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Abstract: Brain tumors, including primary gliomas and brain metastases, are one of the deadliest tumors because effective
macromolecular antitumor drugs cannot easily penetrate the blood-brain barrier (BBB) and blood-brain tumor barrier (BTB).
Magnetic nanoparticles (MNPs) are considered the most suitable nanocarriers for the delivery of brain tumor drugs because of their
unique properties compared to other nanoparticles. Numerous preclinical and clinical studies have demonstrated the potential of these
nanoparticles in magnetic targeting, nuclear magnetic resonance, magnetic thermal therapy, and ultrasonic hyperthermia. To further
develop and optimize MNPs for the diagnosis and treatment of brain tumors, we attempt to outline recent advances in the use of MNPs
to deliver drugs, with a particular focus on their efficacy in the delivery of anti-brain tumor drugs based on magnetic targeting and low-
intensity focused ultrasound, magnetic resonance imaging for surgical real-time guidance, and magnetothermal and ultrasonic
hyperthermia therapy. Furthermore, we summarize recent findings on the clinical application of MNPs and the research limitations
that need to be addressed in clinical translation.
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Introduction

Brain tumors are malignant tumors associated with high mortality rates and accounted for 1% of all new cancer cases
worldwide in 2021. Additionally, brain tumors are the most prevalent solid tumors in adolescents and children and the
leading cause of cancer-related death in men <40 years of age and women <20 years of age."

Despite advancements in cancer treatment, the survival rates for brain tumors have seen minimal improvement in
recent years, a contrast to the significant progress observed in the treatment of various other tumors. This can be
attributed to three primary reasons. First, the early symptoms of brain cancer are not obvious, leading to late detection
and subsequently missed opportunities for optimal treatment. Second, brain tumors are difficult to completely eliminate
by surgery due to the infiltration of brain metastases into neural tissue. This challenge poses a significant threat to the
central nervous system (CNS). Additionally, this challenge explains the poor prognosis and high recurrence rates
associated with brain tumors. Third, immunotherapy is widely used for treating tumors (eg, hepatic carcinoma,*> bladder
cancer,4 melanoma cancer,’ lung cancer,®’ and breast cancerg) because antibodies can enter the tumor microenvironment
and cellular. However, the blood-brain barrier (BBB) limits the clinical application of immunotherapy in brain tumors.

The BBB, a dense interface composed of microvascular endothelial cells, astrocyte endfeet, and pericytes,g regulates
the exchange of substances between the CNS and the bloodstream.'®!'" The following features differentiate the BBB
from other vascular endothelia: (1) The BBB is characterized by the presence of dense junctions between adjacent
endothelial cells, effectively blocking the transport of water-soluble molecules but allowing the transport of lipid-soluble
molecules and small molecules;'? (2) Unlike other endothelia, the BBB lacks active transport and endocytosis mechan-
isms for regulating essential motifs and preventing the transfer of endogenous and exogenous toxic substances;'® and (3)
the absence of fenestration.'> Several studies have indicated that brain tumor progression leads to the transformation of
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the BBB into the blood-brain tumor barrier (BTB). Compared to the BBB of healthy individuals, the BTB is more
permeable owing to the destruction of the basement membrane. Furthermore, the connections between the vascular
endothelial cells are not dense, leading to the formation of pores with a diameter of 10-30 nm.” This pore size indicates
that nanoparticles hold great promise in the treatment of therapy of brain tumors.

Nanoparticles, owing to their general properties, such as small size (1-100 nm), enhanced permeability and retention
effect (EPR), and high permeability in tumors, have emerged as valuable tools in tumor therapy. In addition to the general
characteristics of nanoparticles, some magnetic nanoparticles (MNPs) have unique properties, including high perme-
ability, stable surface properties, high saturation magnetization (MSat), magnetocaloric effect, and high-intensity focused
ultrasound. These unique properties of MNPs make them valuable tools for tumor imaging, highly effective delivery of

14,15 1017 proteins, and other drugs'®), targeted immunotherapy,'® targeted chemotherapy,”®

24,25

molecules (such as genes,

magnetothermal therapy,zl*23

and focused ultrasound therapy.
Because MNPs have received considerable attention in nanomedicine research and clinical therapy, this review
focuses on the production, classification, and application of MNPs. This review sheds light on current advances in the

clinical application of MNPs in the treatment of brain tumors (Figure 1).

MNPs

MNPs are a class of nanoparticles that have found extensive application in various biomedical areas, including diagnosis,
imaging, and therapy, due to their unique and distinguished magnetism when subjected to a magnetic field. This
magnetism plays a “double-edged role” in nanomedicine applications of MNPs. Notably, the magnetism of MNPs
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Figure | Overview of magnetic nanoparticles (MNPS) for brain tumor therapy.
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enables them to provide signals in magnetic resonance imaging (MRI), enhance the detection of low-concentration
molecules, and provide heat and iron elements in therapy. The ability of MNPs to maintain stable dispersion in solution
without aggregation or precipitation, coupled with their responsiveness to external magnetic fields through Néelian and
Brownian relaxations, further enhances their versatility.**?” However, excessively strong magnetism can cause MNPs to
attract each other and aggregate, inducing embolism in blood capillary vessels. Therefore, the modification of MNPs to
regulate magnetism intensity is vital in the medical application of MNPs.

