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Magnetic nanoparticles (MNPs) are highly versatile nanomaterials in nanomedicine, owing to their
diverse magnetic properties, which can be tailored through variations in size, shape, composition, and
exposure to inductive magnetic fields. Over four decades of research have led to the clinical approval or
ongoing trials of several MNP formulations, fueling continued innovation. Beyond traditional applications
in drug delivery, imaging, and cancer hyperthermia, MNPs have increasingly advanced into molecular
medicine. Under external magnetic fields, MNPs can generate mechano- or thermal stimuli to modulate
individual molecules or cells deep within tissue, offering precise, remote control of biological processes
at cellular and molecular levels. These unique capabilities have opened new avenues in emerging fields
such as genome editing, cell therapies, and neuroscience, underpinned by a growing understanding of
nanomagnetism and the molecular mechanisms responding to mechanical and thermal cues. Research

Received 1st October 2024, on MNPs as a versatile synthetic material capable of engineering control at the cellular and molecular

Accepted 20th January 2025 levels holds great promise for advancing the frontiers of molecular medicine, including areas such as
DOI: 10.1039/d4cc05167] genome editing and synthetic biology. This review summarizes recent clinical studies showcasing the

classical applications of MNPs and explores their integration into molecular medicine, with the goal of

Open Access Article. Published on 20 January 2025. Downloaded on 3/15/2026 3:13:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemcomm

Introduction

Magnetic nanoparticles (MNPs), composed of crystals of mag-
netic metal elements or metal oxides, possess unique nanoscale
magnetic properties, such as superparamagnetism, high mag-
netization, and rapid relaxation in the presence of external
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inspiring the development of next-generation MNP-based platforms for disease treatment.

magnetic fields. With dimensions similar to biomolecules,
MNPs can translate magnetic signals into mechanical or ther-
mal stimuli targeted at specific cell surface receptors, structural
proteins, or subcellular organelles. This capability enables
remote control of biological processes at cellular and molecular
levels, making MNPs invaluable for both research and thera-
peutic applications.

The exploration of MNPs in biomedical research dates back to
the 1960s, when magnetic attraction of iron carbonyl macroparti-
cles was first demonstrated in vivo using experimental dogs."
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This capacity for directing MNPs to specific tissues sparked
numerous studies on magnetic targeting for drug and gene
delivery. In parallel, MNPs were also identified as effective
contrast agents in magnetic resonance imaging (MRI). Further-
more, the heat generated by MNPs under an alternating mag-
netic field (AMF) led to the development of deep tissue heating
technology. Over the past four decades, targeted drug delivery,
imaging, and thermal therapy have become the three primary
areas of clinical research on MNPs.> Many studies have culmi-
nated in the clinical approval of MNPs for tumor imaging and
thermal ablation therapy (Table 1).

During the same period, the synthesis of MNPs has seen
major advancements (Fig. 1). The first generation synthesis
relied on the rapid coprecipitation of iron salts in aqueous
buffers, producing large quantities of iron oxide nanocrystals
with varied shapes and broad size distributions.'®'” One nota-
ble product of this method is ferumoxytol, a formulation that
was first approved for clinical use in 2009 and remains a
prominent candidate in ongoing clinical trials (Fig. 1(A)).
A breakthrough in the field was the development of the thermal
decomposition method for nanocrystal synthesis.'®'® In this
process, organic iron salts are heated to high temperatures in
non-coordinating solvents, allowing their gradual decomposi-
tion into Fe-O precursors. This method allows for greater
control over nanocrystal size, shape, and composition - critical
factors influencing nanoscale magnetic responses (Fig. 1(B)
through Fig. 1(L)).>*® Compared to coprecipitation, which
typically produces nanocrystals smaller than 10 nanometers,
thermal decomposition can yield highly uniform nanocrystals
ranging from a few nanometers to several hundred nan-
ometers. Consequently, this enhances both the magnetic
moment and heat generation, enabling novel approaches for
manipulating molecular or cellular targets.*>*’*' A detailed
review of nanosynthesis and magnetic properties of MNPs can
be found elsewhere.”**?
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In the last decade, a wide range of innovative applications
leveraging MNP-mediated mechanical or thermal stimulation
have emerged, with the potential to significantly transform
future medical interventions. For instance, our study demon-
strated that MNPs can enhance the cellular entry of an insect
viral vector, offering a valuable platform for targeted in vivo
gene editing.>® Other studies have shown that MNPs can
mechanically stimulate cells, altering cytoskeleton, activating
ion channels, and inducing cell polarization. Notably, Lee et al.
used large clusters of MNPS (~ 100 s nm) to modulate neuronal
activity via the mechanosensitive ion channel, Piezo1.”*?°
Interestingly, separate research have indicated that synthetic
and biogenic MNPs tethered to thermosensitive ion channels,
TRPs, can activate neurons through heating.>**¢73° Although
the precise mechanisms are still not fully understood,*®™*?
these findings could lead to groundbreaking advances in brain
modulation.

Another important discovery is the ability of MNPs to
catalyze the generation of hydroxyl free radicals via a hetero-
geneous Fenton reaction.”>™® The free radicals are key inter-
mediates in chemo- and radiation therapies. Compared to
small-molecule chemotherapeutic reagents, MNPs have
improved availability to diseased tissue due to a long circula-
tion half-life and targeting capability. Therefore, MNPs can not
only serve as MRI detectable, targeted drug carriers but also an
effective adjuvant to other drug molecules, providing new
treatment avenues. This finding also shed light on mitigating
potential adverse effects of MNPs.

