in sensitizing cells to TMZ. Similarly, in T98 and A172 glioblastoma cells, exposure to
50 Hz, 70 G EMF synergized with TMZ to inhibit cell proliferation and migration while
partially reversing TMZ resistance [75]. Mechanistically, these effects were linked to p53
upregulation, Cyclin-D1 suppression, and modulation of MGMT (O6-methylguanine DNA
methyltransferase) expression.

In summary, TMZ not only exerts antitumor effects through apoptosis but also induces
differentiation in glioblastoma cells. Importantly, ELF-EMF can amplify these effects,



Magnetochemistry 2025, 11, 89 13 of 28

enabling the possibility of achieving comparable therapeutic efficacy with lower TMZ
doses, thereby reducing treatment-associated toxicity.

5.3. ELF-EMF and Antimetabolites (MTX/5-FU)

Current evidence indicates that ELF-EMF can modulate the cytotoxicity of antimetabo-
lite drugs, but the direction and magnitude of this effect depend strongly on the drug type,
cancer cell line, and field parameters. Stratton et al. reported that ELF-EMFs enhanced
methotrexate cytotoxicity by inducing transient membrane damage, thereby facilitating
increased drug uptake in cancer cells [76]. This so-called “dose-loading” effect enabled
effective treatment at much lower drug concentrations. However, another study showed
that 25 Hz pulsed EMF exposure (1.5 mT, 2 h/day for 3 days) did not alter methotrexate
cytotoxicity in MCF-7 breast cancer cells, suggesting that EMF modulation of chemotherapy
is not universal and may be highly condition-specific [77].

In the case of 5-FU, Han et al. demonstrated that pre-exposure of MCF-7 cells to
50 Hz, 1 mT EMF for 12 h enhanced the antiproliferative effects of 5-FU, whereas no such
effect occurred in normal MCF10A breast epithelial cells [78]. This selective sensitization of
tumor cells may result from intrinsic cellular differences or culture conditions. Importantly,
this raises the possibility that ELF-EMF could be used to synchronize tumor cells into
specific cell-cycle phases, thereby improving the efficacy of cycle-specific chemotherapeutic
agents. Conversely, other studies reported opposing results. For example, exposure of
Caco-2 colon cancer cells to 4 mT ELF-EMF for 10 min significantly reduced the therapeutic
efficacy of 5-FU [79]. These conflicting findings underscore that the outcome of ELF-EMF–
drug combinations is highly context-dependent and can vary between synergistic and
antagonistic interactions.

5.4. ELF-EMF and Anthracyclines/Other Drugs

The interaction between ELF-EMF and anthracyclines or multidrug-resistant cancers
is complex, showing both synergistic and antagonistic effects that are dependent on the
tumor model and treatment sequence. In MCF-7 breast cancer cells, 50 Hz, 20 mT ELF-
EMF enhanced DOX-induced ROS generation, apoptosis, and cell-cycle arrest, thereby
potentiating its antiproliferative activity [80]. In contrast, in SH-SY5Y neuroblastoma
cells, exposure to 50 Hz, 1 mT ELF-EMF increased resistance to doxorubicin, reducing
its cytotoxicity in a persistent, low-intensity–sensitive manner [81]. In uterine sarcoma
MES-SA cells, ELF-EMF markedly enhanced the cytotoxicity of cisplatin, doxorubicin, and
daunorubicin, with cisplatin + EMF reducing cell viability by approximately 60% [82].
In the drug-resistant MES-SA/Dx5 variant overexpressing MDR1, EMF also potentiated
cisplatin activity, though its effects on doxorubicin and daunorubicin were considerably
weaker [82]. Interestingly, etoposide, despite being an MDR1 substrate, was unaffected by
EMF exposure [82]. These findings suggest that EMF does not directly modulate MDR1 ac-
tivity but may enhance drug uptake through alternative influx pathways, thereby partially
overcoming drug resistance. Similar observations were reported in HepG2 cells, where
EMF potentiated cisplatin, mitomycin C, and doxorubicin activity, but not etoposide [83].

