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Abstract

With the continuous development of magnetic nanotechnology, new applications for cancer treatment have
gradually appeared in recent years. Magnetism, covering fields, forces and thermal effects, has gradually
been used in oncology to develop a new type of cancer therapy system. This paper reviews the recent all-
around development of magnetic nanoparticles (MNPs) for cancer diagnosis and therapy. First, we introduce
the main types of MNPs and discuss their magnetic response mechanisms. In addition to the traditional
magnetic control factors of chemical composition and intrinsic structure of magnetic domains, this review
also summarizes the regulatory laws for geometric structural parameters such as magnetic anisotropy, particle
microscopic morphology and particle size on the magnetic response characteristics of MNPs. Next, we
introduce the therapeutic applications of MNPs in oncology, such as magnetic targeting, magnetic
hyperthermia, magnetic force-mediated therapy, and precision treatment enabled by magnetically actuated
nanorobots. Finally, the main problems and future directions of MNPs in biomedical applications are
systematically introduced. This paper takes the properties of materials and relates them to magnetic-field-
sensitive functions and biological responses; it aims to build a full-featured database of advantages in
magnetic-field-regulated nanocarriers for cancer diagnosis and treatment, uncover the fundamental
mechanisms by which magnetic effects boost anti-tumor effects, and provide a practical foundation for
developing MNP-based cancer therapy systems.

Keywords: Magnetic nanoparticles, magnetic anisotropy, magnetic treatment, tumor theranostics
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1. Introduction

Energy technologies are based on acoustics, optics, electricity and magnetism, etc., and have recently gained
attention for their applications in the treatment of cancer. Among them, magnetic technology has several
advantages; it is non-invasive, can reach deep tissues, is relatively safe and can be easily controlled remotely.
Among the various magnetic-based systems, magnetic nanoparticles (MNPs) have gradually emerged as one
of the representative and promising materials due to their tunable composition, size, shape, surface chemical
properties and magnetic responsiveness [1-3]. The above attributes have given MNPs many design options
for therapeutic platforms and have promoted their application in oncology.

Recently, with the progress of physics, materials science and engineering, MNPs have been applied to
medicine. Elemental metal MNPs, metal oxide MNPs, metal alloy MNPs, carbides/nitrides MNPs, and rare-
earth-based permanent magnets are all types of MNPs. They exhibit distinct magnetic properties and
biological functions. In addition, magnetic anisotropy, size effect and shape effect collectively alter the
physicochemical properties of these MNPs to modify their magnetic response, hysteresis loss and mechanical
force generation. These features have given MNPs diverse applications in cancer therapy. Magnetic targeting
and surface functionalization modification can be used to enhance the accumulation of magnetic nanocarriers
at the tumor site and reduce damage to normal tissues [4-6]. Under an alternating magnetic field, MNPs can
dissipate energy as heat through Néel relaxation and Brownian relaxation, and thus cause damage to tumor
cells by local heating [7]. The shape of MNPs will also change how they respond mechanically to a magnetic
field. Nanorods and nanodiscs can generate rotational or pushing forces, such as torque, tension, shear, and
compression; these may damage the cell membrane and organelle structure of cancer cells and thus kill the
cancer cells [8].

Meanwhile, the development of intelligent control and robotics has also extended the biomedical application
range of magnetic response systems. At present, most studies are concentrated on magnetic navigation,
magnetic actuation, and microrobot platforms, which apply controllable forces and torques to magnetized
devices for the non-contact remote manipulation of catheters, microrobots, and endoscopes. This technique
is commonly defined as robotic remote magnetic navigation (RMN). RMN features non-invasive magnetic
field regulation and unimpeded penetration across biological tissues, making it capable of in vivo
visualization of anatomically narrow or otherwise inaccessible deep-seated tissue regions. Therefore, several
studies have applied RMN to targeted therapy [9, 10], drug delivery [11-13], cellular and subcellular
characterization [14-16], and microsurgery [17, 18].

Magnetic microrobots have been prepared in various shapes for microsurgery, such as fish-like, rod-like,
spiral, and spherical shapes [19-24]. Such morphological features govern locomotion and steerability,
enabling the robots to navigate within curved, confined environments. For example, in endovascular
neurosurgery, a robotic manipulator can remotely steer a guidewire, and a motorized module enables its
automated advancement. Real-time imaging is acquired to facilitate remote guidewire navigation toward
lesions within anatomically complex regions. Such remote operation also lowers ionizing radiation exposure
of surgeons during fluoroscopy-guided procedures [25]. Based on the above studies, it can be concluded that
magnetic actuation and robot control technology are suitable support means for biomedical intervention in
confined spaces.

Recent developments in magnetic actuation and robotic control have expanded the applications of MNPs
beyond local heating and passive cargo transport. Based on the previous review of the biomedical
applications of MNPs [26, 27], this paper will investigate how the material characteristics and the application
of a magnetic field affect therapeutic effects. Particles of the same chemical composition will have different
thermal, mechanical and motion properties in a gradient, alternating and rotating magnetic field.
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The above are the connections among them. First, we will study how composition, magnetic anisotropy,
particle size and shape affect the magnetic response and therapeutic effect. The design principles of these
materials have been applied in magnetic targeting, magnetic hyperthermia, magnetic force therapy,
responsive drug delivery and magnetic micro/nanorobotic systems. The framework can be used to compare
the contributions of material properties and applied magnetic-field parameters in different therapeutic modes.
We also summarize the existing evidence on how magnetic heating and mechanical actuation trigger cellular
stress responses (Figure 1). Finally, the review identifies several reasons for the difficulty of clinical
application, such as a lack of correlation between laboratory performance and in vivo results. At the same
time, the systematic requirements for clinical application are also considered; that is to say, all problems of
material preparation, magnetic control, imaging, delivery, and safety assessment must be addressed
simultaneously. The purpose of this paper is to summarize the recent research results in material design,
application of magnetic fields and biological environment that have enhanced the therapeutic effect of MNPs.

2. Magnetic Nanoparticles

Magnetic nanoparticles are composed of iron-, cobalt- and nickel-based oxides, alloys or composites, and
have found many applications in various fields, such as magnetic fluids, magnetic data storage, MRI,
magnetic refrigeration, hyperthermia, biomedicine, catalysis, and environmental remediation [28-36]. The
unique properties of MNPs, such as superparamagnetism, depend on their structure. Fortunately, current
chemical technology allows the synthesis of MNPs with desired sizes, structures, shapes, as well as oxidation
resistance, despite the surface effects and magnetic dipole interactions. In this section, we first describe the
types of MNPs, including metal oxides, metal alloys, carbides and nitrides, and rare earth-based permanent
magnets. Then, we illustrate the magnetic anisotropy of MNPs and examine how particle size and
morphology influence their magnetization and coercivity, and the transition from ferromagnetic to

superparamagnetic behavior.

2.1 Typical Magnetic Nanoparticles

2.1.1 Elemental Metals

Elemental metals, represented by Fe, Co, and Ni nanoparticles, constitute a fundamental category of MNPs
and provide an important basis for understanding other magnetic metal-based nanomaterials. Owing to their
strong ferromagnetic responses and relatively high magnetization, these metallic nanoparticles are attractive
for magnetic manipulation, MRI-related contrast enhancement, and magnetic-heating applications [37, 38].
However, their magnetic performance is not only dictated by elemental composition, but also strongly
affected by magnetocrystalline anisotropy, shape anisotropy, surface anisotropy, particle size, morphology,
and interparticle coupling [39, 40]. Ferromagnetic nanoparticles have a high surface energy and strong
magnetic dipole interactions, are easily aggregated, and therefore need to be surface-stabilized. Therefore, in
order to improve colloidal stability, reduce dipolar interactions and enhance biocompatibility, organic
surfactants, polymers, silica, carbon, noble metals or lipid coatings are often added [41, 42]. Although
elemental Fe, Co and Ni nanoparticles have the magnetic advantage of being magnetic, they still have
problems with oxidation instability, potential metal-ion toxicity, aggregation and long-term biosafety; thus,
direct biomedical application is inferior to that of iron oxide-based MNPs [43]. To further clarify the
biomedical relevance of different magnetic compositions, their representative materials, magnetic features,
major advantages, limitations, and cancer-related applications are summarized in Table 1.

Table 1. Comparison of representative magnetic nanoparticle compositions for cancer biomedical
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2.1.2 Metal Oxide Magnetic Nanoparticles

Metal oxide magnetic nanoparticles are a class of metallic materials with strong magnetic response
(saturation magnetization [M;], remanence [M,], and coercivity [H.]), high catalytic activity, and stable
crystal structure. Among metal oxide nanoparticles, iron oxide is the most common naturally occurring
material. Fe3O4 adopts a cubic inverse-spinel structure containing a tetrahedral part occupied by Fe** and an
octahedral part composed of Fe?" and Fe3* (Figure 2A) [44, 45]. This unique structure endows FesO4 with
excellent magnetic and physicochemical properties. Cobalt oxide exists in various polymorphs, including
Co0, Co0203, and Co0304. Among them, Co30s4, the most stable cobalt oxide, is a spinel-type structure
composed of Co?" and Co*" (Figure 2B) [46, 47]. Typically, nickel oxide appears in three forms, including
NiO (Figure 2C) [48], NiO», and Ni»Os. Nickel oxide of different crystalline phases, including cubic,
rhombohedral, monoclinic, and hexagonal crystals, can be obtained through special synthesis methods or
reaction conditions [49]. Song et al. synthesized NiO nanoflowers with narrow hysteretic loops using nickel
ethylene glycol as a precursor, exhibiting typical ferromagnetic behavior (H.: 100 Oe, M,: 0.015 emu/g) [50].
In addition, manganese oxides exist in four forms: MnO, MnO,, Mn;03 and Mn3Os. MnO; has four
crystalline structures, a, B, v, and J, these crystal forms can be modulated by altering reactant concentrations,
temperature, as well as reaction duration [51, 52]. It is worth noting that at room temperature to 130 K, MnO
obeys the Curie-Weiss law, while Mn3O4 has a significantly higher susceptibility than MnO, due to its large
effective magnetic moment (theoretical ue= 9.15 pg) [53].

2.1.3 Metal Alloy Magnetic Nanoparticles

Metal alloy MNPs are usually composed of two magnetic monometallic nanoparticles, which have high
magnetocrystalline and chemical stability. The most representative metal alloy MNPs are FePd and FePt.
FePt alloys have two structural configurations: the chemically disordered face-centered cubic (fcc, A1) phase
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and face-centered tetragonal (fct, L1o) phase (Figure 3) [54, 55]. The Fe-Pt arrangement is layered, and Fe
atoms form strong spin-orbit coupling with high magnetic moments and Pt atoms, resulting in high
magnetocrystalline anisotropy (the magnetocrystalline anisotropy constant K is 107 J/m?) [56-58]. Notably,
the high K value enables FePt alloy, at a size <2 nm, to maintain excellent magnetic and thermal stability,
making it the best candidate material for ultra-high-density thin film magnetic recording media [59]. In
addition, CoPt alloys also have a high magnetocrystalline anisotropy (4x10° J/m?®) and an M, up to 800
emu/cm?® [60, 61]. Various CoPt alloy nanoparticles can be obtained by special synthetic strategies for FePt
NPs [62]. The composition, shape, and size of the fct phase are critical parameters in designing hard magnetic
CoPt and FePt. Takahashi ef al. found that FePt NPs cannot ordered arrangement at sizes below 4 nm. For
CoPt and FePt nanoparticles with a size smaller than 3 nm, even if there are ordered multiple twin
morphologies, they cannot exhibit hard magnetic behavior. This phenomenon is consistent with the
difficulties faced when stabilizing the L1y phase in uncoated FePt nanoparticles through heat treatment
processes [63, 64].

2.1.4 Carbide and Nitride Magnetic Nanoparticles

The electron-rich bonds formed by C/N with magnetic metals confer carbides and nitrides with special
electronic, catalytic, and magnetic properties [65-67]. Fe-C compounds contain the electronic structures and
geometry of ionic and neutral Fe-C clusters, such as Fe,C, FeC, (n = 2-5), Fe,C, (n = 1-3), Fe,C/Fe,C*/Fe,C
(n = 1-6). In theory, strong Fe-C chemical bonding decreases the local magnetic moments of Fe atoms [68].
Hou et al. innovatively proposed the mechanism responsible for the surface stability of halogen ions on ionic
nuclei and the penetration process of carbon atoms (Figure 4A), and a “seed conversion” strategy to prepare
different phases of iron carbide nanoparticles, such as hexagonal and monoclinic Fe,C (Figure 4B,C),
monoclinic FesC, NPs (Figure 4D) and orthorhombic Fe;C (Figure 4E) [68]. All the iron carbide
nanoparticles are in a near-monodisperse state, achieving an M; up to 101.2 emu/g and a Curie temperature
T, of 497.8 K (Figure 4F,G). Consistent with theoretical results, all nanoparticles demonstrate a lower M;
under simulation compared to bee-Fe (Figure 4F). It is worth noting that Cl- adsorbs on the Fe surface,
preventing the adsorption of C atoms (Figure 4A); therefore, different iron carbide nanoparticles can be
synthesized by adjusting the Cl- content.