In this review, we will briefly summarize the clinical studies
illustrating the classical applications of MNPs, followed by
an exploration of cutting-edge research on their mechanical,
thermal, and enzymatic effects in recent years. We will high-
light the studies utilizing MNPs as a nanoscale force or heat
generators for targeted modulation of biological processes, as
these will pave the way for future precision medicine.
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Table 1 Representative clinical applications and clinical trials of MNPs
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Start
Agent Condition Identifier date Status
Magnetic Ferrofluids Various cancers — 1996 Phase I
targeting MTC-DOX Liver cancer NCT00034333 2002 Phase II/III, terminated
Silica-gold iron- Atherosclerotic lesions NCT01270139 2007 Completed
bearing Np**
CD34 antibody Leukemia NCT01411904 2010 Withdrawn
labeled MNP®
MNP-labeled HCECs® Corneal edema NCT04894110 2021 Phase 1
Molecular Endorem®” Liver tumor — — 1996 FDA approval, currently
imaging/cell discontinued
tracking SPIO® Melanoma NCT00243594 1999 Phase I/II, completed
Resovist® Hepatic cancer NCT00307866 2001 Phase III, completed
Resovist™ Liver tumor — 2001 EMA approval, currently
discontinued
Lumirem™ GI track imaging — — 1996 FDA approval, 2001 EMA
approval, currently discontinued
Ferumoxtran-10 Prostate cancer NCT00185029 2002 Phase IV
Ferumoxtran-10 Breast cancer NCT00107484 2005 Phase II, completed
Feridex™® Multiple sclerosis and NCT00781872 2006 Phase I/II, completed
amyotrophic
) lateral sclerosis
Sinerem®*%!! Prostate and bladder cancer NCT00622973 2007 Phase III, completed
USPIO Infectious and degenerative NCT00372281 2007 Phase III
) diseases of the spine
Feraheme® Pancreatic cancer NCT00920023 2008 Phase IV, completed
USPIO™? Aortic aneurysm instability NCT00794092 2008 Phase II/III, completed
Ferumoxytol Brain tumor NCT00978562 2009 Phase I, completed
Feraheme® Anemia associated with chronic — — 2009 FDA approval
renal failure, iron deficiency
anemia
SpIO" Healthy volunteer NCT00972946 2009 Completed
SPIO™? Healthy volunteer with induced NCT01169935 2010 Completed
inflammation in the forearm
Ferahem®™'* Myocardial Infarction NCT01323296 2010 Completed
Ferahem®™'® Healthy volunteer NCT01244282 2010 Phase I, completed
SPIO Myocardial infarction NCT01127113 2010 Withdrawn
Thermal NanoTherm® Glioblastoma multiforme — — 2010 EMA approval
therapy MNPs Prostate cancer NCT02033447 2013 Phase I, completed
Iron nanoparticles Prostate cancer NCT05010759 2021 Terminated
NanoTherm™® Recurrent glioblastoma NCT06271421 2024 Recruiting

multiforme

Abbreviations: MTC-DOX - magnetic targeted carriers absorbed with doxorubicin hydrochloride; HCEC - human corneal endothelial cell; NP -
nanoparticle; MNP - magnetic nanoparticle; SPIO - superparamagnetic iron oxide particle; GI - gastrointestinal; USPIO - ultrasmall super-

paramagnetic iron oxide nanoparticle.

Current clinical investigations

MNPs are among the most extensively studied nanomaterials in
clinical research and have received multiple approvals for
medical use in both the US and Europe (Table 1, for a full list,
see ESI,1 Table S1). In clinical settings, only iron oxide nano-
particles, such as magnetite (Fe;04) and maghemite (y-Fe,O3),
are used, owing to their well-established pharmacokinetic
properties and biosafety profiles.*®*” Notably, ferumoxytol
has been approved for the treatment of iron deficiency anemia,
owing to its biocompatibility and biodegradability. While most
clinical research has focused on cancer detection and treatment,
recent studies have revealed the potential of MNPs in other disease
conditions, including myocardial infarction (NCT01323296), ather-
osclerosis (NCT01270139), diabetes (NCT01521520), and retinal
edema (NCT04894110). In this section, we summarize the key
clinical applications of MNPs, emphasizing their magnetic force,
imaging, and thermal properties.

This journal is © The Royal Society of Chemistry 2025

Magnetic targeting

Magnetic nanoparticles (MNPs) were initially developed for
magnetically targeting therapeutic agents to specific tissues.
However, their clinical application has been complicated by the
need to balance multiple factors essential for effective drug
delivery, including drug payload, pharmacokinetics, targeting
efficiency, and drug release. The efficiency of magnetic target-
ing depends on the relative magnitude of magnetic force versus
fluid drag force exerted on MNPs in the blood circulation,
which are body and surface forces, respectively. Larger MNPs
are generally more favorable for magnetic targeting due to their
smaller surface area-to-volume ratio.

Preclinical studies have demonstrated that magnetic targeting
must be combined with intra-arterial (ia) infusion of drug-loaded
MNPs via tumor-feeding vessels to achieve effective tumor
inhibition.*® In this approach, ia infusion increases the availability
of MNPs in tumor tissue, while magnetic targeting enhances
their local retention. Along these lines, several clinical trials for