The sequence of EMF exposure relative to chemotherapy is also a critical determinant.
BEMER (a low-frequency pulsed EMF device) pretreatment for 8 min failed to enhance
sensitivity to cisplatin, gemcitabine, or cetuximab [84]. By contrast, simultaneous BEMER
therapy combined with HPMA copolymer-based DOX yielded a synergistic antitumor
effect [85]. Similarly, exposing multidrug-resistant colon cancer cells simultaneously to
PEMFs (1.5 mT, 1–25 Hz) and chemotherapy agents (vincristine, mitomycin C, or cisplatin)
significantly increased cytotoxicity in a frequency- and drug-specific manner, whereas
post-treatment EMF exposure produced minimal or no benefit [86].
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Table 2. Summary of the effect of EMF on the antitumor activity of drugs.

Cell Lines/Animal Agent Co-Used
EMF

Exposure Time Critical Endpoint Interaction Refs
Frequency Intensity

PC12, THP-1 and
HeLa Methotrexate

10 Hz 0.3 mT 30 min
Enhanced cellular uptake of

methotrexate; induced transient plasma
membrane pores/damage

Potentiation [76]

MCF-7 25 Hz 1.5 mT 2 h/d, 3 d Not alter cytotoxicity No effect [77]

MCF-7, SH-SY5Y

Cisplatin

50 Hz 0.50 mT
30 min (15 min
field-on/15 min

field-of)

Down-regulation of the genes involved
in non-homologous end-joining

pathway GADD45A mRNA levels were
increased, mRNA levels of XRCC4,
Ku80, Ku70 and DNA-PKcs were

down-regulated.

Potentiation [65]

G401, CHLA255,
N2a cells

50 Hz
5.1 mT

(Superimposed
SMF)

2 h/d, 3 d Decreased cell proliferation and
induced cell apoptosis

Potentiation [67]
G401 Tumor Model

in Nude Mice 80 min/d, 15 d Decreased of tumor mass

i.p. injection of
Ehrlich ascites cells 50 Hz 10 mT 1 h/d, 2 weeks Tumor growth inhibition;

increased DNA damage Potentiation [68]

A2780 50 Hz 20 mT 2 h
Potentiated cisplatin-induced apoptosis.

increased P53 gene expression and
decreased MMP-2 expression

Potentiation [64]

MES-SA and
MES-SA/Dx5 50 Hz 50 mT −4 h Enhanced the cytotoxicity Potentiation [82]

HepG2 50 Hz 50 mT −4 h Enhanced the cytotoxicity Potentiation [83]

AT478 50 Hz 1 mT 16 min

Reduced ROS and antioxidant enzyme
activity (SOD, GSH-Px); reduced DNA

damage; significantly reduced MDA
levels.

Antagonism [69]
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Table 2. Cont.

Cell Lines/Animal Agent Co-Used
EMF

Exposure Time Critical Endpoint Interaction Refs
Frev quency Intensity

MCF-7 Cisplatin +
Bleomycin 50 Hz 0.50 mT

30 min (15 min
field-on/15 min

field-of)
Increased drug sensitivity Potentiation [66]

SH-SY5Y Cisplatin +
Bleomycin 50 Hz 0.50 mT

30 min (15 min
field-on/15 min

field-of)
Drug sensitivity has not changed No effect [66]

U-87 Carboplatin 50 Hz 7 mT 24 h
Increased cell viability;

reduced carboplatin-induced caspase-3
protein expression

Antagonism [70]

A172

TMZ

10 Hz 5 mT 96 h
Inhibited cell viability, increased free
radical production, and upregulating

p53 gene and protein expression
Potentiation [52]

T98, A172 50 Hz 7mT 6 h/d, multiple
days

Enhanced the cytotoxicity of TMZ,
inhibited cell migration; upregulating

p53 expression, downregulating
cyclin-D1, and partially affecting

MGMT expression

Potentiation [75]

U87, T98 100 Hz 10 mT 144 h

Increased cell apoptosis;
increased expression of P53, Bax, and
Caspase-3, decreased expression of

Bcl-2 and Cyclin-D1, increased
generation of ROS, and up-regulated

expression of the HO-1 gene.

Potentiation [73]

U87 100 Hz 10 mT 122 h,144 h

Enhanced the effects of TMZ;
decreased expression of tumor stem cell
markers (CD133, Nestin, and Notch4),

increased expression of the
differentiation marker GFAP, increased

intracellular calcium concentration,
SOD activity, and MDA levels

Potentiation [74]
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Table 2. Cont.