Furthermore, nitride MNPs have emerged as a research focus due to their remarkable magnetic and catalytic
properties. For example, iron nitride phases FeN, Fe;N, FesN, FesN, and FeisN» can undergo transitions from
ferromagnetic to non-magnetic and even antiferromagnetic states, rendering them promising nanomagnetic
and spintronic materials [69]. As for the carbides and nitrides of nickel, early reports have confused NizC
with hep-Ni. In fact, the two show significant differences in their crystal structures. NizC has a rhombohedral
lattice structure, and hcp-Ni has a hexagonal close-packed structure [70]. In addition, Ni3C is weakly
magnetic or non-magnetic [71] and shows some magnetism in a disordered condition or at the nanoscale. In
Ni3C materials, the interaction between Ni 3d electrons and C 2p electrons near the Fermi level promotes
forced exchange splitting, which in turn affects the magnetic properties of the nanoparticles [72]. The increase
in C concentration may induce changes in the electronic structure, thus decreasing and quenching the
magnetic moment at the critical value. For Ni-N bonding, the Ni sublattices in fcc-NiNg 125 and fce-NilNo.2s
are much more ordered than the fcc lattice, and therefore exhibit significant local magnetic moments [72].

2.1.5 Rare Earth-Based Permanent Magnets

Rare earth (RE) permanent magnets can be divided into neodymium iron boron (NdFeB) and samarium cobalt
(SmCo) types. Common RE permanent magnets are represented by Nd>Fe14B, SmCos, and SmxCoi7. Energy
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product ((BH)max) 1s an index to measure the strength, energy storage capacity, and reliability of permanent
magnet materials. The (BH)max is about 56 MGOe in NdFeB magnets, and 14-28 MGOe in SmCo magnets
[73]. However, the SmCo magnets have a higher 7. than the NdFeB magnets. The 7. of SmCos is 750 °C,
and that of Sm,Co17 is more than 800 °C, both higher than the 400 °C of Nd>Fe 4B and 465 °C of ferrite [74].
Among SmCo-type permanent magnets, SmCos has high magnetic strength and temperature stability, and a
crystalline structure (Figure 5A) [75]. In the Nd,Fe 4B structure, RE elements (Nd) are arranged alternately
with highly magnetized Fe nets, offering high (BH)max and uniaxial anisotropy (Figure 5B) [75-77]. So far,
NdFeB magnets, owing to their high (BH)max and H,, have been integrated into various magnetic technologies
for clinical treatments.

Overall, these material classes differ not only in chemical composition and crystal structure, but also in how
their magnetic parameters are regulated at the nanoscale. Oxide-based MNPs usually exhibit relatively
favorable biocompatibility and are often designed to display superparamagnetic or ferrimagnetic behavior,
whereas alloy- and rare earth-based systems generally possess stronger magnetocrystalline anisotropy, higher
H., or larger magnetic moments. The magnetic properties of carbide-based and nitride-based MNPs generally
vary across different crystal structures. Doping with carbon or nitrogen modifies the electronic structure and
local magnetic moments. However, such performance differences may stem from other factors. In fact, M,,
H., M, and T, are all affected by crystal symmetry, spin-orbit coupling, particle size, shape, surface spin
disorder, and magnetic domain structure. The above factors will determine the magnetic anisotropy and
magnetic reversal process of the particles and regulate the response of the particles to an external magnetic
field. Therefore, the evaluation of MNPs performance requires consideration of constituent materials,
nanostructures, and surrounding particle environments. The following section discusses these key

determinants, with an emphasis on magnetocrystalline anisotropy, shape anisotropy, and size effects.

2.2 Fundamental Properties of Magnetic Nanoparticles

2.2.1 Magnetocrystalline Anisotropy

Anisotropy refers to physical or chemical properties varying with direction. Crystalline ferromagnetic
materials, due to the atomic moments of crystal structures, present a high magnetocrystalline anisotropy [78].
Within a crystal structure, crystal axes along which magnetization occurs readily are referred to as magnetic
easy axes, whereas axes along which magnetization is difficult to achieve are termed magnetic hard axes.
Generally, magnetic materials with a cubic structure possess multiple easy axes and exhibit low
magnetocrystalline anisotropy, and are known as “soft magnetic materials”. Conversely, magnetic materials
with a hexagonal structure exhibit high magnetocrystalline anisotropy and coercivity, and are termed “hard

magnetic materials”.
2.2.2 Shape Anisotropy

Shape anisotropy originates from the geometric morphology of MNPs and strongly governs their overall
magnetic response. The remanent magnetization in the non-closed direction of MNPs produces a
“demagnetizing field” (Hy) within the material, which points in the direction opposite to the applied external
field (Figure 6A) [55]. The strength of Hyscales linearly with the magnetization and can be expressed as: Hy
= NaM, where Ny is the demagnetizing factor, and M is the magnetization. In a spherical structure, the net
shape anisotropy is zero, because the Ny values at the directions of the three main axes are equal. In prolate
and oblate spheroids, Ny is determined by the components at the crystal axes. For prolate spheroids, an
increase in the aspect ratio leads to a larger N, at the a-axis or b-axis, and a smaller Ny at the c-axis (Figure
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6B). For oblate spheroids, an increase in the aspect ratio increases Ny at the a-axis and decreases N, along the
b-axis and c-axis, resulting in a lower magnetic energy at the a-axis and a more stable magnetization (Figure
6C). Notably, the effect of shape anisotropy on magnetization is determined by the shape anisotropy energy
Egp, as follows:
HoM, : .

02 “(N,-N,)sin’ 0 = K,;, sin*0 (1)
where p represents the permeability of free space, M, represents the saturation magnetization of the material,

Esh =

N, and N, correspond to the demagnetization factors along the a-axis and c-axis, respectively,  represents
the angle between the c-axis and the magnetization direction, K represents the shape anisotropy constant
[79, 80].

Furthermore, nanoparticle morphology influences not only the demagnetizing field distribution but also the
resultant magnetic behavior. Shape anisotropy shows morphology-dependent magnetic effects at the
nanoscale. The transmission electron microscopy images in Figure 6D show MNPs with multipods, spheres,
wire-like, rod-like, cubic, and octahedral morphologies [81-86]. The various M,, blocking temperatures and
magnetization reversal behaviors are generally caused by differences in exposed crystal facets, surface
coordination, and spin disorder. For example, multipod-like and spherical Fe3O4 nanoparticles exhibit lower
M; values, with considerable differences in their superparamagnetic blocking temperatures (Figure 6E).
Complex faceting enhances surface spin disorder and thus reduces the net magnetization. By contrast,
nanoparticles with nanowires, nanorods, nanocubes, and nanooctahedra exhibit the opposite trend (Figure 6F)
[85]. Generally, they deliver higher M, values due to more regular structures, reduced exposed faceting, and
better ordered spin arrangements. The cubic and octahedral structures generally have a relatively large
saturation magnetization because of their regular faceting (Figure 6G) [86]. Therefore, particle shapes affect
the direction of demagnetizing factors and change the microscopic arrangement of surface spins and magnetic
domains, thereby tuning the magnetic response of MNPs.

2.2.3 Size Effect

Size effect plays a certain role in determining the magnetic properties of MNPs. As material size decreases
from bulk to nanoscale, quantum effects, enlarged specific surface area, and finite-size effects become
prominent. Therefore, the magnetic domain structure and magnetization reversal mechanism, as well as
thermal stability, have all changed considerably. Bulk magnetic materials are generally divided into multiple
magnetic domains and domain walls to minimize the total magnetic energy of the system. At the nanoscale,
however, when particle size falls below a critical threshold, domain walls are no longer energetically
favorable. Electron spins within the particles align in parallel under ferromagnetic exchange interaction,
forming a uniformly magnetized single-domain structure [30]. The critical size is termed the single-domain
diameter (Dyq). Most magnetic materials have a size of a few nanometres for Dys. Materials with a large
effective anisotropy constant (K) for Dss can be expanded to the micrometer scale. Single-domain MNPs are
typically magnetized by the magnetic anisotropy energy (K¥) and do not have multiple domains. Thus, they
generally have a higher H. and are more sensitive to external magnetic fields.

However, as the particle size decreases further, the reduction in particle volume (V) results in a continuous
decrease in KV, and thus a gradual decline in coercivity [87]. When the particle size is small enough that the
thermal energy kzT (kz: Boltzmann constant, 7: absolute temperature) exceeds the anisotropy energy, random
fluctuations in the magnetic moments will occur due to thermal fluctuations. The particles thus enter a
superparamagnetic state. At this point, stable remanence and coercivity are no longer observed, and the
corresponding critical size is generally called the superparamagnetic size (Ds,) (Figure 7A). Therefore, the
magnetic behavior of MNPs generally changes from multi-domain to single-domain and finally to
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superparamagnetic as the particle size decreases. Based on the intrinsic material parameters, such as
magnetocrystalline anisotropy and saturation magnetization, the corresponding critical sizes are determined,
and these have extensive applications in data storage, magnetic sensing, as well as biomedical imaging and
therapy. Most technical and medical applications of MNPs require a particle size of less than 20 nm, and the
superparamagnetic critical size for different materials is generally in the range of 5-20 nm. Figure 7B shows
the single-domain sizes, and corresponding superparamagnetic thresholds are provided for several typical
magnetic materials [88, 89].

3. Magnetic Therapy

Due to its promising therapeutic effects, minimal invasiveness and broad applicability, magnetic
nanoparticle-mediated therapy has gradually attracted attention in the field of oncology. Various cancer
treatment modalities have been developed, including magnetic-targeting therapy, magnetic hyperthermia,
magnetic mechanical therapy and magnetically actuated intelligent systems. These strategies generally
leverage the controllable accumulation, heat generation, mechanical actuation and navigation of MNPs to
improve the precision and efficacy of tumor therapy. Table 2 shows the latest research achievements in
various MNP-mediated therapeutic strategies. Recent developments in MNP-based cancer therapy are
introduced in this section, including magnetic targeting, magnetic hyperthermia, magnetic mechanical
therapy and magnetic field-guided navigation systems.

Table 2. A summary of magnetic therapy in different application modes.

Magnetic ~ Magnetic Magnetic Therapeutic Disease Therapeutic
System . . . Ref.
material type field mode mechanism model mechanism
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3.1 Magnetic Targeting and Magnetically Responsive Therapeutic Systems

Nanomedicine targets directly affect the effects of anti-cancer drugs. Nanomedicines aim to target the tumor
by adding surface ligands for active targeting or by employing the enhanced permeability and retention (EPR)
effect for passive targeting [108]. Dense extracellular matrix and a high interstitial fluid pressure in the tumor
tissue are also hindrances to nanoparticle distribution. Thus, the delivery efficiency is generally less than 10%
of the administered dose, and the median is about 0.7% [109]. Therefore, it is not effective. Enhancing
retention within the tumor and deep-tissue penetration of nanomedicine are still problems. Simple operation
and economic feasibility have been used to apply magnetic targeting in nanomedicine delivery.

MNPs are intravenously administered magnetic functional carriers that enter the systemic circulation through
the peripheral veins and can be guided to accumulate at the target lesion site by an external directional
magnetic field. In the 1960s, Freeman and others first proposed the idea of magnetic targeting to group
circulating magnetic particles in blood vessels by applying a magnetic field [110]. A favorable result was
achieved by Zimmerman and others in 1976; they were able to load red blood cells with magnetic materials
and the chemotherapy drug methotrexate to provide a foundation for clinical application [111]. Lubbe and
others then used MNPs to deliver epirubicin-loaded ferrofluids in patients with advanced tumors. The
formulation was well-tolerated, and among the 14 trial subjects, favorable tumor localization based on the
magnetic formulation was achieved in 6 patients (42.86%). Thus, it was determined that magnetically guided
drug delivery has potential for clinical translation [112, 113]. Following the above preclinical studies,
magnetic catheters have been developed to enhance steering accuracy [114], and magnetically guided
nanoparticles that induce thrombosis in intracranial aneurysms have also been prepared [115, 116].

In addition to the materials of MNP-based systems, the therapeutic effect can also be changed by an external
magnetic-control platform. Permanent magnets can produce a strong static magnetic field without an external
power supply or Joule heating, and are suitable for stationary targeting and local retention at the surface or
intraoperative site [117]. However, the magnetic fields cannot be changed dynamically. Mechanical
relocation is usually required, the field strength declines rapidly with distance, and thus targeting deep-seated
tumors remains a problem [118]. Electromagnetic systems can flexibly adjust the strength, direction, polarity
and gradient of the field to change magnetic force and torque dynamically and coordinately [119]. They have
the disadvantages of high energy consumption, Joule heating that requires active cooling, and relatively
complex and expensive equipment [120]. The platform needs to be able to adjust the tumor depth and field
of view, support image compatibility, and meet the requirements of clinical application.