Chem. Commun., 2025, 61, 3093-3108 | 3095
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Fig. 1 Synthesis of iron oxide nanoparticles. (A) Ferumoxytol synthesized via co-precipitation. (Reproduced with permission from ref. 34, ©2023 John
Wiley and Sons). B through L are iron oxide nanoparticles synthesized via thermodecomposition. (B) Magnetite nanocubes. (Reproduced with permission
from ref. 22, ©2009 American Chemical Society). (C) Magnetite nanostars. (Reproduced with permission from ref. 23, ©2011 American Chemical
Society). (D) Magnetite nanorods. (Reproduced with permission from ref. 24, ©2012 American Chemical Society). (E)-(H). Magnetite nanoparticles from 6
to 40 nm. (Reproduced with permission from ref. 25, ©2011 American Chemical Society). (I)—(L). Wustite nanoparticles from 14 to 100 nm. (Reproduced
with permission from ref. 26, ©2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

magnetic targeting were performed with magnetic targeted carriers
(MTC) infused through tumor-feeding arteries in patients with
advanced hepatocarcinoma.’® MTCs are 0.5-5.0 um iron particles
bound to doxorubicin. While MRI confirmed enhanced accumula-
tion of MTCs in liver tumors, the clinical trials were terminated
due to a lack of therapeutic efficacy. It is likely that MTCs failed to
penetrate the tumor tissue, as the dense extracellular matrix of
solid tumors can form a barrier to the transport of macron-sized
particles.”®>" The success of future magnetic drug delivery strategies
will require a careful balance between particle size, drug payload,
and magnetic traction.

An alternative approach utilizes MNPs to control cell move-
ment in and out of the body. Clinical trials have explored this
strategy for targeted delivery of endothelial cells to treat corneal
edema in a minimally invasive way (NCT04894110), as well
as for extracting circulating cancer cells or leukemia cells
to reduce metastasis and detect minimal residual disease
(NCT02025413 and NCT01411904).

Imaging applications

Since the 1980s, research has revealed that MNPs can alter
the magnetic relaxation of nearby protons, generating imaging

3096 | Chem. Commun., 2025, 61, 3093-3108

contrast detectable through T;- or T,-weighted MRI. Compared
to small-molecule contrast agents, such as GADTPA, MNPs offer
enhanced sensitivity in detecting functional changes associated
with malignancy, significantly improving MRI detection cap-
ability. For example, liver tumors are identified by the loss of
phagocytic activity in tumor tissue compared to normal liver
tissue.”> The mechanism is also used to detect lymph node
metastasis in various cancers.>

Moreover, MNPs have been extensively investigated for
detecting disease-associated inflammation, which increases
vascular endothelial permeability or leads to the infiltration
of phagocytes, both resulting in MNP accumulation in diseased
tissues. Clinical studies have explored their use in monitoring
diabetes progression, detecting atherosclerotic plaques, and
assessing inflammation related to myocardial infarction and
cerebral aneurysms (see ESI, Table S1).

In cell therapy, evaluating the distribution of engineered
cells in the body is critical to determining therapeutic efficacy.
MNPs, with their low cytotoxicity, force-mediated endocytosis,
and excellent detection sensitivity, provide a valuable tool for
this purpose.”**® Due to their entrapment in lysosomes and
slow degradation, MNPs can label the cells for several days,

This journal is © The Royal Society of Chemistry 2025
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enabling real-time and long-term tracking of mesenchymal
stem cells, dendritic cells, and mononuclear cells.”® With the
growing development of various cell therapies, the use of MNP-
based cell tracking is expected to increase significantly in future
clinical trials.

Thermal therapies

MNPs can convert electromagnetic energy into heat upon
exposure to an AMF, a process commonly known as magnetic
heating or magnetic hyperthermia in biomedical research. This
ability enables heating of tissue deep within the body, as the
magnetic field can penetrate the biological tissue with minimal
adsorption and scattering. During magnetic heating, MNPs
distributed within the tissue generate heat, which dissipates
into the surrounding tissues. Since the biological tissue is a
poor conductor of heat, regions containing MNPs can be heated
to high temperatures, such as 50 °C, without significantly
affecting nearby tissues.

A further advantage of magnetic heating is the distribution
of MNPs in the body can be visualized with MRI. This enables
precise thermal ablation of target tissue when combined with
MRI-guided infusion. A key application of this technique is the
treatment of brain tumors, which present therapeutic challenges
due to their critical anatomical location and the presence of the
blood brain barrier. Clinical studies have shown that MNP thermo-
therapy, in conjunction with reduced radiation doses, is a safe
treatment for glioblastoma multiforme.>” This combination ther-
apy has achieved a median survival rate of 23.2 months, compared
to 14.6 months in the reference group.>”® This treatment has
been approved for clinical use by EMA and is currently undergoing
clinical trials for treating prostate cancer.

In summary, clinical studies enhance conventional imaging,
targeted drug delivery, and thermal therapy by leveraging the
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unique magnetic properties of MNPs to provide high imaging
contrast, advanced targeting capabilities, and deep heating
potential (Fig. 2). While much of the current research focuses
on these areas, the following sections will highlight innovative
applications that could shape the future of medicine.

Applications of magneto-mechanical
force

MNPs, as nanosized magnets, experience a force in a nonuni-
form magnetic field along its gradient. The magnetic force (F) is
determined by both the magnetic moment (m) of MNPs and the
field gradient (VH) according to the following equation,

F = y(m-VJH 1)

where u represents the magnetic permeability of the tissue.
With a field gradient of 10 T m™", the magnetic force ranges
from approximately 2 atto-Newtons for a 10 nm magnetite
nanocrystal to 2 femto-Newtons as the size increases to
100 nm. In comparison, the shear force exerted on endothelial
cells in microcirculation is on the order of hundreds of pico-
Newtons.”® Additionally, the engagement of T cell receptors and
agonist peptide-MHC complexes involves forces of approxi-
mately 10 pico-Newtons.®® Achieving biologically relevant
benchmarks for magneto-mechanical applications often neces-
sitates the use of high-gradient magnetic fields and large
clusters of magnetic nanoparticles.