Classification of MNPs

MNPs commonly comprise two parts: a core magnetic component (such as iron, nickel, or cobalt) and a functional part.
Therefore, the MNPs could be classified into different types based on the elements and functional components.

Monocomponent MNPs
Fe, Ni, and Co-Based MNPs
Iron nanoparticles (Fe NPs) are the most extensively used MNPs due to their unique physical and chemical properties
that allow them to permeate biological membranes and reach diverse tissues and cells. Notably, Fe NPs induce the
production of reactive oxygen species (ROS), including hydrogen peroxide (H,O,), hydroxyl radical (*OH), and super-
oxide anion (0%").”® Additionally, the different degrees of pyrophoricity and reactivity of FeNPs may induce unwanted
reactions.?’

In 2003, monodisperse nickel nanoparticles (Ni NPs) were formulated by reducing Ni (acac); in hexadecylamine (HDA).>°
Monodisperse Ni NPs have been used in various materials, including magnetic materials,’! sensor materials,’” medical

3435 and catalysts.**>® However, the application of NiNPs in cancer treatment has not been reported.

motifs,*® optics,

Cobalt NPs (Co NPs), with sizes ranging from 2 to 11 nm, have been successfully formulated using different
methods.***° Unlike FeNPs, which are characterized as soft magnets due to a rapid increase in magnetization when
exposed to an external magnetic field (EMF) and a subsequent decrease or elimination of magnetization upon EMF
withdrawal, Co NPs exhibit the properties of hard magnets by retaining residual magnetization. This unique property of Co
NPs has attracted the interest of researchers.*' In the presence of unsaturated hemoglobin, Co NPs do not induce misleading
signals, whereas Fe NPs do.*? Some other unique properties of Co NPs (ie, high mechanical hardness, high Curie
temperature, and large magnetic multiaxial anisotropy) may make them potentially useful in diagnostic and therapeutic
applications (eg, gene therapy and drug release). Unfortunately, the progress of medical applications of Co NPs has been
limited, possibly due to the associated higher instability and toxicity compared to Fe NPs.** Therefore, it is necessary to
study methods to reduce toxicity through surface modification and regulation to align with clinical standards.**

Metal Alloy MNPs

Some metal alloy nanoparticles, such as iron—palladium (FePd)* and iron—platinum (FePt),***’

are promising MNPs.
These alloys exhibit superparamagnetism, high magnetic crystallinity, and chemical stability. Several studies have reported
that the heating response of CoFe alloy nanoparticles to a variable magnetic field could be determined by regulating the
proportion of cobalt.**** Compared to magnetite (Fe;0,) and cobalt ferrite (CoFe,0,) MNPs, CoFe NPs with an adjustable

thermal response exhibit high-efficiency therapeutic potential and specific loss power (SLP) in tumors.**>°

Metal Carbide MNPs

Although metal (Fe, Co, and Ni) carbide MNPs have piqued the interest of researchers due to their exceptional magnetic
characteristics and stability,”" their application has barely advanced as their synthesis requires harsh conditions and there
are challenges in controlling their size and morphology.>>

Metal Oxide MNPs

Metal oxide MNPs are the most widely used MNPs in the biomedical field.”® Notably, iron oxide MNPs are currently the
only FDA-authorized MNPs for use in humans.>* Iron oxide can exist in four stable chemical compositions, namely
magnetite (Fe;0,4), wiistite (FeO), hematite (a-Fe,03), and maghemite (y-Fe,O3). A growing body of preclinical and
clinical studies have indicated that iron oxide MNPs can interact with immune system cells to stimulate their immune
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recognition of tumors.>> >’ Despite the extensive use of iron oxide MNPs in immunotherapy, the underlying mechanisms
are not fully understood. In a study by Daldrup-Link et al, ferumoxytol injection into tumor-bearing mice significantly
delayed tumor growth. Furthermore, an injection of iron oxide MNPs into T cell-deficient mice before cancer cell
injection prevented tumor formation. This preventive effect was attributed to the nanoparticles inducing the polarization
of macrophages into the M1 phenotype rather than stimulating T cells.”” However, other studies have shown that iron

oxide MNPs induce T cell-mediated immune effects that kill cancer cells.>>>%3%3°

Multicomponent MNPs

Heterostructure MNPs

Heterostructure MNPs are composed of a magnetic component and other components and garner immense interest because
they possess magnetic and other unique properties (eg, optical properties, catalytic activity, and biocompatibility).*’

(1) The most common structures of heterostructured MNPs are the MNP core and a shell structure wrapped around
the exterior. Several core-shell-structured MNPs have been produced over the last few decades, including Fe;0,@ZnO,°"
Fe;04@Ti0,% Fe;04@Au,% Fe;04@poly (dopamine), Fe;0,@C.%° CaSO,@Fe,03@Si0,%° Fe;04,@PEG-Ag,®’
FePt@FezO&68 Fe;04@humic acid,®’ Fe304@MnO,70 Fe304@chitosan,71 and CoFe,O4@ MnFe,0, " Among these,
magnetic mesoporous silica nanocomposites (M-MSNs), which comprise a Fe;0,4 core wrapped in a mesoporous silicon
shell, are widely used in the biomedical field because of their superior dispersibility and graft modification potential
compared to bare Fe;0, nanoparticles.”