Magnetic actuation platforms share the same basic goal: to create a strong, spatially varying magnetic field
and combine it with suitable magnetization characteristics of MNPs for high-efficiency targeting. Although
larger MNPs are more magnetic, their larger volume can lead to ferromagnetism and, thus, attract other
particles in a magnet [121]. Such particles are quickly eliminated by the mononuclear phagocyte system
(MPS), have a very short circulation half-life, and may cause thrombosis. Cobalt doping can enhance the
saturation magnetization, but the resulting cytotoxicity is not suitable for use in biomedicine. A too-steep
magnetic field gradient is also detrimental to the accuracy of targeting and biodistribution specificity.
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Although there are some defects, magnetic fields can pass through living tissues freely; thus, magnetic
targeting remains a feasible method to cross the biological barrier for drug delivery. Recently, some
researchers have also studied its anti-cancer and neuroprotective effects. Wang ef al. constructed
NV-IONP-Lapa by encapsulating pS-lapachone (Lapa) and iron oxide nanoparticles (IONPs) within
extracellular vesicle-mimicking carriers. Under the direction of an external magnetic field, the intracellular
uptake efficiency of NV-IONP-Lapa is enhanced, thereby improving cellular invasion and tumor selectivity
(Figure 8A). After cellular uptake, Lapa is modified by NADPH quinone oxidoreductase 1 (NQOI1) to
generate HoO» and reduce intracellular GSH; thus, it exacerbates oxidative stress. Meanwhile, iron ions
released from IONPs in the acidic tumor microenvironment trigger tumor cell apoptosis through the Fenton
reaction. T>-weighted MRI shows a dose-dependent signal change in human ovarian cancer cells after
treatment with NVIONP-LAPA, and thus can be effectively MR-imaged. /n vivo, magnetic guidance
enhances the accumulation of tumor-specific tissue by about 10-fold and reduces off-target deposition in the
liver and spleen. Noteworthy is that magnetically guided NV-IONP-Lapa has achieved near-complete tumor
ablation within 21 days and is now being explored for image-guided therapy [90].

Magnetic-target drug delivery has shown some promise in clinical trials for cancer treatment, but wide-scale
application has not been achieved and is still uncertain [121]. The other is that, due to poor contrast at the
site of a deep-seated tumor, magnetic targeting is less effective. The distance between circulating MNPs and
target lesions, as well as the spatial distribution of magnetic fields, are significant problems. Most of the
traditional preparation methods for MNPs use only one external magnet for concentration, and the efficiency
drops substantially with an increase in the distance from the magnet. As the distance between the magnet and
the target tissue increases, both the magnetic field strength and gradient decay exponentially (Figure 8B);
thus, there is a limited penetration depth and MNPs are less effectively accumulated at deeper sites. Relevant
studies indicate that effective magnetic targeting can only be achieved when the tumor is approximately 5
mm from the magnet surface [121, 122]. This depth-dependent limitation indicates that conventional single-
magnet targeting is more applicable to superficial tumors or locally accessible lesions, whereas well-
engineered magnetic field configurations are required for deeper targets. To overcome these drawbacks, the
geometry and placement of magnetic field sources must be optimized with respect to target tissues. It is
necessary to account for tissue architecture and other local physiological barriers when determining the
magnetic force required for effective nanoparticle guidance in DDS.

Recently, dual-magnet systems have received much attention for high-efficiency magnetic targeting. Zheng
et al. used a north-south magnet arrangement to generate a central field-free point, which has been applied
in magnetic particle imaging systems since then (Figure 8C) [125]. FFP is a place where MNPs switch from
a magnetic saturation state to a demagnetized state and emit MPI signals [126]. Tsourkas and others have
also employed a south-south magnet arrangement to create a narrow zero-field region in a strong, uniform
magnetic field gradient (Figure 8D) [127]. Another effective design is the north-south type, and it has a
relatively uniform magnetic field gradient at its center (Figure 8E) [124]. The above structures can achieve
MNP aggregation through inherent magnetic forces; that is to say, the particles bind to death receptor 4 on
colon cancer cells and thus induce apoptosis via a ligand-mimicking signaling mechanism (Figure 8F).

A key limitation of a single permanent magnet is that its produced magnetic field has a relatively restricted
effective penetration range and low field gradient in biological tissues, which inevitably leads to non-uniform
magnetophoresis of MNPs at greater tissue depths. At the same time, a dual-magnet structure establishes an
extended magnetic-field gradient in the neighborhood of both magnets. Spatial symmetry reduces
fluctuations in magnetic force and maintains a near-constant speed for MNPs in the S-S system. The dual-
magnet system can increase the concentration of MNPs by about five times over the general EPR effect in
solid tumors and improve intratumoral distribution threefold [127]. The dual-magnet arrangement can
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generate a stronger magnetic driving force for the desired migration and tissue penetration of MNPs. However,
the above advantage may not be fully realized in vivo, as predicted by the static-field model. Previous studies
have shown that the magnet configuration, magnetic field strength, and the distance between the magnet and
the tumor all affect the capture efficiency of magnetic carriers, and this problem becomes more prominent in
deep-tissue delivery [128]. In terms of control by magnetic field, the formation of an FFP or a zero-field
region is relatively sensitive to small displacements in space of the external magnetic field outside the target
position. Studies on MPI and magnetic actuation have also demonstrated that precise localization of the FFP
is required for stable particle manipulation [129]. Nevertheless, under real physiological conditions, target
regions are not static. Respiratory motion, cardiac pulsation, blood flow, and gastrointestinal peristalsis all
induce local tissue displacement, resulting in misalignment between the pre-defined zero-field zone and the
actual lesion site. Furthermore, aberrant tumor vasculature, dense ECM, and elevated interstitial fluid
pressure can further impede the intratumoral distribution and deep penetration of MNPs [130]. Accordingly,
future magnetic navigation systems may need to integrate real-time imaging, motion correction at target sites,
and closed-loop feedback control to enhance spatial matching between the magnetic field region and
dynamically moving target tissues.

Beyond the aforementioned motion-control errors, clinical translation is also constrained by the increased
source-to-target distance encountered in human tumors. Even optimized external magnetic configurations
may fail to overcome the rapid attenuation of magnetic field strength with increasing tissue depth. External
magnetic targeting is still a relatively simple and practical method for superficial tumors and lesions that are
suitable for local therapy. At the same time, for high-precision MNP delivery of deep-seated tumors, one may
need to reduce the effective distance between the magnetic source and the target tissue or generate more
concentrated, programmable field gradients. Potential strategies include implantable or locally positioned
magnetic components, catheter/guidewire-assisted interventional magnetic navigation, gradient-coil-based
electromagnetic systems, and MRI-guided magnetic targeting [131-133]. The above methods may improve
field focusing and realize real-time monitoring of MNP biodistribution; however, nanoparticle design,
magnetic field geometry, delivery route, imaging guidance and clinical workflow all require concurrent
optimization.

Although magnetic targeting increases the local concentration of MNP carriers at the lesion sites, subsequent
drug release remains largely passive. To address this, magnetically responsive intelligent delivery systems
have been developed, in which magnetic fields serve as both guidance tools and remote triggers for
therapeutic action. Such systems can control the therapeutic activation process after the carrier localization,
thereby improving treatment accuracy and reducing off-target exposure. For instance, Chen et al. prepared
FeGa@P(VDF-TrFE) core-shell magnetoelectric nanowires capable of magnetically controlling drug release
under both rotating and alternating magnetic fields (Figure 9A) [91]. Under magnetic stimulation, PFM phase
imaging shows that some dark areas are brightening (yellow arrow), indicating that some ferroelectric
domains have reversed their polarization due to the applied magnetic field (Figure 9B, D). Simultaneously,
changes in piezoresponse amplitude are observed. The domains with low initial amplitudes had high
amplitudes (dashed square), and the domains with high amplitudes showed the reverse trend (dashed circle)
(Figure 9C, E). The above phenomena are due to magnetostriction-induced deformation of the FeGa core,
which transmits mechanical strain to the piezoelectric P(VDF-TrFE) shell and alters its surface polarization.
Besides controlled drug release, the nanowires can also be magnetically moved programmatically. Under
low-amplitude rotating magnetic fields, they show tumbling and surface-walking behavior (Figure 9F-I), and
conical magnetic fields induce three-dimensional swimming (Figure 9J-M); therefore, precise navigation and
accurate tumor targeting are expected. Polydopamine (PDA)-surface coating can be used to load drugs.
Exposure to an alternating magnetic field induces a transient modification of surface polarization via
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magnetoelectric coupling, disrupting non-covalent bonds between paclitaxel (PTX) and PDA, and thereby
releasing the drug (Figure 9N). Based on the above in vitro experiments, the viability of cancer cells after
being treated with drug-loaded nanowires in an alternating magnetic field was approximately 60%. Magnetic
hyperthermia and passive drug diffusion yield minimal cytotoxicity; therefore, drug release is caused by the
magnetoelectric effect. Exposure to a static magnetic field does not induce cell death, suggesting that surface
charge compensation likely stabilizes the polarized state and inhibits PTX release. These properties can be
exploited to generate a stable, continuously rotating magnetic field during in vivo nanoparticle administration,
which prevents premature drug release and mitigates off-target effects in healthy tissues.

3.2 Magnetic Hyperthermia

Cancer therapies powered by external energy sources offer promising benefits for improving therapeutic
outcomes and currently represent one of the most actively investigated research directions in the oncology
field. Representative modalities include thermotherapy [134], photothermal therapy [135], photodynamic
therapy [136], electrodynamic therapy [137], X-ray therapy [138], and microwave dynamic/thermal therapy
[139]. In 1957, Gilchrist et al. first proposed magnetic hyperthermia therapy (MHT). At present, MHT
generally involves the administration of magnetic iron oxide nanoparticles (MIONs), followed by exposure
to an alternating magnetic field (AMF) to produce localized heating and induce tumor ablation [140, 141].
Although normal tissues exhibit greater heat tolerance than tumor tissues, a major challenge for the clinical
translation of MHT is achieving spatially confined and uniform heating restricted to tumors while preserving
adjacent healthy tissues. Upon exposure to an AMF, MNPs produce heat via hysteresis loss, and the efficiency
of this process is highly sensitive to particle size. (Figure 10A,B). To realize intracellular localized heating
and reduce off-target damage, MNP-mediated MHT has two main advantages: deep tissue penetration and
magnetically guided selective ablation of malignant cells with negligible damage to surrounding normal
tissues. Under AMF exposure, the two primary relaxation mechanisms responsible for heat dissipation in
MNPs are Brownian relaxation and Néel relaxation, characterized by their respective relaxation time
constants 7z and 7y [142-144].
3nVy
& kT

()

K

_ oV
;= Toex - 3
T B kBT] @)

Brownian relaxation is related to the viscosity (#) of the dispersive medium and the hydrodynamic volume
(Vu) of MNPs, where kp is the Boltzmann constant and T is the absolute temperature. Néel relaxation is
determined by the product of magnetic anisotropy energy (Ke}) and particle volume (V). Under an AMF,
internal Néel fluctuations of magnetic moments coupled with external Brownian motion together cause
energy dissipation in single-domain MNPs and generate heat (Figure 10B) [142]. The heating performance
of MNPs is commonly quantified by the specific loss power or specific absorption rate (SAR), calculated as

follows [145]:
Cd
SAR = - (d_g (4)

C represents the specific heat capacity of the solvent; m represents the concentration of magnetic material
(mg/mL); and d7/ dt represents the initial slope of the temperature-time curve. SAR is related to the inherent
magnetic properties of MNPs and the strength and frequency of the applied AMF.