Most force-related research are conducted using small per-
manent magnets in superficial tissues of small rodent models.
A notable advancement in this field is the magnetic particle
imaging (MPI) instrument, designed to produce images of
MNPs.%' The MPI instrument can generate a field gradient on
the order of 10 T m ™, facilitating magnetic navigation of MNPs

Magnetic force

*  Drug/gene delivery
» Targeted cell therapy
* Local gene editing
* Magnetogenetics via Piezo1.
* Force-mediated cell
differentiation/tissue
development

Nanozyme

In vitro diagnostics
* Cancer ROS therapy

Fig. 2 Applications of magnetic nanoparticles. Applications of MNPs can be broadly categorized into four groups based on the physical or chemical

properties emphasized.

This journal is © The Royal Society of Chemistry 2025
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within the body. A human brain-sized MPI instrument has been
developed in the lab.®®> However, the size and cost of the MPI
instrument are comparable to an MRI machine, posing a
considerable challenge to translational research.

Depending on its magnitude, the magnetic force can be
used to direct circulating MNPs to specific tissues for targeted
delivery, promote molecular interactions, or trigger biological
responses by influencing cellular mechanosensors. These
mechanisms have found impactful applications in the fields
of drug/gene delivery, immunotherapy, regenerative medicine,
gene editing, and neuroscience.

Magnetic force-mediated cellular/molecular interactions

The ability of MNPs to migrate or form aggregates in response
to an external magnetic field can be utilized to control the
distribution of biomolecules on the cell surface or within
subcellular compartment. For instance, Etoc et al created
MNPs functionalized with canonical small Rho-GTPases, which
regulate cell morphology through complex spatiotemporal
activity patterns.®® After injecting MNPs into the cells, a mag-
netic tip was used to displace them, triggering local remodeling
of the actin cytoskeleton and morphological changes in the
cells. Similarly, Li et al. demonstrated that fluorescent MNPs
bound to molecules on the cell surface could be laterally pulled
using a magnetic needle, offering a versatile approach for
probing membrane processes.®*

T cell intratumoral infiltration, recognition of cancer cells,
and activation are critical components of effective cancer
immunotherapy. T cell activation depends not only on indivi-
dual T cell receptor (TCR)-major histocompatibility complex
(MHC) interactions but also on TCR clustering, which increases
avidity and, consequently, sensitivity to cancer antigens. In this
context, Perica et al. developed artificial antigen-presenting
cells (nano-aAPCs) by conjugating MHC-Ig dimers and anti-
CD28 antibodies to 50-100 nm iron-dextran nanoparticles.®’
After binding to the TCR, these nano-aAPCs could aggregate
under a magnetic field, leading to larger TCR clusters and an
increased number of activated antigen-specific T cells in a
mouse melanoma model. In another approach, similar MNPs
were conjugated with an immune checkpoint inhibitor (anti-
PD-L1) and a T cell activator (anti-CD3).®® The study showed
that, following magnetic targeting, the concentration of
MNPs in the tumor reached over 15% ID g ' at 24 hours
post-injection - three times higher than in the reference group.
The two surface ligands could bind to cancer cells and T cells,
respectively, acting as a linker to enhance cell-to-cell inter-
actions. Importantly, magnetic targeting improved the tumor
selectivity of T cells, leading to prolonged survival while reducing
the incidence of adverse events.

The past decade has seen rapid advancements in CRISPR
gene editing. CRISPR employs Cas nucleases and guide RNAs
(gRNAs) to modify specific genomic loci, rendering it a versatile
tool for gene modification or regulation.'>'* Nonetheless,
2RNAs can bind to DNA sequences with base mismatches, and
Cas nucleases can tolerate base mismatches and DNA and RNA
bulges, leading to off-target activities.®” Similar to cancer

3098 | Chem. Commun., 2025, 61, 3093-3108
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chemotherapy, in vivo therapeutic gene editing requires tar-
geted delivery of the CRISPR system to enhance editing effi-
ciency while minimizing genotoxicity due to off-target effects.®®
To address this challenge, we developed a novel gene delivery
platform by modifying a baculoviral vector (BV) with MNPs
conjugated to TAT peptides (Fig. 3).*> BV, derived from an
insect virus, offers good biocompatibility, and can effectively
transduce a wide range of mammalian cells. However, its in vivo
applications have been limited due to rapid inactivation by the
complement system. Our study demonstrated that MNP-BV can
be locally activated with a magnetic field, which enhances its
entry into the cells and allows it to escape from complement
inactivation through separation. The magnetic force also pro-
motes actin filament polymerization, improving the localization
of the viral genome to the cell nucleus. Meanwhile, MNP-BV
outside the magnetic field is inactivated by the complement
system. This dual mechanism of magnetic targeting and comple-
ment inactivation provides an on/off switch for MNP-BV, enabling
spatially controlled gene editing.

Magnetic force-induced mechanosensing

The ability to detect and respond to mechanical cues in the
surrounding environment is a fundamental function of mam-
malian cells.® Traditionally, research in this field has focused
on cellular responses to fluid flow, mechanical stretching, and
substrate stiffness. However, the versatility of conjugation
chemistry enables MNPs to be functionalized for binding to
cell surface proteins or accumulating in intracellular compart-
ments, allowing for precise mechanical stimulation of speci-
fic mechanosensors or cytoskeletal components. Fernandez-
Sanchez et al. used an implanted magnet to exert magnetic
force on MNP-loaded lysosomes in mesenchymal cells within
the connective tissue surrounding colonic crypts.”® This mag-
netic force mimicked the endogenous stress of early tumor
growth without altering tissue stiffness, revealing previously
unexplored mechanisms of tumor propagation based on
B-catenin signaling pathways. Similarly, Abdel Fattah et al
created human neural organoids with MNP-labeled human
pluripotent stem cells, where spatially defined magnetic force
provides short-term mechanical tissue perturbations and long-
term cytoskeleton remodeling in the organoids.”* The study
demonstrates improved patterning in human neural tube orga-
noids through precise, spatially defined MNP-driven actuation.