Cell Lines/Animal Agent Co-Used
EMF

Exposure Time Critical Endpoint Interaction Refs
Frev quency Intensity

SH-SY5Y

DOX

50 Hz 1 mT/100 µT 5 d/10 d

Reduced cytotoxicity; improvements in
the activity of the major antioxidant and
detoxification defensive systems, as well
as by the activation of crucial regulators

of the cellular redox environment.

Antagonism [81]

MCF-7 50 Hz 20 mT 24 h

Inhibition of cell growth and
proliferation; increased ROS production

and promotion of apoptosis and
enhanced arrest of MCF-7 cells in the

G0-G1 phase

Potentiation [80]

MES-SA and
MES-SA/Dx5 50 Hz 50 mT −4 h

MF does not directly modulate MDR1
activity but may instead facilitate

anticancer drug uptake by influencing
influx pathways

Potentiation [82]

HepG2 50 Hz 50 mT −4 h Enhanced the cytotoxicity Potentiation [83]

MES-SA and
MES-SA/Dx5 Daunorubicin 50 Hz 50 mT −4 h

MF does not directly modulate MDR1
activity but may instead facilitate

anticancer drug uptake by influencing
influx pathways

Potentiation [82]

HepG2 Mitomycin C 50 Hz 50 mT −4 h Enhanced the cytotoxicity Potentiation [83]

MES-SA and
MES-SA/Dx5 Etoposide

50 Hz 50 mT −4 h Not alter cytotoxicity No effect [82]

HepG2 50 Hz 50 mT −4 h Not alter cytotoxicity No effect [83]

MCF-7
5-Fu

50 Hz 1 mT Pre-exposure for 12
h

Enhanced antiproliferative effect;
promoted DNA synthesis, induced

entry into the S phase, and upregulated
the expression levels of cell cycle-related

proteins Cyclin D1 and Cyclin E (no
effect on apoptosis and P53 expression)

Potentiation [78]

Caco-2 50 Hz 4 mT 10 min Reduced CT and ECT treatment efficacy Antagonism [79]
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Table 2. Cont.

Cell Lines/Animal Agent Co-Used
EMF

Exposure Time Critical Endpoint Interaction Refs
Frev quency Intensity

UTSCC1, A549,
MiaPaCa, DLD1 Cetuximab

30 Hz
(BEMER
therapy)

~13 µT 8 min Not enhance the sensitivity of cancer
cells No effect [84]

EL4 tumor-bearing
mice

HPMA-bound
doxorubicin

BEMER
therapy 3.5–35 µT

30 min/4 h or
continuous

exposure, multiple
days

Synergistic antitumor effect Potentiation [85]

HCA-2/1cch

Vincristine 1 Hz

1.5 mT

synchronous
exposure for 1
h/after drug

treatment, EMF
treatment: 2 h/d,

2d

When EMF was applied simultaneously
with drugs, a significant synergistic

enhancement effect was observed; when
EMF was applied after drug treatment,

only a very weak or no synergistic effect
was observed.

Potentiation/No
effect

[86]
Mitomycin C 25 Hz

Cisplatin 25 Hz

Hodgkin’s
lymphoma patients

ABVD
(Adriamycin,

Bleomycin,
Vinblastine and

Dacarbazine)

1 to 100 Hz 1 to 100 µT /

Reduced the side effects of
chemotherapy, specifically

Myelotoxicity, reduced the oxidative
stress

Potentiation [87]
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5.5. Clinical Research

Platinum Clinical investigations combining ELF-EMF with chemotherapy remain
limited, often constrained by small sample sizes and short follow-up periods. One notable
device, SEQEX, can generate 30 different electromagnetic waveforms with intensities
ranging from 1 to 100 µT and frequencies between 1 and 100 Hz. Rossi et al. conducted
a pilot study in 18 patients with Hodgkin’s lymphoma undergoing chemotherapy, in
which nine patients received adjunctive ELF-EMF treatment while nine served as controls.
The results showed that ELF-EMF exposure reduced oxidative stress and chemotherapy-
induced bone marrow toxicity, thereby potentially improving patients’ quality of life [87].
While these findings are encouraging, the long-term safety and therapeutic relevance of ELF-
EMF remain uncertain. Larger, randomized, multicenter trials are needed to validate these
preliminary observations and to determine their applicability across diverse cancer types.