(2) Some irregularly shaped heterostructured MNPs have also been synthesized in recent years. Notably, Gao et al’*
prepared FeP-Au heterostructure MNPs. Additionally, Hou et al”> demonstrated that the morphology of FePt-Au hybrid
nanoparticles could be controlled by adjusting the size of FePt and the type of atmosphere.

Magnetic Metal-Organic Framework (MOF)

Magnetic MOFs are another type of heterostructure MNPs that have gradually gained prominence in mainstream
research.’® Despite their high absorption capacity, the absorption bandwidth of typical metal and alloy MNPs is
considerably low for clinical applications. The carbon-based part of the magnetic MOF can address this issue.’’
Magnetic MOF nanoparticles with Fe,”® Co,”” Ni,®° Fe-Co,”” Fe-Ni,®! Co-Ni,%? and Fe-Co-Ni®® have been success-
fully synthesized. In 2021, Khoobi et al used the Fe;04@ALA-Zn magnetic MOF to conduct an MRI of a brain
tumor and kill cancer cells.** In the same year, Tian et al®® synthesized a magnetic MOF nanoprobe (CH,;T@MOF-
PEG-AE) and injected the nanoparticle into glioblastoma-bearing mice. The nanoprobe, used in conjunction with
MRI and near-infrared (NIR)-II fluorescence imaging with spatiotemporal resolution, facilitated the surgical
removal of malignancies. Moreover, photothermal therapy of the magnetic MOF nanoprobe yielded surprisingly
satisfactory results.

Synthesis of MNPs

Over the past few decades, MNPs have been applied in several specialized fields, including biomedicine, biotechnology,
catalysis, and the development of magnetic chemistry thermoelectric materials. The synthetic method for MNPs is crucial
since it might impact their physicochemical characteristics, stability, mobility, and effectiveness in pollution removal.®®
Generally, the synthesis of MNPs involves either a bottom-up (atoms and molecules are combined to prepare NPs of
different sizes) or a top-down approach (synthesis begins with bulk material that is depleted to produce NPs). The

synthetic methods encompass chemical synthesis, physical synthesis, and biological synthesis.

Chemical Synthesis
Chemical synthesis approaches for MNPs primarily involve bottom-up approaches, such as hydrothermal synthesis, sol-
gel formation, thermal decomposition, and coprecipitation.

(1) Hydrothermal synthesis, also known as solvothermal synthesis, is an effective solution reaction-based method for
producing MNPs at high temperatures and pressures.*® This method enables the production of uniform-sized MNPs by
controlling the degree of mineral solubility in water, thus influencing crystal formation.®” The hydrothermal approach is
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preferred over the sol-gel method and other methods due to its ability to produce nanoparticles of the desired form, size,
high crystallinity, and stable composition. Despite these advantages, the hydrothermal synthesis process requires
specialized equipment and caution due to the necessary high pressure and temperature conditions. The MNPs produced
via this method are very effective in strengthening or weakening the superparamagnetic property. Several researchers
have attempted to synthesize smaller MNPs. In 2023, Abdollahi’s group revealed that MNPs with hydrodynamic
diameters of 28.74 and 24.88 nm could be synthesized at pH=11 and 12, respectively.®®

(2) The sol—gel method is another heating synthesis technique. With this technique, metal salts are initially dissolved
in solvents, with continuous stirring, to obtain a uniformly dispersed sol, followed by continuous heating to improve the
interaction between particles (such as van der Waals forces). Ultimately, a gel forms as the solvent completely
evaporates.® The sol-gel process requires no specific equipment and can be conducted at ambient temperature, making
it a less expensive technology. Additionally, this method allows for straightforward control of the composition, shape,
and size of MNPs. MNPs produced by this process have high purity, good crystallinity, and adjustability. However, under
specific circumstances, by-products may be produced, necessitating further purification to obtain pure MNPs.
Additionally, the sol-gel process is associated with longer reaction times, and the presence of chemical solvents can
introduce toxicity concerns.

(3) The thermal decomposition approach is used to synthesize MNPs under high temperatures using organometallic
precursors. This technique results in the production of MNPs with great crystallinity, well-determined shape, and
regulated size. Adjustments are made to the type of surfactant and solvent, reaction time, aging duration, and temperature
based on the desired form and size. This process is regarded as one of the most effective techniques for producing large
amounts of MNPs of the same form and size.”® In 2023, Insausti et al introduced an improved thermal decomposition
method to synthesize MNPs based on the thermolysis of bimetallic oleates (Fe;.,MnOly_,).”" They demonstrated that the
synthesized MNPs exhibited highly homogenous sizes as small as 16 nm and possessed large saturation magnetization
values (> 86 Am”/kg at room temperature). Remarkably, the MNPs showed a significant magnetothermal efficiency (>
600 W/g) while remaining within clinical safety limits (36 kA/m and 125 kHz), suggesting that the improved thermal
decomposition method could be employed to synthesize MNPs suitable for clinical application.