In our own study, we demonstrated that MNPs accumulated
in endothelial cells could induce the relocation of lyso-
somes and the formation of actin filaments along the field
gradient.>®’> Notably, with nearly 5.8 x 10° MNPs accumulated
within each endothelial cell, the intracellular magnetic force
reached 200 pN per cell.’® The alteration of actin filaments
further led to a reversible increase in vascular permeability by
affecting the adherence junctions between endothelial cells,
potentially providing a magnetic switch to enhance the extra-
vasation of therapeutic agents. More recently, we also found
that oscillating magnetic force applied to intracellular MNPs
could stimulate several mechanosensing pathways associated
with exosome biogenesis and release.” The cells experiencing

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Spatial control of in vivo gene editing. Baculoviral vectors (BV) labeled with MNPs facilitate localized gene editing through the combined effects of
magnetic activation and complement inhibition. (A) TEM images of MNPs, BV, and MNP-BV hybrids. (B) Schematic illustration of MNP-BV-mediated
transgene delivery to the mouse liver. (C) Bioluminescence analysis of transgene expression: mice injected with MNP-BV-LUC and exposed to a
magnetic field exhibited strong luminescence in the liver. In contrast, no luminescence was observed in mice treated with BV-LUC alone or with MNP-
BV-LUC without magnetic field application. C3 knockout mice served as controls. (D) Assessment of gene editing in vital organs. (Reproduced with

permission from ref. 35, ©2018 Springer Nature).

intracellular magnetic force released more exosomes and exhib-
ited increased intercellular communication compared with
untreated cells.

MNPs can also trigger mechanosensing by interacting with
cell surface protein sensors. Optogenetics, a widely used
method for investigating brain functions, controls neuronal
activity through light.”* Central to this technology are light-
sensitive ion channels, which can be activated by light to
initiate action potentials in targeted neurons. However, the
limited penetration of light in biological tissues necessitates
the implantation of optical fibers through the skull to deliver
light signals to cortical neurons. This invasive procedure can
disrupt normal behavior and physiology. In contrast, a recent
study introduced a non-contact neuron activation technique
utilizing MNPs and mechanosensitive ion channels, such as
Piezol (Fig. 4).°°° By assembling 25 nm MNPs into 200 nm
clusters, the researchers generated mechanical force of 2-10 pN
force at a magnetic flux density of 20-50 mT. The study further
employed a circular magnet array with an effective working
range of approximately 70 cm, enabling consistent and repro-
ducible neuromodulation in mice. This innovative approach
holds potential for wireless, long-term studies of freely moving
large animals.

Applications of magnetic heating

Magnetic heating arises from the relaxation of MNPs within an
AMF. In biological media, this involves both Néel and Brownian

This journal is © The Royal Society of Chemistry 2025

relaxation.”” Néel relaxation refers to the internal reorientation
of the magnetic domain constrained by the magnetic aniso-
tropy energy barrier, while Brownian relaxation involves the
rotation of the particle in the surrounding medium. The heat-
ing efficiency of MNPs is quantified by the specific loss power
(SLP), also known as specific absorption rate (SAR), which
represents the thermal energy generated per unit mass of
MNPs. The SLP is influenced not only by the magnetic proper-
ties of the MNPs but also by the frequency (f), field strength (H),
and wave form of the AMF. An increase in the frequency and
field strength of the AMF leads to higher SLP. However, a safety
limit of H x f < 4.85 x 10° Am™" s~ for the whole body is
imposed to prevent eddy currents in bodily fluids during
clinical applications.”® This restriction may be somewhat
relaxed in the treatment of local diseases or in preclinical and
in vitro studies.”’

Unlike the magneto-mechanical effect, there is still no analy-
tical model that accurately predicts SLP during magnetic heating.
One widely cited model of magnetic heating is the linear response
theory (LRT).”® According to LRT, under the assumptions that
superparamagnetic MNPs have a uniaxial crystalline structure, a
single magnetic domain, and a magnetic susceptibility linearly
proportional to the inductive field, the SLP is given by,

\
SLP =yt Hf—2-

1+ (2nf7)? <

where u, is the permeability of vacuum, y, is the equilibrium
susceptibility, and 7 is the relaxation time.”® The LRT predicts that
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treated (red) neurons. WGA-m-Torquer-treated (blue) neurons were used as controls. (Reproduced with permission from ref. 30,

Nature).

SLP reaches its maximum when the relaxation time matches the
period of the AMF. Consequently, the optimal size for magnetic
iron oxide nanoparticles is predicted to be approximately 14 nm
when the frequency is 300 kHz. While some experimental results
align with this prediction, our study, along with others, has found
that SLR increases monotonically with particle size (Fig. 5).>>7%%
The discrepancy among experimental studies is likely due to
variations in MNP dispersity and composition. It is important
to note that many instruments used in these studies are not
specifically designed for magnetic heating and are unable to
produce a monochromatic AMF. Several new models of magnetic

3000 -

¢ SLP measured experimentally

2000 -

SAR (Wig Fe)

1000 -

Size (nm)

Fig. 5 Size-dependent heating of MNPs. SAR was measured for MNPs
ranging from 6 to 40 nm dispersed in DI water, using an AMF at 325 kHz
and 20.7 kA m~%. The solid curve represents the theoretical SAR predic-
tions according to the LRT model. (Reproduced with permission from ref.
25, ©2017 American Chemical Society).
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heating have been proposed that incorporate more complex
relaxation processes and realistic anisotropy energy profile.*'~*?
However, further experimental validation is needed to confirm
these models’ predictions.