6. Mechanistic Insights: How MFs Modulate Drug Response
SMFs and ELF-EMFs have been shown to enhance the efficacy of chemotherapeutic

agents through multifaceted interactions at the cellular and molecular levels. These interac-
tions can be broadly classified into four core biological processes: membrane transport, cell
cycle regulation, oxidative stress modulation, and apoptosis induction (Figure 1). While
each mechanism has been independently reported, it is important to note that these pro-
cesses are not isolated but interconnected, and their interplay is highly context-dependent,
varying with magnetic field parameters, drug type, and cellular phenotype.

 

Figure 1. Mechanistic model of magnetic field-assisted antitumor drugs. Magnetic fields modulate mul-
tiple cellular processes to enhance chemotherapeutic efficacy. They remodel membrane structure and
drug transporter expression to increase intracellular drug accumulation; perturb cell cycle checkpoints
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to sensitize tumor cells to phase-specific cytotoxicity; elevate ROS levels and disrupt redox homeosta-
sis, overcoming antioxidant-mediated drug resistance; and amplify apoptosis via DNA damage and
pro-apoptotic signaling. These pathways are interconnected, with ROS, DNA damage, and altered
membrane dynamics creating feedback loops that collectively enhance drug response. Directionality,
intensity, and duration of MF exposure critically influence these outcomes.

6.1. Membrane Permeability and Drug Transport

The plasma membrane serves as the primary interface between MFs and cells, and its
biophysical properties can be modulated by MF exposure, thereby influencing drug influx
and efflux. Experimental evidence suggests that MFs can reorganize phospholipid bilayers
due to diamagnetic anisotropy, reducing acyl chain flexibility and increasing membrane
rigidity [88,89]. This restructuring alters lipid raft dynamics, potentially modifying the
function of membrane-embedded proteins such as transporters and ion channels [90,91].
Several investigations have demonstrated that exposure to SMFs or ELF-EMFs in combina-
tion with chemotherapeutic agents such as cisplatin, paclitaxel, and methotrexate induces
morphological changes in the cell membrane [23,36,38,50,76]. These alterations include the
formation of holes or protrusions on the cell membrane surface, which have the potential
to enhance the absorption of the drug by tumor cells [23,76].

P-gp, a transmembrane glycoprotein, functions as an ATP-dependent efflux pump
that actively transports intracellular drugs out of cells, contributing to multidrug resis-
tance [92,93]. In K562 cells, exposure to SMFs reduced P-gp expression, resulting in
increased retention of cisplatin and Adriamycin [35,43]. This suggests that MFs can par-
tially overcome drug resistance by modulating transporter activity. Conversely, MFs may
also enhance drug influx. Higher expression levels of CTR1 are positively correlated with
intracellular accumulation of platinum-based agents such as cisplatin, leading to improved
therapeutic outcomes [94,95]. When cisplatin was combined with SMF, not only were the
cytotoxic effects enhanced in both sensitive and resistant ovarian cancer cells, but CTR1
expression was also significantly upregulated, thereby facilitating drug entry [37].

In addition to regulating transporter activity, MFs may influence drug transport
through calcium signaling. Co-treatment with ELF-EMFs and temozolomide (TMZ) in
U87 cells elevated intracellular Ca2+ levels [74]. Since calcium signaling controls key
cellular processes, including apoptosis, gene expression, and drug uptake, MF-induced
modulation of calcium homeostasis represents another mechanism by which MFs can
enhance chemotherapeutic efficacy [96].

Collectively, these findings indicate that MFs can modulate membrane structure and
function, regulate both efflux and influx transporters, and influence intracellular signaling
pathways, all of which contribute to altered drug permeability and retention in tumor cells.
These changes at the membrane level can also influence downstream processes such as
calcium signaling, oxidative stress, and apoptosis, thereby linking membrane effects to
broader cellular responses.

6.2. Cell Cycle Perturbation and Mitotic Arrest

The cell cycle consists of G1, S, G2 and M phases, which are closely related to cell
differentiation, growth and death [97]. MFs can potentiate the efficacy of chemotherapeutic
agents by disrupting cell cycle progression, modulating checkpoint regulators, and inducing
phase-specific arrest. For instance, SMFs enhanced G2/M arrest in K562 and Hepa1-6 cells
exposed to cisplatin or Adriamycin, accompanied by elevated DNA damage and cell
ultrastructure alteration [38,43].