For biosafety considerations, AMF parameters are limited by the safety threshold Axf < 5x10° A-m™"-s™!
[146]. Accordingly, research efforts have focused on optimizing magnetic material selection and engineering
structural parameters, including core size, crystal structure, morphology, and surface coating, to boost SAR
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values (Figure 10C). These modifications influence key magnetic characteristics, including
magnetocrystalline anisotropy (k), saturation magnetization (M), magnetic susceptibility, and relaxation
dynamics. SAR is strongly correlated with M and is also modulated by particle size, which displays a non-
linear relationship with SAR due to surface spin disorder and k-dependent magnetic anisotropy effects [147-
149]. For example, Majeed et al. developed silica-coated iron oxide nanoparticles, demonstrating that the
silica shell enhances Brownian motion and consequently increases SAR compared to uncoated nanoparticles
[150]. However, an excessively thick silica layer will instead reduce the SAR. This is clinically viable: a
relatively high SAR can be leveraged to lower the therapeutic dosage, thereby improving biosafety and
treatment efficacy [151]. Carbide- and nitride-based MNPs have also been studied as new heating platforms
in addition to the traditional iron oxide system because their phase-dependent magnetization, magnetic
anisotropy, and 7. may affect energy dissipation under AMF exposure. Nevertheless, their application in
cancer magnetic hyperthermia therapy (MHT) is less mature compared with iron oxide nanoparticles, and
further data regarding colloidal stability, biosafety, and reproducible in vivo heating performance are required.
Benefiting from its excellent deep tissue penetration performance and spatiotemporally controllable remote
heating capability, MHT has been established as a promising treatment option applicable to multiple solid
tumor types in the prostate, lungs, breast, and liver. MHT generally raises the temperature in the tumor
through MNPs to 41-47 °C (Figure 10D) and thus causes apoptosis or necrosis of cancer cells by thermal
stress [152, 153]. Achieving precise thermal effects allows for selective and uniform destruction of tumor
tissue while protecting the surrounding normal tissues. Given the clinical safety limit for the amplitude-
frequency product (H%f) of alternating magnetic fields (AMFs), thermal conversion efficiency of MNPs
needs to be high enough to achieve a therapeutic effect. Among the available nanomaterials, SPIONSs are used
more frequently in MHT due to their strong magnetic properties and excellent biocompatibility.
Nanoparticles can be magnetized to the tumor site and generate local hyperthermia when exposed to AMFs
with minimal off-target heating.

In addition to MNPs administered via systemic circulation, multiple types of magnetically responsive
implants designed for local retention have been developed to achieve superior spatial control and long-term
stability. Zheng et al. designed a multi-functional phase-transition nanocomposite for minimally invasive
implantation (Figure 11A). In this system, polylactic-co-glycolic acid (PLGA) is blended with iron powder
to form a highly injectable Fe/PLGA gel (L-Fe-PLGA). The gel solidifies upon contact with physiological
fluids to form an in sifu implant (S-Fe-PLGA). An anchor is used at the tumor site to convert electromagnetic
energy into heat via an AMF, and the local temperature is raised to over 70 °C. Thermal elevation results in
full-thickness tumor destruction within three days, with no recurrence observed after one month. Clinically
approved materials are used to enhance the biocompatibility and reduce the long-term toxicity of the system
[92]. Beyond their intrinsic direct cytotoxicity, magnetothermal effects can act as a trigger for controlled drug
release. Rao et al. demonstrated that hysteresis heat produced by MNPs upon AMF exposure can trigger the
release of small molecules from thermosensitive liposomes after a short 20-second lag (Figure 11B) [156].
This way could deliver neuromodulators to the targeted neural region at a specific time and place, and the
magnetothermal strategy is versatile for cancer treatment and neuromodulation.

In addition to generating localized thermal stress within the surrounding microenvironment, MHT
concurrently induces nanoscale modulations in the molecular structure and physiological properties of
endogenous biomolecules in the lesion region [157-159]. Some studies have demonstrated that individual
MNPs can elevate the temperature in their immediate vicinity, thereby affecting adjacent or bound molecules.
The localized thermal effect is expected to improve the anti-tumor effect of MNP-mediated MHT. For
example, under an AMF, accumulated MNPs within lysosomes elevate the local temperature and reactive
oxygen species (ROS) level, thereby triggering lysosomal cell death [160, 161]. Gordon ef al. demonstrated
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that internalized MNPs exert stronger pro-apoptotic or necrotic effects owing to the insulating nature of the
cell membrane, which consequently amplifies intracellular thermal stress [162]. Therefore, the hypothesis is
supported. The advantages of magnetocalorically induced local hyperthermia are as follows: (i) reduced heat
dissipation in surrounding tissues; (ii) achievement of targeted and spatially specific thermal ablation; and
(iii) the capacity to modulate the functions or interactions of specific biomolecules under AMF-mediated
heating, enabling selective destruction of tumor cells [154].

Lysosomes represent one of the most extensively investigated subcellular targets for MNP-mediated MHT.
As acidic degradative organelles, lysosomes are rich in hydrolases and are responsible for macromolecule
degradation, autophagy, and cell death regulation. Once MNPs are sequestered within lysosomes, AMF
exposure triggers the generation of heat and reactive oxygen species (ROS). This leads to lysosomal
membrane permeabilization (LMP) and subsequent leakage of lysosomal enzymes into the cytosol,
disrupting intracellular homeostasis and ultimately inducing apoptosis, necrosis, or inflammatory cell death
[27]. Domench et al. have shown that surface-functionalized MNPs can actively target tumor cells with
elevated epidermal growth factor receptor (EGFR) expression, and upon exposure to an AMF, selectively
induce LMP and ROS generation, thus reducing cell viability [161]. Sanchez et a!/. also found that iron oxide
nanocrystals entrapped within lysosomes can induce LMP in in vitro endocrine tumor cell models under low-
intensity AMF, even at very low concentrations [163].

Mitochondria are also well-recognized targets for MHT, as they govern ATP production, redox homeostasis,
calcium signaling, and apoptosis. Shen ef al. have developed a mitochondria-targeted magnetothermogenic
nanozyme (Ir@MnFe;Os NPs) for AMF-induced synergistic tumor therapy (Figure 11C) [93]. These
nanozymes, directed by iridium (IIT) complexes (Ir), precisely accumulate in the mitochondria (Figure 11D)
and produce localized thermal stress under an AMF, thereby damaging mitochondria. Within the glutathione-
rich microenvironment of cancer cells, Fe** in the nanozyme is reduced to Fe*", which promotes the Fenton
reaction and generates hydroxyl radicals (-OH). This leads to oxidative cytotoxicity and disruption of cellular
redox homeostasis. Shah et al. also reported a tumor-targeted magnetic core-shell nanoparticle (MCNP)
system capable of delivering a mitochondria-targeting pro-apoptotic amphipathic tail-anchored peptide
(ATAP) to metastatic breast and malignant brain tumor cells. Upon delivery, MCNP-ATAP induces
mitochondrial dysfunction, which is further exacerbated by local magnetic hyperthermia. Compared with
free ATAP, MCNP-mediated delivery leads to more severe loss of mitochondrial membrane potential and
enhanced mitochondrial disruption, thereby elevating the apoptotic rate. In addition, this system allows
noninvasive cellular tracking via magnetic resonance and dark-field imaging, offering complementary
diagnostic information alongside therapeutic functions [94].

External thermal stimulation can also induce mitochondrial heat stress, which propagates to mitochondria-
associated endoplasmic reticulum (ER) membranes and initiates ER stress-mediated apoptotic signaling.
Jiang et al. developed a dual-targeted nanoparticle, ZnCoFe;Os@ZnMnFe,04-RGD-TPP (MRT), to
selectively induce mitochondrial thermal stress under AMF exposure [95]. The arginyl-glycyl-aspartic acid
(RGD) motif facilitates MRT binding to tumor cells, while triphenylphosphonium bromide (TPP) enables
mitochondrial targeting (Figure 12A). AMF stimulates MRT to generate localized heat; mitochondrial
dysfunction and excessive reactive oxygen species production occur. Mitochondrial heat stress suppresses
Mifn2; therefore, there is increased ER stress and activation of the PERK-eIF2a signaling pathway. This
cascade induces ICD, promotes the polarization of tumor-associated macrophages towards the pro-
inflammatory M1 phenotype, and stimulates systemic anti-tumor immunity (Figure 12B). In a hepatocellular
carcinoma model, MRT-mediated AMF exposure raises the subcutaneous tumor temperature to around 50 °C
and causes substantial ablation of tumor cells. In addition, the induction of mitochondrial stress can inhibit

the proliferation of the tumor locally and trigger immune responses that suppress distant tumors; thus,
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magnetothermal immunotherapy has shown some promise.

According to the above evidence, MHT can induce long-lasting anti-tumor immune responses through
multiple mechanisms [164-166]. As early as 1998, Kobayashi and others reported that MHT activates the
systemic immune function and enhances antitumor effects [167]. Notably, after MHT, CD4* and CD8* T
cells were found infiltrating the tumor tissue; otherwise, no immune cells were present in the untreated control.
The resulting immune response is also long-lasting. Subsequent studies have found that MHT-induced
upregulation of HSP70 promotes the chaperoning of tumor-associated antigens and enhances their
presentation by APCs via the MHC-I pathway, thereby activating cytotoxic CD8" T lymphocytes [168, 169].
Liu and others have shown that MHT can also trigger an immune response by releasing tumor antigens [96].
PEGylated ferrimagnetic vortex-domain iron oxide nanorings (FVIOs) for MHT were engineered with a
uniform vortex structure and a 70 nm diameter; they also have excellent heat conversion properties (SAR =
3337 W/gFe at 365 kHz, 46 kA/m) (Figure 12C-F). In the presence of AMF, FVIOs induce calreticulin (CRT)
translocation to the cell surface, a feature of ICD, and thus promote APC recruitment. CRT exposure promotes
macrophage polarization and activates downstream immune cells. /n vivo investigations have confirmed that
MHT mediated by FVIOs significantly enhances systemic cytokine production—including interferon-
gamma (IFN-y), tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-18 (IL-18)—
compared to AMF or FVIOs alone. Magnetothermal treatment nearly eradicates 4T1 breast tumors, and when
combined with anti-PD-1 immune checkpoint blockade, results in complete tumor ablation. Furthermore,
mild hyperthermia induced by FVIOs promotes immune cell infiltration within the tumor microenvironment
and effectively inhibits both distant metastasis and the growth of secondary tumors.

MHT can also promote immune cell migration and drug delivery by triggering thermally induced biophysical
changes. Hyperthermia within the range of 40-43 °C improves oxygenation by dilating arterioles and
increasing vascular permeability, thereby recruiting T cells and dendritic cells from the draining lymph nodes
to the tumor site [170-172]. MHT also upregulates intercellular adhesion molecule-1 (ICAM-1) and other
vascular adhesion molecules via the IL-6 signaling pathway and promotes immune cell infiltration [173].
MHT-induced thermal stress also damages the tumor extracellular matrix and increases vascular and
interstitial permeability, thereby facilitating the penetration of cytotoxic drugs and nanoparticle-based
therapeutics while enhancing intratumoral drug delivery.

3.3 Magnetic Force-Induced Tumor Therapy

Magnetomechanical control of cells has garnered increasing attention in recent years. It is now established
that mechanical force acts as an essential regulator of cell behavior and tissue homeostasis in cancer.
Mechanical cues regulate how cells perceive and respond to their physical microenvironment; therefore,
based on the above evidence, magnetism can be employed in cancer therapy to modify the structure of
malignant cells and induce apoptosis [174]. Most studies have determined that mechanical force is a key
reason for changes in cell-cell and cell-matrix contacts, and thus various other cell functions, such as division,
differentiation, and immunity, are regulated [175, 176]. Excessive external mechanical force can damage the
cells and cause cell death, thereby reducing the anti-cancer effect [176-179]. In 2021, Ardem Patapoutian
received the Nobel Prize in Physiology or Medicine for discovering the molecular foundation of
mechanosensation and extending the range of biological effects caused by mechanical stimulation [180].

Magnetic fields induce various types of mechanical stress on magnetoresponsive nanomaterials, including
torque, tension, shear stress and compression, leading to changes in their structure and apoptosis of cancer
cells. By changing the applied magnetic field and the shape of MNP, both the size and distribution of
mechanical stress can be adjusted (Figure 13A). The biological effects of magnetically induced mechanical
stimulation are significantly affected by the size, location and manner of application of mechanical load.
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Localized forces in the piconewton (pN) range can generally change mechanosensitive structures and start
mechanotransduction without causing damage to the structure [181, 182]. With an increase in mechanical
stress, forces in the range of hundreds of pN to nN can cause significant deformation of cellular membranes
and cytoskeletal structures, and under suitable loading conditions, may result in structural damage or
membrane rupture [183, 184]. The above values should be considered approximate mechanical environments
rather than general upper bounds, as the biological response is also influenced by factors such as force
concentration, loading frequency, contact shape, membrane stress, etc., in other cells. Therefore,
magnetomechanical cancer therapy holds promise as a novel, physics-based non-invasive cancer treatment
modality.