The heat generation of MNPs is also known to depend on
particle shape and composition. Experimental studies have
demonstrated that SLP of cubic MNPs is twice that of spherical
MNPs.***> Nano-octopods and nanorods have similarly shown
higher SLP compared to spherical particles.®*®*” Qur study has
further revealed that simply oxidizing magnetite nanoparticles
to maghemite can more than double the SLP, likely due to an
increase in magnetic anisotropy.®® Additionally, tuning of MNP
composition by incorporating metallic ions such as Mn>* and
Zn”" has been shown to enhance the SLP as well.*®%*

The efficiency of magnetic heating typically falls within the
range of hundreds of W g~* MNP, which is considerably lower
than other clinical heating techniques.>® However, the use of
radio frequency AMF enables deep tissue penetration with
minimal absorption and scattering, making magnetic heating
particularly valuable for thermal treatment of areas like the
brain. Efficient heating traditionally requires a high concen-
tration of MNPs, achievable only through local infusion. For
instance, in the clinical application of NanoTherm, an MNP
solution was infused into a brain tumor, achieving a final
concentration of approximately 30 mg mL~" within the tumor
tissue.>” Due to the low heating efficiency of magnetic heating,
a long-standing debate exists around nano-scale heating
effects. Some argue that magnetic heating results in a relatively
smooth temperature increase across the affected tissue, as
predicted by classical Fourier heat transfer theory.*>*® In contrast,
others propose that individual MNPs can heat nearby molecules

This journal is © The Royal Society of Chemistry 2025
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without substantially increasing the surrounding medium’s tem-
perature, a concept linked to the emerging field of magneto-
genetics. 3436739

To date, most research on magnetic heating has focused on
cancer treatment. Beyond thermal ablation, magnetic heating
has been extensively studied for tumor hyperthermia, which
involves raising tissue temperature to approximate 41-45 °C.%°
Studies have shown that cells in the mitosis stage are more
heat-sensitive, allowing hyperthermia to specifically target
cancer cells due to their elevated proliferation rate.”>*> Conse-
quently, magnetic hyperthermia has been combined with
treatments such as chemotherapy and radiation. For example,
in a study using MNPs loaded with doxorubicin, we observed a
synergistic effect between mild hyperthermia at 43 °C and
doxorubicin in reducing HelLa cell viability.>> More recently,
the development of high heating MNPs has opened up new
applications for magnetic heating, particular in two emerging
fields: organ cryopreservation and magnetogenetics.

Magnetic heating in organ cryopreservation

Organ transplantation is the last therapeutic option for patients
with otherwise incurable diseases. However, a major public
health challenge is the shortage of organs, primarily due to the
lack of long-term organ preservation methods.”>*® Current
organ preservation techniques can only maintain most organs
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for 4-12 hours, creating significant stress for transportation,
immune crossmatching, and surgical planning. For example,
approximately 70% of donated hearts are discarded during
processing.”® Recently, cryopreservation via vitrification has
emerged as a promising technology for long-term organ sto-
rage. This method preserves organs in a glass-like state to
prevent structural damage and loss of cell viability caused by
ice crystal formation.’*®® However, when these preserved
organs are warmed to body temperature for transplantation,
recrystallization in the cryoprotectant can occur if the warming
rate is slower than the critical warming rate.’>'°® Therefore,
convective heating, which warms the organ from the surface,
faces a critical size limitation of 1-3 mL due to slow heat
conduction in the tissue, making it unsuitable for cryopreser-
ving human organs.

Magnetic heating has emerged as a viable option for tissue
warming, as it can deliver heat uniformly throughout the tissue.
The nanowarming process involves perfusing the donor organ
with a cryoprotectant containing MNPs, rapidly freezing it and
storing at an ultralow temperature (<—140 °C), warming the
organ to body temperature, and replacing the cryoprotectant
with a blood-compatible solution (Fig. 6).'°" Typically, the
cryoprotectant contains high concentrations of organic and
inorganic antifreeze compounds. For example, the common
cryoprotectant, VS55, is composed of 3.1 M dimethyl sulfoxide,

Fig. 6 Schematic illustrating tissue vitrification, convective warming, and nanowarming. (A) Tissues are harvested from a donor. (B) Tissues are loaded in
a vial with CPA (VS55) and MNPs in a stepwise protocol, vitrified by standard convection, and stored at cryogenic temperatures. Warming by standard
convection (C) leads to failure in larger 50-ml systems (D). Nanowarming in an alternating magnetic field, an inductive RF coil that stimulates nanoparticle
heating (E), avoids warming failure and renders the tissue suitable for further testing or use (F). (Reproduced with permission from ref. 101, ©2017 The
American Association for the Advancement of Science).
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2.2 M propylene glycol, 3.1 M formamide, and 2.4 g L~' HEPES
in EuroCollins solution. Ensuring MNP stability in the cryo-
protectant during extreme temperature shifts is critical, as MNP
aggregation can alter magnetic relaxation and decrease heating
efficiency.'® Additionally, both the magnetic properties of
MNPs and the medium viscosity vary considerably with
temperature.'%

Several studies have demonstrated that the colloidal and
thermal stability of MNPs in VS55 can be maintained though
surface coating with resorcinol-formaldehyde resin or silica.'** "%
Additionally, surface modification with poly(ethylene glycol)
has been shown to reduce cellular interactions and thus
cytotoxicity.'°*'°” Manuchehrabadi achieved nanowarming of
porcine arteries and porcine aortic heart valve leaflet tissues
using magnetic heating.'”" The preserved tissues showed excel-
lent viability with no change in biomechanical properties.
Notably, uniform and rapid rewarming at a rate of >130 °C
per minute was achieved in volumes up to 80 mL. A subsequent
study demonstrated that vitrified rat kidneys recovered through
nanowarming were suitable for transplantation and restored
full renal function in nephrectomized recipients.'®® Although
nanowarming technology is still in its infancy, these studies
show great promise to transform the landscape of organ
transplantation.