The cell cycle is tightly regulated by a series of cyclins and cyclin-dependent kinase
(CDKs), which are the checkpoints for cell cycle progression at each stage [98]. Exposure to
ELF-EMFs promoted more MCF-7 cells to enter the S phase of cell cycle by upregulating
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Cyclin E and Cyclin D1, and because cells in S phase are more sensitive to 5-FU, this leads
to an increase in the cytotoxic effect of 5-FU on the cancer cells [78]. However, under these
conditions, ELF-EMFs did not affect apoptosis or p53 expression, indicating that their
chemo-sensitizing effect in this context is likely mediated by cell cycle redistribution rather
than apoptotic signaling [78].

In the case of Adriamycin, ELF-EMF co-treatment induced G0/G1 arrest and DNA
degradation in MCF-7 cells, supporting its role in augmenting cell cycle blockade [80].
Moreover, 1 T SMFs disrupted mitotic spindle formation and delayed mitotic exit in
multiple tumor cell lines (e.g., HCT116, MCF-7), synergizing with 5-FU and paclitaxel to
suppress proliferation [41].

Taken together, these findings suggest that MFs can modulate cell cycle kinetics in
a phase- and drug-dependent manner. By forcing tumor cells into phases of heightened
drug susceptibility or disrupting mitotic processes, MFs increase the vulnerability of
cancer cells to chemotherapeutic agents, thereby offering a potential strategy to enhance
treatment efficacy.

6.3. Oxidative Stress and Redox Modulation

ROS are both effectors and regulators of chemotherapy-induced cytotoxicity [99]. MFs
can modulate this redox balance, often shifting it toward a pro-oxidant state when combined
with chemotherapeutic agents. The free radical recombination hypothesis suggests that
the MF can influence the level of free radicals by regulating the singlet and triplet states
of unpaired electrons [100,101]. Through this mechanism, MFs can enhance the oxidative
stress induced by anticancer drugs. Experimental studies provide compelling evidence for
this synergy. MF exposure increases ROS production in tumor cells, thereby amplifying
the cytotoxicity of agents such as DOX, TMZ, and cisplatin [39,73,80]. In spite of high a
GSH (a key antioxidant) level in cancer cell, SMF boosts the generation and lifetime of ROS
at low dose of DOX and overcame to GSH mediated drug resistance [44]. This suggests
that MFs may help circumvent redox buffering mechanisms employed by cancer cells for
drug evasion.

Malondialdehyde (MDA) is a marker of oxidative stress and is produced during the
attack of free radicals to membrane lipoproteins [102]. Superoxide dismutase (SOD) plays
an important role to protect the cell against formation of oxygen free radicals [103]. In U87
glioblastoma cells, combined exposure to ELF-EMFs and TMZ elevated both MDA levels
and SOD activity, underscoring the dual modulation of oxidative damage and antioxidant
response [74]. Clinically, Rossi et al. demonstrated that ELF-EMF treatment reduced
chemotherapy-induced oxidative stress and bone marrow toxicity in Hodgkin’s lymphoma
patients, highlighting its potential translational relevance [87].

Together, these findings suggest that MFs act as redox modulators that inten-
sify ROS-driven cytotoxicity, disrupt antioxidant defenses, and potentially alleviate
chemotherapy resistance.

6.4. Apoptosis Induction and DNA Damage Enhancement

Apoptosis is a form of programmed cell death and a target for anti-tumor therapy,
which plays an important role in cancer treatment [104]. MFs have been shown to potentiate
pro-apoptotic signaling and exacerbate DNA damage, thereby amplifying tumor cell death.
For example, 0.5 mT SMFs enhanced the anticancer activity of the natural compound cap-
saicin in HepG2 cells via the mitochondrial-dependent apoptotic pathway [53]. Similarly,
in vitro studies demonstrated that ELF-EMF inhibited proliferation, induced apoptosis
in nephroblastoma and neuroblastoma cells, and improved the efficacy of cisplatin [67].
In glioblastoma U87 cells, ELF-EMF combined with TMZ triggered apoptosis through
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upregulation of Bax, Caspase-3, and P53, alongside downregulation of Bcl-2 [73]. This
synergistic effect is also supported by the findings that exposure to MF leads to an increase
in the production of ROS [39,73,80], a key regulator of apoptosis [105].