(4) The coprecipitation approach is the most common method for synthesizing MNPs, offering convenience in
controlling both the size and surface properties of MNPs. Notably, the coprecipitation method also ensures the production
of large quantities of MNPs for clinical use. However, a drawback of the coprecipitation process is the challenge of
controlling the form of the MNPs.”? Several MNPs, including MgFeZSO4,93 MnFeZO4,94 Fe;0,,°3% (Zn,Mn;_Feq¢)
FezO4,97 Co l_xCuXF6204,98 ZnF6204,99 and copper ferrite'° have been synthesized using the coprecipitation approach.

Physical Synthesis

Physical synthesis methods for MNPs typically follow the “top-down” approach. These methods involve techniques such
as laser evaporation, mechanical milling, and wire explosion. Laser evaporation is a straightforward method that
produces nanoparticles via condensation from a gaseous or liquid phase.'®’ This method is inexpensive, has a high
production rate, and is eco-friendly. Mechanical milling is a simple and convenient process that produces various
particles through mechanical grinding. Ball milling, the most common mechanical milling method, is convenient,
inexpensive, highly efficient, and environmentally friendly.'*> However, the major limitation of ball milling is that the
purity of the product is insufficient.*® Wire explosion, which causes the evaporation of a metal wire under a strong
electric current, is a promising physiochemical approach.'® This method also have some disadvantages, such as product

contamination, high requirements for energy, and the production of non-monodispersed MNPs,'%+1¢

Biological Synthesis

The biological synthesis of MNPs has garnered considerable interest owing to its eco-friendly, efficient, and clean
process. MNPs synthesized via this method are comparatively biocompatible but lack ideal dispersibility.'®” The
biosynthesis of MNPs involves microorganisms, plant extracts, and animals.'®® Microbial synthesis occurs primarily
through the adsorption of metal ions and reduction mineralization.'” The plant extract synthesis approach depends on
water-soluble metabolites such as polyphenols, alkaloids, and citric acid.''*'"" Magnetite, widely distributed in living
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organisms, helps sense the earth’s magnetic field to determine direction.''? Biologically synthesized MNPs can be used
as catalysts in photocatalysis and Suzuki-Miyaura reactions. However, this method has some drawbacks, including poor
dispersibility and low yield of MNPs, which need to be worked upon.

In 2023, Anwer used microalgae Spirulina sp. as a replacement for anise fruit extract in the biosynthesis of MNPs.'3
The general procedure involved mixing ferrous chloride (FeCl,-4H,0) and ferric chloride (FeCl;-6H,0) at a 2:1 molar
ratio, followed by heating at 70°C under a nitrogen atmosphere for 10 min. Subsequently, microalgae Spirulina sp. was
added to the mixture for 20 min until the yellow color turned black. Finally, NaOH solution was added to the mixture at
a flow rate of 2 mL/min to allow magnetite precipitation. The scanning electron microscopy (SEM) results indicated that
the diameter of the MNPs ranged from 52.05 to 55.98 nm. In the same year, Othman et al also employed anise fruit
extract for the biosynthesis of MNPs.''* Their procedure generally involved mixing ferrous sulfate (FeSO,4-7H,0) and
ferric chloride (FeCl;) at a 1:2 molar ratio, followed by heating at 80°C under a nitrogen atmosphere for 10 min.
Subsequently, the mixture was combined with the anise fruit extract for 5 min, and a 5% NaOH solution was slowly
added to the mixture to uniformly produce magnetite precipitation. The transmission electron microscopy (TEM) results
indicated this method could synthesize smaller MNPs with diameters between 18 and 33 nm.

Biomedical Application of MNPs
Based on their different mechanisms of action, MNPs can be used in three categories of tumor therapy. First, MNPs can be
used as nanoscale magnets to enhance the delivery of drugs into tumors with high efficiency. This is achieved by leveraging

!5 Recent research suggests that

the magnetic force experienced by MNPs, allowing them to move against the field gradient.
MNPs could be used as molecular force transducers to activate specific receptors on cancer cells, and subsequently induce
their apoptosis.**''*!'® Second, the MNPs could be employed as T1 or T2 contrast agents in MRI. MNPs have been used,
in conjunction with MRI, to track tumors for over 30 years.''>"'?° Third, MNPs have been used since 1957 to transform

electromagnetic energy into heat energy, a phenomenon known as thermal treatment.'?!

Targeted Delivery Based on MNPs
Targeted Delivery Under EMF Guidance

Targeted delivery under EMF guidance is a strategy that exploits the unique properties of nanoparticles, particularly MNPs,
to enhance the delivery of drugs into tumors via relatively inefficient passive targeting based on enhanced permeability and
retention (EPR).'** The EPR mechanism involves the permeation of nanoparticles into tumor capillaries, reduction of blood
flow by dilated curved capillaries, and the subsequent retention of the nanoparticles in the tumor.'>> Meanwhile, the 200~
2000 nm pores in tumor blood vessels are sufficient to allow nanoparticles to pass into the tumor microenvironment.'**
Common MNPs, which have a small size (3—200 nm in diameter), can accumulate in brain tumors via the EPR mechanism.
To optimize the targeting effects, MNPs are often coated with weaker negative charges, such as those found on cell
membranes, polyethylene glycol (PEG), and polyethyleneimine (PEI). This coating helps stabilize MNPs in the blood, as
strongly negatively charged particles are more easily eliminated by the reticuloendothelial system (RES). Active targeting
strategies have attracted increasing attention as a method for improving targeting effects because they are more efficient
than EPR-based passive targeting. In active targeting, MNPs are conjugated with ligands that can recognize highly
expressed receptors on the membranes of cancer cells and tumor-associated cells. For instance, many ligands such as