Magnetogenetics

Inspired by optogenetics, magnetogenetics utilizes MNPs under
an AMF as magnetic switches to activate cellular functions. This
emerging field holds great potential for remotely controlling
individual neurons in the brain. In a pioneering study, Huang
et al. demonstrated that synthetic ferrite nanoparticles, when
bound to a temperature-sensitive ion channel (TRPV1), could
activate this channel under a radio-frequency AMF.*® Subse-
quently, similar effects were achieved using transient receptor
potential (TRP) channels coupled with biogenic ferritin parti-
cles containing 5-12 nm iron oxide cores.'” So far, studies
using either synthetic or biogenic magnetic nanoparticles
(MNPs) have shown the ability to remotely control brain
activities in live mice (Fig. 7).>*>**"' %> Additionally, magnetic
heating of MNPs near thermosensitive TRPA1-A channels,
which regulate the “fruitless” driver in Drosophila melanogaster,
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allows for controlled wing extension with sub-second response
times.** When combined with synthetic genetic circuits, mag-
netogenetics has enabled applications in other areas, such as
the remote regulation of glucose homeostasis and the targeted
activation of engineered bacteria for cancer immuno-
therapyll()Q,llS

While experimental results support the feasibility of magne-
togenetics, the underlying biophysical mechanisms remain
unclear. It is generally assumed that the MNP-induced mole-
cular activation is due to nanoscale heat confinement during
magnetic nanoparticle heating, implying that the temperature
on the surface of MNPs is significantly higher than that of the
surrounding medium. As a result, the heat generated by MNPs
under an AMF activates nearby TRP channels, leading to down-
stream cellular responses. However, analyses based on classical
Fourier heat conduction theory and the properties of MNPs
indicate that the temperature rise in MNPs under given condi-
tions should be much lower than that required to activate
TRPVs.*>*>8 Experimental attempts to measure the surface
temperature of MNPs have yielded conflicting results, with both
supporting and contradictory evidence."*"'® Moreover, recent
publications have raised concerns that biogenic MNP-induced
molecular activation may be artifactual.™*****

In addition to magnetic heating, alternative hypotheses have
been proposed to explain the mechanism of magnetogenetics,
including the magnetic force/torque effect, magneto-caloric
effects, and reactive oxygen species (ROS)-mediated molecular
activation.*™"** It is important to note that the MNP-mediated
cellular functions, such as the activation of TRPVs in neurons,
can arise from sporadic and transient actions of individual
MNPs.>*?839111 1n contrast, magnetic nanoparticle heating is
usually modeled as a classical equilibrium process. Additional
evidence and theoretical analysis at the nanoscale are needed
to provide a compelling explanation. Furthermore, it remains
unknown what the working range of the nanoscale effect is.
Since MNP-induced neural responses typically occur on the
order of seconds, it is essential to explore the possibility of
shortening the response time to milliseconds, which would be
more meaningful for investigating neuronal functions. Despite
ongoing debates and unclear mechanisms, magnetogenetics
opens an exciting new frontier in neuroscience research. It offers
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Fig. 7 Remote neural activation in vivo using radio waves. (A) Schematic of activation system. Ferritin-TRPV1 complexes were delivered to hypothalamic
glucose-sensing neurons via viral transfection. (B) Treatment with a radio frequency AMF (465 kHz) elevated blood glucose levels in mice. (Reproduced

with permission from ref. 38, ©2016 Springer Nature).
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potential for brain-computer interfaces and introduces a novel
class of therapeutic interventions by linking magnetic control to a
range of physiological functions.

Functioning as nanozymes

Hydroxyl free radicals (*OH) are highly reactive molecules
capable of interacting with a wide range of biomolecules.
Elevated levels of hydroxyl free radicals can damage cellular
components such as DNA, proteins, and lipids, ultimately
leading to cell death."”*'** Gao et al.’s pioneering work demon-
strated that magnetite nanoparticles can catalyze the decom-
position of hydrogen peroxide (H,0,) to hydroxyl free radicals
through a heterogeneous Fenton reaction.*® Since this discovery,
MNPs have been extensively studied for their ability to induce cell
polarization, apoptosis, and ferroptosis. Their functionalization
potential for targeted and combination therapies gives them
advantages over to small-molecule drugs.