In general, the process of apoptosis that is induced by genotoxins is primarily at-
tributable to DNA damage [106], with DNA double-strand breaks (DSBs) being considered
among the most severe forms of DNA lesions [107]. Repetitive exposure to ELF-EMF
has been demonstrated to induce DNA damage and the accumulation of DSBs, thereby
triggering apoptosis in Hela and MCF7 cell lines [12,108]. Importantly, co-treatment with
EMFs and cisplatin further suppressed the expression of non-homologous end-joining
repair genes, suggesting that MFs may sensitize tumor cells to DNA damage by impairing
repair capacity and thus enhance the efficacy of DNA-targeting chemotherapies [65]. In
some cases, upward-directed 1 T SMF enhanced the effect of topotecan, a DNA synthesis
inhibitor, whereas a downward-directed field did not [51]. Mechanistically, upward SMFs
appear to synergize with topotecan by exacerbating the formation of positive DNA super-
coiling and inhibiting its relaxation, thereby strongly suppressing cancer cell proliferation,
while downward SMFs lack this cooperative effect.

6.5. Integration and Crosstalk

Collectively, the effects of MFs on cancer cells cannot be fully explained by any single
mechanism. Instead, these pathways operate in concert: membrane alterations regulate
calcium signaling and drug uptake, oxidative stress amplifies DNA damage and apoptotic
cascades, and cell cycle arrest is often triggered in parallel with genotoxic stress. Apoptosis
thus emerges as a downstream integration point of these events. Recognizing this mecha-
nistic crosstalk is critical for understanding why MF–drug interactions produce diverse
experimental outcomes and may help identify parameter “windows” that consistently
favor therapeutic synergy.

7. Key Challenges and Scientific Controversies
Despite encouraging preclinical evidence, the integration of MFs into cancer chemother-

apy remains hindered by a number of critical scientific and translational challenges. These
barriers span from experimental inconsistencies to unresolved mechanistic ambiguities and
technological constraints.

7.1. Lack of Parameter Standardization

A major limitation in current research is the heterogeneity of MF exposure protocols.
Across published studies, field strength varies from micro-tesla to several tesla, frequencies
span from static to 100 hertz, and exposure durations range from minutes to days (As
shown in Tables 1 and 2). Moreover, studies rarely justify the selected parameters or explore
dose–response relationships systematically. This variability makes it difficult to compare
findings, establish reproducibility, or develop consensus guidelines for therapeutic use.
It should be noted that the biological effects of magnetic fields appear to occur within
specific intensity- and frequency-dependent “windows,” yet these ranges remain difficult
to generalize due to variations in experimental models, field parameters, and drug types.
Future research should adopt standardized reporting frameworks (e.g., MF exposure logs),
explore threshold/plateau effects, and define reproducible “therapeutic windows” for
MF parameters.

7.2. Mechanistic Ambiguity and Biological Complexity

Although various mechanisms have been proposed—membrane modulation, ROS
generation, DNA damage, and cell cycle arrest—none have been fully validated in vivo,
and most are context-dependent, varying with cell type, genetic background, and microen-
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vironmental conditions. For example, the same MF exposure may enhance 5-FU effect in
one cell line, but this effect was not observed in another [78]. Using the same experimental
parameters, MF enhanced the antitumor effects of 5-FU and its combination with paclitaxel,
but not with cisplatin [41]. It is currently unclear what causes these results. We recommend
that employ multi-omics profiling (transcriptomics, metabolomics, phosphorproteomics)
under MF exposure to identify conserved molecular signatures and regulatory nodes.

7.3. Limited In Vivo and Clinical Translation

While numerous in vitro studies show synergistic effects, in vivo validation is sparse,
and human clinical trials are virtually nonexistent or inconclusive. Only a handful of clinical
studies have evaluated MF-assisted chemotherapy, with generally neutral or quality-of-
life–oriented outcomes [62]. Furthermore, lack of scalable, precise, and safe MF-generating
devices for human treatment limits real-world feasibility. In future, researchers should
design animal studies with clinically relevant tumor models and develop wearable or
targeted MF delivery systems that enable spatial control and integration with standard
therapy. Next, initiate early-phase safety-focused trials to evaluate tolerability and pharma-
codynamic effects of MF exposure in humans.