136,137 151387140 and peptides''"'** have been

transferrin,'>> '3 folate,'3!"133 hyaluronic acid,!3413° aptamers, antibodies,
conjugated with MNPs for active targeted delivery into brain tumor sites.'*’
MNPs present unique advantages for drug delivery into brain tumors, particularly due to their strong response to EMF.
Generally, by placing an EMF at the brain tumor site, drug-carrying MNPs can navigate the circulatory system and accumulate
locally in the tumor by magnetic force. This strategy is called magnetic targeting (MT). Several studies have demonstrated that
MT can achieve higher efficiency compared to EPR-mediated passive targeting and ligand-receptor interaction-mediated active
targeting.'**'** However, EMF is limited in treating superficial tumors due to its short active reach-out range."** To overcome

this shortcoming, a gradient magnetic field was developed and exhibited satisfactory MT.'>!
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In 2023, Chen et al'*? synthesized citric-acid-coated MNPs (CMNPs) and encapsulated them in thin films to prepare
thermosensitive cationic magnetic liposomes (TCMLs). These TCMLs were then loaded with CPT-11 (irinotecan) to
prepare TCML@CPT11/shRNA. Glioblastoma (U87)-bearing nude mice were subsequently injected with the
TCML@CPT11/shRNA, and MT was performed using an alternating magnetic field (AMF). Notably, TCML@CPT11/
shRNA+AMF treatment exhibited a significantly better therapeutic effect compared to TCML@CPT11/shRNA treatment
(Figure 2).

Targeted Delivery via Focused Ultrasound

The permeability of the BTB is higher than that of the BBB, but it remains heterogeneous and occasionally behaves
similarly to a healthy BBB.” The development of a novel controllable approach to improve the permeability of the BTB
has garnered research interest. Magnetic resonance-guided focused ultrasound (MRgFUS) is a novel physical approach to
transiently modulate the structure between the tumor microenvironment and neurovascular unit and deliver drugs into

153

brain tumors.” > MRgFUS can be categorized as low-intensity focused ultrasound (LIFU) and high-intensity focused

ultrasound (HIFU). LIFU is commonly used to deliver nanomedicines into brain tumors by producing microbubbles
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(MBs). In contrast, HIFU can be used for the mechanical destruction and thermoablation of tumors by inducing the
movement of magnetic nanoparticles and magnetoheat.'>*

When stimulated by LIFU, MBs expand or contract, opening the tight junctions of the BBB/BTB and delivering drugs
into brain tumors.'”*'> Several studies have reported that some drugs (eg, trastuzumab,'’® bevacizumab,'’

158,159 160 161

carboplatin, temozolomide,'® methotrexate,'®’ and doxorubicin'®®) can be delivered through the BTB using

LIFU. Notably, LIFU has been demonstrated to have no significant side effects, and the pores or “windows” it forms
on the BBB close within 6-8 h, preventing prolonged exposure and potential damage to neurons.'®?

In 2010, Liu et al*® synthesized MNPs with a diameter of 12.5 nm. They conjugated epirubicin with these MNPs to
prepare epirubicin-MNP. Rats bearing C6 tumors were injected with epirubicin-MNPs, and 10 days later, they were
subjected to LIFU. TEM revealed the appearance of interendothelial clefts in rats treated with LIFU. Notably, the
survival period after treatment with the combination of epirubicin-MNPs and LIFU/MT was extended by 30.5 days.

Although MNPs can accumulate at the tumor site under the guidance of magnetic field/focused ultrasound, they
cannot do so without entrance into the normal brain tissues (such as neurons and glial cells). This occurrence is because
the surface of the MNPs lacks ligands that recognize receptors on the surface of tumor cells. Unfortunately, there has
been little research on the coupling of tumor-specific ligands to the surface of MNPs to combine MT/ focused ultrasound
targeting and molecular active targeting to achieve anti-brain tumor drug delivery. We believe that the next step in
targeted delivery into brain tumors using MNPs will be to seek breakthroughs in this direction.

MRI Using MNPs

MRI is the major soft tissue diagnostic technique used in clinical settings due to several unique advantages, including
enhanced soft tissue contrast, high resolution, and excellent anatomic detail.'®* Meanwhile, MRI does not exhibit the
potential radioactive hazards commonly associated with computed tomography (CT) or positron emission tomography
(PET).'®> While MRI provides valuable information, the inherent signals in MRI, determined by tissue characteristics
such as relaxation time and proton density, often lack sufficient contrast for precise imaging. Therefore, a contrast agent
needs to be injected into the body before testing. The exogenous contrast agents used in MRI are categorized as T1
(positive) and T2 (negative) contrast agents.

T2 contrast agents are frequently mistaken for several endogenous components, including blood clots, hemorrhage,
air, and calcification. Hence, T1 contrast agents are typically preferred in clinical settings.'®® Unfortunately, the T1
contrast agents currently in use (eg, Gd*>*- and Mn”"-based agents) occasionally exhibit toxicity. Iron oxide MNPs are
alternative T1 contrast agents due to their marked biocompatibility; however, because of their lower r; value, which is
much lower than the r, value of calcium, most of them are now used as T2 contrast agents. Notably, researchers are
attempting to regulate the »,/ry ratio by adjusting the particle surface state and size to improve their suitability as T1
contrast agents.