AMF generates oscillating magnetic fields (OMF) or rotating magnetic fields (RMF), exerting lateral
mechanical stimuli such as shear and compressive stress on cell membranes and intracellular organelles [185].
AMF drives anisotropic MNPs (e.g., magnetic nanorods) to align and rotate along their longitudinal axes via
magnetic torque, producing propeller-like motion that induces local mechanical stress. Consequently, the
generated shear and compressive forces physically disrupt cancer cell membranes through a "slicing" effect
[97, 186]. At the same time, there are also MNPs in a circle around a fixed point in RMF. For example, in the
case of RMF, magnetic nanohelices can rotate and move along their helical axes to generate spiral shear
forces that mechanically "mill" cancer cells by continuous rotational deformation [187, 188]. The modes of
magnetic actuation produce different mechanical stresses in the cell structure (Figure 13B) [98]. MNPs of
different shapes can be subjected to vertical compression or tension, and needle-like or sharp-edged MNPs
generate a high local compressive force and are thus more effective against highly permeable or structurally
damaged cancer cells [176-178]. Modification of the outer surface can also enhance the mechanical
advantage of shape-specific MNPs and enable specific binding to target cell membranes or subcellular
organelles. Anchoring will directly induce mechanical stress in the target membrane, receptor, cytoskeleton
or subcellular organelle via magnetic-field-induced displacement. The resulting biological response varies
according to the location, size and type of force application. Local magnetic forces at the plasma membrane
can open the mechanosensitive ion channel Piezol and cause an influx of Ca?' [182, 189]. Mechanical
stimulation can also be transmitted by adhesion complexes and the actin cytoskeleton to regulate YAP/TAZ
activity [190]. However, direct involvement in cell apoptosis in magnetomechanical tumor models has not
been confirmed. Oscillation of lysosome-targeted SPIONs at the organelle level can lead to lysosomal
membrane permeabilization and subsequent apoptosis [103]. Another study found that MNPs accumulated
in lysosomes can disrupt the actin cytoskeleton without detectable lysosomal leakage, and thus different
modes of intracellular action may occur simultaneously [98]. Besides these lysosomal effects, magnetic
aggregation of DR4-targeted nanoparticles can promote DR4 clustering and activate the extrinsic apoptotic
pathway [124]. Overall, the biological response to magnetomechanical stimulation depends on nanoparticle
localization as well as the type and magnitude of applied force, including shear, torque, compression, and
tension.

Shear force refers to a mechanical stress that arises from a directional “cutting” motion, causing one segment
of an organelle to slide relative to another [185-187, 191]. RMF is applied to the MNPs for spinning and
rotation, and shear forces are generated by rubbing, scraping, milling, slicing, etc. The size of the shear stress
is also affected by the specific shape of the MNPs and other factors in the magnetic field. The above reasons
will damage the structure of the cell by causing membrane rupture and releasing intracellular contents;
therefore, either apoptosis or necrosis will occur (Figure 14A). The mechanism and range of shear-induced
cytotoxicity for MNPs are affected by MNP shape, surface modification, and magnetic field strength. Zhao
et al. have shown that rod-shaped MNPs can generate a larger shear force than spherical ones and are thus
more effective at ablating cancer cells [192]. Rod-shaped MNPs cause significant shape deformation of
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cancer cells in the presence of AMF and reduce cell viability considerably compared to spherical counterparts.
Rotationally sheared MNPs reduced the size of tumors in a mouse breast cancer model compared with the
control group. More recently, Cheng et al. developed a magnetic nanocube platform that self-assembles into
rod-like structures under rotating magnetic fields (RMF; 15 Hz, 40 mT). These rod-shaped assemblies exert
slicing shear forces on cells via dynamic rotational motion (Figure 14B,C) [97, 101, 102]. Additionally,
mitochondrial-targeted surface modification of MNPs enables direct transmission of shear forces to
mitochondrial membranes, triggering the efflux of pro-apoptotic proteins such as cytochrome c into the
cytoplasm (Figure 14D) [97].

Torque describes the rotational mechanical moment generated when a force acts at a distance from a rotational
axis. Under AMF, rotating MNPs generate torque that distorts cellular structures upon direct interaction with
plasma membranes or subcellular organelles (Figure 15A). Tunable torque-mediated deformation can be
achieved by engineering MNP geometry, adding organelle-targeted surface functionalization, or changing the
frequency of the applied magnetic field to extend the therapeutic effect of magnetomechanical oncology
[194]. Zhang et al. showed that magnetic nanospheres bonded to lysosomes could be subjected to an
alternating magnetic field (AMF; 20 Hz, 30 mT), thereby exerting a direct torque on the lysosomal membrane
and causing twisting and damage to its structure (Figure 15B) [103, 195]. When the applied torque exceeds
the mechanical limit of the membrane, it will break, but neither proliferation nor cell death of cancer cells
will occur. Master and others used a polymer network to fix the nanospheres more securely to lysosomal
membranes and enhanced torque transmission and therapeutic effect [98]. Park et al. developed ligand-
functionalized magnetic nanospindles for selective mitochondrial targeting in 2021. Low-frequency AMF
stimulation (0.5-20 Hz, 1 mT) generates torque directly at the mitochondrial surface of these nanospindles
and thus causes mechanical deformation and functional impairment (Figure 15C) [193]. External torque
triggers excessive mitophagy and mitochondrial dysregulation in tumor cells, leading to apoptotic cell death.
Compression and tension are fundamental mechanical forces that cause inward compressive stress and
outward tensile stress on cell membranes and intracellular organelles. Compression can directly damage
membranes and impair cells; tension or cyclic mechanical vibration, which alternates between compression
and tension, can open mechanosensitive ion channels and activate other intracellular signaling pathways to
alter diverse cell functions (Figure 16A) [124, 197]. Recent studies have demonstrated that targeted
mechanical vibration can potentiate anti-cancer immune response. In 2021, Kim et al. developed a magnetic-
responsive nanocomplex incorporating SPIONs for NK cell labeling [104]. Upon exposure to a low-
frequency alternating magnetic field (1 Hz, 1.5 mT), the nanocomplex undergoes dynamic mechanical
oscillation, subjecting NK cells to repeated compression and extension. Mechanical stimulation on the NK
cell surface alters mechanosensitive structures and enhances their cytotoxic activity against tumor cells
(Figure 16B). Lunov et al. confirmed that mechanical stress applied to lysosomes can induce apoptosis in
cancer cells (Figure 16C) [99]. Magnetic nanospheres are internalized via endocytosis and trafficked to
lysosomes. Upon exposure to a high-intensity pulsed magnetic field (PMF; 8 T, 15 us pulse width), they
abruptly generate tensile stress, inducing lysosomal membrane damage and subsequent cytoplasmic release
of Granzyme B to trigger apoptosis. Building on this concept, Cheon et al. applied magnetic tension to
selectively activate DR4 on the surface of cancer cells (Figure 16D) [124]. In their study, antibody-
functionalized magnetic nanospheres specifically bind to DR4 and are subjected to a static magnetic field
(SMF) to create a local tensile force at receptor sites. Such mechanical stimulation promotes assembly of the
death-inducing signaling complex and subsequent caspase-3 activation, thereby triggering apoptosis. This
magnetomechanical strategy has achieved promising results against multidrug-resistant cancer cells and is
currently under investigation for cancer therapeutic applications.

The above magnetomechanical effects provide a direct path for magnetic-force-mediated cancer therapy. In
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magnetically actuated micro/nanorobots, magnetic forces and torques are applied in a distinct manner. They
no longer serve as primary cytotoxic triggers, but act as control parameters for deformation, locomotion,
navigation, tissue penetration, and cargo delivery.

3.4 Magnetic Navigation Micro/Nanorobots Mediated Tumor Therapy

Numerous organisms in nature, such as birds, butterflies, magnetotactic bacteria, and salmon, can perform
long-distance navigation by sensing geomagnetic fields [26]. Some species rely on the Earth's magnetic field
for spatial orientation and nest selection. Inspired by these biological navigation strategies, researchers have
developed magnetic micro/nanorobots for targeted delivery in biomedical applications. These artificial
structures are generally micro- or nano-sized, and after functionalization with diagnostic agents, therapeutic
payloads or targeting ligands, they can be targeted to different parts of the body for delivery. Micro/nano-
robots are classified based on the type of actuation device: magnetic, electrical, chemical (fuel-powered),
acoustic (ultrasound-driven), and optical (light-driven). However, all these systems have certain deficiencies.
Chemically and ultrasound-driven systems are generally not directionally controllable, and cytotoxic fuels
such as urea, hydrogen peroxide or sodium borohydride need to be employed [198, 199]. Light-driven robots
need a powerful light source; therefore, they may be less biocompatible, and electrically actuated devices
have not undergone clinical trials. At the same time, magnetically actuated micro-/nanorobots can be
remotely controlled and are compatible with tissue in a complex physiological environment. These systems
have shown extensive applications in various fields of biomedicine, such as targeted drug delivery, biofilm
inhibition, cell modulation and real-time in vivo biosensing. Therefore, they are now new platforms for
minimally invasive and highly controllable therapy. Magnetic medical microrobots can be magnetized for
real-time imaging and manipulation in MRI to achieve combined diagnosis and motion control. Magnetic
fields have some advantages over other drive modes:

(1) Remote control capability: Magnetic fields are used for wireless, non-contact manipulation of microrobots
in complex chemical and biological environments.

(i1) Fuel-free operation: Magnetic propulsion is a type of clean actuation that does not use toxic chemical
fuels. It is also highly environmentally friendly; the low-frequency magnetic actuation does not harm the
cells and tissues.

(iii) Deep-tissue penetration: Magnetic fields have good soft-tissue permeability and biosafety; thus, they can
reach deep-seated, anatomically localized lesion areas in vivo.

(iv) Programmability and reconfigurability: Precise motion control of magnetic microrobots can be achieved
by modifying the inherent material properties (e.g., magnetic anisotropy and particle morphology) to alter
magnetic response behavior [200-202]. The magnetorheological structure can be flexibly changed for
various biomedical applications by dynamically adjusting the amplitude, direction, and frequency of the
magnetic field [203-206].

(v) Versatility: Magnetic actuation can be used in conjunction with other types of stimulation, such as optical,
chemical and acoustic energy, to achieve high-precision control and delivery of various functional cargoes,
including single cells and nanotherapeutic agents [207].

(vi) Recyclability: Magnetically assembled micro/nanorobots can be efficiently extracted from biological
fluids and tissues by an external magnetic field after use. This way can improve biosafety and reduce systemic
and environmental accumulation.

Given their magnetic properties, the three categories of materials often employed in the construction of
microrobots are soft magnets, hard magnets and superparamagnetic materials. Generally speaking, the
division is based on the necessary characteristics of M, and H., as shown in their respective magnetization

curves (Figure 17A-C). M, is the remanent magnetism that remains in a material after the removal of an
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external magnetic field, and H. is the magnetic field strength required to reduce M. to zero. Both are highly
dependent on particle size (Figure 17D). Soft magnetic materials, such as iron- and nickel-based alloys, have
a high magnetic susceptibility and M; but low M, and H. values (Figure 17A). A special kind, soft-magnetic
soft materials, have soft magnetic properties and mechanical compliance, and a low Young's modulus. When
embedded magnetic particles are isotropic and spherical, no magnetic torque is generated owing to the lack
of a preferred magnetization axis (Figure 17E). Accordingly, magnetoresponsive gels and elastomers
fabricated from isotropic soft-magnetic soft materials undergo deformation driven by magnetic forces
originating from spatial magnetic field gradients (Figure 18A,B) [209-211]. Magnetic anisotropy can be
imparted to soft-magnetic soft materials by incorporating non-spherical particles or assembling magnetic
particles into anisotropic chain-like architectures (Figure 18C,D) [202, 212, 213]. This engineered structural
asymmetry disrupts magnetic isotropy, thereby enhancing the material’s directional responsiveness to
external magnetic fields and significantly improving its actuation performance.

In contrast, hard magnetic materials exhibit high values of both M, and H., which enables them to sustain
stable magnetization and function as permanent magnetic sources after polarization (Figure 17B). Therefore,
rare-earth-based permanent magnetic materials (e.g., NdFeB and SmCo) are more suitable for fabrication of
locally positioned magnetic components and embedded magnetic domains, as well as for device-assisted
actuation, rather than serving as conventional systemically injected nanoparticles. Their high M, and H.
values enable persistent magnetization and programmable deformation in magnetic robotic systems.
Nevertheless, their limited biodegradability, potential long-term in vivo retention, and composition-
associated biosafety risks necessitate rigorous encapsulation strategies and safety assessments before
biomedical applications. When hard magnetic particles are embedded within mechanically compliant
polymer matrices, the resulting hard-magnetic soft materials can undergo controlled deformation (e.g.,
bending or shape morphing) under uniform or gradient magnetic fields via torque- and force-driven actuation
mechanisms (Figure 19A-D). When particle sizes are reduced below a critical threshold, coercivity H.
decreases sharply, making the particles highly susceptible to thermal fluctuations and magnetic relaxation
(Figure 17D). Ferromagnetic nanoparticles below this threshold display superparamagnetic characteristics:
they produce large magnetization under an applied magnetic field but negligible remanent magnetization and
coercivity once the field is removed (Figure 17C). When such superparamagnetic nanoparticles are embedded
within soft magnetic matrices, the resultant composites are referred to as superparamagnetic soft materials.
Although superparamagnetic soft materials generate lower magnetic torque and force density compared to
their soft or hard magnetic counterparts, they possess a unique ability to produce heat through Néel and
Brownian relaxation mechanisms under AMF exposure. This localized thermal effect can be exploited to
trigger programmable internal shape transformations (Figure 19E), as well as to regulate expansion—
contraction behavior in thermoresponsive composite systems (Figure 19F). Accordingly, superparamagnetic
soft materials provide an alternative mode of actuation that extends beyond direct magnetic force or torque-
mediated deformation.