7.4. Interdisciplinary Gaps and Engineering Challenges

Progress in MF–chemo synergy is inherently multidisciplinary, requiring coordination
between physics, bioengineering, oncology, and pharmacology. However, most studies are
conducted in disciplinary silos, resulting in oversimplified biological models or suboptimal
MF systems. We propose to foster collaboration between materials scientists, magnetic
engineers and oncologists. At the same time, develop open-source MF exposure platforms
and modeling tools for experimental standardization.

7.5. Need for Predictive and Personalized Approaches

Current research assumes that MF effects are broadly applicable across cell types and
drug classes. However, preliminary evidence suggests that MF–drug synergy is highly spe-
cific, depending on cell type (e.g., epithelial vs. hematopoietic), drug class (e.g., alkylating
agents vs. topoisomerase inhibitors), patient redox status or genetic background. Thus,
machine learning or systems pharmacology can be used to predict MF-drug synergism
based on cellular or patient characteristics and to identify biomarkers of MF responsiveness
to guide clinical applications.

8. Conclusions and Future Perspective
Over the past two decades, growing evidence has shown that magnetic fields—

particularly SMFs and ELF-EMFs—can modulate biological pathways that critically influ-
ence the efficacy of antitumor agents. By altering membrane permeability, redox balance,
cell cycle progression, and apoptotic signaling, MFs have emerged as promising biophysical
adjuvants in cancer therapy.

Despite these advances, current research remains fragmented and predominantly
preclinical. Most findings rely on in vitro models with limited translational relevance,
and while the mechanistic insights are biologically plausible, they require further vali-
dation in more complex systems. Variability in MF parameters, tumor types, and drug-
specific responses underscores the need for standardized protocols and a system-level
investigative framework.

Looking ahead, progress will depend on several strategic directions. Mechanistic pre-
cision can be achieved through multi-omics approaches and real-time imaging to unravel
the molecular dynamics of MF–drug interactions. Technological innovation is required to
develop spatially controllable, cost-effective, and clinically compatible MF delivery systems.
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Greater preclinical rigor, including the use of patient-derived xenografts and organoid
models, will provide more predictive insights than traditional cell lines. Equally impor-
tant is clinical exploration, with carefully designed early-phase trials focusing on safety,
pharmacodynamics, and biomarker identification. Finally, considering the heterogeneity of
MF responses, the integration of predictive modeling and MF-sensitivity biomarkers may
enable the development of personalized therapeutic strategies.

In summary, MF-based modulation of antitumor agents represents a novel, non-
invasive, and potentially transformative approach to enhance drug efficacy while mit-
igating systemic toxicity. Although significant challenges remain, the convergence of
biophysics, oncology, and system pharmacology offers fertile ground for innovation. With
interdisciplinary collaboration and methodological rigor, MF-assisted therapies may evolve
into a valuable component of future precision oncology.
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Abbreviations
The following abbreviations are used in this manuscript:

MF Magnetic Field
SMF Static Magnetic Field
ELF-EMF Extremely Low-Frequency Electromagnetic Field
RF-EMF Radiofrequency Electromagnetic Field
TVMF Time-Varying Magnetic Field
GMF Gradient Magnetic Field
ROS Reactive Oxygen Species
P-gp P-glycoprotein
GSH Glutathione
MDA Malondialdehyde
SOD Superoxide Dismutase
TMZ Temozolomide
DOX Doxorubicin
5-FU 5-Fluorouracil
EGFR Epidermal Growth Factor Receptor
mTOR Mammalian Target of Rapamycin
CDK Cyclin-Dependent Kinase
CDC2 Cell Division Cycle 2
MDR1 Multidrug Resistance Protein 1
CTR1 Copper Transporter 1
GFAP Glial Fibrillary Acidic Protein
DSB Double-Strand Break
TRAIL Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
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IC50 Half Maximal Inhibitory Concentration
CD133, Nestin, Notch4 Cancer Stem Cell Markers
TRPV1 Transient Receptor Potential Vanilloid 1
HO-1 Heme Oxygenase-1
DNA-PKcs DNA-dependent Protein Kinase Catalytic Subunit
Ku70/Ku80/XRCC4 DNA Repair Proteins
GADD45A Growth Arrest and DNA Damage-inducible 45 Alpha
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