When the diameter of iron oxide MNPs is smaller than 1.8 nm, most of their spins become canted, conferring virtually
paramagnetic characteristics to these nanoparticles. Some studies have demonstrated that these MNPs could be employed as
T1 contrast agents, given their 1, relaxivity and ro/r; ratio of up to 4.78 mM 's ' and 3.67, respectively.'*”'°® However, the
thickness of the organic motif coated on MNPs always affects their use as T1 contrast agents.'®” Research indicates that
adjusting the thickness can reduce the aggregation of these MNPs and decrease the T2 contrast.'”

MRI proves valuable in diagnosing tumors due to the distinct pathological structures of tumor vessels. These
structures include excessive branching, greater diameters, endothelial fenestrae, leaky holes, and a discontinuous base-
ment membrane.'?>!'7"172 These unique structures facilitate the accumulation of MNPs in the tumor microenvironment
via the EPR effect (passive targeting). Active targeting strategies have been developed in recent years to increase the
accumulation of MNPs in tumors for highly sensitive and accurate MRI.'"* Various tumor biomarkers, including ligands
present on the cancer cell membrane and molecules in the tumor microenvironment, have been reported. These

biomarkers include engineered exosomes,'” heptamethine cyanine,'”* antibodies,'’>"'’® growth factors,'’” polymers,'”®
179-181 182 183

ligand protein, peptides, °“ and aptamers, °~ which have been conjugated with MNPs to improve MRI efficiency.

In 2021, Wang'®* et al conjugated Cy5.5 fluorescence dye with Fe;0, with a 190 nm diameter to prepare a Fe;04-
Cy5.5 nanoprobe. The Fe;04-Cy5.5 nanoprobe was loaded into macrophages to produce an MFe;04-Cy5.5 magnetic
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photothermal nanoprobe. After the MFe;04-Cy5.5 magnetic photothermal nanoprobe was injected into glioblastoma-
bearing mice, hypointense shadows appeared around the tumor and maintained high contrast for 5 days. The MRI signal
based on MFe;0,4 matched the fluorescence imaging based on CyS5.5. Surprisingly, the authors found that MNPs could
also yield photoacoustic images for cross-validation with MRI (Figure 3A-C). One year later, another group of
researchers'®® prepared sub-5 nm ultrafine IONP (uIONP) and coated them with oligosaccharides. After 20 min of
intravenous injection into glioblastoma-bearing mice, sub-5 nm oligosaccharide-coated ulONP accumulated in the tumor.
The MRI results revealed that after 40-60 min of injection, the signal from the T1-enhanced MRI contrast gradually
peaked in the tumor but not in normal tissue (Figure 3D—F). The T1-enhanced MRI contrast of ulONP was similar to that
of the clinical Gd contrast agent.

Thermal Therapy Using MNPs

Thermal therapy has great potential in the treatment of multiple tumors, as it can directly kill cancer cells at high
temperatures. The resulting exposure of tumor cell contents causes an immune response in patients. However, the
traditional process of thermotherapy for tumors, especially photothermal therapy, can only be used to treat surface or
superficial tumors because it is constrained by the depth of light penetration. Fortunately, magnetic fields and ultrasound
can penetrate deep tissues (eg, skin, skull, and brain tissue) and stimulate MNPs in brain tumors to generate heat that
facilitates tumor hyperthermia.

Magnetothermal Therapy Using MNPs
Thermal Ablation

Cells die upon exposure to temperatures above 50 °C.'*¢'®7 Thermal ablation, which can cause tumor necrosis and
carbonization, typically involves the insertion of electrodes and the transfer of heat into the tumor tissue. However, this
approach has limitations, especially in the treatment of brain tumors due to the invasive nature of electrode insertion. The
properties of MNPs and magnetic fields can help overcome this limitation. In the thermal ablation process using MNPs,
the nanoparticles are injected into the bloodstream and accumulate at the tumor site. Upon accumulation, these MNPs
generate heat when exposed to an EMF, leading to the destruction of surrounding cells. To generate sufficient heat, MNPs
with SLP values are best suited for thermal ablation. Although the SLP directly affects treatment efficiency, there are
safety concerns that the product of field amplitude (Hf) and frequency must be less than 5x10° A /m/s. A European
company called MagForce Nanotechnologies AG has designed an AFM applicator (MFH 300FTM) that generates
a variable magnetic field with a frequency of 100 kHz, 2-15 kA/m, suitable for the treatment of brain tumors.'®®
A clinical study by Jordan et al in 2011 involved intracranial injection of MNPs into the tumors of 66 patients, followed
by the application of an AMF to achieve a temperature of 50 °C. Notably, the overall survival was prolonged to 23.2
months after receiving the therapy'®® (Figure 4A—G). In 2022, Chen et al combined stereotactic laser ablation (SLA) and
consolidation stereotactic radiosurgery (cSRS) to treat brain tumors metastasized from lung cancer, breast cancer,
gastrointestinal cancer, melanoma cancer, ovarian cancer, urothelial cancer, and laryngeal cancer'*® in a study involving
20 patients. They injected 5-6 Gy MNPs and heated them to 43—-60°C. The results indicated that 73% to 100% of the
brain tumors were ablated, with 5 patients surviving for more than 12 months (Figure 4H-J).