In addition to the inherent magnetic properties of materials, the spatial distribution of external magnetic fields
also significantly influences the type of actuation and movement characteristics for magnetic soft robots. A
hard magnetic structure with a programmed remanence in a near-uniform magnetic field is driven by
magnetic torque. The distal end rotates or bends to be perpendicular to the field, but in the absence of a strong
field gradient, there is little net displacement. Therefore, the forward drive is achieved by near-field insertion,
fluid flow or auxiliary drive. A spatial magnetic field gradient creates a net magnetic force in the direction of
an increase in the magnetic field and thus induces translation. In general, a force and a torque in a non-
uniform magnetic field work together rather than independently [208].

Different magnetic field characteristics can be used to implement various navigation strategies for vascular
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intervention. Torque-dominated systems control the position and bend of the distal end by means of magnetic
fields, and forward motion is realized by external means, such as mechanical pushing or fluid flow. Jeon and
others are examples. Connect a variable-direction magnetic field to an independent robotic inserter for
guidance of a guidewire inside a coronary phantom [214]. Similar strategies have also been used for the
neurovascular system: magnetic-field systems are used for steering control, and motorized devices deliver
forward propulsion. Pancaldi et al. adopted an alternative approach, utilizing magnetic torque to regulate
orientation at vascular bifurcations while relying entirely on blood flow for vessel traversal [215]. Gradient-
dominated systems differ because magnetic field inhomogeneity itself provides a directionally biased pulling
force at the distal tip. The fringe field generated by a clinical MRI scanner has been utilized to guide tethered
instruments robotically [216], and built-in MRI gradients have realized stepwise leader-follower navigation
of a tethered guidewire [217]. Therefore, torque-dominated navigation generally separates orientation from
propulsion, and gradient-dominated navigation links magnetic actuation to translation more directly. The
three-dimensional path of the actual vascular environment is jointly determined by vessel geometry, fluid
flow, mechanical insertion, magnetic field distribution and tether deformation.

Novel materials and magnetic actuation devices have been developed to enhance the biomedical applications
of magnetic micro/nanorobots. These miniaturized agents exhibit promising potential for disease diagnosis
and therapy, biosensing, and detoxification, and generally serve as rigid carriers of genes, cells, or
chemotherapeutic agents [218-220]. Magnetic actuation under low millitesla-scale field strengths is generally
sufficient to drive micro/nanorobots' locomotion while avoiding damage to surrounding healthy tissues [26].
For example, iron-coated biotubes can be driven as drill—like carriers within high-frequency rotating
magnetic field to precisely deliver the anticancer agent camptothecin to tumor sites. /n vitro experiments
have shown that this targeted delivery strategy can effectively eliminate HeLa cells, and magnetically-driven
microcarriers have exhibited therapeutic potential [221].

Chen et al. also developed a biodegradable magnetic hydrogel robot (BMHR) based on gelatin and FezO4
nanoparticles capable of autonomous navigation under a closed-loop control system [105]. The BMHR
supports four motion modes to follow predefined paths. The navigation module adopts the Al algorithm to
compute optimal paths for the robot to reach target locations, while a dilation algorithm maintains safe
distances from environmental boundaries for obstacle avoidance, enabling intelligent motion planning.
Prolonged exposure to AMF gradually increases the internal temperature of BMHR, and after reaching the
upper limit for thermosensitive change, a reversible gel-to-solid phase transition takes place. In addition,
BMHR is highly biodegradable and can be gradually degraded in PBS at room temperature. Gelatin has an
inherent thermal response, and Fe3O4 NPs produce heat in the presence of AMF through Néel relaxation,
Brownian relaxation and hysteresis loss. Together, they can target the release of drugs in tumors and suppress
the growth of cancer cells. Collectively, the above results show that BMHR can function as an intelligent
magnetic-guidance drug-delivery system for cancer treatment and has good prospects for future clinical
application.

Given the complexity of the human physiological environment, cargo delivery and release strategies for
micro/nanoscale agents in various biological fluids, such as blood, gastric juice and saliva, need to be
investigated [26]. Biomedical nanorobots are self-propelled and controllable navigation devices that have
attracted extensive attention in recent years for targeted drug delivery and biosensing [222]. Alapan et al.
have engineered cell-level multifunctional surface microrollers by functionalizing magnetic-responsive Janus
microparticles with anti-HER2 antibodies. Microrollers can be functionalized with cancer-targeting ligands
or anticancer drugs to achieve targeted delivery to the tumor site in a simulated circulatory system [12].
Although their propulsion performance decreases in the presence of dynamic flow, active upstream motion
can still be achieved for the micro-rollers in both 2D and 3D flow channels, and they are also suitable for
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navigation in a physiological environment.

The foundation of in vivo feasibility for magnetic micro/nanorobots is favorable biocompatibility. However,
most of the existing designs have high immunogenicity and can cause serious host immune reactions; thus,
they may lead to structural damage or platelet activation of the robots and increase the risk of adverse
pathological lesions [223]. Biohybrid magnetic microrobots have been developed to solve the problems of
biological incompatibility and cytotoxicity. Gong et al. fabricated biohybrid microrobots by magnetizing
Chlorella (Ch.) cells with Fe;O4 nanoparticles and then loaded the chemotherapeutic drug doxorubicin (DOX)
into the engineered cells (Figure 20A) [106]. These microrobots can be further organized into chain-
structured multimers called biohybrid microrobot multimers (BMMs) via dynamic magnetic self-assembly
(Figure 20B). BMMs have multiple ways to move, and under different magnetic field conditions, they can
roll or tumble to move in any direction accurately (Figure 20C, D). Under the processing magnetic field (B
=70 G, f=60 Hz, §=30°), both the rolling speed and the propulsion performance of dimeric BMMs reached
a maximum of 107.6 pm/s, due to the excellent biocompatibility of Ch. BMMs are not cytotoxic. Targeted
chemotherapy experiments have further validated that BMMs can be magnetically guided to cancer cells,
and the acidic TME triggers localized drug release to induce apoptosis in malignant cells.

Wang et al. also constructed multifunctional hybrid bio-microrobots, denoted as (Pd@Au) /Fe;04@Sp.-DOX,
by using non-cytotoxic Spirulina (Sp.) as a biological scaffold (Figure 20E) [107]. These biohybrid magnetic
microrobots (BMMRs) are designed to perform targeted drug delivery and synergistic chemo-photothermal
therapy simultaneously (Figure 20F). BMMRs have a high saturation magnetization, can be driven by a
rotating magnetic field to achieve a maximum propulsion speed of 526.2 pm/s, and show stable directional
motion. DOX-loaded BMMRs can be precisely delivered to the tumor site by magnetic fields and bind to
769-P cancer cells. Subsequent near-infrared (NIR) irradiation induces on-demand in situ drug release and
thus causes extensive apoptosis and necrosis of tumor cells. Fe;O4 nanoparticles are used as contrast agents
for MRI and gold (Au) components are used for CT. Such dual-modal imaging capability endows these
microrobots with great potential for real-time image-guided cancer therapy, representing a promising
direction for future research.

In addition to the above applications of targeted drug delivery, magnetic micro/nanorobots can also serve as
untethered microgrippers or micro-tweezers to reach deep-tissue sites and navigate narrow capillaries for
minimally invasive surgery under remote magnetic control [224, 225]. Yang et al. developed a magnetically
actuated microgripper composed of two microrobots with perpendicular magnetization orientations, which
collectively yields an average gripping force of 0.5 N. The system has high accuracy, with positioning errors
less than 5 um and orientation errors of only 0.4°. Therefore, magnetic micro/nanorobotics is highly
promising for high-precision guidance in minimally invasive surgery [226]. Notably, magnetically steerable
tethered devices, such as magnet-tipped catheters and guidewires, have been translated into clinical
application in minimally invasive cardiac surgery and intravascular navigation (Figure 21A, B) [227-230].
With the development of control systems and high-performance hard magnetic materials, a wide range of
minimally invasive treatments for neurosurgery (Figure 21C) [231], bronchoscopic navigation of the
pulmonary airways [232], colonoscopic interventions (Figure 21D, E) [233, 234], retinal surgery for posterior
segment diseases (Figure 21F) [235-237], and cochlear implantation (Figure 21G) [238, 239] have been
introduced. Recently, submillimeter-scale microrobots made from hard magnetic and soft materials have
achieved omnidirectional steering for navigation in complex neurovascular environments (Figure 21H) [25,
240, 241]. In contrast to conventional designs that integrate a single magnet at the distal end, these soft
continuum robots are fabricated by uniformly dispersing magnetic particles throughout the entire polymer
matrix. This innovative structural design features miniaturized dimensions and superior flexibility, which
greatly reduces the risk of venous thrombosis arising from vascular displacement and vessel wall injury
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commonly induced by rigid permanent magnets [216, 241].

In short, among the above-mentioned therapeutic modes, the selection of magnetic therapy strategies for
particular types of tumors should be based on all-encompassing consideration of factors such as histological
characteristics, location in the body, blood supply, tissue barriers and feasibility for clinical application [245,
246]. For superficial tumors such as breast cancer, the short distance between the magnetic source and the
lesion renders external magnetic field targeting, local magnetic hyperthermia, and magnetomechanical
therapy relatively favorable options [247]. Liver tumors are relatively highly vascularized and can be
accessed through the arterial system; therefore, catheter-assisted magnetic targeting and magnetic
chemoembolization have been applied [248]. Magnetic carriers of lung tumors are expected to reach the
tumor directly via inhalation or local injection. Displacement caused by breathing motion and uneven
distribution of pulmonary deposits are still practical problems [249, 250]. Nevertheless, most available
evidence remains preclinical, and no fixed correspondence has yet been established between the composition
of specific MNPs and specific tumor type.

4. Challenges and Perspectives

4.1 Challenges

MNP-based therapeutic strategies have shown excellent results in cancer treatment. However, many serious
problems have prevented their widespread application in biomedicine and subsequent clinical translation.
Specifically, some outstanding problems of treatment accuracy, in vivo environmental adaptability, material
biocompatibility, biodegradability and long-term biosafety still need to be solved. Therefore, future research
will focus on addressing the current deficiencies to improve the overall therapeutic effect of MNP-based
cancer therapy.

(i)Magnetic hyperthermia is now one of the cancer treatments that can alter the behavior of cells and
organelles in a localized way by generating heat. However, several restrictive factors prevent its clinical
application. In addition to the intrinsic specific absorption rate of magnetic materials, the therapeutic effect
is also highly dependent on fine-tuning parameters of alternating magnetic fields, tissue thermal diffusion
characteristics, and the uniformity of intratumoral nanoparticle dispersion. At present, the following serious
defects still exist in this area: low heating efficiency per unit dose; uneven temperature rise in the tumor; an
increased risk of non-specific thermal damage to normal tissues; and difficulty in balancing potent therapeutic
thermal effect with minimal systemic side effects within a clinically safe magnetic field window. The basic
reasons for magnetic-force therapy at the level of cells and organelles are still unknown. Magnetic mechanical
therapy has shown various and innovative therapeutic effects, and although it has moved from the stage of
basic research to preliminary clinical trials, it is still in the initial phase of clinical application. For example,
the first clinical trials in China and the Netherlands have investigated the application of RMFs to drive MNPs
for mechanical therapy of osteosarcoma. However, the system has not yet shown broad safety and efficacy
in treating patients, and it is not very controllable.

(i1) Another prominent obstacle to the clinical application of MNPs is the loss of their original magnetic
characteristics in a complex and dynamic in vivo microenvironment. Many physiological phenomena, such
as adsorption of serum proteins, in vivo biodegradation, blood dilution and nanoparticle aggregation, can
change the hydrodynamic size, crystal structure, surface physicochemical properties and interparticle
interactions of MNPs. Structural and morphological modifications will also alter the saturation magnetization,
coercivity, magnetic anisotropy, and relaxation characteristics of MNPs; thus, their performance in a
physiological environment will be inconsistent or degraded. Therefore, the effectiveness of magnetic

hyperthermia, imaging contrast, tumor targeting efficiency and micro/nanorobot actuation performance may
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be significantly reduced, and their in vivo therapeutic reliability will be compromised.