The MNP-catalyzed Fenton reaction occurs on the surface of
iron oxide nanocrystals. Thus, the reaction rate is influenced by
the interface between the nanocrystal and its surrounding
medium."*>"?® Interestingly, our study revealed that the cata-
lytic activity of MNPs is highly dependent on their composition,
despite the tendency of the nanocrystals to oxidize and exhibit
similar surface oxidative states (Fig. 8).*> With comparable size,
coating, and surface oxidation states, wiistite (FeO) nano-
particles demonstrated a 4.6 folds increase in catalytic activity
compared to maghemite. Further analysis suggests that this
increased catalytic activity is due to the presence of internal
low-valence iron (Fe® and Fe®*), which accelerates the recycl-
ing of surface Fe** back to Fe®" via intraparticle electron
transport.*>">”

Notably, the catalytic activity of MNPs is also pH-dependent.
MNPs catalyze the production of hydroxyl free radicals only in
acidic environments, such as endosomes or lysosomes, but act
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as catalase, generating oxygen molecules instead of hydroxyl
free radicals at neural pH."**'*° This unique pH sensitivity
enables targeting of specific cell populations based on cellular
uptake and iron metabolism. For instance, Trujillo-Alonso et al.
found that ferumoxytol exhibited cytotoxic effects on leukemia
cells with low levels of ferroportin, a cellular iron exporter."*°
Moreover, Zanganeh et al. demonstrated that ferumoxytol
could polarize macrophages toward a tumor-suppressing phe-
notype, inhibiting breast cancer growth and lung metastasis.**

Research into the catalytic properties of MNPs also offers
valuable insight into mitigating potential adverse effects in
therapeutic applications. Wu et al. found that ultrasmall mag-
netite nanoparticles (2.3 nm) were highly toxic due to increased
free radical production, whereas 9.3 nm magnetite nano-
particles showed no apparent toxicity in a mouse model.”**
The size of MNPs can also influence the nature of cytotoxicity.
Xie et al. discovered that 9 nm magnetite nanoparticles induced
cellular mitochondrial dysfunction, while 14 nm magnetite
nanoparticles primarily damaged cell membrane integrity and
promoted lactate dehydrogenase leakage."** Consequently, the
catalytic activity of MNPs is a critical factor in designing MNP-
based applications.

Outlook and future perspectives

Since the emergence of nanomedicine four decades ago, MNPs
have become one of the most active and successful areas of
research, driven by their exceptional biocompatibility and
unique nanoscale magnetic properties. Clinical studies have
primarily focused on imaging, thermal therapy, and magnetic
targeting. While MNPs were initially approved for cancer med-
icine in the US and Europe, recent clinical research has
expanded globally, with notable efforts in countries like China
exploring their applications in treating a broader range of
diseases.
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Fig. 8 MNP-mediated heterogeneous Fenton reaction. (A) Schematic of enhancing surface Fenton reaction via intraparticle electron transport. In a
composite nanoparticle of magnetite (Fes0,) shell and a core of low-valence iron (Fe® & Fe2"), the low-valence iron can accelerate the catalysis by
reducing the octahedral Fe** in the magnetite shell to Fe?* through intraparticle electron transport. (B) Catalytic activities of MNPs of various
compositions. (Reproduced with permission from ref. 45, ©2023 John Wiley and Sons).
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A new frontier in MNP research is the controlled mechanical
and thermal modulation of cells and tissues. Advances in
synthesis techniques have enabled precise control over MNP
size and composition, leading to the development of particles
optimized for specific mechanical and thermal properties.
In recent years, the use of MNPs to stimulate mechanosensitive
receptors, ion channels, and other cellular components has
opened novel avenues for manipulating cellular behavior.
These research efforts are supported by a better understanding
of mechano- and thermo-sensitive ion channels, such as the
TRP and Piezo protein families, which play crucial roles in
various aspects of cell biology. The significance of these pro-
teins was recognized with the 2021 Nobel Prize.

The ability to remotely control cellular processes using
MNPs offers exciting applications in regenerative medicine,
tissue engineering, and neuromodulation. For instance,
mechanical stimulation of stem cells via MNPs can influence
differentiation pathways, while thermal activation of neurons
through MNPs conjugated to thermosensitive ion channels has
opened possibilities for non-invasive brain stimulation techni-
ques. It is conceivable that MNP-derived nanotechnology will
soon intersect with synthetic biology, forging new directions in
biomedical applications. Remarkably, all these functions can
be achieved using a single MNP, with its size, composition,
and functionalization determining its specific properties. The
inherent multifunctionality of MNPs thus provides a highly
versatile platform for biomedical innovation.

Despite their promise, several challenges remain for the
clinical translation of MNP applications in emerging fields.
Over the past two decades, significant progress has been made
in understanding the biocompatibility and safety of MNPs,
particularly in cancer treatment clinical studies. However, as
the MNP applications extend to vital organs in the context of
non-terminal diseases, there is an urgent need to assess their
biodistribution, clearance, and long-term toxicity. This is parti-
cularly important given the association between abnormal
iron metabolism and diseases like Alzheimer’s."** Additionally,
regulatory considerations are crucial for the development of
MNP functionalized with novel components such as targeting
moieties and signaling molecules, as manufacturing practices,
quality control, and reproducibility must meet stringent stan-
dards. The interdisciplinary nature of MNP-related research
also presents challenges, especially since the magnetic proper-
ties of MNPs are heavily dependent on the applied magnetic
field. Clinical translations will require the development of
specialized electromagnetic instruments for human use. The
widespread clinical use of MNPs in imaging is largely due to the
availability of MRI machines in universities and major hospi-
tals. Lastly, while the effects of magnetic fields on the human
body have been extensively investigated, the impact of high-
gradient, high-frequency magnetic fields on target organs
needs to be carefully examined in new settings. The FDA has
issued guidance for industry that provides a comprehensive
summary of the major concerns associated with nanomaterials
in clinical drug applications. Given the novelty of these
research directions, it is likely that additional safety and ethical
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considerations, beyond those encountered in conventional
imaging and drug delivery studies, will emerge as the field
continues to develop.

Looking forward, the continued convergence of nanotech-
nology, materials science, engineering, and biomedicine is
likely to drive further innovations in MNP design and applica-
tion. By harnessing their unique nanoscale magnetic properties
and improving our understanding of their interactions with
biological systems, MNPs are poised to revolutionize the land-
scape of nanomedicine and enable new approaches for disease
treatment and management.
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