To avoid killing adjacent normal cells at high temperatures, localized AMF is used to selectively heat precise tumor
sites. In 2009, Atalar et al employed a perpendicular magnetic field of equal or greater amplitude than the common static
field. Only MNPs in the magnetic field’s free zone generated heat,'®' limiting the area heated due to magnetothermal
therapy and eliminating side effects.

Apoptotic Hyperthermia

Although magnetothermal therapy can help rapidly eliminate tumors, imprecisely controlled high temperatures can
damage normal tissues surrounding tumors. Therefore, a novel magnetic thermal therapy that operates at a lower
temperature compared to the thermal ablation method has garnered clinical attention. Recently, mild apoptotic
hyperthermia therapy was reported. This method operates at a temperature window of 42-45°C'*? to induce cancer
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Figure 3 (A) Optical imaging (left) and MRI (right) 24 h after the injection of Fe304-Cy5.5 and MFe304-Cy5.5 through the tail vein (B) Photoacoustic imaging of
nanoparticles injected into tumor-bearing rats. (C) MRI of glioma-bearing rats injected with MFe304-Cy5.5 (top) and Fe304-Cy5.5 (bottom). (D) Coronal views (top) and
axial views (bottom) of pre- and post-contrast-enhanced T |-weighted spin-echo MRI of intracranial brain tumors. (E and F) Tl-weighted MRI of mice before and after the
intravenous injection of IONP. (E) and 10 nm core size (F).

Notes: (A-C) Adapted with permission from Wang S, Shen H, Mao Q et al. Macrophage-Mediated Porous Magnetic Nanoparticles for Multimodal Imaging and
Postoperative Photothermal Therapy of Gliomas. ACS Appl Mater Interfaces. 2021;13(48):56825-56837. Copyright 2021 American Chemical Society.'®* (D-F) Adapted
with permission from Xie M, Li Y, Xu Y et al. Brain Tumor Imaging and Delivery of Sub-5 nm Magnetic Iron Oxide Nanoparticles in an Orthotopic Murine Model of
Glioblastoma. ACS Appl Nano Mater. 2022;5(7):9706-9718. Copyright 2021 American Chemical Society.IBS
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Figure 4 (A and B) MRI before treatment. (C and D) CT imaging after the instillation of MNPs. (E and F) 3-D reconstruction of fused MRI and CT. Brown represents
tumor, blue represents magnetic fluid, and green represents thermometry catheter. (G) Overall survival of patients who received treatment. (H) The sequential evolution of
local recurrence for patients. (I) Local control of brain metastatic tumor after initial radiosurgery, subsequent SLA, and cSRS. (J) Overall survival of the study cohort.
Notes: (A—-G) Adapted from Maier-Hauff K, Ulrich F, Nestler D et al. Efficacy and safety of intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined
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cell apoptosis but causes less damage to normal cells.'”>™'> The induction of cell apoptosis at an iron concentra-
tion of 112 mg/mL MNPs has been employed in the treatment of glioblastoma since 2008.'°® Treatment at 43°C
has been demonstrated to produce a therapeutic effect with mild or moderate side effects.

However, the clinical effect of pure apoptotic hyperthermia is poor, and relapse is almost always observed after therapy,'®’
possibly because cancer cells exhibit acquired resistance to high temperatures by producing several proteins, including heat
shock protein (Hsp) 90'°%'? and Hsp70.2°° %% In recent studies, MNPs have been combined with Hsp inhibitors to improve
the treatment effects of apoptotic hyperthermia. Xu et al?® demonstrated that 3D cells upregulate their Hsp expression to
maintain cellular homeostasis at high temperatures. Therefore, it can be inferred that if Hsps are downregulated or not
synthesized, cancer cells will be more sensitive to high temperatures. Hsp inhibitors have been used in thermal therapy for
several tumors, including breast tumor,”**?% lung cancer,”*® and glioblastoma multiforme.?*” In 2023, Wu et al*®® designed
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a targeting modulator (AF-NPs) to recognize the CXCR4 molecule overexpressed in the BTB. This modulator released drugs
to weaken the barrier function of the BTB and facilitated the transport of nanoparticles across the barrier. In another study,
ZnCoFe nanoclusters (ZnCoFe NCs) were designed to co-deliver an Hsp 70 inhibitor (VER-155008) into glioblastomas. The
results demonstrated the highly effective application of magnetic apoptotic hyperthermia using this system (Figure 5).

Ultrasound Therapy Based on MNPs

Thermoablation based on MRgFUS is a promising noninvasive technique used to treat brain tumors. Compared to magnetother-
mal therapy, focused ultrasound thermal therapy is more economical, widely applicable, and does not require ionizing radiation.
While most researchers used MRgFUS to deliver drugs into the brain based on LIFU, recent studies are increasingly exploring the
use of HIFU for the direct killing of brain tumor cells.”” HIFU beam can pass through soft tissues and reach the desired target
without influencing normal tissues.”'**'"" MRgFUS is a safe medical technology that has been used to treat many diseases,'>>
including Parkinson’s disease,?'? obsessive-compulsive disorder,*'* and chronic pain.** One promising avenue for enhancing the
efficacy of ultrasound thermoablation in tumor therapy involves the delivery of MNPs using focused magnetic targeting.