(iii) In addition to stable retention of magnetic properties, precise and localized modification of the magnetic
therapeutic effect under external magnetic actuation is also needed. The therapeutic effect of MNPs is
achieved through the synergistic action of nanoparticle-intrinsic characteristics, external magnetic-field
parameters and a heterogeneous local-tissue microenvironment. For magnetic hyperthermia, if the relaxation
time is too short, insufficient heat will be generated to effectively destroy the tumor; otherwise, if it is too
long, damage to nearby healthy tissues will occur. Unreliable magnetic actuation for magnetic soft materials
and micro/nanorobots will cause a loss of function. The size and direction of the magnetic-actuation force
are determined by the distribution of magnetization, magnetic anisotropy, particle arrangement and matrix
mechanical properties. A small change in any of the above reasons will lead to abnormal deformation or
displacement and therapeutic failure. Therefore, the clinical application of reliable magnetic therapy requires
the combined optimization of magnetic characterization, magnetic field design and in vivo biological tests.
Stand-alone assessment of individual components cannot reveal the root causes of therapeutic failure or oft-
target adverse effects.

(iv) In vivo circulation stability and degradation biosafety of MNPs are also problems for clinical application.
Ferrite-based MNPs have an unavoidable release of iron ions at the material level. After entering the cell,
MNPs are degraded in acidic lysosomes and release ferrous (Fe?") and ferric (Fe’") ions. Excess iron ions
produce hydroxyl radicals, cause lipid peroxidation and induce oxidative stress in cells. Although such
reactions promote tumor-targeted chemodynamic therapy and ferroptosis, excessive release of iron and a lack
of tumor specificity can disrupt the body's systemic iron homeostasis and cause severe damage to essential
metabolic and clearance organs. Therefore, we need to develop a strategy that can induce sufficient tumor-
site oxidative stress for tumor ablation without causing prolonged iron accumulation and oxidative damage
to the adjacent normal tissues.

At the system level, the basic technical problem is how to balance the circulation stability and post-treatment
degradability/clearance of magnetic micro/nanorobots. Surface modification strategies to reduce the early
clearance of blood cells and extend their in vivo circulation time have included PEGylation, zwitterionic
coating and cell membrane camouflage. Although PEGylated liposomes have been successfully translated
into clinical practice, zwitterionic coatings and cell-membrane-encapsulated magnetic systems (erythrocyte
or platelet membrane modification) are still limited to preclinical research. Clinically mature drug carriers,
such as liposomes and albumin-bound nanoparticles, have reduced formulation uncertainty; however, their
biosafety and applications in integrated magnetic biohybrid micro/nanorobots have not been systematically
investigated. Therefore, all-encompassing systematic evaluation of magnetic cores, surface coatings,
magnetic field-responsive behavior, degradation products, in vivo biodistribution and long-term organ
retention is required. The balance between circulation stability and metabolic clearance should be optimized
by regulating coating stability, adding biodegradable matrix materials, and screening functional magnetic
materials that retain therapeutic effects during treatment and can be degraded and excreted in vivo later.
Standardized protocols for cell source collection, sterility guarantees, maintenance of membrane integrity,
batch-to-batch consistency control and large-scale production are also necessary for future clinical
applications of cell membrane-coated delivery systems.

(v) Although MNP-based magnetic therapy has shown good preclinical results, large-scale industrial
production and standardized clinical application have not been achieved. At present, the production
conditions fail to satisfy the standardized requirements for appropriate manufacturing practice. Scale-up of
production may result in a different particle size distribution and colloidal stability for some batches.
Ambiguous regulatory classification is also detrimental to clinical application. The criteria for categorizing
MNP-based therapeutic products are not clear, and combined systems of magnetic nanoparticles and external
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magnetic guidance or imaging devices are classified as such. It has not been determined whether to test the
nanoparticle-device composite system separately or as a whole, and standardized regulatory rules for such
combined platforms have not been issued. Biosafety evaluation also has some deficiencies. Traditional in
vivo cytotoxicity tests are suitable for the initial screening of materials but fail to detect prolonged harm
caused by repeated in vivo administration. The biodistribution, degradation and metabolic behavior of MNPs
are all highly dependent on surface modification and the route of administration; therefore, the safety data of
a single formulation cannot be generalized to other similar systems. Specifically, there has been no systematic
study of the long-term tissue retention and oxidative stress-related toxic effects of SPION-based platforms.
These shortcomings indicate that standardized preclinical evaluation procedures are needed urgently to
enhance the accuracy of extended biosafety confirmation and in vivo efficacy tests prior to clinical trials.

4.2 Perspectives

In the future, research on MNP-based precision tumor therapy systems will be organized in three key
directions.

(1) Clinically tailored magnetic navigation technology for smart healthcare has excellent application prospects.
The next high-level goal is to achieve stable, closed-loop magnetic navigation of deep-seated lesions in
complex biological environments. The new focus of the research will be stable real-time perception and
control, not algorithmic complexity. At a low Reynolds number, the movement of microrobots is driven by
viscous forces; therefore, they are highly susceptible to local flow variations, changes in medium viscosity,
and anatomical structures. Therefore, the model trained in an ideal microchannel may not have the same
behavior under physiologically complex conditions.

Imaging feedback is necessary for the current state and trajectory correction, and different imaging modalities
have various strengths and applications. Fluorescence microscopy has excellent sensitivity and spatial
resolution, but only a small depth of the tissue can be observed. Ultrasound is convenient in daily life and
suitable for real-time observation, but its spatial resolution is relatively low, the signal-to-noise ratio is small,
and it can be easily obstructed by acoustic shadows caused by bone or gas. Magnetic particle imaging has a
low background signal in biological tissues and is used to track particle clusters and guide magnetic
hyperthermia. Millimeter-scale resolution is only suitable for observing large-scale changes in population at
present, and it cannot monitor individual micro/nanorobots. Therefore, in the future, navigation models will
need to be trained and validated in a physiological environment that can simulate imaging noise, feedback
delay, fluctuating fluidic resistance and anatomical boundary constraints. Prediction error, along with the
following, also occurs: localization error, control delay, trajectory deviation and environmental adaptation.
Physiologically relevant training and validation must be conducted before deploying Al-assisted navigation
for in vivo real-time control.

(i1) To advance MNP-mediated multimodal therapy, a new paradigm is required: move from macro-level
phenomenological observations to micro-level dissection of magnetic-triggered biological effects. In the
future, for all links, a causal chain will be formed: Magnetic stimulation— MNP-cell interaction —
intracellular signaling pathways — key molecular targets — therapeutic effect. Tumor cells and the
surrounding stromal cells continuously exchange materials, energy and information in the tumor
microenvironment. Future research will systematically explore how the physicochemical properties of MNPs,
such as size, shape and surface modification, affect membrane interaction, intracellular transport, metabolic
network and cellular stress response. External magnetic fields may alter the interaction mode of MNPs with
cells, and their effect on cellular uptake efficiency, subcellular distribution, mechanical force transmission,
thermal response and cell fate regulation is not yet fully known. Further exploration of these interaction
mechanisms will facilitate the mechanism-driven rational design of MNPs and expand their therapeutic
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applications in oncology.

Based on the interaction studies above, high-resolution imaging, real-time mechanical measurement, single-
cell analysis and multiscale modelling should be combined to explore how MNPs act at the sub-cellular level
in nuclei, plasma membranes, cytoskeletons, mitochondria and lysosomes. Only by constructing a continuous
mechanistic chain spanning magnetic stimulation-physical response-molecular alteration-biological outcome
can we achieve reproducibility, predictability, and rational optimization of MNP-based therapeutic strategies.
(ii1) In terms of clinical translation, it is necessary to break away from the traditional material-oriented
research model and establish full-chain research standards based on specific clinical indications. The
framework should simultaneously cover material safety assessment, therapeutic protocol standardization and
unified construction of clinical endpoint systems to accelerate the translation of MNP-based therapeutics.
Material design, magnetic-field delivery, imaging and clinical workflows need to be optimized as a whole in
this system. Early interdisciplinary cooperation among materials scientists, engineers, oncologists,
radiologists, surgeons, and interventional specialists is needed to identify unmet clinical demands, determine
administration routes, and develop methods for tracking the location of particles and therapeutic effects. The
first clinical trials should focus on indications suitable for nanoparticle delivery, magnetic-field application
and controlled therapeutic monitoring. Suitable starting candidates are superficial, locally recurrent or
localized unresectable tumors that are accessible by image-guided injection or catheter delivery for local
administration, magnetic intervention and imaging-assisted evaluation. Even an ideal lesion needs to meet
the following conditions: sufficient depth, good blood supply, high stromal density, the expectation of high
concentration of intratumoral nanoparticles, favorable imaging characteristics, and compatibility with the
magnetic field source.

Set quality control and performance standards according to the specific purpose of therapy. The general
requirements for MNP formulations are particle size and shape, chemical composition, surface chemistry,
colloidal stability, sterility, endotoxin levels, batch consistency, etc., and their functions must meet the
purposes of use. Magnetic targeting needs reproducible magnetization and response to clinically relevant
magnetic field gradients. Continuously generate heat by changing the amplitude, frequency and exposure
time of a constant-magnetic-field magnet for magnetic hyperthermia. In addition, the size and direction of
the generated force in magnetomechanical therapy, its transmission to cells and tissues, and the resulting
biological response need to be evaluated. Analysis of the propulsion behavior, steering accuracy, force/torque
output, imaging feedback and compatibility with delivery devices for a navigation system is required.
Therefore, in the future, MNP formulations, magnetic field generators, imaging modalities, delivery devices
and clinical workflows will be integrated rather than optimized individually.

5. Conclusion

With the rapid development of nanobiotechnology and oncology, functional MNPs have become one of the
leading platforms for developing next-generation cancer nanomedicines. They are able to respond to external
magnetic fields and, at the same time, can be used for intelligent construction of structures and shapes. Such
customized design enables the control of biological behavior and therapeutic effect; it cannot be achieved
with conventional nanomaterials. As shown above, magnetic anisotropy, size effects and shape effects are
not only inherent properties of the material but also the basic reasons for the biological behavior and
therapeutic effects of these systems in a complex physiological microenvironment. Therefore, the direction
of research has shifted from the preparation of basic magneto-responsive materials to the construction of
programmable therapeutic platforms. MNPs can now be designed for targeted accumulation in tumors,
localized energy conversion, force-mediated biological effects and magnetic-guided locomotion within the
tumor. Ultimately, the translational success of MNPs will depend on deep mechanistic understanding and a
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strong translational system, rather than the endless expansion of material libraries. Only with these
foundations can these promising experimental systems evolve into clinically viable platforms for high-
precision cancer therapy.
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Figure 1. Magnetic materials provide field-programmable platforms for precision cancer therapy. Adjustable compositions,
nanostructures and magnetic responses can achieve remote control of tumor targeting, localized hyperthermia, mechanical
force generation and magnetic navigation; therefore, they are promising for spatiotemporally regulated and minimally invasive
therapeutic applications.

Figure 2. (A) Crystal structure of Fe3Os. The green, brown and gray atoms represent Fe?*, Fe** and oxygen, respectively.
Reproduced with permission [45]. Copyright 2011, The Royal Society of Chemistry. (B) Spinel structure of Co3O4 crystal.
Reproduced with permission [47]. Copyright 2009, Springer Nature. (C) NiO cubic crystal structure. Reproduced with
permission [48]. Copyright 2021, Science Press.
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1650  Figure 3. (A) Ai-FePt (or fcc-FePt) and (B) L1o-FePt (or fct-FePt) structures of FePt alloys. Reproduced with permission
1651 [55]. Copyright 2023, American Chemical Society.
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1660 Figure 5. The crystal structure of (A) SmCos and (B) Nd2Fe14B. Reproduced with permission [75]. Copyright 2017, Wiley-
1661  VCH Verlag GmbH & Co. KGaA.

©c0000COOC
ol
5

1662
|
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
1B F \I 1< 90 !
= s0f ! K
I ::?ﬂ;:ednn //’ I | 2 4 —o—g:rhcdron l
._‘_S;MR = 60k I io 80t ~@~=Sphere |
I’;‘ o= Multipod %" I = —#—Octapod |
Ié« E | i E 70. ~@~ Nanorod
I’ - = 40f == Octahedron | | - i
= s Cube I H
i = Rod 1 = 60} |
B S 20 —«= Sphere I |
:‘___“0_l_-:::t\‘v?,':‘”""l:so,___ |
50 100 150 200 250 300 02 4 6 8 10 12 0 15 30 45 60 [
! T (K) H (kOe) l MNPs size (nm)
1663 R e s e e e = - d

1664 Figure 6. (A) Schematic of demagnetization field lines of a magnetized ellipsoid. (B) A prolate spheroid and (C) an oblate
1665 spheroid. Reproduced with permission [55]. Copyright 2023, American Chemical Society. (D) TEM images of Fe3O4 spheres,
1666 cubes, octahedra, octopods, and nanorods. Reproduced with permission [81]. Copyright 2015, The Royal Society of Chemistry.
1667 Reproduced with permission [82-84]. Copyright 2007, American Chemical Society, 2013, Nature Publishing Group, and 2014,
1668 American Chemical Society, respectively. (E) Zero-field cooling (ZFC) magnetization curves for Fe304 NPs with different
1669 shapes at an applied field of 50 Oe and (F) room-temperature field-dependent initial magnetization curves, respectively.
1670 Reproduced with permission [85]. Copyright, 2020, IOP Publishing. (G) Size-dependent M; for Fe;O4 NPs of different shapes.
1671  Reproduced with permission [86]. Copyright, 2019, MDPI.

1672



1673
1674
1675
1676
1677
1678

1679

1680
1681
1682
1683
1684
1685
1686
1687
1688
1689

Fe,0,

Ni |}

Fe,0,
FeCo

CoFe,0,

CoPt |

FePt |
SmCog

NdFe, ;B

Figure 7. (A) MNP-size-dependent magnetization and H.. The H. of ferromagnetic materials first increases with the decrease
of particle size. When the particle size is reduced to sustain a single magnetic domain, the H. reaches the maximum and then
gradually decreases. When the particle size is small enough, H. decreases to zero, and the nanoparticles enter a
superparamagnetic state (blue line in the figure). Reproduced with permission [80]. Copyright 2018, Elsevier. (B) Dss and Dsp
of different magnetic nanomaterials. Reproduced with permission [88]. Copyright 2013, IOP Publishing.
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Figure 8. (A) Schematic illustration of the synthesis of engineered NV-IONP-Lapa nanoparticles designed for enhanced
targeted CDT and their therapeutic mechanism against ovarian cancer. Reproduced with permission [90]. Copyright 2024,
American Chemical Society. (B) Diagram of a conventional magnetic targeting system based on a single-magnet configuration.
(C) Schematic representation of a dual-magnet configuration with oppositely aligned N-N poles. (D) Dual-magnet
configuration with S-S poles arranged in opposition. (E) Dual-magnet configuration with N-S pole orientation. Reproduced
with permission [123]. Copyright 2020, American Chemical Society. (F) Mechanism of magnetic switch-induced apoptotic
signaling, mimicking the biochemical action of TRAIL via DR4 receptor activation. Reproduced with permission [124].
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Figure 10. (A) Hysteresis loops of ultrasmall magnetic nanoparticles, superparamagnetic nanoparticles, and ferromagnetic
nanoparticles, illustrating the effect of particle size on coercivity. Reproduced with permission [154]. Copyright 2020, Ivyspring
International. (B) Schematic illustration of magnetic heating mechanisms in magnetic nanoparticles under an alternating
magnetic field, including susceptibility loss and hysteresis loss. Reproduced with permission [55]. Copyright 2023, American
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Reproduced with permission [2]. Copyright 2021, The Royal Society of Chemistry. (D) Localized heating effect of MNPs
under an AMF, maintaining cancer cell temperature within the therapeutic range of 41-47 °C. Reproduced with permission
[155]. Copyright 2017, MDPL
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Figure 11. (A) Schematic illustration of tumor ablation mediated by MHT using phase-transition materials L-Fe/PLGA and S-
Fe/PLGA. Reproduced with permission [92]. Copyright 2014, Wiley-VCH. (B) Experimental setup demonstrating the use of
magnetoliposomes for triggered chemical payload release under an AMF. Reproduced with permission [156]. Copyright 2019,
Springer Nature. (C) Synthetic route for mitochondria-targeted magnetothermogenic nanomaterials (Ir@MnFe204 NPs) and
schematic representation of AMF-induced synergistic therapeutic mechanisms. (D) Bio-transmission electron microscopy (Bio-
TEM) images showing the intracellular distribution of Ir@MnFe204 NPs in HeLa cells at 3 and 6 hours post-incubation. N:
nucleus; L: lysosome; M: mitochondrion. Reproduced with permission [93]. Copyright 2020, Elsevier.
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Figure 12. (A) Schematic illustration of the synthesis of MNPs-RGD-TPP (MRT) nanoparticles. (B) Mechanism by which
MRT nanoparticles induce mitochondrial heat stress to promote ICD: (1) MRT nanoparticles disrupt mitochondrial function in
tumor cells, triggering ICD. (2) Mitochondrial heat stress induces ER stress, promoting the release of damage-associated
molecular patterns (DAMPs), including ecto-CRT, ATP, HMGBI1, and HSP70. (3) These DAMPs facilitate the polarization of
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tumor-associated macrophages (TAMs) from an immunosuppressive M2 phenotype to a pro-inflammatory M1 phenotype,
thereby enhancing tumor cell phagocytosis and the release of cytotoxic cytokines. Reproduced with permission [95]. Copyright
2022, Elsevier. (C) Schematic representation of anti-tumor immune activation mediated by FVIO nanorings through mild
magnetic hyperthermia in combination with immune checkpoint blockade therapy. (D) Transmission electron microscopy
(TEM) image and (E) Lorentz TEM image of PEGylated FVIO nanorings. (F) Comparison of specific absorption rate (SAR)
between PEGylated FVIO and SPIONs under an alternating magnetic field (AMF) at 365 kHz. Reproduced with permission
[96]. Copyright 2019, American Chemical Society.
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Figure 13. Versatile mechanical cancer therapy enabled by magnetic fields and MNPs. (A) Schematic illustration showing how
MNPs exhibit diverse mechanical motions under various magnetic field modes. (B) Schematic representation of shape-
dependent MNPs exerting specific mechanical forces on subcellular organelles of cancer cells when exposed to different
magnetic field configurations. Reproduced with permission [8]. Copyright 2023, Royal Society of Chemistry.
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Figure 14. Magnetic shear force-mediated tumor therapy. (A) Schematic illustration of cancer cell disruption mediated by
magnetic nanorods, which generate shear forces on the cell membrane under a RMF. Reproduced with permission [8].
Copyright 2023, Royal Society of Chemistry. (B) Under RMF exposure, rod-shaped magnetic nanocubes produce shear forces
that promote tumor cell apoptosis through ROS generation. Reproduced with permission [102]. Copyright 2020, Wiley-VCH.
(C) Immunofluorescence and SEM images illustrating morphological changes in cancer cells subjected to RMF-induced shear
forces at varying frequencies. The cytoskeleton and nuclei are stained with phalloidin and DAPI, respectively. Scale bars: 20
pm (immunofluorescence), 5 um (SEM). Reproduced with permission [101]. Copyright 2021, American Chemical Society. (D)
Schematic illustration of mitochondria-targeted MNPs generating localized shear forces under RMFs to induce cancer cell

apoptosis. Reproduced with permission [97]. Copyright 2020, Wiley-VCH.
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Figure 15. AMF-induced torque-mediated cancer therapy. (A) Schematic illustration of a magnetic nanodisc disrupting tumor
cells by exerting rotational torque on the cell membrane under AMF exposure. Reproduced with permission [8]. Copyright
2023, Royal Society of Chemistry. (B) Torque generated by the rotation of magnetic nanospheres under AMF induces lysosomal
membrane permeabilization, triggering apoptotic pathways in cancer cells. Fluorescence microscopy images depict lysosomal
disruption, visualized using Lyso-Tracker Green. Scale bars: 5 um. Reproduced with permission [103]. Copyright 2014,



1758 American Chemical Society. (C) Schematic illustration of mitochondrial destruction induced by torque from magnetic

1759 nanospindles' rotation under AMF. In vivo T>-weighted MRI images show signal variations before and after injection of MNPs.
1760 Reproduced with permission [193]. Copyright 2021, Royal Society of Chemistry.
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1763 Figure 16. AMF- and PMF-mediated compression- and tension-based cancer therapies. (A) Schematic depiction of magnetic

1764 nanospheres inducing tumor cell death by exerting compressive and tensile forces on the cell membrane under AMF stimulation.
1765  Reproduced with permission [8]. Copyright 2023, Royal Society of Chemistry. (B) Schematic illustration showing the
1766 activation of NK cells through AMF-induced membrane deformation via compressive and tensile stress. Reproduced with
1767 permission [104]. Copyright 2021, American Chemical Society. (C) Schematic representation and immunofluorescence images
1768 demonstrating PMF-induced tension generated by magnetic nanospheres, which promotes cancer cell apoptosis through
1769 lysosomal membrane permeabilization. Scale bar: 50 um. Reproduced with permission [99]. Copyright 2019, MDPI. (D) Under
1770 a static magnetic field (SMF), magnetic nanospheres are drawn toward and bind to specific cell surface receptors, generating
1771 tensile forces that activate apoptotic signaling cascades in tumor cells. Scale bar: 1 pm. Reproduced with permission [196].

1772 Copyright 2016, American Chemical Society.
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Figure 17. Hysteresis curves of (A) magnetic soft materials, (B) magnetic hard materials and (C) superparamagnetic materials.
(D) Dependence of magnetic particle coercivity on size. (E) According to the shape of the magnetic particles and the preferred
magnetization direction, they can be divided into magnetically isotropic particles or magnetically anisotropic particles.
Reproduced with permission [208]. Copyright 2022, American Chemical Society.
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1780 N
1781 Figure 18. Actuation mechanisms of soft-magnetic soft materials under magnetic fields. (A) Magnetic force exerted on a single
1782 soft-magnetic particle in a spatially nonuniform magnetic field. (B) Force-induced actuation of isotropic soft-magnetic
1783 composites via gradient fields, resulting in global shape deformation. (C) Magnetic torque acting on anisotropic or chain-
1784 aligned soft-magnetic particles in spatially uniform magnetic fields. (D) Torque-driven actuation of soft-magnetic composites
1785 containing chained anisotropic particles. Reproduced with permission [208]. Copyright 2022, American Chemical Society.
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Figure 19. Actuation strategies of hard-magnetic and superparamagnetic soft materials. (A-D) Torque- and force-induced
bending of hard-magnetic soft composites. (A) A magnetized hard-magnetic particle experiences magnetic torque under a
spatially uniform magnetic field. (B) A rectangular beam composed of a uniformly magnetized hard-magnetic soft composite
bends under a uniform magnetic field applied perpendicular to its remanent magnetization. (C) Under a spatially nonuniform
magnetic field, a magnetized hard-magnetic particle is subjected to both magnetic torque and force. (D) In nonuniform fields,
initial bending of the hard-magnetic soft composite is induced by torque, followed by continued deformation driven by
increasing magnetic force. (E,F) Magnetothermal actuation of superparamagnetic soft composites. (E) Shape recovery of a
shape memory polymer triggered by thermal relaxation generated from superparamagnetic nanoparticles under an AMF. (F)
Bilayer hydrogel structure undergoes magnetothermal-induced deswelling due to temperature-responsive shrinkage.
Reproduced with permission [208]. Copyright 2022, American Chemical Society.
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Figure 20. Magnetic biohybrid microrobots and their magnetically actuated locomotion strategies. (A) Schematic illustration
of the synthesis of BMMs incorporating magnetic Chlorella cells. (B) Magnetic self-assembly and propulsion of the fabricated
BMMs. (C) Rolling locomotion of dimer and trimer BMMs under a processing magnetic field. (D) Tumbling locomotion of
dimer and trimer BMMs under a vertically rotating magnetic field. Reproduced with permission [106]. Copyright 2022,
American Chemical Society. (E) Schematic representation of synergistic chemo—photothermal therapy mediated by BMMRs,
with triaxial Helmholtz coils generating magnetic actuation. V indicates translational velocity; B denotes magnetic field
strength. (F) Time-lapse images showing precise directional propulsion of a BMMR under a rotating magnetic field (RMF, 100
Gs, 20 Hz). Scale bar: 200 um. Reproduced with permission [107]. Copyright 2019, American Chemical Society.
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Figure 21. Applications of magnetic micro- and nanorobots in minimally invasive surgical interventions. (A) Magnet-tipped
catheter designed for minimally invasive cardiac procedures. Reproduced with permission [242]. Copyright 2018, IEEE. (B)
Magnet-tipped guidewire for endovascular navigation. Reproduced with permission [227, 243]. Copyright 2006, Springer
Nature and Copyright 2018, MDPI. (C) Magnetically steerable flexible needle for neurosurgical applications. Reproduced with
permission [231]. Copyright 2021, IEEE. (D,E) Magnetically guided flexible endoscopes incorporating embedded magnets for
minimally invasive exploration of (D) the bronchial tree (bronchoscope) and (E) the colonic lumen (colonoscope). Panel (D)
reproduced with permission [232]. Copyright 2018, World Scientific Publishing. Panel (E) reproduced with permission [233,
234, 244]. Copyright 2019, IEEE, Copyright 2019, American Association for the Advancement of Science and Copyright 2020,
Springer Nature. (F) Magnetically steerable laser probe for ophthalmic microsurgery targeting retinal disorders. Reproduced
with permission [236]. Copyright 2019, IEEE. (G) Magnet-tipped cochlear implants integrated with magnetically actuated
robotic components. Reproduced with permission [239]. Copyright 2020, IEEE. (H) Flexible magnetically steerable guidewire
for navigation through complex cerebral vasculature. Reproduced with permission [241]. Copyright 2019, American
Association for the Advancement of Science.
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