In 2014, Coluccia et al used a mid-frequency HIFU to treat a 63-year-old patient with glioblastoma. After 25 rounds
of sonication (duration: 10-25 s; acoustic power: 150-950 W), the temperature was above 55°C. Pre- and post-MRI
results indicated that HIFU permanently destroyed the tumor.?' In 2022, Zhang et al*'® synthesized ferromagnetic Fe;0,
nanoparticles with a diameter of 70 nm. The Fe;0,4 nanoparticles were coated onto silica after conjugation with i-motif
DNA to prepare a Fe;04@SiO,/i-motif. After the Fe;0,@SiO,/i-motif injected into the bloodstream of tumor-bearing
mouse, they accumulate at the site of the tumor, and the i-motif was digested as it was sensitive to the acidic
microenvironment of the tumor. The breakdown of the i-motif caused the nanoparticles to aggregate near the tumor,
enhancing the MRI results and facilitating a 35% reduction in the ultrasonic power to achieve satisfactory thermal
ablation (Figure 6).

A B o s e s e e e i
; AMD3100 R Zn, ,Co, ,Fe,,0, NPs 3
; Fingolimod i e VER-155008 1
; PCL5k-SeSe-PEG2k | | s  PDLLA10k-PEGS5k §

BBTB
lF-NPs

Tight Junctions‘
ACMFlZnCoFe NCs
Tumor Temperature'

Heat StresslveR-1 55008

Hsp7o ® )
|

ynergistic Hyperthermia

Figure 5 Schematic diagram of magnetic apoptotic hyperthermia for glioblastoma therapy. Notes: (A) Construction of AF-NPs and reduction of barrier functions in the
BTB. (B) Delivery of ZnCoFe NCs and VER-155008 to achieve highly effective magnetic apoptotic hyperthermia. Adapted from Wu H, Liu L, Ma M, Zhang Y. Modulation of
blood-brain tumor barrier for delivery of magnetic hyperthermia to brain cancer. | Control Release. 2023;355:248-258. Copyright 2023 with permission from Elsevier.2%®
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Figure 6 Therapeutic effects of MRgFUS.

Notes: (A) Schematic representation of MRgFUS therapy based on the Fe;O4@SiO,/i-motif. (B) Sonication energy changes in the Fe30,4@SiO,/i-motif. (C) Temperature
changes in the Fe304@SiO,/i-motif. (D) Temperature after 12 h of injection with the Fe304@SiO,/i-motif. (E) T2-weighted images at different time points after therapy. (F)
Tumor size during ultrasound thermal therapy. (G) Body weight during the ultrasound thermal therapy. Adapted from Zhang X, Lu H, Tang N et al. Low-Power Magnetic
Resonance-Guided Focused Ultrasound Tumor Ablation upon Controlled Accumulation of Magnetic Nanoparticles by Cascade-Activated DNA Cross-Linkers. ACS Appl
Mater Interfaces. 2022;14(28):31677-31688. Copyright 2022 American Chemical Society.?'®

Conclusion
In the past few decades, researchers have developed various delivery vectors to resolve issues related to the penetration
of the BBB/BTB by anti-brain tumor drugs. Among these vectors, MNPs have emerged as the optimal choice for drug
delivery to brain tumors due to their unique natural characteristics. In contrast to the limited depth at which visible
spectrum and NIR light penetrate tissues, a magnetic field can easily penetrate the skull and soft tissue, enabling MNPs to
achieve complete intracranial noninvasive targeted drug delivery and deep magnetothermal therapy under the influence of
an EMF. Meanwhile, the deep tissue penetration ability of ultrasound, coupled with the physicochemical responses of
MNPs to ultrasound, enable MNPs to achieve complete ultrasound hyperthermia under HIFU, which induces instant pore
formation in the BBB/BTB to promote the transport of water-soluble drugs across the BBB/BTB into brain tumors. In
addition, the nuclear magnetic resonance effect of MNPs also provides a blueprint for their application in the MRI
diagnosis of brain tumors and real-time guidance of tumor dissection surgery.

Although extensive research has been conducted on the application of MNPs in the treatment of brain tumors, there
are still many challenges to be addressed in clinical trials. First, it is necessary to prevent the aggregation and
precipitation of MNPs to ensure their strong magnetism. Controlling the metabolic clearance of MNPs in the brain

while delaying their removal by the RES system are important consideration for sustained therapeutic impact. Second,
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most MNPs currently in use cannot precisely target brain cancer cells, leading to side effects. To overcome this
limitation, future efforts need to focus on conjugating specific ligands (eg, antibodies, proteins, and peptides) on the
surface of MNPs, allowing them to specifically recognize unique receptors on the surface of cancer cells to avoid or
reduce the damage to normal cells of the CNS.

Although many difficulties will be encountered in achieving precise imaging and treatment of brain tumors using
MNPs, with the rapid development of nanomedicine technology, we expect that MNPs will be widely used in the clinical
treatment of brain tumors.
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